The
University
&> U
e Sheffield.

This is a repository copy of Transmission electron microscopy of epitaxial semiconductor
materials and devices.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/218882/

Version: Accepted Version

Article:

Dong, J. orcid.org/0000-0002-3853-1910, Bai, H., Deng, Y. et al. (5 more authors) (2025)
Transmission electron microscopy of epitaxial semiconductor materials and devices.
Journal of Physics D: Applied Physics, 58 (4). 043001. ISSN 0022-3727

https://doi.org/10.1088/1361-6463/ad8a6bb

© 2024 The Authors. Except as otherwise noted, this author-accepted version of a journal
article published in Journal of Physics D: Applied Physics is made available via the
University of Sheffield Research Publications and Copyright Policy under the terms of the
Creative Commons Attribution 4.0 International License (CC-BY 4.0), which permits
unrestricted use, distribution and reproduction in any medium, provided the original work is
properly cited. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/

Reuse

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the
authors for the original work. More information and the full terms of the licence here:
https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose -
university consortium eprinis@whiterose.ac.uk
/,:-‘ Uriversities of Leecs: Shetfiekd & York https://eprints.whiterose.ac.uk/




Page 1 of 62

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-136317.R2

Transmission electron microscopy of epitaxial semiconductor materials and

devices

Jiawei Dong'", Hongjie Bai?, Yong Deng?, Shuo Liu!, Xiaoyi Wang'#, Yang Qiu**, Yuechun Shi®

and Thomas Walther®

! Southwest Minzu University, State Ethnic Affairs Commission, Chengdu 610041, China

2 Public Security Department, Sichuan Police College, Luzhou 646000, PR China

3 Department of Physics, Southern University of Science and Technology, Shenzhen 518055, China

4 Pico Center, SUSTech Core Research Facilities, Southern University of Science and Technology, Shenzhen 518055, China
SYongjiang Laboratory, Ningbo 315000, China

¢ Dept. Electronic & Electrical Eng., University of Sheffield, Sheffield S1 3JD, UK

Correspondence

# Southwest Minzu University, State Ethnic Affairs Commission, Chengdu 610041, China; Email::80300024@swun.edu.cn

# Pico Centre, SUSTech Core Research, Facilities, Southern University of Science and Technology, Shenzhen 518055, China; Email:
giuy@sustech.edu.cn

Abstract:

The transmission electron microscope (TEM) is a powerful imaging, diffraction and spectroscopy
tool that has revolutionized the field of microscopyalt has‘contributed to numerous breakthroughs
in various scientific disciplines. TEM-based techniques can offer atomic resolution as well as
elemental analysis, which benefit the study of epitaxial semiconductors and their related
optoelectronic devices on the atomic scale. The design and optimization of the device performance
depend on three key factors: the ¢ontrolof strain at nanometer scale, control of the formation and
propagation of defects as well asithe control of local electronic properties. Manipulation and
optimization are only possible'if the key factors can be characterized precisely. Herein, the TEM
techniques for strain analysis, defect characterization and bandgap evaluation are reviewed and
discussed. Lately, with the development of in-situ TEM techniques, researchers have been able to
observe dynamic processes and study the behaviour of materials and devices under realistic
conditions (in/gaseous atmosphere or in liquids, at elevated or cryogenic temperatures, under
strain,/bias or illumination) in real-time with extremely high spatial resolution. This review

explores,the impact and significance of in-situ TEM in the field of semiconductors.

Keywords: epitaxial semiconductor materials, transmission electron microscopy, strain,
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1. Introduction
Epitaxial semiconductors play an important role in electronic and eptoelectronic devices, such as
transistors, light-emitting diodes (LEDs), solar cells and detéctors [1]-[S]. Those devices are the
core components of integrated electronic devices that can beused in the field of communications,
green energy, aerospace, healthcare etc. Epitaxy, such as byamolecular beam epitaxy (MBE) or
metalorganic vapour phase epitaxy (MOVPE), is normally used to grow the layers for the active
regions of the devices after a buffer layer has been deposited on a crystalline substrate, and the
active regions of the devices can be structured by photo- and electron lithography afterwards
[6],[7]. As these active device regions are sometimes only a few ten nanometres in lateral size and
can be atomically thin, e.g. gate oxXidesiin field-effect transistors, and may contain atomic defects
that can alter the optoelectronic, behaviour of the device, characterisation methods with
sub-nanometre resolution, such as electron microscopy, are necessary to study them.

The substrate usually is a single-crystalline wafer, sliced from a semiconductor ingot.
Commercially, silicon (Si) is the most common material for crystalline substrates. MBE is a
physical deposition technique that works over a wide temperature range in ultra-high vacuum
(UHV), while/ MOVPE “is”a chemical deposition technique that works at relatively high
temperatures, allowing the precursors to effectively react. MBE enables the precision control of
single‘atomicdayer growth, which makes it an ideal choice for researching crystal structures and
monitoring growth rates. In contrast, compared to film epitaxy using MBE, MOVPE, also named
metal organic chemical vapour deposition (MOCVD), can deposit films over larger areas and

exhibits a faster growth rate, making it more suitable for commercial applications [8]-[12].
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Usually, high crystal quality can be expected from MOCVD, however, compared with MBE
growth [13], the epilayer grown by MOCVD may contain more chemical impurities due to the
lower vacuum in the deposition chamber. Ideally, high quality epilayers involve the consideration
of uniformity, crystal quality and chemical composition of the thin film [14],[15]. To gtow a
high-quality thin film, multiple growth parameters must be understood and optimized, especially
the strain field near the heterostructure interface. In case of epilayer uniformity, in the early stage
of the growth (thickness of several atomic layers), significant elastic strain ‘energy 1is
accommodated near the heterostructure interface due to the lattice mismatch between substrate
and epilayer, and the compressive strain field at the interface is responsible for turning the epitaxy
from layer-to-layer growth to Stranski-Krastanov (S-K) growth, svhich increases the surface
roughness of the thin film [16]-[18]. For crystal quality of the thin,film, as the epilayer thickness
exceeds the critical thickness, effective interface strain relaxation,could induce the generation of
misfit dislocations [19] so that the crystal quality deterioratesidue to the increase of dislocation
density. Normally, a lattice mismatched epitaxial buffer layer.of sufficient thickness is deposited
on top of the substrate prior to deposition of the device structure to confine the misfit dislocations
to the interface between substrate and buffer. Therefore, the active region grown subsequently,
which is far away from the interface, may not be impeded by misfit dislocations, however,
threading dislocations can extend further upwards. Finally, regarding the growth of perfect
compound semiconductors, for example, the growth of ternary InGaN alloys, the interface strain
field may lead to the narrowing of'the miscibility gap and shift it towards higher In content [20].
Therefore, without the quantification of interface strain contours, InGaN may suffer from In
segregation [21] or phase separation [22] during thin film epitaxy, leading to the production of
local In-rich/poor regions,in the epilayer. Such In-rich regions or dislocations are able to trap local
electrons [23],[24], which,can lead to the degradation of the device performance or even failure of
the device. To/optimize the growth parameters for achieving high quality epilayers, it is crucial to
accurately measure the strain contours, atomic structure of lattice defects and nanoscale electronic
states near the'interface of heterojunctions.

Conventionally, characterization techniques for semiconductor applications involve X-ray
diffraction, atomic force microscopy, secondary ion mass spectroscopy, scanning electron

migcroscopy, four-point electrical measurements and photoluminescence [25]. From a combination
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of measurement results, the crystallography and electrical properties of semiconductors can be
obtained. Nevertheless, to directly associate the crystalline quality and electrical performance via
multi-scale characterization techniques is extremely difficult, especially for multi-layer II-nitride
compound semiconductors [26]. For example, the type and density of structural dislocations alloy
phase separation, elemental segregation, 2D electron gas formation at interfaces and uniformityrof
doping could all play a role so it is often impossible to infer the impact of one type of defect alone
on overall electrical properties Error! Reference source not found.-[29]. Therefore, to
simultaneously reveal single defects and their corresponding electronic states, techniques able to
probe multiple physical fields at nano-scale are desirable for semiconductor nanostructure

characterization.
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structural and electronic properties of semiconductor devices [30],[31].

TEM enables a direct probing of the nanostructure at atomic scale, revealing the atom
arrangement within a certain nanostructure or local defect. Apart from imaging, analytical TEM
canmbe ‘used to perform chemical, strain and electronic state analysis [32]-[34]. All these
techniques are based on the theory of electron-matter interaction [35]-[38]. If a parallel

high-energy electron beam is used to irradiate a thin specimen, this is commonly called TEM
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mode. Bright-field (BF) images, dark-field (DF) images, high-resolution (HR) TEM images,
diffraction patterns (DPs), energy dispersive X-ray spectra (EDXS) and electron energy loss
spectroscopy (EELS) data can be recorded (Figure 1), some of them simultaneously. The images
and spectra can be used to study the local structure, crystallography, chemistry and electronic
states [39]-[42]. TEM also can be operated in scanning transmission electron microscopy (STEM)
mode, where a finely focused convergent electron beam has been formed to raster across,the
sample [43]-[45]. In the last decade, with the development of spherical aberration correction [46]
and improvements of the electron gun [47], the spatial resolution of STEM can now approach
~50 pm (pm =10""2m). High-angle annular dark field (HAADF) images, annular bright field
(ABF) images, and BF images can be recorded simultaneously, and with_a special segmented
annular detector, differential phase contrast (DPC) images and integral differential phase contrast
(iDPC) images [48]-[50] can also be generated to study the electromagnetic field distribution and
light element arrangement within the scanned area, respectively. Moreover, by combining STEM
with various detectors, detailed high-resolution /maps  can 'be formed -easily, providing
multi-physics characterization of the region of interest (ROI), such as EDXS mapping [51], EELS
mapping [52], nano-beam electron diffraction (NBED) mapping [53], convergent beam electron
diffraction (CBED) mapping [54], and four-dimensional (4D) STEM [55].

Recently, the development of, in-situ TEM techniques has allowed the access of external
stimulation induced nanostructure”respense at different time intervals. This capability provides
information on materials dynamigs, in particular environments, such as crystal growth, phase
transitions and defect formation [56],[57]. It also allows for the precise characterization of
semiconductor materials. under multiple external fields, such as variations in temperature,
pressure, or electrical bias, which render a deep understanding of the structural and electronic
properties of the devices. In addition, in-situ TEM techniques enable the direct diagnosis of failure
processes of devices under certain working environments, providing valuable information for
developing more reliable devices [58].

To perform an ideal TEM measurement using both imaging and spectroscopy, the preparation of a
high quality TEM specimen is necessary. In the field of epitaxial semiconductors, two methods are
usually applied to produce electron transparent thin foils:

1. Mechanical grinding and polishing, followed by Ar" ion milling for final thickness
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reduction and surface polishing [59]-[62],

2. Focused ion beam (FIB) milling for TEM lamella preparation.

Fig.2. (a) GaN based TEM specimen prepared by method 1. (b) Epitaxial lateral overgrowth of
AIN on Si. (¢) Delamination of Si and AIN during the mechanical grinding. (d) Ga* implantation
induced In segregation in InGaAs, (e) Loss of local atomic order in a Ga* ion-beam-damaged

sample.

For producing high quality TEM samples via method 1, mechanical grinding and polishing by
using a tripod polisher is, desirable [63]. Compared with the planar grinding approach (where the
critical thickness of fracture for GaN is typically ~15 pm), the sample thickness can be reduced to
~2 um (GaN basedrsemiconductors) before Ar* ion milling, so the ion-bombardment induced
structural damage can be minimized due to the limited duration of ion milling [64]. Besides, the
electron” transparency after ion milling can be easily recognized, once orange-purple thickness
fringes are noticed in optical imaging (Fig 2 (a)), indicating that the sample is sufficiently thin for
TEM measurement [65]. However, mechanical sample preparation is extremely time consuming,
especially at the final polishing stage as the sample thickness should be checked frequently to

avoid any fracture or damage in the region of interest. Particularly, for grinding nanowires or
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epitaxial thin films grown on patterned substrates, care must be taken to avoid the local splitting of
substrate and epilayer (Fig 2 (b) and (c)) which could further increase the duration for preparing
TEM specimens. To improve the efficiency of TEM specimen preparation, the use of focused ion
beam systems could be a solution. The typical steps that involve the preparation of TEM specimen
lamellas are [66],[67]: (a) identification of the region of interest (ROI), (b) bringing the specimen
to eucentric height, (c) platinum deposition using a gas injection system (GIS) “(initial
decomposition by the electron beam, then by the gallium ion beam) over the ROI, (d) ien milling
(with gallium ions at ~30 kV) to produce the lamella by forming trenches adjacent to the platinum
coated region, (f) transferring the lamella onto the TEM grid, (g) thinning the specimen down to
~100 nm with 2 kV ion beam, where a low (~9 pA) beam current is often used to/avoid further ion
implantation. Compared with traditional sample preparation techniques, FIB can precisely control
the position and shape of the ion beam, extract specific nanostructures from the sample and
achieve uniform sample thickness. In combination with Electron, Back-Scatter Diffraction (EBSD)
measurements before lamella extraction [68], FIB can extract lamellas with specific preferetnial
orientations. However, the collision of the Ga* ionnbeam on the surface of the sample during FIB
processing always causes some Ga* implantation,damage, including chemical reactions [69] that
can alter local atomic ordering [70]. Mereover, due to the high equipment cost, the cost of

preparing a TEM specimen by FIB is relatively high [71].

2. Strain analysis

To satisfy Moore’s law, eleetronic: semiconductor devices require halfing their lengths every
18-24 months, so understanding their internal structure and strain has become crucial. TEM is one
of the most suitable instruments to characterize the local strain. Many TEM techniques can be
applied to measure local strain fields and can be divided into 3 groups: a) based on lattice image
analysis, HRTEM images/HR-HAADF-STEM images can be processed to form strain maps that
can besanalyzed by using geometrical phase analysis (GPA) [72], b) based on diffraction analysis,
strain ‘maps_can be formed by using NBED [53], precession electron diffraction (PED) [73],
CBED [34] or 4D-STEM techniques [74], c) based on phase shift measurements of the electron
waves, holograms can be used to determine the deformation of the specimen, especially using dark

field electron holography (DFEH) [75].
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2.1 Strain mapping from atomic-resolution images

Strain mapping assumes a perfect 1:1 correspondence between dots in a lattice image and the
positions of the underlying atomic columns so expansion/contraction of the first can be interpreted
as tensile/compressive strain in the latter. It was originally developed for lattice defectshin
homogeneous materials for which this can be guaranteed [72], however, its use has since often
been extended to interfaces between different materials where this is no longer necessarily
ascertained, in particular:

a) For cubic materials, such as sphalerite or elemental semiconductorss imaging along a <100>
zone axis preserves the double mirror symmetry of the structure in this projection so that atomic
columns should appear either always bright or always dark so dots are located exactly on top of
atomic column sites or exactly in-between [76]. In case of bgam tilt, the whole pattern can move,
but in the same way for all materials either side of an interface:; Along the much more commonly
used <110> zone axis, however, the dumb-bell like images of the projected sphalerite structure are
no longer mirror-symmetric (as one column is occupied by group III atoms, the other by group V
atoms) so that the extrema of the dot pattern can freely move along the dumb-bell axis without any
fixed relationship with the underlying atomic columns. This makes the analysis of single mono- or
bi-layer distances unreliable for sharp interfaces and should be avoided for zincblende type
materials [77].

b) Measuring dot positions works best when their form does not change, i.e. if there is no visible
contrast difference in the materials either side of an interface or boundary. Defoci and thicknesses
of pronounced contrast changes should thus be avoided, in particular for the case of sphalerite
structures imaged( along, <110> where even small focus changes can make the dumb-bell
structures observed contract or expand [78], whether dumb-bell contrast is resolved or not.

Hjiitch et al([72]. proposed the GPA method in 1998, providing an effective tool for quantitatively
measuring strain through high-quality HRTEM images. Strain induces phase changes in electron
diffraction contrast images. GPA reconstructs strain information within the crystal by calculating
the phase differences between adjacent pixels in the lattice image. A more widely used method is
to map the strain field by measuring the local displacement of lattice fringes and assuming that

these lattice fringes coincide with the positions of the underlying atomic columns. HRTEM
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utilizes transmitted electrons for imaging, and during the transmission process, phase shifts occur
due to collisions and scattering. So far, the GPA method has successfully been applied to study
strain fields in quantum dots [79], nanowires [80], dislocations [81], and interfaces [82]. This
integrated approach offers a robust means of gaining in-depth insights into the stress and /strain

behaviour of materials.

Fig. 3. GPA of a dislocation logp in a boron implanted silicon sample annealed by a single laser
pulse at 2.6 J/cm?. (a) HRTEM jmage.in [-110] orientation,Scale bar in the inset is 5 nm; (b)
enlarged view of the dislocation. The habit plane is (001),Scale bar in the inset is 1 nm; (c)
geometric phase image ofl the 002 lattice fringes from (a) with insert of vertical displacement

profile across the centre;(d) geometric phase image of the 220 lattice fringes from (a) [83].

In their study of theievolution of structural damage and dopant distribution during laser thermal
annealing of ien-implanted Silicon, Qiu and colleagues applied GPA to HRTEM images of the
annealed samples, which allowed the observation of (001) dislocation loop defect formation
(Figure:3). Figure 3a shows the HRTEM images of an area containing a loop seen edge-on, and
Figure 3b shows the enlarged image of the defect itself. After Fourier transform of the original
HRTEM image, the phase images Py, and P,y of the 002 and 220 Fourier spots, corresponding to

the displacement of the corresponding lattice fringes, are calculated, and shown in Figures 3¢ and
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d, respectively. By extracting phase images, a clear vertical dipole can be seen in the Pyy, image.
The results are explained in terms of the modification of the defect formation energy induced by
the compressive biaxial stress developed in the non-melted regions during laser annealing [83].
However, its applicability is constrained by certain limitations. Firstly, HRTEM has stringent
sample requirements, as any thickness variation could lead to contrast reversal artifacts, i.e. thin
specimens often necessitate preparation without thickness variation in the fi€ld of wview.
Additionally, several studies suggest that the thinning process required for preparing, TEM
samples may result in strain relaxation due to the high surface-to-volume ratio after the thinning
process [84]. Ensuring an adequate thickness of TEM samples is crucial/for obtaining meaningful
and accurate strain measurements [84]. Furthermore, HRTEM images have a very small field of
view, confined to the nanoscale. As a result, this method candonly analyze local stresses and
strains at nanometer scale, limiting the analysis of the overall'sample properties. Finally, for GPA,
the spatial resolution is fundamentally limited by the use ‘of @mask’selecting the Bragg spots in
the Fourier space of the HRTEM image. In a semiconductor; this corresponds to typically about
0.6 nm when (002) planes are analyzed [85].

Advanced TEM instruments offer a stable bright electron source. With a spherical aberration
corrector, a small electron probe can be‘formed so atomic column resolved HAADF images in
STEM mode can be formed. GPA can also be applied to HR-HAADF images. HR-HAADF
images are generated by collecting”signals from electrons scattered through wide angles [86],[87].
The HR-HAADF image is very sensitive/to atomic numbers, directly detecting heavy elements in

materials, achieving sub-angstrom spatial resolution [88]-[90].
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Fig.4. a) High-resolution HAADF shows the ‘atomic structure of a quantum well (QW) in a
quantum cascade laser device, where InGaAs layers appear bright. b)-d) correspond to the strain
distributions in [xx/, [yy] and [xy] directions. The mean strain (2.27 X 10-3) in xx direction [110] is
much less than the mean strain (2.72 X 1073) in [yy/ direction [002], which means the strain in the

interface accounts for most of the straimvin this layer structure.

In figure 4, the HR-HAADF-STEM images, combined with the GPA method, were employed to
investigate and understand the strain induced by the quantum well (QW) in the quantum cascade
laser device. By examining the strain in various directions, we can infer that the interlayer strain
contributes significantly to the overall strain within the layered structure. As ion milling is
necessary for sproducing the electron transparent region of TEM samples, the effective ion
bombardment could lead to an apparent change of internal strain, which prevents precision strain
measurement/ Therefore, a comparative analysis should be carried out by non-destructive integral
X-ray diffraction (XRD) mapping, which can act as a reference for ensuring the accuracy of the
local TEM measurement [91]-[93].

Compared to HRTEM, HR-HAADF-STEM is less sensitive to the sample thickness and thickness
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variation, i.e. less sensitive to TEM sample preparation [94]. In addition, as the image is formed
by collecting the signals during rastering of the ROI, the field of view can be as large as a few
hundreds of nanometers compared to the nanometer scale image recorded by HRTEM. However,
the precision of the strain maps is usually not as high as those of maps generated through DP or
holography [95]. Therefore, the strain maps generated by using GPA through HR-HAADF-STEM
images are mainly useful for quickly examining large deformations in the spec¢imen due_to

relatively large changes in strain, with precision around 0.2-0.4% [94] in the lattice parameter.

2.2 Electron Diffraction

Both near-parallel electron beams with small convergence anglessand large-angle convergent
electron beams can result in DPs, corresponding respectively to'NBED and CBED. Diffraction
spots, which are directly related to the atomic distances, are formed by using the parallel or
near-parallel beam to illuminate the specimen; on the other hand, diffraction discs can be formed
by a convergent electron beam. NBED and CBED arg electron diffraction techniques that evolve
with an increasing convergence angle of the incident €lectron beam [96],[97] (Figure 5).
According to Bragg's law, the incident electrons will be deflected by the crystal lattice, generating
diffraction patterns [98]. The resulting diffraction patterns exhibit variations due to distinct crystal
structures. By analyzing these, diffraction patterns, internal strains within the crystal can be

reconstructed with very high sensitivity:
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Fig. 5. (a) Nanobeam electron diffraction mode; (b) convergent beam electron diffraction mode.
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NBED uses a near-parallel beam with a small convergence angle to scan the ROI, recording the
DP at each point. The diameter of the probe formed by a near-parallel beam can reach sub-10 nm
by using a small condenser aperture (diameter < 20 um), which defines the spatial resolution of
this method. NBED obtains information on the crystal structure by performing reciprocal space
analysis of the pattern obtained from electron diffraction [99]-[101]. Strain can be €alculated by
comparing the diffraction pattern obtained from the ROI with that obtained from arreference,
non-strained region. These measurements are useful in studying the stress state, \dislocation

generation, and propagation mechanisms in epitaxial semiconductor matetials [102]-[104].
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Fig. 6. NBED analysis of 'a GaAs/GaAsP multilayer device in cross-section. (a) HAADF image of
the analyzed_section. (b)'Representative nano DP taken from the dataset, with the 002 and 220
diffraction vectors that were analyzed for the strain analysis highlighted. (¢) NBED strain map of

strain/along y = [002] direction. (d) NBED strain map of strain along x = [220] direction [105].

Ozdol et al. [105] combined the NBED technique with a fast electron detector to improve its

sensitivity. By applying this method to map the strain contour of GaAs/GaAsP superlattice (SL)
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structures, they demonstrated that the combination of these two techniques had excellent
characterization capabilities for high-quality heterostructures and low-defect regions (Figure 6),
which confirms the NBED technique is well-suited for high-precision, high spatial resolution, and
large field-of-view strain characterization.

The problem with NBED is the potential saturation of the detector during over-exposure, therefore
it is difficult to determine the peak position of each diffraction spot. This issue (is effectively
addressed by PED [106],[107]. PED was initially referred to as the double-cone beam-rocking
method [108] where the incident electron probe is tilted by an angle ¢ off the optic axis.and rotates
azimuthally around the axis, illuminating the sample like a cone-shaped/beam. The tilted electron
beam extends the zero-order Laue zone from a point to a ring, effectively collecting diffraction
information from different directions around the optic axis. AS»a result, PED provides more
accurate crystallographic information with less influence from dynamical scattering [109]. PED
has been proven beneficial for orientation imaging [110]-[112]; phase identification [113], strain
mapping [114]-[116] and three-dimensional phase crystallography [117]. ABashir et al. [118]
utilized PED technology to measure the cross-sectional strain field of a Ge micro-disk under
tensile strain induced by SizNy stressors. The sttain maps were interpreted and compared with
finite element models of the studied “structure, ‘demonstrating excellent consistency. This
highlights the applicability of pPED technology to strain mapping. Simultaneously, the study
revealed that this technique also allows,the observation of strain relaxation caused by dislocation
pile-ups, further substantiating the benefits of this experimental approach.

CBED is a dynamic diffraction-based method that can distinguish between polar and non-polar
crystals [119],[120]. Itrallows for the unique identification of all point groups based on the
symmetry present/in the.CBED discs [121],[122]. The principle of CBED involves focusing a
large-angle electron beam onto the surface of a sample and selecting a small range of lattice points
within the sample for electron diffraction by controlling the incident angle and direction of the
electron beam. Instead of typical diffraction spots, circular diffraction discs are formed (Figure
5(b)) [123]. The intensity of the diffraction in the disc can be compared with the diffraction
intensity)\calculated based on dynamic diffraction theory. CBED based on dynamic diffraction
theory enables the determination of fine structures, such as crystal structure, orientation, lattice

distortion and strain information within the material [124]-[126]. CBED focuses on the symmetry
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and crystallography of single crystalline samples and if the sample needs to be slightly tilted, this
can cause structural shadowing especially for thicker samples, therefore it may not be suitable for
all specimens.

In contrast to the diffraction techniques mentioned earlier, 4D-STEM technology allows for the
simultaneous acquisition of the entire electron diffraction pattern at each“scan position
[127],[128]. Conventional STEM detectors record a single intensity value per probe position
(where BF, LA-ADF and HA-ADF detectors can be used simultaneously, giving three. intensity
values at each point). In 4D STEM, the probe is rastered over the specimen in a 2D artay while at
each probe position, a 2D diffraction pattern is imaged on a pixelated detector, which generates a
4D data cube. This full-field scanning approach empowers 4D-STEM with enhanced information
acquisition capabilities, particularly demonstrating excellence inf{studying, complex systems such
as polycrystals, nanostructures, and amorphous materials, cff foriinstance, the in-situ strain work
conducted by Gammer et al. [129].

4D-STEM is an advanced technique employed for invyestigating the structural and dynamic
behaviour of materials [130]. Integrating STEM with electron diffraction techniques, this
technology enables the study of stress-strain characteristics in materials at the nanoscale. In recent
years, 4D electron microscopy has experienced rapid development [131], attaining high temporal
resolution for imaging diffraction patterns. The transient behaviour of diffraction patterns reflects
lattice dynamics as non-equilibridm atomic motion induces changes in atomic displacements,
influencing electron interference. By observing variations in Bragg reflections, changes in atomic
distances can be elucidated. Under near-parallel electron beam illumination, the technology allows
for precise detection| of, strain-driven unit cell distortions induced by lattice compression or

expansion.
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Fig.7. Strain-field map calculated from lattice expansion in 4D-STEM nano-beam diffraction
patterns. (a) Dark-field STEM image close to the <11-20> pole with the rectangle showing the
scanned area for/4D-STEM. (b) The scanned 4D-STEM image including the AlInN/GaN
interface. (c) and (d),are diffraction patterns taken at points C and D in (b). (¢) and (f) are strain
maps calculated from local nanobeam diffraction patterns in (b) corresponding to #=[1-100] and
v=[0002], respectively. (g) and (h) are histograms of strain vs the number of pixels of the

corresponding strain map in (e) and (f), respectively [132].

Motoki et al. [132] used 4D-STEM to investigate AlysIng;N grown on GaN. They obtained

images near the AlInN/GaN interface (Figures 7(a), (b)) and strain maps by analyzing the



Page 17 of 62

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-136317.R2

movement of diffraction spots between diffraction patterns (Figures 7(e), (f)). The study revealed
that interface-generated dislocations lead to sudden strain relaxation, resulting in higher-quality
film growth. They concluded that compared to traditional MBE or MOVPE deposition techniques,
metal modulated epitaxy (MME) would be ideal for growing high-quality indium-rich AlInN
films.

Due to the high-order Laue zones (HOLZ) line broadening effect (the uncertainty in the crystal
orientation distribution in polycrystalline samples due to the thermal vibrations ‘of atoms ,in the
lattice), CBED cannot be used for many semiconductor device samples [133],[134]. On the other
hand, NBED requires a sufficiently small electron beam [74], ;vhich demands careful
experimental setup and stable instrument performance. The nomn-uniform /intensity in the
diffraction spots may lead to incorrect determination of their positions [94]. PED necessitates
advanced instrumentation with precise control over electron/beam precession [135]. The rotation
of the electron beam in PED increases the data acquisition time,significantly. Prolonged exposure
to the electron beam during PED can cause irreversible damage ‘to the sample [136]. 4D-STEM
has garnered considerable attention due to its high angular resolution, high spatial resolution,
extensive data acquisition capabilities, and thetability to provide dynamic information about
samples. However, this technique also presents certain limitations. The large amount of data
generated by 4D-STEM necessitates highly complex computations and algorithms for data
collection, processing and interpretation [137]. Additionally, the extended time required for
experimental setup and data acquisition results in relatively lower experimental efficiency [138].
4D-STEM is more flexible, providing a comprehensive and powerful tool for a broader range of
material studies. This evolution of diffraction techniques aims to meet the growing demands in
materials science for a more comprehensive and in-depth characterization of microstructure and
properties, indicating new directions for the future development of electron microscopy

techniques.

2.3 Eleetron Holography
Electron ' holography was invented by Gabor in 1949 as a method to extend the resolution limit of
electron microscopy [75],[139]. In traditional electron micrographs, the recorded intensity

represents the squared modulus of the electron wave, and the phase information of the wave is
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lost. This absence of phase information implies a significant loss of object information, where the
phase shift of the electron wave reflects the interaction of incident electron and material. As phase
can only be detected through interferometric measurement methods, holography has found
widespread application in various phase measurement techniques. Holograms can be recorded in
the near field (Fresnel holography) [140], far field (Fraunhofer holography) [141], and Fourtier
spectrum (Fourier holography) [142]. The principle involves superimposing a reference wave onto
the target wave to create an interference pattern for phase recording.

Initially, Gabor proposed in-line holography, where the reference and object waves propagate in
the same direction. However, during the reconstruction process, the problem of two overlapping
conjugate waves creating twin images arose, making them indistinguishable, Leith and Upatnieks
[143] addressed this twin-image problem by introducing an angle, 8 between the reference and
object waves, later separating the reconstructed twin waves at'an angle of 26. In 1968, Mollenstedt
and Wahl recorded the first off-axis Fresnel hologram and’successfully reconstructed micrographs
using lasers [144]. Subsequently, Wahl adapted off-axis holography from an optical perspective to
develop imaging technology in electron microscopy. [145]. To date, off-axis electron holography
remains the most successful and widely used holographic method in electron microscopy [146]. In
TEM, inserting an electron biprism allowsithe superimposition of the electron wave with a planar
reference wave to record holograms [147]. Reconstructing the entire electron wave from
holograms, electron holography enables comprehensive analysis of almost all object features at
atomic resolution. Due to the sensitivity .0f phase shifts to local variations in magnetic fields and
electrostatic potentials, electron holography can provide quantitative information about magnetic
and electric fields insidexmaterials and devices [148],[149].

Reproducible recording of holographic fringes requires a very stable instrument. The wavelengths
of electrons are’very,short, in the picometer range, so that the fine fringes are to be recorded at
extremely high’magnifications and are prone to blur and noise due to drift and stray fields. Once
holograms have been successfully recorded through this process, it is possible to reconstruct the
three-dimensional phase information of the sample, providing detailed microscopic structural
features, \including lattice distortions, dislocation distributions, and strains [150]. Compared to
traditional images, electron holographic images offer more comprehensive information. In modern

times, advanced electron holography techniques can not only achieve real-time dynamic
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observations [151] but also enable three-dimensional reconstruction of electromagnetic fields

[152] and high-sensitivity phase measurements [153]. These advances underscore the growing

importance of electron holography in the fields of materials science and device research. N
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In the proce in ating the bandgap of III-N compounds, Manuel et al. [154] employed

been extracted. An inset is presented with another colour

inline holography to obtain strain maps of InAlGaN/GaN. Utilizing the full-resolution wave

reconstruction) algorithm [155], they obtained normalized strain maps (Figure 8 (a)). The study

reveale biaxial strain in III-N alloys reduces the bandgap energy. In the case of
@tched (virtually strain-free) heterostructures, the calculated values agreed well with

Wmental results.
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Electron holography technology, especially DFEH, has demonstrated immense potential in strain
mapping due to its unique combination of precision (10#), good spatial resolution (4nm), and
large field of view (um?) [156]. However, this approach still faces certain limitations. Despite
utilizing reference waves from a disturbance-free vacuum region, the method struggles with
distinguishing strain and thickness variations in the final image due to the different diffraction
patterns generated as electrons pass through samples of varying thicknesses. When'dealing with
samples that exhibit uneven thickness or many defects, the application of electronic holegraphy is

constrained.

2.4 Summary of this section

Accumulation of internal stress and strain in semiconductor »materials may induce defect
generation within the material. When semiconductor materials, experience a certain level of
internal strain, the bonding between atoms undergoes changes, leading to the formation of defects,
including point defects, linear defects and planar defects. Theseidefects have a significant impact
on the electrical and optical properties of the material. Additionally, internal stress may trigger
microstructural changes in the material, such as crystalline phase transitions, thereby influencing
the electronic transport properties and optical characteristics of the material. For instance, it can
affect the migration and recombination processes of charge carriers, consequently impacting the
electrical performance of devices,

Therefore, in the field of semiconductor materials research, a thorough understanding of the
influence of internal stress and strain on material properties is crucial. As shown in Table 1,
research on how internal stress and strain lead to defect formation contributes to a better
comprehension offmaterial characteristics, providing essential insights into material design and

device manufacturing,to enhance the performance and reliability of semiconductor devices.
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1

2

3 . :

4 Table 1 Summary of strain analysis methods

5

6 Geometric phase | Parallel beam | Convergent beam | Electron
7

8 analysis electron diffraction | electron diffraction | holography
9

10 Spatial resolution ~0.5nm ~10 nm ~] nm ~4 nm
1

12 Precision 0.1% 0.06% 0.02% 0.01%
13

14 Type of information | surface surface, inside surface, inside inside
15

16 Field of view nm? pum? pum? wm?

17

18 Data processing simple extensive extensive extensive
19

20 Special equipment no yes yes yes

21

22 Mapping quick slow slow intermediate
23 . . .

24 Operational easy medium medium hard

25 .

2% difficulty

27

28

29 s .

30 3. Defect characterization

g; The characterization of defects in semiconductor, materials has significant importance for
gi materials science and electronic device,manufacturing.)To date, researchers have identified and
:2 characterized various types of semiconducter defects, such as point defects, dislocations, grain
2273 boundaries, fractures, and segregation clusters, all of which can profoundly impact the electrical
39 and optical properties of semiconductors. Various TEM techniques can be used to study these
40

41 defects, such as weak-beam_dark-field«{(WBDF), HAADF-STEM and BF. The comprehensive
42

43 application of these characterization techniques not only advances our understanding of
44

45 semiconductor defect behaviour but also provides strong support for material design and
46

47 optimization of electronic device performance.

48

49

50

51 3.1 WBDF iimaging under two-beam conditions

52

53 WBDF i1maging is considered one of the most suitable techniques for studying dislocations and
54

55 various defects and has a long history. This method employs imaging with a crystal reflection of
56

57 type g when the crystal is oriented into a two-beam condition, with the Ewald sphere cutting
58

59 through 0 and mg, in which m is an integer. As long as g+b #0, a diffracted beam g can be used to
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image dislocations with a Burgers vector b [157]. The contrast mechanism was initially explained
in 1960 using kinematic diffraction theory [158], later extended by Howie and Whelan's dynamic
theory [159]. In 1969, Cockayne et al. [160] developed the WBDF technique, enabling defects 'to
be imaged with sufficient spatial resolution, distinguishing individual partial dislocations with an
approximate separation of 10 nm. In crystals, the lattice distortion around defects causes a change
in the scattering intensity. When the change in scattering intensity caused by defects is subtle,/it
cannot be directly observed, and weak-beam conditions enhance the detection ‘and imaging of
these weak scattering signals. By adjusting lenses or gratings in the microscope, specific
diffraction points exhibiting a change in scattering intensity are selectively observed, highlighting
weak scattering signals caused by defects or local strains [164],[162]. The formation of
WBDF-TEM images is based on the two-beam condition. The main processes include [163] the
following steps: a) adjusting the sample orientation to achievé theitwo-beam diffraction condition,
exciting only the direct beam and one diffraction vector g; b) tilting’the electron beam to tilt the
reflected g toward the optical axis, known as,the g/(3g) condition when 3g lies on the Ewald
sphere while g is away from the Ewald sphere, introducing a significant positive excitation error;
¢) inserting the objective aperture, selecting the central reflection g to obtain WBDF-TEM images.
WBDF imaging utilizes a larger excitation _error (s) for the selected diffraction vector g, as the
width of dislocations is related to the excitation distance, resulting in a smaller effective excitation
distance and narrower images of mostidefects. This technique provides a high-resolution means

for studying dislocation microstructures [164],[165].

Fig.9. Cross-sectional WBDF TEM images (surfaces are indicated by the red dashed line) of a
silicon implanted sample annealed by (a) 10 pulses at 1.5 J/cm? (non-melted), (b) 1 pulse at 2.6
J/em? (partially melted above R,). Scale bar in the inset is 20 nm, (c) 1 pulse at 2.9 J/cm? (partially

meltedbelow R). Inset: HREM image of a loop with (001) habit plane [83].
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In their research, Qiu et al. utilized WBDF images taken with a vector of g= [004] to compare
non-melted, partially melted, and fully melted Si* ion-implanted samples under different laser
annealing conditions (Figure 9). The results indicate that the positions of defects are directly.
correlated with the laser melting/non-melting conditions [83]. Wu et al. [166], in/ their
investigation of the enhanced internal quantum efficiency (IQE) in step-graded GaN/AlGaN
multiple quantum wells (MQWs), utilized WBDF imaging to obtain dislocation maps of the aetive
region of the samples. The results indicated that the dislocation density was similariacross all
samples, and the significant differences in IQE could not be attributed to variations in
defect-related non-radiative recombination rates.

WBDF imaging, renowned for its high spatial resolution in defect visualization, encounters
notable limitations. The technique's reliance on specific crystallographic, conditions, crucial for
achieving double diffraction or two-beam conditions, imposesyconstraints on its adaptability
across diverse crystal structures. This limitation becomes particularly pronounced when studying
materials with varied defect types or orientations. Hurthermore,” WBDF's sensitivity to specific
diffraction vectors and the associated large excitation errors confines defect imaging to those in
alignment with the chosen diffraction conditions. This constraint poses challenges when

investigating complex materials with a broad spectrum of different defect orientations and types.

3.2 HAADF-STEM

HAADF-STEM, also known as Z-contrast imaging, utilizes an annular detector to collect
high-angle scattered electronsfor image generation [167]-[170]. A scanning transmission electron
microscope obtains a focused probe through strong co-excitation of condenser and objective
lenses, causing the electron beam to form an X-shaped cross-over in the specimen plane. The
beam is then deflected and scanned pointwise across the specimen surface in a raster pattern,
collecting scattered intensities at each point. A ring-shaped detector integrates the intensity of
transverse’scattering over a large angular range, resulting in an annular dark-field image. HAADF
achieves sub-Angstrom spatial resolution, enabling atomic imaging [171]-[173].

Z-contrast can be interpreted qualitatively or quantitatively. For the latter, the exponent n in the
relationship /=cZ® between intensity / and atomic number Z (where ¢ is some constant) lies

somewhere in the range n=1.2,...,2 where n=2 would describe ideal Rutherford scattering and ¢
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depends on specimen thickness as well as detector sensitivity. There are several approaches to
quantify this across hetero-interfaces, all of which assume that there are no abrupt thickness
gradients at the interface. In terms of decreasing reliability these comprise:

a) detailed comparison with modelling taking into account phonon scattering at specimen
temperature, material type, specimen thickness and orientation as well as collection angle, all of
which need to be measured [174];

b) measurement of intensity / as function of camera length and extrapolation to zero camera length
(corresponding to infinite scattering angle where n=2) [175];

¢) comparison with dynamic elastic and frozen phonon scattering approximations [176];

d) kinematic approximative comparison using an effective value ofin and an effective value of
average atomic number <Z> [177];

e) calculation of the square-root of the intensity, 1, which/is @better measure almost linear in
<Z >, before line profile analysis [178].

A particular problem with semiconductors is that many aré prone to surface oxidation so that
measuring and interpreting the Z-contrast of very thin specimens is not the ideal solution as here
such surface oxides will make the largest relative contribution, generally reducing the image
contrast. It may therefore be better to measure the ADF contrast in medium-thick samples or, even

better, as function of specimen thickness [179].
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Fig. 10. HAADF image showing the atomic atrangement of stacking fault viewed along [11-20]

direction. The inserted image shows the location whete the specimen was taken.

Aluminium nitride (AIN) as a crucial wide-bandgap semiconductor material that exhibits
exceptional properties, including,a wide bandgap, high thermal conductivity and a thermal
expansion coefficient compatible with TII=V' compound semiconductors [180]-[183]. Due to these
outstanding characteristics,#AIN “finds extensive applications in the semiconductor and
optoelectronic device manufacturing sectors, particularly in enhancing the performance of devices
such as LEDs, lasers, ‘and power electronic components. As shown in Figure 10, an AIN thin film
is grown on a sapphire substrate that has undergone prior nano-patterning [184]-[186]. The yellow
dashed line in-Figure 10-corresponds to the region of extracted plane-view sample. The HAADF
image reveals the atomic arrangement of the defect within the AIN film. The presence of the
defect can impact the electrical and optical properties of the AIN film. It could result in reduced
efficiency and performance in optoelectronic devices like LEDs and lasers [187]-[190].

Understanding interfaces is crucial for the study of semiconductor materials as they directly

influence the mechanical, optical, compositional, chemical, and electronic properties at the atomic
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scale. Fourier filtering of Fast Fourier Transform (FFT) patterns obtained from High-Resolution
(S)TEM images is a common method used to analyze the coherence of materials interfaces [191].
The paraboloid method (PM), proposed by Van Dyck and based on Schiske's Wiener filter method
[192], achieves phase correction of individual Fourier components in reciprocal space [193].
Kawasaki et al. [194] used a 3D Fourier filtering approach for wave field recovery. Filtering EET
patterns can enhance coherent structures, and if non-coherent defects like misfit dislocations, are
present, these manifest as distinct features at the interface. When the thickness of an interface is
less than the critical thickness, Fourier filtering accurately reveals the coherence or non-coherence
of the interface. However, when the thickness approaches or surpassesthe critical thickness, the
interface near the critical thickness exhibits diffuse blurring diffraction spots,/making accurate
analysis impossible. For interface thicknesses beyond the critical thickness, Matthews and
Blakeslee developed analytical models based on thermodynamic assumptions and elasticity
theory, and methods such as curvature measurements can be used to study misfit dislocations that
occur during epitaxial growth [195],[196].

While HAADF-STEM imaging offers numerous advantages in materials research, it is not without
its drawbacks and limitations. HAADF images cannot determine the elemental species, and the
atomic sensitivity is relatively low for light elements or materials with low atomic numbers. In
some regions with lower brightness or fine structures, it may not provide sufficient contrast and
clarity. In addition, atomic column tresolved HR-HAADF imaging limits the field of view.
Moreover, HAADF imaging is ‘limited/ to uniformly thin samples. According to the theory
proposed by Pennycook et als [170], for thicker samples such as bulk materials or thick films,
multiple scattering effects may occur, leading sometimes to a noticeable degradation in image

quality.

3.3 BF imaging

BF imaging is a conventional TEM microscopy technique that utilizes the intensity differences of
electrons_tranSmitted in different sample areas to reveal material structures and compositional
information [197]-[199]. BF imaging is primarily employed in the morphological characterization
and ‘analysis of semiconductors, enabling direct observation of material morphology, interface

information, and defects. By adjusting the conditions of the transmitted electron beam, such as
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contrast and focus, BF imaging can provide information on the morphology, roughness, surface
features, defects, dislocations, grain boundaries, and twinning of materials. Additionally, BF
imaging enables clear observation of the interface status and atomic distribution between different
materials, thereby assisting researchers in evaluating material quality and performance and

optimizing fabrication processes [200],[201].
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Fig. 11. Bright-field TEM images of the interfaces between (a) GaAsSb metamorphic buffer
layers (MBL) and GaAs, and/(b). InGaAs MBL and GaAs. The number of dislocations as a

function of their spacing is shown for (¢) GaAsSb/GaAs and (d) InGaAs/GaAs, respectively [202].

In the study by Liu et al. [202] on the impact of indium composition on the optical and structural
properties of InAs/GaAs quantum dots in InGaAs metamorphic buffer layers (MBLs), it was
found that the rough surface morphology of the buffer layer was the main cause of the decreased
optical performance. In“contrast, GaAsSb MBLs exhibited a smoother surface morphology,
leading to an/enhancement in the quantum dots’ photoluminescence (PL) intensity. As shown in
Figure 11, compared to InGaAs, the interface dislocations between GaAsSb MBL and GaAs result
inahigherdegree of strain relaxation, thereby leading to a smoother surface of the GaAsSb buffer
layer.

BF images can thus provide morphological information with large field of view of the sample,



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-136317.R2

giving statistically meaningful information such as on the average distance between defects, with

limited capabilities for analyzing the types or the crystal structures of the defects.

3.4 Summary of this section

In the characterization of nanoscale semiconductor materials and devices, conducting analyses
through multiple imaging methods for the same sample is indispensable. As shown’in Table 2,
despite certain drawbacks associated with each electron microscopy characterization technique,
combining various analytical approaches can compensate for the limitations of individual
methods, enabling a more comprehensive and accurate material charactérization. WBDF images
can provide the Burgers vector of the defect, HR-HAADF images can_provide the atomic
arrangement within a single defect, while BF images can provide statistical information on

morphology and defect distribution.

Table 2 Summary of defect characterization

Weak-beam dark-field | High-angle annular dark field Bright-field
Spatial resolution 1 nm 0.1nm 0.3nm
Precision 0.01% 0.3% 0.5%
Field of view pum? um? pwm?
Operational difficulty | hard easy easy
Atom sensitivity no heavy atoms light atoms

4. Evaluation of bandgap by VEELS

The concentration and energy distribution of charge carriers in a semiconductor is given by the
density of states, which_describes the number of quantum states that are available per energy
interval and velume in a system. Valence electron energy-loss spectroscopy (VEELS) is a specific
method in EELS where a high energy electron is inelastically scattered by (bound) valence
electrons:, VEELS can serve as a powerful technique for investigating the bandgap by directly
probing the joint density of states [203], where the probe size, fine spectral structure and energy

onset of the JDOS can be used to reveal the electronic transition at nanometer scale.
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The use of bandgap measurements by VEELS technique has been hindered by the limited energy
resolution of electron source as well as the delocalization of the inelastic scattering event in the
low energy-loss regime. Schottky field-emission sources typically yield energy resolution defined
as the full width at half maximum (FWHM) in the range of 0.6-1.2 eV, but the asymmetry [in the
zero-loss peak caused by the emission process itself complicates data extraction in‘the low-energy
loss regime, impacting the accurate determination of band-edge onset below 5 eV [204]. On. the
other hand, cold field emitters can give 0.3-0.6eV FWHM but have a long tail on theiother side
due to the Fowler-Nordheim distribution, so this only helps marginally. For semiconductors with
bandgap energy lower than ~5 eV [205], VEELS studies conducted /0n transmission electron
microscopes equipped with a cold field emission electron source cansachieve an energy resolution
as low as 0.3 eV [206]. TEMs equipped with an electron monechromator [207],[208] and a
high-resolution electron energy-loss spectrometer [209] allow energy resolution better than 0.1 eV
[210]. The recording of fine structures of JDOS enables the,direct correlation of EELS with
density function theory (DFT) simulations [211].

Currently, there are several approaches for obtaining the bandgap energy [212]-[215]: the first
method involves directly reading off the energy. of the intensity rise after the first minimum
without performing zero-loss peak (ZLP) subtraction..\However, due to the background intensity of
ZLP, the starting point of thepactually measured spectral peak may precede the onset of the
bandgap [216]. Therefore, this direct reading method is considered an unreliable approach for
measuring material bandgaps. The second method involves the deconvolution of zero-loss peak to
obtain the single-scattering distribution, where a subsequent Kramers-Kronig analysis is expected
to give a good estimation of bandgap energy and dielectric function [217]. Of note, for probing
semiconductors with sufficient large dielectric constant, the presence of Cherenkov loss can
compromise an‘accurate measurement of bandgap [218],[219]. Therefore, in order to obtain the
bandgap with an excellent precision, either a low accelerating voltage or a small collection angle
should/be used to eliminate the influence of Cherenkov radiation [220]. Detecting and measuring
where'the low-loss EELS intensity increases in practice is made difficult by various other factors
than can contribute intensity in the low-loss regime, such as

a) extended zero-loss tails from the emitter (stronger for a narrow cold field emitter than for a

broader thermionic emitter [220] and really only eliminated by a monochromator! [221]),
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b) intra-band scattering [222],

c¢) Cherenkov radiation [228],

d) low-energy surface plasmons [223],

e) volume plasmons that extend down into the bandgap region [224].

The onset for direct bandgap transitions is always more easily to detect than for indirect bandgaps.
Generally, the energy resolution measured as FWHM has got no relationship at'all with, the
reliability of a bandgap measurement, which will much more depend on how background intensity
has been subtracted, whether deconvolution has been applied and over what energy range the
fitting of a JDOS model was applied [22]. Narrow fit ranges can only be/used to compare VEELS
of the same material measured in the same set-up as function ofsexternal parameters such as
temperature, pressure, doping etc. that do not significantly alter the JDOS but this should
generally be avoided [225] if bandgaps are to be measured reliably and compared between

different materials.
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the bandgap features. The lower part of the figure shows a STEM ADF image, taken with the
same probe settings as the adjacent EELS maps, a map of the bandgap energy (binned twice) and
the bulk plasmon energy of the four quantum wells [226].

As an example, Bosman et al. [226] explored the bandgap energy of InGaN compounds/using
monochromatic VEELS. As shown in Figure 12, the technique has proven to be useful for
correlating the chemical composition and bandgap energy. In addition, it is necessary to consider
the delocalization of inelastic scattering. At lower energy ranges, the spatial resolution is, poor,
leading to averaging issues in the test results. Corresponding computational transformations are
required to obtain accurate results [63]. The relationship between local chemistry and bandgap
energy allows the user to investigate chemistry induced bandgap variations at the/nanometer scale,
for example, the quantification of phase separation and its related bandgap distribution in high In
content InGaN ternary alloys [227].

The VEELS technique introduces possible bandgap measurements at nanometer scale. As shown
in Table 3, VEELS has many advantages over conventional luminescence methods, however,
challenges arise due to factors such as ZLP peak tails, spectral resolution of the (non-)
monochromatic instrument and Cherenkov radiation [228] both of which will affect the precision
of bandgap determination. Therefore, it isynecessary*to optimize the probe monochromation and
accelerating voltage, which allows high quality VEELS data for signal processing.

Table 3 Comparison of bandgap/measurement methods

Valence electron energy loss spectroscopy | Cathodoluminescence

Energy resolution 0.1eVi <0.01eV

Type of information inside surface

Data processing hard easy

Special equipment electron energy filter optical spectrometer

Mapping quick quick

Operational difficulty hard easy

Spectral background signal | strong weak but possible
artefacts from higher
diffraction orders




oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-136317.R2

5. In-situ TEM techniques

In-operando techniques are a means of studying the behaviour and performance of materials
in-situ [229]-[232]. The fundamental principle of in-operando techniques lies in providing the
actual operation conditions while measuring and observing materials in the microscope, to acquire
time-resolved information on important processes such as structural changes, phase transitions,
and chemical reactions under conditions similar to those during growth or device operation. This
field has been developed and integrated over many years into materials science [233]: In the last
decade, in-situ TEM techniques received a lot of attention due to the promise of combining high
spatial resolution with in-situ techniques so researchers can sobserve the behaviour of
semiconductor materials and devices with time-resolution atwthe nanoscale. In-situ TEM
techniques allow for the precise characterization of semiconductor materials and devices under

various environmental conditions, such as temperature, pressure,and electrical bias.

5.1 In-situ environment

In-situ measurements include the use of environmental transmission electron microscopy (ETEM)
which allows the observation of materialssand processes in a controlled gaseous environment, or
by employing specific in-situ helders that directly provide the required environmental conditions
for the sample [234],[235]. The principle behind these in-situ holders is to create a controllable
environment around the sample ‘using specifically designed micro electro-mechanical systems
(MEMS) while maintaining a good vacuum throughout the TEM column. These holders are
designed to accommodate samples under specific environmental conditions or apply stimuli, such
as heating, cooling, applying electrical bias, applying magnetic fields, mechanical stress, or
exposure to gases (Figure/13) [236]-[238]. For example, as shown in Figure 13, this is a heating
holder from Protochips thatprovides a platform for precise temperature control, ultra-low drift,

temperatures upto 1,200 °C and ramp rates up to 1,000 °C per millisecond.
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22 Fig. 13. (a) In-situ heating holders (the illustration is a schematic diagram, the'gtray part represents

24 the electrodes); (b) Micrometer-scale nanoporous film (Fig.(a) enlarged portion of the red box ).

[ Metad contact fgoid)
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51 Fig.14. Standard Aduro™ heater device installed in a single-tilt specimen holder and heated to
53 1000°C in air. The cross-section schematic inset illustrates the components of the micro
55 electro-mechanical system (MEMS) device, and the top view shows the configuration of Au
57 electrodes on the upper surface of the device that provide contacts for current to be passed through

59 the heater membrane. The SEM image inset shows a typical pattern of holes in the heater
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membrane, which support, for example, a thin carbon film that in turn supports deposited material

[239].

Another approach is to create a separate space where the sample can be pressurized and heated
from within. The electron beam can then enter this independent sample chamber through,a
specially designed silicon nitride window. This silicon nitride can be very thin (down to 20nm)
and then may have little effect on the entry of high-energy electron beams, as shown inyFigure 14

[239].

5.2 In-situ temporal and spatial resolution

In-situ electron microscopy allows for continuous observations. Zewail et al. [240] were the first
to synchronize a femtosecond laser source with a laser beamen the sample to achieve high
temporal resolution in electron diffraction. This method keeps only one electron in the column at
any given time to reduce space charge effects, but the/electronsbéam must be continuously emitted
and the electron beam should not damage the sample or cause damage that has not healed before
the next electron-sample contact. The intensity of'this approach limits its widespread use. Another
method, pioneered by Bostanjoglo et al., ereates an image in a single shot by generating a longer
pulse with sufficient electronsy[241]. The single-pulse process does not need to be reversible
because all information is obtained from a single electron pulse. The limitation of this method is
that space charge effects in the beam can cause resolution degradation, and even with optimized
microscope sources, columns{ and detectors, high currents can limit the overall temporal and

spatial resolution of the instrument.

5.3 In-situ technology. application

Currently, in-situ techniques play an important role in understanding the electronic states of
microstructures ‘and the chemical evolution in the growth of nanoscale devices made of
multi-component semiconductors [242]. By observing and analyzing the changes in materials in
real-time, information about the electronic states of microstructures can be obtained, including
band structures, binding states, charge carrier behaviour, etc., which can provide a deeper

understanding of the properties of materials [243],[244]. Current specimen holders have advanced
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to the point where compression, tension, or bending experiments can be conducted at temperatures
as low as —140°C or as high as £400°C to quantify the levels of strength and ductility. These
holders also possess high stability, enabling high-resolution stress measurements with a force
resolution better than 1 uN and displacement resolution of 1 nm [245], which is extremely suitable

to investigate semiconductor nanowires.
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Fig. 15. Uniaxial tensile deformation of a single GaAs nanowire along the [111] growth

orientation. (a) Experimental method showing calculation of the force loaded on the single GaAs
nanowire. (b) Representative stress-strain curve of the GaAs nanowire under uniaxial tensile
straining. (c)—(e) SEM images of the /GaAs nanowire before and after fracture, with two
FIB-deposited Pt markers (red arrows in (d)) as reference for strain measurement. (f)—(i) TEM
images of the GaAs nanowire at different applied strains of 0%, 2.0%, 3.78% and 3.79%/failure

[246].

Nanowire devices have been widely applied in fields such as optoelectronics, sensors, generators,
and spectroscopy. Understanding the mechanical properties of nanowires has become increasingly
necessary. In their study of GaAs nanowires with a diameter of 120 nm grown using MOVPE, Liu
et al. [246] investigated the mechanical properties and fracture mechanisms of single-phase GaAs
nanowires through in-situ uniaxial tensile deformation experiments and molecular dynamics

simulations. As shown in Figure 15, the research results indicate that under tensile stress, GaAs
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nanowires exhibit overall elastic deformation until they suddenly experience brittle fracture at a

strain of 3.79%.
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Fig.16. ADF-STEM images of 3 monolayer A{ML) microtwin defects in a type 1 configuration
(right) and type 2 configuration (left), during,exposure to increasing temperatures. (a) Before
heating and after (b) heating at 680°Crfor.30 minutes, (c) heating at 680°C continued for 30
minutes, and (d) heating up to 700°C for 30"minutes, at which point the twin has been completely
removed from the nanowire. Scale bar is 2 nm [247]. Colour visualizes the orientation of the

dumb-bells.

Real-time observation of deféct changes during semiconductor annealing helps people understand
the structural properties of materials. The consumption of liquid droplets in self-catalyzed III-V
semiconductor nanowire growth can result in material with a high-density of line defects. Gott et
al. [247] used.in-situ aberration-corrected scanning transmission electron microscopy to analyze
the stability,of GaAsP NWs under short annealing periods, as shown in Figure 16. The atomic
arrangement marked by yellow color demonstrates the twin defects in GaAsP [247]. By observing
thesmovement of individual microtwin defects, it was found that their motion depended on their
size, position, and surrounding environment, and the upper limit of activation energy was

measured at around 2 eV. After annealing at 640°C following growth at the same temperature,

Page 36 of 62



Page 37 of 62

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-136317.R2

most defects (>70%) were removed in GaAsP NWs, demonstrating that in-situ annealing during
the growth at lower growth temperatures significantly improves material quality.

For more complex crystallization processes, in-situ technology can also help, displaying the
crystallization processes. Gas-phase grown Si or Ge thin films are usually amorphous, and their
crystallization requires external stimuli to undergo the transition from metastable to equilibrium
states, by thermal annealing, stress, electron or laser beam irradiation, which can’all serve as
external stimuli for triggering the above transition [248]-[252]. Annealing of amorphous, Ge films
induces their crystallization within the temperature range of 400-590 °C [253]-[255]. This effect is
often referred to as "metal-induced" or "metal-mediated" crystallization (MIC), and the basic
mechanism of the MIC reaction is still controversial. Kryshtal et al 4256] used.in-situ aberration
corrected TEM/STEM combined with EDXS and EELS to study,the initial stages of the MIC

process to understand and determine the MIC mechanism.

10.0 1/nm

Fig. 17. Phase contrast TEM images (a, b) of AgGe nucleus at 450°C and FFT of (b) indexed as
AgGe hep phase (c). Dotted line in'\(a) outlines the area of MIC reaction at the Ag-Ge interface

[256].

Research has found that atomic nuclei formed at an Ag-Ge interface can migrate freely into the
free region jof the Ag-Ge film. In the experiment, it was observed that an atomic nucleus located at
the edge of Ag-NP exhibited a spherical shape of approximately 8 nm (Figure 17(b)). During the
observation process, it was noted that the atomic nucleus was unstable. The research findings
ultimately indicated that the atomic nucleus remained stationary for several seconds and then
advanced in a jumping manner to the adjacent a-Ge region, leaving behind crystalline Ge. This

process was repeated several times, resulting in the crystallization of a-Ge around the parent
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Ag-NP, as shown in Figure 18 [256].

Fig. 18. Time series of TEM images of the same area of Ag/Ge film at 450°C showing the
propagation of a nucleus and crystallization of a-Ge film. FFT spectrum i the inset corresponds to
the rectangular region. Arrows in TEM images indicate the directionof the nucleus advancement.

Dotted arcs in the inset in (c) correspond to crystalline Ge [256].

Observation and analysis indicate that the hcp-AgGe phase is formed through crystallization of a
non-equilibrium liquid-phase eutectic alloy, rather than sacrificing the excess energy of the a-Ge
film. This supports the liquid-phase mechanism of the MIC reaction.

In-situ techniques allow for real-time monitoring and analysis of the evolution process of chemical
compositions. By observing and analyzingithe changes in images, key information such as atomic
composition distribution, interatomic interactions, and interface properties can be explored. This
helps understand the dynamics and influencing factors of material growth, providing guidance for

optimizing device performance and fabrication processes [257]-[259].

5.4 Challenges of the in=situ TEM technologies for semiconductor research

In-situ TEM techniques are important for observing the dynamic behaviour of the semiconductor
materials or deviees, in real-time. In-situ techniques allow for the observation of structural
evolution and/phase transformation processes, as well as dynamic behaviour such as crystal
growth”and dislocation motion, by applying or varying in TEM external conditions such as
temperature, electric fields, and mechanical stress [260],[261]. They provide valuable information
for interface engineering and material design by observing and analyzing processes such as
diffusion and reaction at material interfaces.

Despite significant progress, in-situ electron microscopy still faces substantial challenges. The
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first is electron beam damage, the destructive interaction between high-energy electron beams and
sample materials that relates characterization results obtained through TEM to real-world
environments. In-situ electron microscopy needs to simulate real-world environments to observe
their effects on materials, but some materials are more susceptible to electron beam damage than
others. To address this issue, a standardized rule for evaluating damage requires cooperation from
scientists in various fields. Determining electron beam damage is complex and involves many
factors, such as material properties, sample thickness, electron energy, and electronirradiation
time.

The second is that the idea of in-situ or in-operando measurements is to/measure properties under
conditions that resemble real growth conditions or device operation conditions as closely as
possible, however, the free surfaces of electron transparent specimens will always be there and can
influence and may even falsify measurements because

a) oxide surfaces behave differently to freshly cleaved crystal surfaces [262],

b) FIB preparation, as often needed to create  electron transparent specimens from
device-type material, always leads to some degree of ion implantation and surface
damage [69],

¢) electron irradiation damage can‘“bias or completely change the results, in particular if
properties are measured that are related to the critical behaviour of minority charge
carriers (e.g. electrical conductivity) or a small number density of minority atoms (e.g.
brittleness of grain boundary) [263]. A thin lamella specimen under electron flux will
likely never reach thermal equilibrium as a bulk specimen does.

The third challenge| is, measuring sample temperature accurately. Due to environmental
interference, suchfas by, pressure and humidity in experiments, existing temperature-pressure
gradient formulas must be/adopted [264]. For example, using electron energy-loss spectroscopy to
measure local femperature and gas density variation with temperature in a window bracket filled
with 1£25 Pa H, gives consistent results. Still, this method has limitations and significant
measurementerrors in more complex gas environments [265].

The fourth challenge is high spatial and temporal resolution with a sufficiently large field of view.
Available image acquisition systems allow us to obtain either high temporal or high spatial

resolution images. The direct electron detection cameras based on complementary
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metal-oxide-semiconductor technology can improve temporal resolution without affecting spatial
resolution, but their high cost prevents widespread usage.

Finally, after addressing the above issues, multiple detection methods need to be combined, such
as simultaneously recording images, DPs and EDXS/EELS maps, to compare and discover
valuable information. However, existing instruments do not routinely output signals from different
detectors simultaneously, especially if software and/or detector hardware are fiom different

manufacturers.

6. Conclusion and Outlook

Transmission electron microscopy is a technique that utilizes an electron beam to/transmit through
a thinned sample, and the generated signals can be detected 40, 0btain information about the
material. The method has high spatial resolution and some modesiteach the atomic scale, allowing
for the characterization of not only crystal structures/chemical compositions but also strain,
defects and bandgap in semiconductor materials. (Combining * various TEM characterization
methods at different scales helps to understand the physics behind them, providing valuable
information for device improvement.

In-situ techniques make real-time observation and analysis possible. The development of in-situ
techniques will provide insightsinto growth mechanisms, phase transitions, and the evolution of
structure-property relationships. However, current research is often limited to conducting one test
at a time, and it cannot simultaneously acquire multiple types of information. Moreover, achieving

real-time monitoring remains challenging.
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