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Abstract: Crystal nucleation and growth is a fundamental pillar of materials design. To 
advance our understanding of the underlying mechanisms, in situ visual observation plays an 
important role by providing dynamic information unavailable through conventional post-
growth analysis. Such information includes nucleation and growth rates, diffusion phenomena, 
phase transformation kinetics, strain relaxation mechanisms, and defect formation. Here, we 
review the contributions of ultra-high vacuum transmission electron microscopy (UHV-TEM) 
to our understanding of dynamic crystal growth phenomena. We describe the vacuum, sample 
handling, and deposition capabilities essential for quantitative studies of reactive metals and 
semiconductors, and discuss how these capabilities are achieved while preserving the imaging 
performance of the microscope. We then show examples of growth processes explored using 
UHV-TEM, where the high spatial and temporal resolution provides unique insights into 
nanocrystal nucleation, thin film microstructure evolution, and oxidation in controlled 
environments. We assess these past accomplishments in the context of recent advances in 
transmission electron microscopy, discussing how aberration correction, modified sample 
environments, fast and sensitive detectors, and data science are unlocking powerful 
opportunities for atomic and temporal resolution measurements using UHV-TEM. We 
conclude by discussing the challenges and future perspectives for scientific advances using this 
technique. 
 
1. Introduction 
2. The motivation for in situ UHV-TEM for crystal growth studies 

2.1 Why ultra-high vacuum?  
2.2 Why transmission electron microscopy? 
2.3 Why in situ? 

3. Historical development of in situ UHV-TEM instrumentation and current state-of-the art 
3.1 Obtaining a UHV sample environment 
3.2 Adding in situ capabilities 

3.2.1 In-column deposition 
3.2.2 Side chambers 
3.2.3 Holders for in situ UHV-TEM 

3.3 Additional functionalities for sample preparation and calibration  
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4.1 Nucleation and growth of nanocrystals 

4.1.1 Nucleation and growth mode: fcc metals on fcc (111) substrates 
4.1.2 Kinetic modeling: Au on HOPG 
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surfaces 
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mailto:fmross@mit.edu


2 
 

5. Challenges, Opportunities, and Future Perspectives 
5.1 Quantification of sample conditions and environment 

5.1.1 Electron beam effects 
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5.4 Advances in instrumentation  
5.4.1 In situ cartridge holders 
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1. Introduction 

Tailoring crystal nucleation and growth to control the resulting structure is central to materials 
design.1–3 Understanding key phenomena occurring during materials growth helps to achieve 
desirable mechanical, chemical, electrical, magnetic, optical, and biomedical properties. In situ 
visual observation plays an important role in advancing our understanding of crystal growth 
phenomena by providing dynamic information unattainable through conventional ex situ or 
post-growth analysis. This information includes nucleation and growth kinetics, diffusion and 
coalescence, mechanisms of epitaxy, strain relaxation, and reaction rates during phenomena 
such as phase transformations, catalysis, oxidation, and etching.4–9 Among current state-of-the-
art in situ techniques for studying crystal growth - such as in situ x-ray, neutron, and optical 
spectroscopy studies10 - in situ transmission electron microscopy (TEM) and scanning 
transmission electron microscopy (STEM) are becoming increasingly powerful. Recent 
advances in instrumentation and data analysis techniques, including aberration correction, 
stable in situ holders, microfabricated chips, fast and sensitive detectors, and larger pole-piece 
gaps, enable ever more precise control of sample environment. This is unlocking opportunities 
for atomic and temporal resolution measurements using in situ (S)TEM.11–17  
 
In situ ultra-high vacuum (UHV)-TEM represents a subset of in situ (S)TEM techniques. A 
UHV-TEM consists of an electron microscope*1 modified to achieve UHV (~ 10-10 Torr) at the 
sample region. Capabilities such as sample heating, gas injection, physical vapor deposition, 
molecular beam epitaxy, and chemical vapor deposition are often integrated within the 
microscope system.4 This allows material growth to be carried out during imaging to create 
real-time ‘movies’ of crystal growth phenomena with up to atomic resolution. The UHV 

 
*1 We use the term ‘UHV-TEM’ to include both UHV-TEM and UHV-STEM. Where in situ UHV-STEM 
studies are described, the distinction is noted where relevant. We also utilize the acronym ‘TEM’ to refer to both 
the instrument (i.e. transmission electron microscope) and technique (i.e. transmission electron microscopy) 
throughout the manuscript, as is common in literature. 
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environment minimizes the levels of background gases and contamination, and the ability to 
form atomically clean surfaces provides an ideal playground to quantify the kinetics and 
thermodynamics of crystal growth. This is particularly important in the study of nanocrystal 
and thin film growth, where adsorbed species on the starting surface can greatly affect kinetic 
mechanisms.4–9 It also helps reduce unwanted side reactions, enabling more precise 
measurements of processes of interest, such as oxidation, catalysis, and other scientifically 
important and technologically relevant processes.18  
 
In this review we describe the contributions that in situ UHV-TEM has made to our 
understanding of nucleation and growth phenomena. Although UHV-TEM has contributed to  
other fields, notably in measuring the structure of surfaces,19–22 we limit the scope of this review 
to studies of nucleation and growth. We describe the vacuum, sample handling, and deposition 
capabilities necessary for quantitative studies of reactive materials in controlled UHV 
environments (Section 2), and how these capabilities are achieved while preserving the 
imaging performance of the microscope (Section 3). We then showcase examples where in-
situ experiments using UHV-TEM have provided unique insights into nanocrystal nucleation 
and growth (Section 4.1), thin film microstructure evolution (Section 4.2), and gas-phase 
reactive growth processes (Section 4.3). We conclude that advances made through UHV-TEM 
over its history underpin our understanding of key materials processes. Finally, we discuss 
challenges in the field of in situ UHV-TEM and consider how the microscopy community’s 
prior experience in UHV microscopy will combine with present day instrumentation to unlock 
future transformative materials design opportunities using in situ UHV-TEM (Section 5).  
 

2. The motivation for in situ UHV-TEM for crystal growth studies 

2.1 Why ultra-high vacuum?  
 
To extract quantitative information on the thermodynamics and kinetics of crystal growth, the 
structure and surface of the sample should be well-controlled initially and remain so throughout 
the experiment. A UHV environment helps minimize heterogeneous sites for nucleation, 
uncontrolled chemistry, and competing reactions between the materials of interest and 
environmental components such as water vapor or oxygen. Consequently, UHV conditions are 
often utilized in surface science experiments involving techniques such as scanning tunnelling 
microscopy (STM), x-ray photoelectron spectroscopy (XPS), angle-resolved photoelectron 
spectroscopy (ARPES), and secondary ion mass spectroscopy (SIMS).23,24 Although some 
surface science techniques utilize near-ambient pressures,25 a UHV sample environment  
ensures surface cleanliness, prevents side reactions, and clarifies the effects of process 
variables such as temperature or flux. 
 
Reactions that benefit from UHV environment studies include nanocrystal nucleation and 
growth, thin film epitaxy, atomic layer deposition, surface reactions, chemisorption, molecular 
beam epitaxy, oxidation, certain dislocation and grain boundary dynamics, surface 
reconstructions, and gas/catalyst/support interactions.5,18,21,26–32 Similarly, the synthesis and 
processing of many technologically important metals (e.g. Zr, Ti, Ta, Nb, Mo, Fe and Cu) and 
semiconductors (e.g. Si, Ge, GaAs) are highly sensitive to trace impurities and require the ultra-
clean environment associated with UHV.33   
 
The practicalities of achieving UHV conditions can best be illustrated by a back of the envelope 
calculation using the Langmuir equation, which gives the time, 𝜏, for a monolayer of atoms to 
adsorb on the surface of a sample: 
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Here Σ!  is the areal density of atoms, 𝑃  is the pressure, 𝑚  is the mass of the atom, 𝑘"  is 
Boltzmann’s constant, and 𝑇 is the absolute temperature. A typical surface exhibits an areal 
density of the order of 1015 atoms/cm2. Therefore, at atmospheric pressure (𝑃 = 760 Torr), the 
monolayer formation time, 𝜏 , is ~10-9 seconds. This means that any surface exposed to 
atmosphere is covered with a monolayer of atoms within a nanosecond. At the vacuum 
available in conventional TEMs (𝑃 = 10-6 – 10-7 Torr), 𝜏 = 3 - 30 seconds, still unsuitable for 
in situ experiments on clean surfaces. UHV conditions (𝑃 = 10-10 Torr) bring the monolayer 
formation time to ~10 hours. This allows time for an in situ experiment where processes that 
require ultra-clean surfaces and low levels of adsorbed impurities can be studied.  
 
2.2 Why transmission electron microscopy?  
 
UHV conditions are challenging to engineer in TEM instruments due to the restricted geometry 
around the sample, the variety of materials present in the holder, goniometer, and polepiece 
that are not UHV-compatible, and the need to avoid vibrations from pumps. Despite these 
challenges, many researchers are motivated to design and build such instruments due to the 
power of UHV-TEM to solve materials problems. In particular, the combination of spatial and 
temporal resolution offered by TEM is difficult to obtain from any other single technique. 
Scanning probe microscopes, for example, offer exceptional spatial resolution but (except 
under special circumstances) require minutes or longer to complete each scan. Spectroscopic 
methods such as XPS and ARPES provide rapid data acquisition but compromise spatial 
resolution and can be limited to the sample surface. TEM has a fast acquisition speed and can 
probe beneath material surfaces, providing information on buried interfaces, defects, 
compositional variations, and strain fields (within the constraints of the sample thickness). 
Moreover, the variety of imaging modes available in TEM enables a flexible approach to 
problem solving through combinations of techniques, such as bright and dark field imaging, 
high-resolution phase contrast, diffraction, electron energy loss spectroscopy (EELS), and 
focused probe imaging modes such as ptychography and 4D STEM. As discussed further in 
Section 5, correlative studies that leverage the spatial and temporal benefits of TEM alongside 
the advantages of scanning probe microscopy, surface science, or spectroscopic techniques can 
enable experimental realizations surpassing those possible by any individual technique.4,34–36 
 
2.3 Why in situ?  
 
In situ UHV-TEM enables temporally resolved imaging, facilitating direct observation and 
quantification of dynamic processes, visualization of the response of the material to specific 
stimuli, and a rapid survey of relevant parameter spaces. Various other in situ TEM 
customizations have been developed to explore dynamic systems and processes at the 
nanoscale, including liquid cell TEM,13 ultrafast TEM,37 and environmental TEM (ETEM).38 
The sample may be heated, cooled, or electrically biased using in situ sample holders and 
microelectromechanical (MEMS) chips,39 while multi-modal capabilities enable structure, 
composition, and property measurements.40 Although in situ TEM and in situ holders have 
existed for decades,41 current advances in high-speed data acquisition, detector technology, 
data storage, and low-drift stages have made time-resolved imaging one of the most active 
frontiers of TEM.11   
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Combining the above considerations, in situ UHV-TEM can be regarded as a technique that 
possesses three key features: temporal resolution, spatial resolution, and controlled 
environment. This third feature entails not only achieving UHV around the sample but also 
incorporating heating, deposition, and other tools necessary for in situ sample modification. 
Attaining any two of these features already yields rich opportunities (Figure 1, side panels). 
However, all three together produce a uniquely powerful tool to study thermodynamic and 
kinetic processes at the intersection of materials science, physics, chemistry, and 
nanotechnology (Figure 1).   
 

 
Figure 1: Schematic illustrating the benefits of combining atomic resolution, temporal 
resolution, and controlled environment for materials growth studies. Combining pairs of 
these factors is shown along the triangle edges: in situ TEM can study dynamic ‘non-UHV’ 
processes, such as those in liquid phase, but cannot study kinetics in ultra-clean environments; 
other in situ UHV techniques can access growth kinetics at the nanoscale, but may be limited 
to surfaces or lack spatial resolution; static UHV-TEM provides snapshot measurements of 
surface and subsurface structures for materials that react readily with the environment. In situ 
UHV-TEM (triangle center) enables study of dynamic processes in controlled environments 
with atomic and temporal resolution. Small circles show areas that have advanced particularly 
over the past decade to bring in situ UHV-TEM closer to widespread distribution. Image credits 
for insets: Protochips Inc. for ‘Modified Sample Environment’42; Direct Electron for ‘Fast, 
Sensitive Detectors’43; Denis Paiste, MIT, for image in ‘Sample Manipulation’.  
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3. Historical development of in situ UHV-TEM instrumentation and current state-
of-the art 

Starting from a TEM design that provides the necessary spatial and temporal resolution, several 
objectives must be achieved when constructing an in situ UHV-TEM instrument to study 
dynamic materials processes. First, the UHV sample environment must be achieved. Second, 
in situ capabilities within the TEM column, such as sample heating, biasing, physical 
deposition, or gas dosing,  need to be designed. Finally, for maximum flexibility and impact, 
it is helpful to integrate the microscope with other capabilities, such as sample preparation, 
calibration, complementary analytical techniques, and even a garage to hold multiple samples. 
These capabilities are often housed in side chambers attached to the microscope. Samples can 
be prepared and transferred under vacuum, enabling sample modification within the UHV 
environment even if not within the column.  
 
These functions exist to varying extents in the handful of UHV-TEMs that have been built and 
operated in the past and present day. The functionality of each UHV-TEM is the result of 
individual choices made by the users and microscope manufacturers, based on specific research 
needs. In the following paragraphs we discuss instrument design to achieve these functions. 
Relatively few UHV-TEMs have been constructed, but these instruments have been profoundly 
productive in fundamental and applied materials science, as we describe in Section 4.  
 
3.1 Obtaining a UHV sample environment 
 
Spatial resolution is often seen as the sole progress indicator of electron microscopy. However, 
over the past 70 years, a dedicated subset of microscopy researchers and companies have 
focused on advancing the vacuum environment, even compromising on spatial resolution to 
achieve their objective. Many early in situ experiments paved the way for combining both UHV 
and in situ environments.44–48 From the inception of electron microscopy, the need to maintain 
some level of vacuum within the column to avoid electron scattering was clear.49 The 
importance of UHV conditions was further emphasized by Pashley, Bassett, Stowell, and 
collaborators in a series of in situ TEM studies from the 1950s and 60s, in which gold (Au) 
was grown on single crystalline surfaces (MoS2, graphite, mica) in conventional 10-6 Torr TEM 
vacuum.50,51 A quote from their seminal paper states: ‘In view of the limitations of our 
experimental arrangement, a study of the kinetics of nucleation is not readily possible. It is 
important to consider how the growth process is influenced by the presence of the residual 
gases and vapors, and to what extent the process would be modified in a clean ultra-high 
vacuum system. Unfortunately it is not possible to repeat this type of experiment inside an 
electron microscope, without considerable re-design and re-building of the microscope.’46 
This challenge catalyzed the in situ UHV-TEM development that continues today.  
 
The historical evolution, both conceptual and practical, of in situ UHV-TEM is well-described 
in a 2004 review article by Poppa,4 as well as in books featuring instrumental developments 
from the manufacturers VG and JEOL.52,53 For this reason, we will not explore the historical 
context in depth, but focus on the main milestones and current state-of-the-art. Figure 2 
provides a historical timeline of key advances in in situ UHV-TEM. Although other UHV-
TEMs exist, in order to maintain the scope of this review Figure 2 aims to focus exclusively 
on UHV-TEM equipment that also allowed for dynamic crystal growth inside the column or 
in side chambers by incorporating deposition capabilities. 
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Figure 2: Timeline of some of the major engineering developments that enabled in situ 
UHV-TEM (black, top); broader implications and historic milestones (blue, top), and 
UHV-TEM equipment with capabilities for in situ deposition (bottom). (Top) All historical 
developments in black are from ref 4. References for blue milestones: First in situ metal 
depositions44–47, Si (111) 7x7 reconstruction solved22, first aberration corrected microscope17 
(Bottom) Instruments are ‘dated’ according to the first peer-reviewed journal describing their 
construction or use for in situ deposition, as known to the authors at the time of publication. 
Occasionally conference proceedings preceded journal publication, although many are not 
available online. Therefore, dashed lines account for uncertainties in the instrumentation 
timeline and this list represents the authors’ best attempt at summarizing relevant in situ UHV-
TEM instrumentation based on sources available: Siemens Elmiskop 154, JEM 100B55,56, 
Siemens Elmiskop 10157,58, VG HB501A32,59, JEM 200 CX60,61, Hitachi H9000-UHV 
(Northwestern)21,62 - with later addition of SPEAR35, JEM 7A63, JEM 100C64, VG HB501 (and 
MIDAS)36,65,66, Philips 430ST67,68, Philips EM43069, JEM 2000FXV70,71, Hitachi H9000-UHV 
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(IBM)72, Philips EM40073, SHEBA JEM 2000EX29,74, JEM 2000VF75, JEM 2010 & 2000V76, 
JEM 2100VL77, Nion UltraSTEM 10078,79. Asterisk indicates that the instrument was not 
commercially fabricated with UHV capabilities but was later modified for UHV environment.  
An example image is shown for each, to be discussed further in Section 4. References for 
images from left to right: Siemens Elmiskop 154, JEM 100B55, Siemens Elmiskop 10157, VG 
HB501A32,59, JEM 200 CX30, Hitachi H9000-UHV (Northwestern)21, JEM 7A63, JEM 100C64, 
VG HB501 (MIDAS)65, Philips 430ST80,Philips EM43081,  JEM 2000FXV4, Hitachi H9000-
UHV (IBM)82, Philips EM40031, SHEBA JEM 2000EX74, JEM 2000VF28, JEM 201076, JEM 
2100VL83, Nion UltraSTEM 10079. 
 
Initial trials at improving the vacuum condition consisted of surrounding the sample with a 
cryogenic shield to condense vapor from the column, and improving the pumping speed.4  
Takayanagi et. al performed one of the first major modifications to a commercial microscope, 
a JEM 100B, installing cryoshields, a liquid-nitrogen-trapped oil diffusion pump in the main 
column, and re-assembling the microscope while cleaning each component (with o-rings of 
particular importance). This reduced residual vapor around the substrate to 10-8 – 10-10 Torr 
without loss of resolution.55 However, relying on a cryogenic shield for pumping is a drawback 
for in situ studies since it restricts geometric access to the sample for deposition, ion 
bombardment, and other in situ capabilities.4  
 
Therefore, other techniques emerged that involved separating the specimen chamber from the 
column by small apertures or thin film windows. This enabled differential pumping of the 
sample area, bolstered by advances in pumping technology such as high-speed liquid He 
cryopumps, vibrationless ion pumps, and Ti sublimation pumps. Moreover, improved materials 
selection and advances in fabrication and design meant that ‘bakeable’ systems were 
developed, which allowed heating of the chamber walls to remove residual vapor by 
outgassing.53 The mid 1980s heralded the first such commercially available microscopes that 
maintained resolution while integrating cleaner pump systems, liner materials for the column 
that reduced outgassing, and compatibility with mild bake temperatures. VG instruments in 
particular were UHV and designed for bakeability, including UHV airlock facilities for 
handling, preparing, and transferring specimens.53 Custom modifications were carried out in 
individual labs to bring conventional microscopes to UHV conditions or to add in situ 
deposition capabilities (Figure 2). In some cases, UHV systems were fitted with analytical 
equipment such as Auger electron spectroscopy (AES), and separate specimen chambers were 
incorporated inside the TEM column, allowing in situ capabilities while maintaining UHV 
environment.32,36,53,57 However, resolution (in a non-aberration-corrected TEM) is inversely 
related to pole-piece gap, so increasing this gap to integrate a customized specimen chamber 
resulted in loss of resolution. Detectors capable of video-rate high-resolution imaging were 
concurrently developed, simplifying the process of recording high quality data during materials 
growth and reactions.  
 
Current state-of-the-art in high-resolution in situ UHV-TEM lies in rigorous pumping, strategic 
placement of differential pumping apertures, and selection of microscope materials to minimize 
outgassing while ensuring all chamber components are bakeable to 120-200 ºC. Some of the 
first commercially available microscopes designed for in situ deposition that adhered to these 
conditions were the Hitachi H9000-UHV and the JEM-2000FXV (Figure 2). The JEM-
2000FXV was initially manufactured to include a cryogenic shield, which was subsequently 
removed to allow more access to the sample, and in both these instruments the column was 
modified to maintain a pressure of ~10-10 Torr. The timeline in Figure 2 illustrates the 
international, incremental, and collaborative nature of UHV-TEM engineering and culminates 
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in current state-of-the-art UHV-TEM conditions, where high resolution in situ TEM data can 
be obtained at true surface science standards.  
 
3.2 Adding in situ capabilities  
 
In addition to maintaining UHV at the sample, the second key consideration for in situ UHV-
TEM of crystal growth processes is modification of the microscope to allow physical 
deposition or gas flow inside the column. Installation of a deposition system (either thermal, e-
beam, or gas lines) at a port near the sample location enables the user to replicate processes 
that take place in conventional growth chambers (Figure 3). Other strategies include beam-
induced deposition via the primary beam, deposition sources integrated on the sample holder, 
and deposition by DC magnetron sputtering.84,85 Figure 3 illustrates some of the variety of 
instrumentation developed for in situ UHV-TEM deposition experiments and we discuss the 
strategies in more detail below.  
 

3.2.1 In-column deposition 
 

Deposition inside the TEM column can be achieved in many ways. Seminal studies by Pashley 
et al. integrated a Mo wire ring source concentric with the electron beam.46 This was heated 
with DC current to avoid electron beam disturbance from oscillating magnetic fields. A manual 
aperture allowed the deposition time to be controlled. Building on this, Takayanagi and 
coworkers positioned a thermal evaporator through the top-entry port of the TEM, using the 
side entry port for the sample.55 The system included tungsten filaments and crucibles for a 
variety of metals. Knudsen Mo crucibles,63 W filaments,63 and Ta filaments86 have also been 
installed in ports for molecular beam epitaxy, and e-beam evaporation systems have been 
integrated into the column.28,76 These in-column deposition systems are versatile and capable 
of replicating essential features of conventional deposition, but require a large effort in 
microscope modification. Moreover, in the case of e-beam or Joule heated filaments, care must 
be taken to account for deflection of the electron beam due to stray fields. Attempts to address 
these issues include the use of electron bombardment evaporators, which use the electron beam 
from the TEM to aid deposition, and can be easily removed and replaced through the load 
lock.87 
 
In-column gas flow can also be incorporated via capillary tubes that direct the gas close to the 
sample. This enables semiconductor growth via chemical vapor deposition, for example using 
disilane or digermane, or gases for oxidation, reduction, and catalytic studies.18,30,72 A 
limitation of UHV-TEM instrumentation for gas phase reactions is the relatively low maximum 
gas pressure (up to ~10-5 Torr), since pumping is typically via ion pumps and turbomolecular 
pumps optimized for lower pressure. For context, ETEMs can typically handle higher gas flows 
and pressures in the tens or hundreds of mTorr,38 and up to atmospheric pressures in windowed 
gas cells.88 This can be beneficial for in situ or operando studies of nanomaterial interactions 
with their ambient working environment. However, the precise control over gas composition, 
local environment, and sample surface provided by UHV-TEM means that the two techniques 
are often used in a complementary fashion for gas phase experiments, as discussed further in 
Section 5. 
 

3.2.2 Side chambers 
 

A more flexible strategy for integrating deposition and other capabilities involves the 
attachment of UHV side chambers to the TEM, with vacuum transfer of the sample between 
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the side chamber and TEM column. UHV side chambers allow a larger geometric volume for 
deposition and often include thermal, e-beam, and molecular beam epitaxy evaporators in one 
system. Figure 3c shows an example of a unique side chamber that enables magnetron 
sputtering.85 Nanoparticles are created using a DC magnetron sputtering gun in ultraclean Ar, 
and a pipe inlet allows nanoparticle transfer from the chamber onto the substrate mounted in 
the objective lens. This equipment has been used to study processes occurring directly after the 
initial nucleation of nanoparticles, such as sintering, epitaxial reorientation, particle burrowing, 
and oxidation.85,89,90 
 
Side chambers do not meet the full criteria for in situ deposition since growth is interrupted 
and the sample cools down before imaging (in the case of heated depositions). Nevertheless, 
the sample can be imaged within a few minutes of deposition and without exposure to air. This 
makes it possible to survey the experimental parameter space without unwanted reaction of the 
deposited material. Such capabilities generate valuable studies in catalysis and epitaxy due to 
the UHV environment throughout the deposition and observation process. Side chambers also 
allow sample preparation, calibration, and further characterization, as will be discussed in 
Sections 3.3 and 3.4. 
 

3.2.3 Holders for in situ UHV-TEM 
 
Sample holders for in situ UHV-TEM generally allow sample heating for quantitative 
exploration of thermodynamic and kinetic mechanisms. Double tilt capabilities are also crucial 
for optimizing imaging conditions. Holders with both heating and double tilt capabilities are 
widely available for conventional TEMs but designing such holders to be compatible with 
UHV-TEM is challenging. In particular, the entire holder must be baked on entering the 
microscope to remove adsorbed impurities, usually by heating the holder in the loadlock with 
a lamp or heater tape around the loadlock. When using the holder to heat the sample during the 
experiment, microfabricated heatable chips provide flexible options for different sample types. 
Furnace-style heaters, often used in conventional TEM, are usually avoided as the material 
comprising the furnace may outgas and contaminate the sample during heating. Instead, to 
minimize the total volume of material that becomes hot, a useful strategy is resistive heating 
of the sample: derived from strategies for heating in STM, the sample is in the form of a strip, 
clamped at both ends, and current is flowed through it. This approach works well for samples 
based on silicon of suitable conductivity, while other materials can be placed in direct contact 
with silicon to heat in a similar manner.74  
 
UHV-TEM holders must also enable reliable sample handling and transfer. This has led to two 
overall design strategies. The first is based on the side entry holder design common in 
conventional TEM. A side entry sample rod has the benefit that heat, tilting, and other 
capabilities such as deposition sources can be actuated easily through the rod and conveniently 
repaired or reloaded when the holder is removed. An example of a side entry holder designed 
for UHV-TEM metal deposition is shown in Figure 3b.84 The sample geometry must be 
designed for the holder, since the direction from which the deposition flux arrives is restricted 
by the polepiece and holder geometry. This can be limiting if multiple viewing directions are 
required to form a complete description of the growth kinetics. The most important limitation, 
however, is that the rod is exposed to air each time a new sample is loaded and any capability, 
such as deposition on the holder, must be baked each time; furthermore, the sample rod cannot 
be transferred to attached UHV chambers. 
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The second sample holder strategy is a detachable cartridge or puck. An example of a cartridge 
loaded into the microscope from the side is shown in Figure 1 (bottom right). Top-mount 
cartridge systems have also been successfully implemented.53,66 In either case, the sample 
(possibly already mounted on a small puck) is loaded into a free-standing assembly that is 
introduced into the vacuum system through a loadlock and then moved between the vacuum 
chambers and microscope via mechanical transfer rods. Such an arrangement is necessary if 
the sample is to be transferred into a side chamber for sample preparation and characterization. 
A disadvantage is the complexity as compared to a side entry holder, since sample tilting, 
heating and biasing connections must be made in the column rather than through a sample rod. 
This is discussed further in Section 5. However, the mechanical decoupling of the cartridge 
from the outside world during imaging presents advantages over side entry holder design in 
terms of decreased thermal drift and influence of external vibrations. 
 

 
Figure 3: Incorporating in situ deposition in the TEM column. a, Cross sectional schematic 
of in-column in situ deposition system that incorporates an e-beam evaporator in a port in the 
microscope (reproduced from 28, with permission from Elsevier). b, Schematic of holder-based 
in situ deposition, with filament heated by electric current (reproduced from 84, with permission 
from Elsevier) c, Cross sectional schematic of side chamber for in situ deposition via DC 
magnetron sputtering (reproduced from 85, with permission from Wiley) d, Plan view cross 
section of the SHEBA system with multiple in situ deposition and characterization capabilities 
inside the electron microscope (reproduced from 74, with permission from AIP).  
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3.3 Additional functionalities for sample preparation and calibration  
 
As well as the microscope modifications we have discussed that enable UHV conditions and 
in situ deposition, integrating additional functionalities increases the ability of in situ UHV-
TEM to produce quantitative and transformative information. Examples of such additions are 
sample surface preparation tools and methods for calibration of temperature or flux, which we 
discuss in this section, and complementary analytical techniques, which we discuss in the next 
section. Literature shows that UHV-TEM instruments tend to be customized according to 
particular research problems of interest, and their functionalities evolve over time as new 
questions are asked and answered. 

 
To prepare atomically clean substrates, in situ vacuum annealing, ion beam milling, and laser 
cleaning capabilities have been added to ports or side chambers in UHV-TEM systems.4,57,91 
The loadlock offers another location to add such capabilities. A radiant heater is commonly 
added there for specimen outgassing, but more complex possibilities include a jet of hot gas 
for cleaning and in situ chemical reactions.66 
 
Calibration is an essential requirement for interpretable data. To quantify deposition rates, a 
quartz crystal microbalance (QCM) is typically placed near each evaporator. Post-deposition 
thickness measurements (Rutherford backscattering, medium energy ion scattering or 
profilometry) can be used as a calibration to confirm the deposition amount.86 Systems with 
multiple effusion cells for compound growth require pre-calibration with quadrupole mass 
spectrometry to determine the molecular species of the fluxes over the range of effusion cell 
temperatures.63 The arrival rates of these molecules can then be monitored by a QCM. 
Pyrometers and thermocouples may be added to the system to give a quantitative temperature 
read-out.66 Temperature measurements are often limited in accuracy, particularly on 
nanomaterial substrates or substrates with low thermal conductivity where significant 
temperature gradients occur within the sample.11 This type of calibration is an area where 
further development would be beneficial, as we discuss in Section 5.  
 
3.4 Integrated UHV fabrication and characterization systems – ‘lab in a microscope’ 
 
Although TEM data itself greatly advances our understanding of dynamic crystal growth 
phenomena, correlation with measurements from other techniques provides a more complete 
characterization of structure-property relations. Correlative measurements from multiple 
techniques can be challenging to implement in a consistent manner, particularly for air-
sensitive materials. This is mainly due to issues in transferring materials between the 
fabrication chamber, the electron microscope and other characterization tools. This challenge 
is addressed by integrating a cluster of complementary deposition and characterization 
capabilities, along with the TEM, into a single UHV environment, allowing for comprehensive 
sample preparation and analysis without breaking vacuum.  
 
Aiming to create a fully integrated ‘lab in a microscope’, several UHV side chambers have 
been developed to add functionalities within the controlled environment. The functionalities 
include focused ion beam (FIB) irradiation, scanning electron microscopy (SEM), STM, low 
energy electron diffraction (LEED), XPS, and AES, as well as deposition. They add valuable 
information to high-resolution TEM analysis when tailored to specific applications. For 
example, the SPEAR (Surface Preparation Evaluation Analysis Research) system connected to 
the Hitachi H9000-UHV at Northwestern University included tools for ion bombardment (Ar, 
O, Xe ion milling), surface characterization (XPS, AES, SEM), and fabrication (MBE, 
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evaporation) among other capabilities (Figure 4a).35 The side chambers for the Hitachi H9000-
UHV at the IBM T. J. Watson Research Center included FIB, SEM, AES, sputtering, optical 
pyrometry, electron beam and thermal evaporation, with chemical vapor deposition available 
within the TEM column (Figure 4b).72 The UTSICS (UHV-TEM-STM Integrated 
Characterization System) in Tsukuba, Japan incorporated a molecular beam epitaxy system, 
STM, XPS, and sputter ion deposition to enable comprehensive sample growth, preparation, 
and characterization without breaking vacuum (Figure 5a).75,92 The VG HB501A MIDAS 
(Microscope for Imaging, Diffraction, and Analysis of Surfaces) at Arizona State University 
included SEM, AES, RHEED, metal evaporators and a surface magneto-optic Kerr effect 
station for correlating microscopic structure with macroscopic magnetic properties (Figure 
5b).36,93  

 
Figure 4: Two examples of customized 
UHV-TEM deposition and 
characterization systems. a, Top view 
schematic of SPEAR system which is based 
on a Hitachi H9000-UHV instrument and is 
the first system to integrate magnetron and 
ion beam deposition techniques (magnetron 
ion beam epitaxy (MIBE) and stabilizing 
ion beam epitaxy (SINBAD)).35 b, Side 
view schematic of the IBM H-9000UHV 
integrated system optimized for CVD 
growth in the column and ex situ physical 
deposition and processing.72 (Images 
reproduced from 4, with permission from 
AIP). 
 
 
 
 
 
 
 
 
 
 

 
 
Connected side chambers enable vacuum transfer from the microscope to sample preparation 
and analysis functionalities that cannot (or do not need to) fit within the polepiece. Naturally, 
the disadvantage is that these processes cannot be observed in situ. Furthermore, when adding 
a side chamber to the TEM, it is essential to minimize pump vibrations or other interference to 
the electron beam. SHEBA (Surface High energy Electron Beam Apparatus), developed in the 
1990s, took a different approach in which all its capabilities - molecular beam epitaxy, ion 
guns, AES, and LEED – were placed inside the TEM column (Figure 3d).74 Multiple 
observations were possible in situ, but the polepiece gap was expanded to accommodate the 
set-up, creating a trade-off with resolution, measured at ~10 nm. With over 30 years since the 
development of SHEBA, advances in aberration correction and vacuum technology are highly 
encouraging for the continued development of integrated ‘lab in a microscope’ setups capable 



14 
 

of achieving atomic resolution imaging and high performance spectroscopy. A recent example 
moving towards this integrated future is CANVAS (Controlled Alteration of Nanomaterials in 
Vacuum down to the Atomic Scale), that includes a modified Nion UltraSTEM 100 with 
spectroscopic capabilities, aberration correction, low electron energy (keV) operation, UHV 
environment and gas flow capabilities, with integrated UHV chambers for evaporation, atomic 
force microscopy (AFM), laser annealing, and even a glove box for preparation of air-sensitive 
samples set over two floors (Figure 5c).78 The promise of these developments for the future of 
in situ UHV-TEM is discussed in Sections 5.4 and 5.5. 
 

 
Figure 5: Further examples of 
integrated UHV-TEM 
deposition and characterization 
systems. a, Image of integrated 
surface analysis and 
HRTEM/STM system (UTSICS 
UHV–TEM–STM integrated 
characterization system) at the 
National Institute for Materials 
Research in Tsukuba, Japan.75 
(Image reproduced from 4, with 
permission from AIP) 
b, Schematic of MIDAS VG 
HBS01-S column and preparation 
chamber.36 In the microscope 
column are the electron parallelizer 
(P), secondary electron detector 
(SE), sample (S), objective lens 
(OL), and field emission gun 
(FEG). The specimen preparation 
chamber consists of a SMOKE 
chamber for surface magnetism 
analysis, a cylindrical mirror 
analyzer (CMA) for AES and 
RHEED, and sample surface 
preparation tools such as an Ar+ 
ion sputtering gun, and Fe 
evaporator, a sample heater (IT), 
and Knudsen cell evaporators (Kl-
3). Also shown are the Cu crystal, 
the YAG crystal (Y), and the air 
lock for fast sample entry. 
(Schematic reproduced from 93, 
with permission of AIP). c, Cross-

section of CANVAS system: STEM, loadlock and glovebox, evaporation chamber (evap), 
atomic force microscope (ARM) and sample storage (Park). Schematic adapted from ref. 78 
 
 

4. Scientific accomplishments of in situ UHV-TEM in crystal growth phenomena 
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The instrument development described above was motivated by the need for quantitative in 
situ measurements of thermodynamic and kinetic phenomena that could not be obtained with 
other techniques. In this section, we illustrate some of the scientific contributions of in situ 
UHV-TEM in studying crystal growth phenomena. We focus on studies in the areas of 
nucleation and growth, thin film homo- and heteroepitaxy, and surface oxide growth. We do 
not attempt to provide an exhaustive list of all studies undertaken, but aim to showcase the 
range of dynamic crystal growth phenomena that in situ UHV-TEM can address and set the 
context for discussing future areas of application.  
 
4.1 Nucleation and growth of nanocrystals 
 
In situ UHV-TEM has significantly advanced our understanding of nucleation and growth of 
nanocrystals on different substrates. By limiting heterogeneous nucleation sites and impurities, 
and minimizing extraneous reactions and electron-gas interactions during growth, fundamental 
phenomena such as diffusion, attachment, and strain evolution can be observed. Compared to 
other spatially resolved surface science techniques, such as STM, TEM offers increased 
temporal resolution, sensitivity to key properties below the surface, such as the strain fields 
associated with steps and the structure of domain boundaries, and the ability to observe 
interfacial or buried structures such as misfit dislocations. In situ UHV-TEM is thus 
particularly useful in elucidating growth modes of nanocrystals where three-dimensional 
structure plays a role, yielding experimental data to match with quantitative kinetic models.  
 

4.1.1 Nucleation and growth mode: fcc metals on fcc (111) substrates 

The power of in situ UHV-TEM in nanocrystal nucleation and growth is exemplified by studies 
of the deposition of various face centered cubic (fcc) metals on (111) surfaces of fcc metals.8,94–

96 The materials studied include metals prone to rapid reaction in ambient conditions, such as 
Ag and Cu. The resolution afforded by TEM enables small islands and single-layer height 
surface steps to be observed. This, combined with in situ temporal resolution and UHV 
environment, allows the determination of incubation time and growth mode (Volmer-Weber, 
Stranski-Krastanov, or Frank-van der Merwe) for direct comparison with classical nucleation 
theory. 
 
In situ UHV-TEM studies show fcc/fcc-metal growth modes are highly dependent on the 
material system (Table 1). For example, Ag grows on Au(111) in a layer-by-layer Frank-van 
der Merwe fashion, as evidenced by the time-resolved measurements in Figure 6a.94 In 
contrast, Cu grows on Au(111) via the Volmer-Weber mode, with triangular nanoislands 
forming preferentially along domain boundaries.8 Since the misfit of Cu on Au is -11.4 %, this 
preferential nucleation is thought to occur due to isotropic contraction of Au at domain 
boundaries, a mechanism highlighted by in situ UHV-TEM.  
 
TEM is well-suited for such studies because moiré and dark field image contrast yield 
information on growth mode, defects, and strain, even where atomic resolution is not obtained. 
While bright field imaging in TEM involves direct imaging of the sample using the transmitted 
electron beam, dark field imaging selectively captures electrons scattered from a specific lattice 
plane at a certain orientation, revealing features of interest such as misoriented regions, misfit 
dislocations or strain fields. For example, in situ UHV-TEM analysis of the moiré spacing and 
diffraction pattern of the Au/Pb system accurately detects the nucleation of Au2Pb 
monolayers.95 Au on Pd, on the other hand, nucleates separate dendritic islands instead of 
forming stoichiometric compounds, and is initially pseudomorphic with no misfit dislocations.8 
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Misfit dislocation density decreases during growth, suggesting some degree of interdiffusion.95 
In situ UHV-TEM analysis of the fascinating variety of growth mechanisms, surface structures, 
and interfacial defects in fcc/fcc-metal growth adds experimental insight to classical nucleation 
theory. Furthermore, these experiments provide crucial insights to aid the design of metal/metal 
heterostructures that are widely used as electronic contacts, interconnects, and other device 
components due to their unique optical, electronic and catalytic properties.97 
 
Table 1: Summary of crystal growth phenomena for fcc metals on fcc (111) surfaces. Phase 
diagram labels: CSS – complete solid solution, OP – ordered phase, MC – metallic compound, 
IM – immiscible (Table adapted from 8, with permission from Elsevier). 

 
4.1.2 Kinetic modeling: Au on HOPG 
 

In situ UHV-TEM studies can also delve deeper into kinetic models for nucleation and growth. 
Here, time-resolved data is used to map to analytical models, while UHV allows one to study 
these processes within a controlled environment. An example is the growth of Au nanocrystals 
on highly oriented pyrolytic graphite (HOPG).31,98,99At low temperatures, large dendritic 
particles nucleate with low density in areas where the HOPG is clean, while small, rounded 
particles form with high nucleation density on ‘dirty’ areas of the HOPG. Without in situ 
studies, it would have been difficult to characterize how these two growth modes arose or 
measure lateral growth rates as a function of time (Figure 6b). Correlation of structural 
evolution with the size of the adatom capture area within a diffusion-limited growth model 
resulted in a quantitative estimate for the diffusion barrier for Au on graphite.31 Higher 
temperature produced facetted shapes98 dominated by direct impingement99 rather than 
diffusion and capture, as in the low temperature regime. Diffusion lengths and adsorption/ 
diffusion energies were obtained by matching volume evolution (Figure 6c) to a kinetic model 
including direct impingement and capture. This example highlights the importance of temporal 
resolution to fit fundamental kinetic models and quantify growth parameters. The measurement 
of diffusion barriers, diffusion lengths, and energies of adsorption/diffusion illustrated here are 
possible for many other materials systems using in situ UHV-TEM.  
 

4.1.3 Nanoisland growth, sintering, and coalescence: Cu on Cu and metals on van der 
Waals surfaces 
 

Observation of sintering and coalescence processes during growth and annealing provide a 
means to understand many thin film phenomena, such as wetting, catalysis, coarsening, and 
diffusion. In situ UHV-TEM provides the clean environments and temporal resolution required 
to extract mechanistic insights.85,100–103 For example, in situ UHV-TEM studies of the sintering 
of Cu nanoparticles deposited onto a single crystal Cu substrate shed light on the active 
mechanisms.85 Small nanoparticles rotate spontaneously into epitaxial alignment with the 

Deposit/Substrate, Temp Phase Diagram Results Ref 
Pd/Au, 50-70 ºC CSS Interdiffusion 95 
Au/Pd, 50-70 ºC CSS Monolayer nuclei (dendritic) 8 
Pd/Ag, 50-70 ºC CSS Dendritic nuclei 8 
Ag/Pd, 50-70 ºC CSS Monolayer nuclei with misfit dislocations 95 
Au/Ag, 50-70 ºC CSS 2-3 layer-by-layer growth with reconstruction 96 
Ag/Au, 190 ºC CSS Layer-by-layer 94 
Cu/Au, 50-70 ºC CSS + OP Nanoisland growth with misfit dislocations 8 
Pb/Au, 50-70 ºC MC Au2Pb 95 
Au/Pb, 50-70 ºC MC ‘Monolayer’ of Au2Pb 95 
Pb/Ag, 50-70 ºC IM Monolayer nuclei 8 
Ag/Pb, 50-70 ºC IM > 10 layer-by-layer growth with misfit dislocations 95 
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underlying crystal, with neck growth via surface diffusion followed by grain boundary 
migration. For larger Cu particles, bulk diffusion dominates instead,85 so the in situ 
measurements elucidate key differences between bulk and nanoscale sintering and coalescence.  
 
Many other studies of thin film coalescence and sintering are possible, particularly when 
heating capabilities and gas flow are integrated.100,101 Recent examples explore the epitaxial 
growth of metals on van der Waals layered (2D) materials such as graphene and transition 
metal dichalcogenides (Figure 6d).102–105 The weak bonding of the 2D material alters surface 
interaction and energies compared to covalently bonded or amorphous substrates, resulting in 
nucleation, growth, epitaxy, diffusion, dewetting, and agglomeration that are markedly 
different in the two cases. For Au on MoS2, for example, dewetting and sintering of non-
equilibrium island shapes can be observed at relatively low temperatures due to the weak bond 
between the metal and 2D material (Figure 6e).102 Stable equilibrium shapes are observed at 
higher temperatures, from which one can extract the metal-2D material interface energy.102 For 
Ti on graphene, clusters form initially with a thickness of 1-2 layers and grow into large 
islands.103 As well as providing convenient electron-transparent substrates for TEM 
experimentation, 2D materials play an increasing role as components of electronic and 
quantum devices. These devices require control of the interfaces with conventional metals and 
semiconductors, suggesting that fundamental studies of van der Waals interactions will become 
a new and exciting direction for in situ UHV-TEM. 
 

4.1.4 Catalytic growth: vapor-liquid-solid (VLS) semiconducting nanowires 
 

Along with observation of nucleation and growth mechanisms, in situ UHV-TEM can aid in 
developing new ways of fabricating nanocrystals. A benefit of in situ experimentation is that 
the effect of a change in process parameters (temperature, pressure) is visible immediately. 
Mapping of growth parameters to structure is therefore possible without the need for time-
consuming post-growth analysis of multiple samples. Combined with a UHV environment to 
reduce extraneous influences, the result is an ability to measure the effects of variables such as 
gaseous environment, material flux, and temperature to isolate specific influences on growth 
mechanisms and move towards novel growth regimes.  
 
An example is the use of in situ UHV-TEM to engineer semiconducting nanowires grown by 
the vapor-liquid-solid (VLS) mechanism.82,106–108 VLS-grown semiconducting nanowires 
exhibit favorable properties for use in nanoelectronic devices such as diodes, transistors, and 
sensors, as well as in optoelectronics, thermoelectrics, and quantum computing.109 The ability 
to exert nanoscale control over structural aspects, such as diameter and doping profile, requires 
a deep knowledge of growth mechanisms. Figure 6f shows in situ UHV-TEM imaging of Si 
nanowires during VLS growth.82 During the course of the experiment, the AuSi catalyst droplet 
labelled ‘A’ increases in size while ‘B’ decreases, directly demonstrating the importance of Au 
diffusion and Ostwald ripening in Si nanowire VLS growth and its influence on length, 
diameter, and sidewall structure.82 These, and other insights into the VLS growth mechanism, 
were possible because of the unique combination of temporal resolution, spatial resolution, and 
controlled environment enabled by in situ UHV-TEM. The UHV environment is particularly 
important here, given the propensity for Si and other technologically relevant semiconductors 
to react with ambient gases such as oxygen.109 
 
In situ growth experiments also proved useful in designing novel heterostructure nanowires. In 
Figure 6g, switching between two GaAs crystal phases, zinc blende (ZB) and wurtzite (WB), 
was engineered by altering the growth conditions during in situ UHV-TEM observation.108 
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Dark field imaging was used to distinguish the two phases so that switching could be measured 
as a function of temperature and source flux of trimethylgallium (TMGa) and arsine (AsH3) 
directed by two capillaries to the sample area. Measurement of the dynamics of switching via 
in situ UHV-TEM provided the understanding needed to design modulated nanowires that use 
the different band structures of ZB and WZ crystals for quantum confinement and opto-
electronic applications. This type of approach can be extended to materials systems beyond 
nanowire VLS, including catalytically mediated island and thin film growth.110    
 

 
 

Figure 6: Nucleation and growth of nanocrystals: illustrative examples. a, Layer-by-layer 
(Frank-van der Merwe) growth of Ag on an Au island (irregular hexagon) at 190 ºC. CM = 
amount of Ag deposited with respect to a monolayer, CE = fractional area covered by Ag 
monolayer. Ag lifts the Au surface reconstruction, making the fringes disappear.94 b, Contour 
plots of Au growth on HOPG at room temperature. The dendritic growth rate is high where 
there is a large capture area (‘A’) but low when close to a neighbor (‘B’). Matching with models 
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resulted in estimation of the diffusion barrier for Au on graphite at 0.24 eV.31 c, Contour plots 
of Au growth on HOPG at 350 oC.98 Rotation and translation of small particles occurs at the 
beginning of growth. Matching with models led to values for diffusion length λ (5.8 ± 2.4 nm) 
and difference in atomic energies of adsorption and diffusion (Ea – Ed) = 0.39 ± 0.04 eV. d, 
STEM HAADF image showing layered growth of Ti islands on graphene. Inset Fourier 
transform shows epitaxy.103 e, Movie stills recorded during heating of Au on MoS2 from 200 
ºC – 580 ºC show dewetting of unstable islands and stable equilibrium geometry.102 f, In situ 
UHV-TEM images recorded during the growth of Si nanowires with AuSi catalyst droplets at 
655 °C in 10-6 torr disilane. Labels indicate time (in seconds) after the start of growth. Ostwald 
ripening of Au is visible.82 g, Dark field image of the first zinc blende (ZB) layer that appears 
on a wurtzite (WZ) GaAs nanowire at 550 ºC after changing AsH3 and TMGa flow rates. ZB 
segments appear bright and WZ dark in this imaging condition.108 
 
4.2 Thin film homo- and heteroepitaxy 
 
Fundamental mechanisms of thin film epitaxy also benefit from in situ UHV-TEM due to the 
ability to probe the dynamic phenomena associated with each stage of microstructural 
evolution. The UHV environment is particularly important for semiconductor and metal thin 
films that oxidize readily. A unique advantage of TEM in thin film growth studies is its ability 
to obtain both imaging and diffraction information, allowing precise determination of crystal 
structure and epitaxial orientation. Furthermore, the sensitivity of TEM to strain, such as at 
dislocations deep within the sample, is helpful given the importance of strain in thin film 
growth. A full understanding of thin film processing must also include transient effects which 
occur during heating, exposure to gases, or biasing. Time-consuming or impossible to capture 
by conventional ex situ TEM, these effects are observable in situ. Overall, in situ UHV-TEM 
has proven powerful in elucidating phenomena driven by strain, including dislocation 
introduction, the origin of unexpected epitaxial orientations, and epitaxial growth of reactive 
materials or on reactive surfaces. We describe several case studies below. 
 
 4.2.1 The effects of strain: Ge and SiGe on Si 
 
The growth of Ge and SiGe alloys on Si(001) is a technologically important example where in 
situ UHV-TEM has provided useful insights.72,111–114 Epitaxial growth of Ge on Si(001) 
involves a 4% mismatch between Ge and Si and occurs through the Stranski-Krastanov growth 
mode, in which Ge grows layer-by-layer up to ~3 monolayers, after which islands self-
assemble to relieve strain (Figure 7a, top).111 In situ UHV-TEM showed that these faceted, 
coherently strained islands coarsen via surface diffusion of Ge, and the larger islands are 
bounded by different facets. Misfit dislocations eventually form at the Ge island/Si interface 
(Figure 7a, bottom).72,115 Understanding the interplay of strain, surface diffusion, surface facet 
energetics, and dislocation introduction that control Ge/Si(001) strained-layer epitaxy requires 
measurements that combine sensitivity to strain with temporal resolution. UHV-TEM also 
enabled the examination of Ge island formation on in situ patterned and etched non-planar 
surfaces, of interest in developing device fabrication strategies.112 The phenomena observed in 
situ, particularly the evolution of  self-assembled quantum dots, are relevant to understanding 
strained layer growth in other semiconductors. Growth at lower strain, for example for SiGe 
alloys on Si, favors other pathways for strain relief: a rippled surface or an array of misfit 
dislocations form as the film exceeds a critical thickness. UHV-TEM enables dislocation 
introduction to be observed and can help show how dislocations then propagate, even 
comparing the motion of the same threading dislocation in SiGe before and after the surface 
has been oxidized.113 
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The power of TEM in resolving buried defects and strain fields makes UHV-TEM well suited 
for studying other strain-related phenomena in Ge/Si epitaxy. For example, individual misfit 
dislocations at the SiGe/Si interface influence Ge island nucleation (Figure 7b).72,115 The strain 
fields of these buried defects extend to the surface and provide a favored environment for 
nucleation, suggesting opportunities for tailored growth through dislocation and defect 
engineering. In all of these studies, the strain in thin foil geometries created for TEM study can 
deviate from the strain conditions in bulk samples, which is something to consider when 
comparing to bulk phenomena and discussed further in Section 5.1.3. 
 
 4.2.2 Thin film growth: Fe/Au, Ag/Si, and InSb 
 
UHV-TEM helps to explore thin-film growth phenomena, at and beneath the surface, in 
materials that would otherwise react with the atmosphere. These materials include 
technologically relevant metals such as Fe, Ag, In, Pb, Sn, Ti, Ta, Nb, Mo, and Cu,56,63,93,116,117 
and semiconductors, such as Si and Ge, discussed in Section 4.2.1. Such studies are particularly 
useful in nano- and quantum electronics, which rely on metal, insulator, and semiconductor 
thin film deposition with a high degree of precision in both thickness and properties. An 
example of a complex growth mode elucidated by in situ UHV-TEM is that of Fe on Au(111).56 
In situ UHV-TEM studies show that below 0.3 nm thickness, the deposited Fe grows 
pseudomorphically with the underlying Au substrate. As the thickness is increased to 0.55 nm, 
misfit dislocations appear at the interface, as expected for conventional Frank-van der Merwe 
growth. However, at ~1.5 nm the Fe layer undergoes an unexpected transition from the γ to α 
phase.56 The in situ UHV-TEM observations suggest that the α phase preferentially nucleates 
on partial misfit dislocation faults. The orientation of the α-Fe/Au(111) film was determined 
from moiré contrast, displaying both Kurdjumov-Sachs and Nishiyama-Wassermann 
orientations.56 Knowledge of these transient phenomena helps in controlling Fe thin film 
structures. 
 
Deposition on reconstructed surfaces can result in epitaxial film orientations not expected in 
traditional growth. By utilizing the UHV environment, reconstructed surface structures such as 
Si(111) 7x7 can be created and maintained for study of deposition. Such experiments show that 
surface structures formed during the initial stages of metal deposition on Si can alter the epitaxy 
of subsequently deposited material.116,118 The importance of controlling such deposition is clear 
if we consider metal-silicon interfaces in device technologies, where epitaxial orientation can 
change the Schottky barrier height of Si-metal contacts, Si surface states, and interfacial charge 
transfer.  
 
As an example, monolayer Ag deposited on the Si(111) 7x7 reconstructed surface can create a 
commensurate lattice with the Si, resulting in an initial Si(111)√3 × √3 -Ag structure 
(alongside 3x1, 5x2 and other reconstructions possible in the phase space).116 The 
Si(111)√3 × √3 -Ag structure creates a semiconducting surface state due to the termination of 
Si dangling bonds by Ag 5s electrons. On further deposition, Ag was expected to grow with its 
(111) or (110) planes parallel to Si(111). However, UHV-TEM studies instead uncovered two 
complex and competing epitaxial orientations of Ag thin films on Si(111)√3 × √3-Ag (Figure 
7c).116 These studies highlight the use of both real and reciprocal space to elucidate structure; 
the interplay between the two unusual epitaxial orientations could not be explained via ex situ 
studies alone and required in situ UHV-TEM monitoring.  
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Incorporating multiple deposition sources in the microscope allows for the study of compound 
formation, expanding the range of accessible materials. An example is the homoepitaxial 
growth of InSb(111).63 Equal incident fluxes of Sb4 and In1 lead to homoepitaxy of InSb 
leaving an excess of Sb* atoms. These condense at a ‘homoepitaxial temperature’ Th, above 
which homoepitaxial InSb grows with a surface reconstruction, and below which two 
polycrystalline phases (InSb + Sb) form.63 Models for adsorption and desorption of Sb 
molecules match well with experiment, showcasing the applicability of such studies to reactive 
element and compound thin film formation. Similar in situ UHV-TEM analysis could be 
extended to a wider variety of reactive materials in the future, such as metal and metal 
chalcogenide growth on the surfaces of alkali halides and layered chalcogenides.117,119 
 
 4.2.3 Reactive epitaxy: silicide and germanide formation 
 
Metals deposited on Si or Ge often react to form epitaxial or polycrystalline silicides or 
germanides from the metal-rich end of the phase diagram.28,76,86,87,120 This process is relevant 
to formation of the metal-silicide layers used extensively in CMOS technologies at gate, 
source, and drain electrodes. For example, Pd deposition on Si(111) at 380 ºC forms Pd2Si 
islands in a Stranski-Krastanov growth mode, with Pd decorating the Si(111)7x7 
reconstruction.28 In situ UHV-TEM can resolve this sub-monolayer deposition by imaging 
parallel to the interface (Figure 7d) – a useful strategy known as profile imaging121 that is 
achieved by heating a plan view Si membrane to produce holes with vertical faceted walls. For 
Pt, in situ UHV-TEM shows that deposition on Si(001) at 600 ºC forms a continuous, 
polycrystalline, epitaxial layer with predominantly PtSi(110)||Si(001) orientation, while at 800 
ºC the preferred orientation changes to PtSi(120)||Si(001).120  
 
A different growth pathway is displayed by Co when deposited on Si(110): endotaxial 
(embedded in the substrate) Co2Si nanowires form, shown post-growth in Figure 7e, 
coherently strained and with a fixed length to width ratio.87 Time-resolved imaging shows an 
incubation period after which the Co concentration reaches the solubility limit of Co in Si and 
nanowires form with length L scaling with L ~ t1/3. Co on Si(111) shows different morphology86 
which is described using a thermally activated, facet-dependent growth model.  
 
Reactions with Ge similarly result in epitaxial growth of germanides. Single crystal, self-
aligned metal germanides have been studied as a way to minimize grain boundaries and reduce 
interface roughness for metal-semiconductor contacts. Diffraction patterns obtained during the 
evaporation of Co onto Ge(001) are compared in Figure 7f, showing the continuous epitaxial 
growth of a thin film of Co5Ge7 on heating.76 On further annealing, this thin film breaks up to 
form separated nanoislands and relieve strain energy. The kinetics of this process can be 
monitored in situ via bright field imaging and electron diffraction.76 Due to the high reactivity 
of the materials involved, in situ UHV-TEM is essential in elucidating these mechanisms. 
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Figure 7: Thin film homo- and heteroepitaxy: illustrative examples a, TEM image showing 
Ge islands formed after deposition of ~10 ML of Ge on Si(001). Inset: Schematic diagram 
showing island structure, where strain is relieved as the Ge lattice expands at the tops of the 
islands.115 b, Ge islands grown on a 300-nm Si0.8Ge0.2 alloy layer on a Si substrate. The alloy 
layer has partially relaxed, forming misfit dislocations at the SiGe/Si interface, and the Ge 
islands grow in rows associated with these dislocations.115 c, SAED pattern (top) and 
corresponding atomic model (bottom) of epitaxial alignment for Ag(1304)	on Si(111)√3 × √3 
/Ag surface. Shaded lines indicate unit cell of √3 × √3 structure, while bold lines show the 
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Ag(1304)lattice plane. Ag grows as islands on this surface, with Ag(1304)	epitaxially aligned 
with Si(111). Another potential growth mode consists of flat striped islands with two separate 
domains, one commensurate with the Si(111)√3 × √3-Ag lattice, and the other with a 5% 
mismatch. The interplay between these configurations can be distinguished via SAED.116 d, 
Profile imaging of Si(111) surface before deposition (top) showing the Si(111) 7x7 
reconstruction, and during Pd deposition (bottom) where the reconstruction is replaced by thin 
layer of Pd2Si.28 e, Post-growth cross-sectional TEM image of endotaxial Co2Si nanowire 
grown in UHV-TEM.87 f, SAED patterns showing Co film deposited on Ge (001) after 
annealing at 225 oC (left) and 300 oC (right). The diffraction pattern changes gradually on 
heating, indicating a transformation of hcp-Co and reaction to form Co5Ge7.76 
 
4.3 Oxide formation and other gas phase reactive growth processes 
 
UHV conditions are helpful in obtaining quantitative data regarding crystal growth processes 
that occur via reaction with a supplied gas. The most obvious example is the growth of oxides, 
which may form nanocrystals or crystalline or amorphous thin films. In situ UHV-TEM offers 
unique insights into such processes via continuous monitoring of nucleation and growth 
dynamics. Compared to ETEM, a lower pressure range is accessible but with greatly reduced 
trace levels of impurities that may otherwise affect surface structure, energy, and behavior.  
 
Experimentally, the procedure is to prepare the starting surface (say by rapid heating, chemical 
reactions or sputtering and annealing), set the reaction temperature, and inject gases. The 
structure of the initial surface, as formed, is of course of great importance in itself, and the use 
of UHV-TEM techniques to measure such surface structures is discussed in detail 
elsewhere19,20 and is outside the scope of this review. However, the remarkable results 
accomplished to date clearly show that UHV-TEM is a powerful tool in surface science, 
yielding data complementary to that from LEED and STM. For example, UHV-TEM 
established that surface reconstructions can involve multiple atomic layers at and below the 
surface, as demonstrated in measuring the atomic positions in the Si 7x7 surface 
reconstruction.22,122–126 We anticipate that UHV-TEM will continue to play an important role 
in quantifying surface structures, particularly when combined with other surface science 
techniques, as discussed in Section 5.  
 
Returning to crystal growth phenomena, an example of the level of analysis possible is shown 
by studies of Cu oxidation.30 To prepare the initial clean surface, annealing in methanol vapor 
at elevated temperature in situ is used to reduce Cu oxide to metal.30 Quantification of Cu2O 
nucleation and growth kinetics during oxygen exposure then allows the relative effects of 
oxygen surface diffusion and direct impingement to be measured (Figure 8a).30 The benefits 
of in situ UHV-TEM include temporal resolution and the ability to observe buried interfaces 
to determine the 3D structure of the islands (Figure 8a, inset). In situ UHV-TEM has also 
provided insight into the complex 3D structures formed by the oxidation of Cu alloys,127 and 
has been used to complement higher pressure ETEM experiments.128 Semiconductor oxidation 
can also be studied, such as oxidation of Si below 800 oC which forms a planar oxide. Analysis 
of image contrast and buried interfacial step positions during in situ UHV-TEM oxygen 
exposure shows that Si oxidation occurs by reaction of terrace atoms rather than those at step 
edges.129,130 
 
A benefit of in situ UHV-TEM (compared to say STM) for oxide growth experiments is that it 
can probe reactions below the surface in nanomaterials of complex morphology, measuring the 
dependence of the oxide growth reaction on the local geometry of the material. As an example, 
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the oxidation of indium particles deposited onto a graphene support is shown in Figure 8b.79 
This was carried out ‘quasi’ in situ, with In deposition in a UHV side chamber and controlled 
exposure to ambient air for oxidation. These experiments visualized formation of the interface 
between oxide and the 2D substrate,79 and suggest that UHV-TEM has exciting prospects for 
examining analogous growth reactions in a variety of nanomaterial interfaces. A greater variety 
of gaseous environments is also possible, as discussed further in Section 5. Reactions such as 
oxidation, reduction, and CO2 hydrogenation are currently carried out predominantly in 
ETEM.131–134 Comparing with observations made in UHV environments, even though at 
limited pressure, could add a wealth of knowledge in situations that require a reconstructed 
catalyst surface or a highly controlled gas composition.  
 

 
Figure 8: Nucleation and growth of oxides: illustrative examples. A, Dark field images of 
oxide islands on a Cu(110) surface, cleaned by exposure to 5 x 10-5 Torr methanol at 350 oC 
then thermally roughened by heating to 750 ºC and exposed to 5 x 10-4 Torr oxygen. Inset 
shows the 3D structure of the resulting oxide crystal.30 b, UHV-STEM images of In particles 
on graphene as deposited in UHV (left panel), after oxidation in air at room temperature for 24 
h (middle panel) and after additional heating in air at 100 °C for 45 min (right panel).79  
 
5. Challenges, Opportunities, and Future Perspectives 
 
The studies outlined above illustrate the power of in situ UHV-TEM to solve materials 
problems involving crystal growth. Dramatic instrumental and computational advances have 
energized the entire microscopy community in recent years and we anticipate that these 
innovations will be fully adopted into in situ UHV-TEM in the future. This will enable 
measurement of phenomena such as phase transformations, nucleation and growth, site 
selective deposition, and interface structure with ever more precise imaging and analysis 
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capabilities and under increasingly better-controlled conditions. In situ UHV-TEM will also 
expand its scope to address other grand challenges in materials design, such as imaging 
catalytic reaction pathways on surfaces, structure-property correlations in quantum materials, 
and the behavior of individual defects.  
 
As we envision the future of in situ UHV-TEM, it is clear that the opportunities are exciting 
but challenges and limitations of the technique will remain. Some of the challenges are 
common to all in situ TEM techniques, such as understanding and mitigating electron beam 
and thin foil effects, and optimizing experimental throughput and data handling. Other 
limitations are unique to UHV-TEM, including the so-called ‘pressure gap’ (Section 5.1.2), 
calibration of local temperature and pressure, and developing user-friendly technology given 
the complexity of UHV conditions and capabilities such as side chambers. Considering the 
historical evolution of the field, as discussed in Section 3, advances in in situ UHV-TEM will 
likely result from a collaborative effort between microscope manufacturers who provide 
universal requirements such as imaging and spectroscopy, and individual research labs that 
focus on specialized applications involving aspects such as deposition or sample handling. 
Figure 9 categorizes the challenges, opportunities, and future perspectives we see for in situ 
UHV-TEM into four areas: (1) quantification of sample conditions and environment, (2) data 
collection and analysis, (3) structure-property relations and modeling, and (4) advances in 
instrumentation. We describe our opinions in these areas in the sections below.  

 

 
Figure 9: Schematic representation of challenges and opportunities in in situ UHV-TEM 
development.  
 
5.1. Quantification of sample conditions and growth environment 
It is important to ensure that the in situ experiment accurately represents the problem that we 
wish to solve – and if it does not, we need to understand the ways in which it differs. This 
fundamental issue motivates us to consider several aspects of an in situ growth experiment: 
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how the sample geometry (especially the thickness) affects the process under investigation; 
how the sample is affected by the imaging radiation; the extent to which experimental 
parameters can be replicated within the microscope, and the accuracy with which we know the 
local conditions. 
 

5.1.1 Electron beam effects 
 
In any TEM observation the electron beam can damage the sample or modify its surface, 
complicating meaningful analysis. Irradiation during in situ UHV-TEM may cause direct 
knock-on damage, ionization damage (radiolysis), localized heating, or electrostatic 
charging.135,136 Other effects known in conventional microscopy, in particular electron-beam 
induced deposition of carbon (EBID), are reduced in UHV-TEM, offering a strong advantage 
when studying in situ growth. 
 
Knock-on damage,7,137 in which atomic vacancies are created by energy transfer from the 
beam, may be particularly important in growth experiments. Once the sample is imaged at high 
electron energy, induced defects may influence the next deposition or characterization step. A 
potential solution is to utilize indexed TEM grids such that only one area of the sample is 
imaged in each step, which can then be compared with a pristine area. Ionization reactions, 
which may be more pronounced at low electron energy, require particular consideration during 
in situ UHV-TEM studies in gaseous environments, and efforts have been made to account for 
the beam-gas interaction numerically.136–138. Repeating the experiment at varying electron 
dose, dose rate or electron energy is useful to monitor the effect of the beam on the gas species 
and reactants. Localized heating via energy transfer from the beam may raise the temperature 
by only a few degrees, but may be more significant if the sample has poor thermal conductivity. 
Electrostatic charging may influence in situ experiments involving insulating materials. Pre-
coating the TEM grid with a conducting film (Au or other metal to avoid carbonaceous 
contamination) is not always possible without altering the outcome of the growth experiment, 
therefore low dose rate imaging coupled with data post-processing may help minimize charging 
artifacts.139  
 
As well as conventional sample damage, electron-sample interactions can influence nucleation, 
diffusion, and surface reactions in in situ UHV-TEM. Diffusion can be enhanced under the 
electron beam, and crystals are prone to decomposition.55 Beam effects can be evaluated by 
performing ‘in beam’ vs ‘out of beam’ image comparisons.18 Operating the TEM at different 
electron energy (e.g. 30-100 keV)  and the lowest possible dose needed for the required 
resolution and image acquisition rate is good practice to mitigate beam damage and extraneous 
reactions.11 Low electron energy (< 60 keV) imaging involves a tradeoff in spatial resolution, 
while low dose imaging reduces the signal to noise ratio, especially in time-resolved data.11 
With the advent of aberration correction, sensitive detectors, and computational resources,140 
the feasibility of low electron energy, lower dose, in situ UHV-TEM moves further within 
reach.  
 
Despite these technological advances, electron beam effects will continue to require careful 
consideration for in situ UHV-TEM. Current best practices for general in situ experiments, 
enumerated in a workshop at the National Institute of Science and Technology,11 include 
obtaining a dose measurement (both dose rate and total electron dose) for each experiment, for 
example with a Faraday cup; performing a systematic study of the effect of electron dose and 
energy on each new material studied; reporting total electron dose in publications and 
presentations; educating new users on the importance of electron beam interactions; and 
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creating an open database to report the optimal electron dose for specific materials systems.11 
Faraday cup design and measurements inside the electron microscope should also be 
considered carefully here, in order to accurately account for backscattering and secondary 
electron emission losses. By adhering to these best practices and continually refining 
experimental techniques, researchers can better understand and control electron beam effects 
in in situ UHV-TEM experiments. 
 
 5.1.2 Bridging the ‘pressure gap’ 
 
While UHV conditions are essential to achieving fundamental mechanistic insights in ultra-
clean environments, real-world processes occur at higher pressures. Pressure dependence can 
be complex, making it difficult to extrapolate data obtained at UHV to higher pressure ranges. 
Combining UHV-TEM data with that from higher pressure experiments in ETEM or in a closed 
gas cell helps to bridge this pressure gap.141,142 A closed gas cell experiment can reach pressures 
up to or exceeding atmospheric, and offers other benefits discussed below in Section 5.1.4. 
However, the presence of the windows reduces image resolution and hinders the use of 
techniques such as EDS. We therefore propose a somewhat different strategy for achieving 
higher pressure in a UHV instrument, based on environmental SEM techniques: this is to use 
a semi-closed cell where gas is supplied through the holder to a sample between chips whose 
windows contain apertures.143 Compared to a fully-enclosed gas cell, the semi-closed cell 
offers better resolution and the ability to collect analytical signals; furthermore, we expect that 
UHV sample preparation can be achieved more readily. UHV-TEM can also be combined with 
other in situ time-resolved studies, such as XPS, that probe growth and catalytic activity at 
varying pressures.25,144 This allows insights gained via in situ UHV-TEM to be extended more 
rigorously to higher pressure conditions.  
 

5.1.3 Thin foil effects 
 
In thick samples, multiple scattering, inelastic scattering, and chromatic aberration limit the 
image resolution, so thin samples (often far below < 200 nm) are used for high resolution 
analysis. However, growth phenomena involving strain, diffusion, and defects can differ 
considerably between thin samples and bulk.145,146 Sample preparation techniques used to 
create thin films and cross sections from bulk materials, such as focused ion beam (FIB) milling 
and mechanical polishing, also alter the sample from its pristine configuration. Therefore, care 
is needed in extrapolating thin-foil observations in in situ UHV-TEM to the bulk phenomenon.  
 
Detailed materials modeling coupled with image simulations can help quantify the influence 
of strain fields and defects. Moreover, correlating UHV-TEM with analysis techniques that 
allow imaging of a larger area (e.g. in situ SEM), the surface of a bulk sample (e.g. in situ AFM 
and STM), or larger scale properties (e.g. optical spectroscopy or magnetic measurements) can 
enable more accurate extrapolation to macroscopic behavior. These forms of characterization 
may be integrated within UHV side chambers.75,78,93 
 

5.1.4 Measuring the local environment 
 
Accurate measurement of the conditions at the sample is essential to obtain quantitative 
thermodynamic and kinetic information from in situ UHV-TEM experiments. For example, the 
local gas pressure, composition, temperature, and electric/magnetic fields are required to match 
in situ UHV-TEM data with accurate models.  
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In the highly controlled environment of UHV-TEM for nucleation and growth studies, even ± 
5 oC can have an impact, making precise read-out of local temperature crucial. Calibration prior 
to the experiment using a pyrometer may not provide the required accuracy. If the sample is 
supported on a microelectromechanical (MEMS) chip with a heater element, the temperature-
current characteristic can be calibrated for one chip and is usually reliable for others fabricated 
in the same batch.147,148 However, for samples without local heater elements, or samples whose 
temperature is affected by the proximity of an in situ deposition source or gas environment, it 
is useful to have a local measurement of temperature at the sample area. For certain materials, 
local temperature measurements can be performed by EELS using the temperature-sensitive 
plasmon peak position,149 the gain and loss phonon peaks in the electron energy spectrum,150 
or the measurement of strobe (noise) peak in EDS spectra.151 Thermal diffuse scattering in 
STEM nanodiffraction patterns can also estimate local temperature.152 In situ temperature 
mapping using such methods, combined with numerical modeling to account for resistive 
heating with radiation and gas conduction losses, will improve accuracy for in situ UHV-TEM 
experiments. Accurate measurement at cryogenic temperatures is also required for magnetic 
and superconducting phase transitions that depend sensitively on temperatures in the few-
Kelvin range. Integrating miniature thermocouples or other measurement facilities directly into 
the sample area is possible, although may require more engineering in UHV-TEMs due to the 
requirements for all materials to be bakeable.  
 
Local pressure and composition measurements at the sample are also necessary in experiments 
that benefit from precise control of gas or deposition flux partial pressures. In a typical UHV-
TEM, the gas pressure is measured by ion gauges, but these are some distance from the sample. 
There can also be a time lag between gas input,  measurement, and equilibrium gas pressure at 
the sample, as well as a dependence on sample tilt and geometry. Gas analysis via a residual 
gas analyzer (RGA) or mass spectrometer connected to the UHV-TEM column similarly may 
not accurately reflect the local gas composition. Closed gas flow cells with electron transparent 
membranes allow more accurate pressure measurement and have been integrated in 
conventional TEMs and ETEMs.142,153,154 Closed cells also can allow integrated RGAs for 
more accurate gas composition, particularly important in catalysis experiments. Assembling a 
closed cell in UHV conditions without contamination is challenging, and the sealing systems 
and membrane windows are susceptible to pressure leakage (further discussed in Section 
5.4.1). Therefore, the semi-closed cells proposed in Section 5.1.2 may prove beneficial. We 
also suggest that including temperature-compliant capacitive MEMS pressure sensors into a 
heating MEMS chip may be a path forward to achieve local pressure measurement in UHV-
TEM growth experiments.155,156 
 
5.2 Data collection and analysis  
 

5.2.1 Microscope operation and automation 
 
In situ UHV microscopy is labor intensive, requiring expertise in specialized equipment, 
particularly with manually operated sample transfers, gas systems, and side chambers. 
Broadening the application of in situ UHV-TEM involves improving ease of use, starting with 
automated alignment procedures and software controls for apertures and camera operation. 
Recent advances in automating image capture, alignment, and microscope operation are helpful 
for obtaining statistically relevant data-sets, drift correction, or conducting in situ experiments 
remotely over long periods of time.157–160 The field of cryo-EM has for a long time capitalized 
on many of these opportunities, and in situ UHV-TEM microscopists have a lot to gain from 
the cryo-EM community’s experience with automation.161,162  
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Automated sample preparation, transfer, and loading mechanisms could revolutionize the 
capabilities of integrated UHV chambers, allowing characterization via multiple techniques on 
the same sample. For example, a bulk sample could be fabricated in an MBE chamber, 
afterwards obtaining an automatic FIB cross section (as already implemented in the 
semiconductor industry163) to characterize in STEM; the bulk sample could then be moved to 
connected chambers where correlated properties could be measured: one can imagine UHV-
connected optical spectroscopy, micro-probe measurements, or NV magnetometry. 
 

5.2.2 High throughput materials design and testing 
 

Novel computational methods have enabled high-throughput screening of materials with 
interesting properties. Similarly, efficient growth and characterization of materials are expected 
to enable novel advances and breakthroughs in materials research. The UHV-TEM 
environment provides an ideal playground for high-throughput materials design through 
combinatorial and automated experimentation. For example, one could imagine performing in 
situ growth while systematically varying the deposition temperature, flux rate, or proximity to 
the source. We are particularly enthusiastic about exploring the opportunities arising from the 
design of versatile microfabricated TEM substrates, for example with multiple heating 
elements, to probe parameter space during a single experiment. Moreover, with the automation 
capabilities and side chambers described above, automated sample loading, processing, feature 
identification, image capture, and property measurement would allow full sample 
characterization to be performed overnight or remotely. 
 

5.2.3 Data handling and low-dose imaging 
 
The advent of ‘big data’ handling and systematic data extraction presents opportunities for the 
in situ UHV-TEM community. Acquiring high pixel-count images at rates capable of resolving 
atomic scale kinetics pose a challenge that is understood for conventional TEM but relatively 
new for in situ UHV-TEM in statistical analysis of vast amounts of data. A single experiment 
can produce terabytes of data in several minutes164 driving a need for increased file storage and 
transfer capabilities, as well as automated analysis. Most in situ experiments shown in Section 
4 were analyzed by hand, which is both time consuming and error-prone. Even if data such as 
growth rate or defect structure can be obtained for a single nanostructure, the corresponding 
materials characteristics such as resistance, optical, or magnetic properties represent a 
statistical average of multiple nanostructures. Repeated analysis is necessary, either over an 
interval of time or over an ensemble of structures, to obtain statistically significant information.  
 
Low-dose (both dose rate and total electron dose) imaging and real-time denoising are also 
particularly useful in in situ UHV-TEM, where single atom diffusion, surface structure, or 
catalytic reaction pathways are sensitive to the electron beam. Advances in this area include 
image tracking and deep learning algorithms, which show great promise for dose-efficient 
image and video analysis.164–166 Real-time processing of raw data will allow targeting of 
specific sample areas, rapid experimental feedback on a statistically significant sample size, 
and denoising of low signal to noise (SNR) data during the experiment. These computational 
advances are complemented by hybrid pixel detectors and detectors which count individual 
electrons, and improved EELS measurements.167,168 Finally, strategies already implemented to 
optimize the scanning pattern will increase scanning speed and minimize dose.169  
 

5.2.4 Combining multiple data streams 
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The ability to link variables such as pressure, temperature, and gas flow to the output image 
stream underpins much of in situ experimentation. This must include consideration of 
temperature and pressure lag and local measurement at the sample area, as discussed in Section 
5.1.4. In situ UHV-TEM also benefits from correlating information from different modes of 
operation, as shown in the examples in Section 4  that combined bright and dark field imaging, 
diffraction and high-resolution imaging. Other modes, particularly EELS, are not yet heavily 
used for in situ UHV growth and deposition experiments, often due to acquisition time. 4D 
STEM data acquisition, where a full diffraction pattern is collected at every pixel location, is 
another area of opportunity. Although relatively slow to acquire compared to in situ TEM data, 
one can reconstruct bright field, dark field, differential phase contrast, and diffraction images 
from a single dataset to visualize specific features of the process under study.170 Further 
advanced STEM techniques relevant to UHV phenomena are explored in Section 5.3.  
 
Given these multiple, simultaneous data streams, it is challenging for one operator to handle 
the microscope and control the in situ parameters, especially when the material change occurs 
on short time scales. Software and detector designs that simplify integrated imaging, 
spectroscopy and other data streams will increase the practical possibilities available with in 
situ UHV-TEM.11 Moreover, the number of imaging and sample parameters makes it difficult 
for a single operator to maximize efficiency; parallel simulations or machine learning input 
may help select the imaging mode and parameters that optimize speed and information content 
to create an efficient imaging pipeline depending on the information desired.164 
 

5.2.5 Post-processing and analysis toolbox 
 
An open-source processing and analysis toolbox for the in situ TEM community, like those 
currently existing for the 4D STEM community (py4DSTEM)171 and the EELS/EDS 
community (HyperSpy)172 could accelerate the wider adoption of sophisticated and 
reproducible in situ UHV-TEM analysis. Many of the important features - automated scripts 
for drift correction, edge detection, particle growth, particle tracking, crystallographic analysis, 
adding time increments and process parameters to videos, pattern recognition, and kinetic 
modeling – are relevant to all types of in situ experiments. Generalized image and video 
analysis Python toolboxes already exist, such as OpenCV library for computer vision, machine 
learning, and image processing.173 Although researchers can tailor these toolboxes to their 
individual needs, a dedicated toolbox with notebook examples would reduce the learning curve 
for newcomers to in situ UHV-TEM and standardize analysis procedures. Moreover, software 
that incorporates correlative mapping and alignment would allow data obtained via multiple 
techniques (for example TEM and scanning probe measurements174) to be correlated after 
acquisition from the same area of the sample. 
 
5.3 Structure-property relations and modeling 
 

5.3.1 Specialized imaging modes in UHV 
 
The variety of data acquisition modes in TEM and STEM is expanding rapidly, with 
innovations in techniques such as Lorentz TEM,175 holography,176 ptychography,177,178 
differential phase contrast (DPC),179 and 4D STEM.180 If used in UHV, these would unlock 
numerous  opportunities to obtain information on properties and processes. For instance, 
Lorentz TEM, holography, DPC, and 4D STEM, as used in instruments with conventional 
vacuum, allow quantitative studies of magnetic textures, electric fields, and strain. These 
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techniques have provided detailed information on the structure-property relationships in 
multiferroic materials, such as ferromagnetic shape memory alloys,181 magnetic domain 
structures under an applied in situ magnetic field,181 and skyrmions.182 UHV will enable 
measurement of these phenomena in materials only a few atoms thick, grown or cleaned in situ 
to give control over surface chemistry. One could envisage cooling at intervals during the 
growth of magnetic films or structures to image magnetic domains without surface 
contamination, even resolving the magnetic moments of individual atoms.183  
 
Other promising applications for specialized imaging techniques in UHV are the measurement 
of defect formation and motion, and even the diffusion of individual atoms within the bulk of 
a material or at buried interfaces. Ptychography provides three-dimensional information;177 
applying this technique in situ could provide an outstanding view of deposition, surface 
reactions, and defect and property evolution under controlled UHV conditions. Moreover, 
techniques that incorporate image reconstruction, such as exit wave reconstruction and 
ptychography, can enable low dose imaging.184–186 Although ptychographic imaging and 4D 
STEM will expand the reach of in situ UHV-TEM, they are less suitable for measuring rapid 
atom dynamics due to their limited temporal resolution, and will require advances in detectors 
and readout speeds. 
 

5.3.2 Spectroscopy and energy filtered imaging in UHV 
 
Since the early development of the VG microscopes, it has been recognized that spectroscopic 
capabilities within a UHV environment greatly benefit in situ experiments and provide 
opportunities for improved measurements on static samples. The utility of EELS, EDS and 
EFTEM187–189 in situ is shown, for example, in measurements of gas composition,190 the 
valence state of metallic nanoparticles,191 chemical composition of beam-sensitive battery 
materials192 and time dependence of catalyst composition.193 In situ TEM combined with EELS 
is particularly important in the study of solid-state energy devices including batteries, solar 
cells, and solid-oxide fuel cells.12 In UHV, such capabilities would greatly improve our 
understanding of diffusion and phase transformations, the formation and dynamics of surface 
reconstructions, and segregation during growth. We can also envision measurements of phonon 
excitations, inter- and intraband transitions, plasmon excitations, and chemical 
composition79,194 in UHV-TEMs with integrated EFTEM and EELS capabilities. 
 
Integrating spectroscopic capabilities with UHV has another advantage: minimizing 
contaminant buildup or extraneous reactions during the long acquisition times needed for 
compositional analysis. The processes that drive sample contamination in conventional TEM 
vacuum - electron beam-induced motion and deposition of carbon - are reduced in UHV 
conditions due to a cleaner sample surface and less contamination from background gases.195 
For beam-surface interactions, the importance of a clean sample surface is known from 
experiments in which annealing graphene during imaging in standard vacuum reduces beam 
damage and beam-induced deposition of carbon.196 Interactions between the beam and gases 
such as oxygen in the column are known from oxygen etching of graphene in situ197,198 and 
from beam-induced deposition of silicon oxides on flowing disilane in an oxygen 
background.199 UHV sample preparation may also minimize side reactions that complicate 
interpretation. For example, annealing graphene in vacuum prevents the reactions between 
deposited titanium, background gases, and adventitious C that lead to the unwanted formation 
of TiC.200 Since analogous findings are likely to apply for other materials, UHV sample 
treatment and imaging conditions will greatly enhance experiments requiring quantitative 
spectroscopy. 
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In UHV-TEMs, such as the early VG microscopes and the Nion system discussed in Section 
3.4, EELS is a key capability that is straightforwardly added. EDS appears less readily 
compatible with UHV-TEM. The EDS detector is located as close as possible to the sample; 
its components may be challenging to bake, and retraction mechanisms require re-engineering 
for UHV. To map changes in composition, future UHV-TEMs that include EELS and EFTEM 
will benefit from a direct electron detector to increase the readout speed.201,202 Combining this 
with stable, low drift stages offer prospects for atomic resolution spectroscopy for in situ UHV-
TEM experiments.201  
 

5.3.3 Direct comparison of experiment and theory 
 
While the microscopy community focuses on resolving smaller and smaller structures, down 
to single or few atoms, the computation community focuses on simulating the behavior of 
larger and larger structures via efficient algorithms and increased computing power. We are 
now entering a paradigm in which these two size regimes meet, allowing direct comparison of 
atomic scale observation with ab-initio or molecular dynamic simulations. Increased 
computational resources provide another benefit too: the fast and accurate simulation of TEM 
images via multislice simulation, with fast sweep (1-2 mins) simulations allowing rapid 
analysis of defocus and thickness values. Multiple open-source software packages are currently 
available.203 High throughput materials computation can also be combined with experimental 
methods as discussed in Section 5.2.2. As these modeling techniques improve, detailed 
experiments in UHV environments provide ideal data for analysis, by minimizing extraneous 
impurities and side reactions that are not included in theoretical predictions. Close 
collaboration with the fields of data science and computational materials science presents a 
wealth of opportunities for in situ UHV-TEM. 
 
5.4 Advances in instrumentation 
 

5.4.1 In situ cartridge holders  
 
Sample holders with a diverse range of functionalities such as electrical biasing, heating, 
cooling (even to liquid helium temperatures), closed gas cell, straining, and optical probes offer 
multiple prospects when combined with in situ UHV-TEM. Integration of functional sample 
holders with drift correction in UHV-TEM instruments will open opportunities for experiments 
that involve in situ stimuli while requiring a precisely controlled environment. We envisage 
complex experiments where, for example, growth is combined with a stimulus available from 
the sample holder: deposition on a substrate during straining, electromigration of single atoms 
deposited on clean surfaces during electrical biasing, optical response of individual catalytic 
particles or defects, phase transformations or effects of controlled deposition on quantum 
materials cooled below their transition temperature, or the influence of electric field on crystal 
growth. An enticing opportunity is to combine several capabilities in a holder, such as 
heating/cooling, biasing, straining and control of magnetic fields, and aim for high-throughput 
studies of material dynamics in controlled UHV conditions.   
 
This broad range of external stimuli is already established in conventional microscopy9,11 and 
advances in MEMS technology offer customized heating and biasing chips that are also 
compatible with UHV. However, for in situ UHV-TEM with integrated side chambers, a 
complication is that the sample is mounted on a cartridge such that it can be moved between 
UHV-TEM and other UHV preparation or characterization chambers. Direct feedthrough of 
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electrical or temperature connections from an external controller along the sample rod to the 
sample is therefore not possible. UHV-TEM cartridge holders instead use electrical 
connections in the microscope stage to couple to electrical feedthrough ports for heating and 
biasing. With suitable chips, these feedthroughs could also be utilized for in situ straining, 
excitation of on-chip LEDs or lasers, and Peltier cooling. Optical excitation sources can be 
integrated directly into ports in the column for light-coupled in situ reactions.204,205    
 
Cryo-holders present additional challenges, but strategies are under development for flowing 
liquid N2 and He to cool a cartridge-mounted sample, as well as for UHV transfer to connected 
chambers while maintaining cryogenic conditions. Side entry cryo-transfer holders and 
vacuum suitcases already allow transfer of samples between different UHV systems while 
maintaining cryogenic temperatures and vacuum conditions. It will be interesting to see the 
extent to which these may be adapted for ultra-high vacuum and compatibility with multiple 
chambers. Cryo-TEMs in the biological sciences currently employ autoloaders for sample 
cassettes, and it is possible that automated cryo-cartridge holders can be adapted for transfer 
between integrated UHV-TEMs and connected UHV systems for experiments that require it. 
We believe that the use of cooling holders in UHV-TEM represents a particularly exciting 
subset of the general opportunities discussed above, particularly for emerging quantum 
materials discussed further in Section 5.5.3.206  However, for many dynamic crystal growth 
experiments, liquid nitrogen cooling may not be needed and it may be sufficient to focus on 
Peltier and intermediate cooling strategies. Therefore, it is important to consider the economic 
and informational trade-offs in each experimental set-up. 
 
We have already mentioned closed gas cells as a strategy for executing higher pressure gas 
experiments, such as oxidation, corrosion, and reactive epitaxy. These are not readily bakeable 
for UHV, but a UHV-compatible design would allow for both higher pressure and more 
accurate determination of gas phase reactants and catalytic properties in UHV experiments, if 
the output gas flow is connected to a mass spectrometer. UHV closed cells would also allow 
UHV experiments to be carried out in conventional microscopes, making UHV studies more 
accessible without other specialized equipment. It is an engineering challenge to avoid 
incompatible materials such as porous ceramics or gaskets that outgas to the sample region, 
and long gas supply lines that are difficult to pump, but advances in materials design for 
bakeable UHV membranes, sealants, and gas lines may enable progress. However, closed cells 
still require viewing the sample through two membranes, so a closed cell experiment is not 
ideal for low dose and high resolution studies.  
 
In the technological development of all holders (particularly variable temperature holders), a 
key practical aspect is drift correction or compensation mechanisms to allow continuous atomic 
resolution imaging during operation.11,207 This is particularly important in envisioned future 
uses of in situ UHV-TEM where single atom diffusion and observation of molecular 
intermediates on surfaces is disrupted by even small amounts of drift. For denoising low dose 
in situ UHV-TEM data, sample stability is just as critical. Moreover, freeing the operator from 
having to track and reset the sample position enables attention to be directed to optimizing 
other important experimental variables.  
 

5.4.2 Column and sample area modifications   
 
Beyond specialized in situ holders, innovations in the microscope column design represent a 
more ambitious task, but one with the potential for a dramatic expansion in the types of 
experiments that can be envisioned.  
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Aberration correction and monochromation enable atomic resolution imaging at low 
accelerating voltages, which will benefit in situ UHV-TEM studies involving beam-sensitive 
materials. Good imaging performance has been demonstrated in (non-UHV) instruments 
designed for operation at voltages as low as 15-20 keV.208,209 Chromatic aberration (Cc) 
generally limits resolution at low voltage; its correction is complex and expensive (compared 
to Cs correction) but is worthwhile in specific applications.210–212 Widening the pole-piece gap 
is another design choice for the column, offering a larger sample area for integrating in situ 
capabilities such as deposition sources or lasers via ports in the pole piece or column, additional 
detectors (e.g. SEM or Auger), transport measurement probes, and stable low temperature 
stages and cryostats.15,213 This comes at the cost of resolution, but with aberration correction to 
improve performance, could realize the promise of fully integrated in situ systems such as 
SHEBA, as discussed in Section 3.4. Widening the pole piece gap has already had major effects 
in the emerging technique of atomic electron tomography (AET), where 3D reconstruction of 
nanoparticles is achieved through imaging at a series of sample tilts.214 In one recent (non-
UHV) example, a secondary electron detector installed in the widened pole piece enabled 
placement of electrical probes on pre-defined contact pads, and an electrostatic biprism enabled 
mapping of electric and magnetic fields.213  
 
Reducing the sample holder volume is an alternative approach that avoids the resolution 
penalty of widening the gap. Microfabrication can produce small samples with heating or other 
functionalities that allow for smaller volume holders or cartridges and, hence, higher tilt angles. 
This may particularly help in UHV-TEM studies of dynamic crystal growth, where both plan 
view and tilted view of surfaces and interfaces are useful. Moreover, on-chip logic could be 
utilized for integrated LED lasers, circuits, and other capabilities. Whether using a widened 
pole piece gap or miniaturized samples, care must be taken to ensure all materials are UHV 
compatible. 
 
With such advances, we can imagine increasingly complex in situ capabilities. Integration of 
optical fibers for photon irradiation or on-chip LEDs can be combined with UHV-TEM to 
study photocatalysis and phase transitions of low-dimensional nanostructures. UHV-TEM is 
particularly useful here since catalytic reaction pathways are determined by surface adsorbates, 
as discussed further in Section 5.5. Laser integration can also generate Raman and pump-probe 
signals. The integration of spectroscopic techniques puts the potential of full structural, 
chemical, and optical characterization on the horizon.215,216 Separately, cryo-holders cooled by 
liquid helium can practically reach temperatures around 6-20 K, with lower temperature 
operation partially limited by radiation losses and poor heat shielding from the nearby objective 
lenses. A large investment would be required to bring standard cryo technology into the limited 
space around the sample, with challenges in minimizing vibrations due to coolant flow and 
evaporation. Redesigning the sample area could push the sample temperature to below 1 K in 
specialized microscopes to observe growth phenomena and structural, magnetic and electronic 
phase transformations under controlled environment. Finally, even more ambitious designs 
involving Cs/Cc correction envisage a large enough polepiece gap to accommodate both 
electron microscopy and synchrotron radiation beam lines.212 AET and correlative synchrotron 
experiments could both be of interest when the sample environment is UHV and deposition or 
other materials modification capabilities are available in situ. 
 
 5.4.3 Increased temporal resolution 
 



35 
 

We have described phenomena in this review that generally occur in the second or millisecond 
time range. However, key phenomena such as sub-critical fluctuations, diffusion, and 
interfacial transport occur within microseconds of flux activation, while atomic adsorption, 
electronic excitations, and phonon dynamics may occur in the nano- or even pico-second 
regime. Conventional TEM is limited to hundreds or thousands of frames per second by the 
read-out frequency of the camera, the beam current, which determines the signal to noise ratio 
of each frame, and the dose rate and total dose that can be tolerated by the sample. As 
mentioned in Section 5.2.3, advanced electron detection provides a benefit to temporal 
resolution due to its ability to measure the time and position of each individual electron 
detection event.185 
 
As well as detector development, other methods extend the temporal resolution of in situ 
TEM.217,218 One of these is the use of pulsed electron sources controlled by optical37 or 
electronic219 means, capable of reaching ~10 GHz pulses. These methods are generally limited 
to imaging repeatable processes by pump-probe techniques and are less suitable for nucleation 
and diffusion studies. Development of a ‘single shot’ approach, which generates short pulses 
with enough electrons to form images, allows sequential capturing of processes, and has 
achieved a temporal resolution ~15 nanoseconds220 and spatial resolution < 5 nm.11 Such 
systems can be limited by Coulomb interactions, and require redesign of the electron optics.221 
Experiments that may justify this additional investment in complexity include irreversible 
growth events such as diffusion, nucleation, growth dynamics, and dynamics of small atomic 
clusters at the femtosecond scale.222,223 
 

5.4.4 Fully integrated UHV fabrication and characterization systems 
 
As conventional electron microscopy continues its evolution from a means of acquiring static 
images to a broad range of ‘experimental laboratories’ inside the polepiece, we anticipate a 
similar trend of increasing experimental complexity for the UHV experiments performed 
directly in the column or in connected side chambers. This involves incorporating capabilities 
such as surface science probes (AES, XPS, LEED), sample preparation, ion beam irradiation, 
optical spectroscopy, cathodoluminescence, photoluminescence, gas chromatography, 
magnetic measurements, and abilities to observe 3D structure (tomography) and to apply 
electrochemical or opto-electronic stimuli. Since not all these tools will be in the polepiece, 
sample transfer while maintaining UHV environment is essential in these systems. Maintaining 
sample temperature while transferring is a more difficult design task but would create 
additional functionalities. More expansive side chambers could be imagined to incorporate 
systems such as synchrotron-TEM correlative imaging, x-ray diffraction, gloveboxes, APT, 
STM, low temperature optical spectroscopy, and ARPES. The addition of side chambers can 
result in transmission of vibrations, and while some experiments will benefit largely from the 
additional complexity, others may be more suited to vacuum transfer suitcases. 
 
One of the most striking examples of the potential of ‘lab in a microscope’ integration is the 
measurement, in 1999, of quantized conductance in Au nanobridges. Using a niche 
combination of an in situ TEM and STM UHV microscope, Takayanagi et al. obtained atomic 
resolution images and simultaneous conductance measurements of rows of Au atoms during in 
situ straining.224 This verified the conductance of a single strand of atoms to be quantized as 
G0=2e2/h, and showed that equipartition holds true for quantum systems. This remains a 
remarkable experimental observation today, over 20 years later, and begs the question: with 
our current technological advancements, what observations could we imagine in the next 20 
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years inside the well-controlled environment of a UHV electron microscope? In the final 
sections we speculate on some possibilities. 
 
5.5 Perspectives on key scientific questions 
 
In the DOE Report on Basic Research Needs for Transformative Experimental Tools,225 the 
highest-level conclusions include the following: “...the quest for deeper scientific insights and 
the drive to control chemistry and materials at the atomic and molecular levels require 
increasingly powerful and sophisticated instruments.” The ability of in situ UHV-TEM to 
provide unique information about dynamic crystal growth phenomena is applicable to a variety 
of emerging materials classes, especially if we assume some success in the developments 
described in Section 5.4. Figure 10 illustrates some fundamental details of nucleation and 
growth processes that future in situ UHV-TEM would be uniquely poised to uncover. At the 
smallest length scale are adsorption and surface reactions of individual atoms from the gas 
phase, which could bring transformative insights for catalysis studies. Over longer dimensions, 
atomic motion along the surface and sub-critical fluctuations including bond breaking and 
diffusion could be analyzed. Once critical nuclei have formed, the initial stages of growth and 
properties of atomic clusters can be determined. And at even larger length scales, the formation 
and characterization of defects and interfaces can be addressed. Low dose and low electron 
energy imaging increase the possibilities of TEM to study the beam-sensitive materials 
prevalent in physics and technology today, including 2D material heterostructures, metal 
organic frameworks, biomaterials, and single defect states. In combination with the controlled 
environment of UHV and additional specialized imaging modes, this unlocks a variety of 
opportunities across quantum materials, energy materials, electronic and photonic materials, 
and materials in extreme environments.  
 

 
Figure 10: Schematic of dynamic crystal growth phenomena that can be studied with in situ 
UHV-TEM with current technical advances at different length scales, from individual atomic 
adsorption to the formation of grain boundaries, thin films, and interfaces. Below shows 
overview of example research fields that could be impacted: (1) quantum materials (image 
from 226), (2) energy materials (image from 227) (3) electronic and photonic materials (image 
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credit: Sean Kelley (https://inform.studio)), (4) materials in extreme environments, e.g. space 
among others (image credit: NASA). 
 
 
 5.5.1 Quantum materials 
 
Growth and characterization of quantum materials - defined as solids with exotic physical 
properties arising from the collective quantum mechanical properties of their constituent 
electrons228,229 – present a significant future growth area for UHV-TEM. Proposed as the 
building blocks of next-generation information technology, quantum materials nevertheless 
exhibit ubiquitous disorder230,231 which significantly affects their properties. This makes 
fabrication of novel devices challenging, particularly those that require nanoscale dimensions, 
where adsorbates, disorder, interfaces, and finite-size effects govern materials properties. TEM 
is an essential tool because it can probe the degrees of freedom that determine quantum material 
properties (lattice, spin, charge, and orbital): the structure can be imaged with atomic 
resolution, spin textures and charge distributions can be mapped by Lorentz TEM, holography, 
and DPC, and orbital occupancy can be probed with EELS.183,229,232,233 
 
In situ UHV-TEM methods for growth and simultaneous characterization of quantum materials 
at the atomic scale will build on such measurements. One could study and control the 
nucleation and growth of superconductors and other easily-oxidizable materials that require 
UHV conditions, making use of equipment where deposition chambers such as MBE are 
connected to the UHV-TEM. The role of oxides, adsorbates, and contaminants on quantum 
decoherence and other properties could be probed within the pristine UHV environment. 
Topological surface states and charge density wave pinning at defects, interfaces, and small 
atomic clusters could be studied by combining in situ UHV-TEM imaging with DPC or 
diffraction. Similarly, the influence of individual magnetic atoms or clusters on magnetic 
domains, or spin-orbit coupling via metal deposition on magnetic thin films can be studied. 
The critical temperature of magnetic and superconducting transitions is also known to vary 
with increasing thickness of material, which could be studied via in situ layer-by-layer 
deposition in UHV. Moreover, in quantum structures formed by stacking 2D van der Waals 
materials234, individual vacancy defects can function as single photon emitters in transition 
metal dichalcogenides and hexagonal boron nitride. These defects are known to be air sensitive: 
encapsulation with boron nitride or graphene limits degradation and decreases line-width of 
EELS spectra.235–237 Device fabrication requires understanding and control of the creation, 
removal, and processing of such defects, including their reactions with oxygen or dopant 
species, in which UHV excels. Integrated UHV-TEM experiments to study such phenomena 
could involve a glove box connected to the UHV-TEM system for fabrication of 
heterostructures of air-sensitive 2D materials.  
 
Correlated physical phenomena in quantum and magnetic materials, for example magnetic 
transitions, many-body excitations, defect emission and superconductivity, often emerge at low 
temperature.206 UHV conditions are standard in low temperature physics to reduce 
contamination effects. Low temperatures also reduce the damage rate of many materials in 
TEM.233,238 We therefore anticipate that UHV-TEM imaging with cryogenic sample transfer 
and magnetic/optical measurements in connected chambers could elucidate the origins of many 
of these phenomena.  
 
 5.5.2 Energy materials 
 

https://inform.studio/
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The controlled environment and in situ capabilities of UHV-TEM provide a powerful platform 
for studying energy materials. One of the most promising is the direct imaging of catalytic 
reaction pathways.239 Many catalytic reactions critical for energy materials would benefit from 
such insights, including water splitting, CO2 reduction, hydrocarbon cracking, and oxygen 
evolution. Catalytic processes involve the formation of transition states, in which short-lived 
intermediate species exist temporarily on the catalyst surface. In situ UHV-TEM, combined 
with advanced denoising procedures, could help elucidate the transition states and reaction 
pathways under well-controlled conditions, producing information to optimize catalyst 
efficiency. The UHV environment, although different from realistic reaction conditions, may 
even facilitate the direct observation of light element molecules such as H2, CO, CH4, and O2 
adsorbed on catalytic nanoparticle surfaces, where weak contrast among impurity 
adsorbates240,241 poses challenges for conventional ETEM. The cyclic nature of catalytic 
reactions offers intriguing possibilities for improving signal-to-noise by averaging signals from 
the same metastable state.239 External triggers, such as light or electric field pulses, can be used 
to make the turnover process periodic and allow for more controlled experimentation and data 
analysis.239  
 
Atomic level understanding of transport processes, such as electron and ion transport, is also 
necessary for optimizing energy materials design.239 Ionic transport through ceramics is 
particularly important in electrochemical technologies, and understanding the influence of 
individual defects, adsorbates, and surface treatments in UHV would be beneficial. Point 
defects in these materials bind impurity adsorbates when not in UHV conditions, leading to 
local changes in transport, bonding, and lattice distortion. Other interesting questions in energy 
materials include the role of defects and impurities in the performance of photovoltaic 
materials, examined without interference from ambient gases; the nucleation and behavior of 
nanoparticles with well-controlled surfaces in photocatalytic materials; atomic-scale structure 
and dynamics of perovskite solar cells that are particularly air-sensitive; and investigating 
atomic-scale mechanisms of corrosion in energy-related materials. For extremely air-sensitive 
electrochemical materials, in situ UHV-TEM coupled with a glove box or other fabrication 
chamber would provide benefits, and the ultra-clean environment of UHV would allow close 
comparison with modeling without extraneous impurities. Specialized imaging modes could 
allow determination of individual chemical species and adsorbates (even with isotopic 
sensitivity242), and the additional ability to control temperature, light intensity, bias, and apply 
other processing in integrated UHV systems would allow for the examination of how these 
variables affect real-world performance. 
 

5.5.3 Electronic and photonic materials 
 
UHV-TEM provides unique information regarding materials for emerging electrical and 
photonic devices, such as semiconductors, quantum dots, nanowires, and 2D heterostructures. 
In particular, the UHV environment is essential for growth and surface reactions in 
semiconductors such as silicon, which oxidize readily in poorer TEM vacuums. Opportunities 
for dynamic in situ UHV-TEM include observing the adsorption and reaction of individual 
atoms on the surface of air-sensitive materials (silicon, 2D magnets, perovskites), analyzing 
atomic motion and diffusion at the surface and within materials like silicon or gallium nitride, 
characterizing the initial stage of growth and properties of 2D heterostructures and metal-
organic frameworks, investigating the properties of single defect states in a variety of opto-
electronic materials, determining the influence of epitaxy on charge transfer across 
interfaces,243,244 and examining the influence of growth conditions on quantum dots, nanowires, 
and other self-assembled structures relevant to opto-electronic devices. Adding optical 
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spectroscopy methods to the UHV-TEM column would be particularly beneficial for opto-
electronic materials. Through UHV experiments, it will become possible to gain a detailed 
understanding of the fundamental processes that govern the growth and characterization of 
these materials and how they may be optimized for use in devices. 
 
Important developing techniques for in situ nanoscale manufacturing of electronic and 
photonic devices include area-selective deposition, interface control, templated growth, and 
heterostructure formation. Here, possibilities emerge to fully fabricate and even contact devices 
within the TEM column or in side chambers. In combination with the automation and side 
chamber facilities described in Sections 5.2.1 and 5.4.4, we may eventually envision a device 
fabrication and characterization pipeline, analogous to what is currently implemented for 
semiconductor wafer failure analysis, but entirely carried out at the atomic scale and in 
controlled vacuum.  
 
 5.5.4 Expanding horizons for UHV-TEM 
 
An unexpected benefit of the UHV environment is that it can be used to replicate exotic 
conditions found in space or other atmospheres. For example, astrophysicists have used a liquid 
He cooling holder combined with in situ gas injection in UHV-TEM to observe the nucleation 
and growth of CO and CO2 crystals on amorphous solid water at 10 K.245 The activation 
energies obtained from these studies clarify surface reaction mechanisms in the initial stages 
of the evolution of molecular clouds.245 Radiation-hard materials can be studied by generating 
defects with various radiation sources incorporated in UHV side chambers and imaging these 
defects without atmospheric exposure.  
 
These are examples where the reach of UHV-TEM for growth phenomena is already extending 
to fields beyond materials science. We anticipate further opportunities, given the fundamental 
importance of nucleation and growth mechanisms over a wide range of scientific and 
technological fields in chemistry, biology, physics and beyond. We suggest that UHV-TEM 
will play a particularly critical role at low temperature. Here, many phenomena await discovery 
involving growth and phase transformations. For example, low temperature non UHV-TEM 
growth experiments have already probed the condensation of water on controlled surfaces;246 
self-assembled monolayer formation;247 and the formation of noble gas crystals and 
condensates.248,249  
 
Different types of defects (e.g., vacancies, dislocations, moiré reconstructions) will affect 
nucleation and growth of materials in distinct ways to tailor site-selective deposition in UHV. 
Similarly, surface reconstructions and terraces influence the growth of thin films, enabling the 
development of thin film technologies with improved performance and reliability. UHV-TEM 
will help us understand how impurities, contaminants, and surface terminations (e.g. O2, H2) 
affect the initial stages of nanocrystal formation; how different growth conditions (temperature, 
pressure, strain, electric field) influence the atomic-scale structure, composition, and properties 
of nanocrystals; and how substrate materials and orientations influence newly-discovered 
complex epitaxial growth modes (e.g. chiral epitaxy, phase selection, and van der Waals) and 
properties of the resulting materials. Moreover, direct visualization of these growth processes 
will allow comparison with modeling to extract fundamental physical constants such as 
adsorption energies, interaction energies, surface diffusion constants, interface energies, 
interdiffusion, dewetting behavior, sintering, and reaction energies for direct comparison with 
theory. Answering these scientific questions will not only further our fundamental 
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understanding of nucleation and growth, but also have practical implications for a wide range 
of scientific and technological fields. 
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