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Abstract

The development of aberration-corrected electron microscopes (ACEMs)
has made it possible to resolve individual atomic columns (‘dumbbells’)
with correct interatomic spacings in elemental and compound semicon-
ductors. Thus, the latest generations of ACEMs should become powerful
instruments for determining detailed structural arrangements at defects
and interfaces in these materials. This paper provides a short overview of
off-line (‘software’) and on-line (‘hardware’) ACEM techniques, with par-
ticular reference to characterization of elemental and compound semi-
conductors. Exploratory probe-corrected studies of ZnTe/InP and ZnTe/
GaAs epitaxial heterostructures and interfacial defects are also described.
Finally, some of the associated problems and future prospects are briefly
discussed.

aberration-corrected electron microscopy, compound semiconductor,
dumbbell imaging, polarity reversal

Introduction

The transmission electron microscope (TEM), with
its many different configurations for imaging, dif-
fraction and microanalysis, has become an indis-
pensable tool for characterizing advanced materials.
The TEM provides an unparalleled range of magnifi-
cation, while the image resolution, aided by aberration
correction, can nowadays surpass the one-f&ngstrom
level. In addition, the probe-corrected operating
mode enables greatly enhanced current densities
for rapid acquisition of elemental distributions with
atomic-scale spatial resolution. Thus, the era of
aberration-corrected electron microscopy (ACEM)
offers many exciting possibilities for the discovery
and exploitation of novel materials. The focus of
this short review is on the emerging opportunities

for atomic ACEM imaging of elemental and com-
pound semiconductors, especially for characterizing
epitaxial heterostructures.

The diamond-cubic and zincblende semiconduc-
tors have lattice parameters that range from 0.357
nm (C) to 0.648 nm (CdTe), and it has been com-
monplace for many years to obtain lattice-fringe
images from many of these materials in the major
<110>, <100> and <112> zone-axis projections.
Crystal polarity was readily determined for both
wurtzite and sphalerite materials by careful study
of image appearance as a function of thickness and
defocus [1,2], while genuine atomic imaging was
achieved for elemental Si and Ge in <100>, <111>
and <113> orientations for particular operating con-
ditions [3]. The projection most commonly used for
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observing semiconductors is, however, the <110>
orientation, since two sets of {111}-type planes,
which are most relevant to studying the generation
of stacking defects, are then aligned edge-on to the
beam direction. However, individual atomic
columns, often referred to as ‘dumbbells’, cannot
be separately resolved in this orientation unless the
microscope resolution is sufficient to allow contri-
butions to the final image from the {004}-type reflec-
tions. Such demanding performance is beyond the
capability of medium-voltage HREMs, although
dumbbell-like images with ‘correct’ atomic-column
spacings can be obtained at highly specific defocus
settings in thicker crystal regions when the trans-
mitted beam is weak and multiple electron scatter-
ing predominates [4].

The high-voltage, high-resolution electron micro-
scope (HREM) has historically been considered the
preferred tool for achieving better imaging perform-
ance, because the higher electron energy is asso-
ciated with shorter electron wavelength [5].
Tonomura [6] fully appreciated that improved elec-
trical and mechanical stabilities are essential for
realization of the potential of higher-voltage oper-
ation, and remarkable lattice images clearly showing
fringe spacings of finer than 0.5 A were obtained
using his 1.0-MeV instrument, which was also
equipped with a field-emission electron source for
enhanced beam coherence [7]. In the present
context of characterizing compound semiconduc-
tors, it is appropriate here to note that Ichinose et al.
[8] were successful in obtaining atomic-resolution
electron micrographs from 6H-SiC, using a 1.0-MeV
microscope, so that individual Si and C atomic
columns separated only by 1.09A were clearly
resolved. Atomic-column imaging for a twinned GaP
crystal using a 1250-keV HREM has also been
reported [9]. However, concerns about specimen
damage caused by electron beam-irradiation effects,
as well as the considerable expense of microscope
purchase and upkeep, has seemingly constrained
widespread deployment of similar high-voltage
HREMs. Moreover, the concurrent emergence of
aberration-correction techniques applicable to
lower-voltage instruments has been a revolutionary
development that has since completely altered the
landscape for atomic-resolution electron microscopy

[10]. Some key aspects in the development of
ACEMs are discussed in the following section.

Aspects of ACEM

The spherical aberration of circularly symmetric
magnetic lenses is well known to limit the struc-
tural resolution of the TEM [11]. Three possible
approaches to aberration correction were initially
proposed based on time-varying fields, space
charge or rotationally asymmetric electron-optical
elements [11]. Many groups later experimented with
different combinations of electrostatic and/or mag-
netic elements, using quadrupole—octopole or hexa-
pole correctors to break the spherical symmetry
[12], but no significant progress was achieved due
primarily to the lack of any procedure for systemat-
ically adjusting the numerous mechanical compo-
nents and electrical controls based solely on image
appearance [13]. Other factors, including mechanic-
al imperfections and electrical instabilities were
additional handicaps [14]. Online microscope
control [15], and automated diffractogram analysis
[16], have since proved to be crucial steps along the
path towards successful aberration correction [10].
The pioneering efforts of Tonomura et al. [17] in
developing a field-emission electron gun (FEG) suit-
able for TEM operation have also been critical,
since the enhanced spatial and temporal coherence
provided by the FEG allow microscope information
limits to be extended well beyond the interpretable
(‘Scherzer’) resolution limit [18].

Aberration correction can be achieved offline
using either focal-series reconstruction (FSR) or
off-axis electron holography. The FSR approach led
to the first observations of individual O atomic
columns, using a 200-keV FEG TEM [19]. The
greater information limits available with 300-keV
operation later enabled improved visibility for elem-
ental and compound semiconductors. For example,
individual Ga and N atomic columns were observed
on both sides of a cubic-GaN/2H-GaN interface [20],
and individual C atomic columns separated only by
0.089 nm were also well resolved in [110]-oriented
diamond [21], as seen in Fig. 1. The core structure
of a GaAs 30° partial dislocation was also investi-
gated using the FSR approach, individual Ga-As
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Fig. 1. A reconstructed phase image from a [110]-oriented diamond
crystal after focal-series restoration showing individual atomic
columns of carbon separated by 0.089 nm (courtesy of M.A. O’Keefe).

atomic-column positions being determined with an
accuracy of ~0.01 nm [22].

Electron holography was initially proposed as a
possible approach for surmounting the resolution
limit imposed by spherical aberration [23]. The
groundbreaking holography studies of Lichte and
colleagues several decades later demonstrated for
the first time the potential of the technique for over-
coming the traditional aberration-limited resolution,
and showed that individual Si atomic columns could
be observed in reconstructed phase and amplitude
images, as seen in Fig. 2 [24]. Further holography
observations also showed that it was possible to dif-
ferentiate in both phase and amplitude images
between individual atomic columns in [110]-oriented
GaAs, thereby enabling determination of the crystal
polarity [25].

Both of these offline, software-based, approaches
to aberration correction require accurate knowledge
of critical lens parameters, which can be extracted
from a tableau of diffractograms that are obtained
using images of amorphous materials recorded with
tilted illumination [26,27]. Moreover, it has been
reported that compensation of lens aberrations
before carrying out electron holography greatly sim-
plifies the hologram reconstruction process and sig-
nificantly improves the phase sensitivity [28,29]: this
unexpected benefit could prove to be an important
advantage for addressing the particular challenge of
quantifying atomic-column occupancies at semicon-
ductor defects and interfaces.

Online aberration correction involves inserting
extra hardware, consisting of multipole elements,
into the microscope column, as proposed by
Scherzer [30]. A double-hexapole corrector unit
with four additional (transfer) lenses immediately
following the objective lens is commonly used on
conventional image-corrected TEMs [31], whereas
correctors composed of multiple quadrupole—octu-
pole elements just preceding the objective lens are
also used for probe-corrected scanning instruments
[32]. The aberration-correction procedure in the
TEM is based on the automated analysis of diffrac-
togram tableaus, as described above, while the
scanning TEM (STEM) approach employs shadow
images, often termed Ronchigrams. In addition to
correction of the spherical aberration (Cg) of the
objective lens, both TEM and STEM online
approaches compensate for other important
imaging defects, including second- and third-order
objective lens astigmatism as well as misalignment
coma, thus significantly improving the quality as
well as the quantity of the results that can be
obtained. Exceptional stability of the deflector and
corrector power supplies is required in either case
(~0.1 ppm or better), and both procedures rely on
the availability of a small area of amorphous mater-
ial somewhere near the sample region of interest
for correction purposes.

Dumbbell images for a [110]-oriented GaAs
crystal were obtained during commissioning of the
prototype 200-keV image-corrected TEM [31], and Si
{110} atomic dumbbells were clearly resolved in
some of the early high-angle annular-dark-field
(HAADF) images obtained using a 100-keV probe-
corrected STEM [33]. Further probe-corrected STEM
results with dumbbell imaging have included obser-
vations of epitaxial CoSi»/Si(100) samples, which
involved 7-fold- and 8-fold-coordinated Co inter-
facial atoms [34], and studies of partial and mixed
dislocations in GaN [35]. More recently, dumbbell
imaging with either [112]-oriented Ge (projected
atomic-column separation of 0.082nm) or
[112]-oriented Si (projected atomic-column separ-
ation of 0.078 nm) has become the standard test for
the evaluation and acceptance of probe-corrected
STEMs. And there have been recent reports of
dumbbell imaging with [114]-oriented Ge (projected
atomic-column separation of 0.047 nm), albeit with

020z Aey Gz uo 1sanb Aq G0Z6861/59S/1 1ddns/zgaoeisge-ajoae/oi01wl/wod dno-olwapese//:sdiy woli papeojumoq



S68 MICROSCOPY, Vol. 62, Supplement 1, 2013

Amplitude

-
-
-

Phase

Fig. 2. Amplitude (left) and phase (right) images obtained after reconstruction of off-axis electron hologram, showing characteristic
dumbbell appearance of individual Si atomic columns separated by 0.136 nm (courtesy of H. Lichte).

reduced contrast levels, using two different 300-keV
probe-corrected STEMs [36,37].

Results

The ACEM studies reported recently in the litera-
ture seem mostly to have involved online (hard-
ware) correction, with a heavy emphasis on probe
correction. The HAADF or Z-incoherent contrast
imaging mode of the STEM, which is strongly
dependent on the atomic number of the atoms in
the sample, preceded aberration correction, but
the technique continues to be extensively used in
probe-corrected instruments [38]. However, it
should be appreciated that the STEM geometry
permits considerable flexibility in the choice of the
post-specimen detector configurations. Bright-field
collection angles, which directly affect the image
quality in terms of signal-to-noise ratio, can be
greatly increased without impairment of resolution,
because spatial coherence (beam divergence) is
much less limiting in a probe-corrected instrument
[39]. Moreover, annular-bright-field (ABF) imaging,
which involves an annular detector placed within
the incident cone of illumination, is capable of sim-
ultaneously imaging and differentiating between
light and heavy atoms with reasonable contrast
levels [40].

As an illustrative comparison of these various
possibilities, Fig. 3 shows four different types of
aberration-corrected STEM images recorded with a
200-keV JEOL-ARM200F, which were all taken from
the same identical region of a specimen consisting
of one-monolayer-thick InN/GaN multiple quantum

wells, which are of interest as near-ultraviolet light-
emitting diodes [41]. Figure 3a presents the usual
HAADF imaging geometry with detector collection
angles in the range of ~90-170 mrad, while Fig. 3b
is a medium-angle ADF image recorded with collec-
tion angles of ~20-60 mrad so that diffraction con-
trast is likely to have some influence on the overall
image appearance in this case. The one-monolayer-
thick InN layers (arrowed) are visible in both of
these images, with brighter contrast along the lines
corresponding to the In atomic columns. However,
there is no apparent contrast corresponding to the
positions of the low-Z atomic columns of nitrogen
either in the InN active layer or in the GaN barrier
layer. For comparison, Fig. 3c shows the corre-
sponding BF image of the same area, recorded here
with a collection angle spanning 0-22 mrad, and
Fig. 3d shows the ABF image recorded with a col-
lection angle of ~11-22 mrad. The crystal polarity
is not apparent in Fig. 3c, but the separated black
peaks visible in the ABF image show characteristic
dumbbell contrast that readily allows identification
of the crystal polarity, and all projected atomic-
column positions are well resolved. Moreover, line
profiles (not shown here) confirm that the In and
Ga atomic columns have different intensity levels in
both images. While the optimum conditions for
fully quantitative studies using these various detect-
or geometries have not yet been established, for
example, by using systematic observations of
wedge-shaped samples with matching image simula-
tions, it seems that ABF imaging could be the pre-
ferred imaging mode for investigating samples that
contain a combination of low-Z/high-Z elements.
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Fig. 3. Aberration-corrected STEM images showing InN/GaN multiple quantum wells recorded using four different detector configurations:
(a) HAADF (90-170 mrad); (b) MAADF MAADF (20-60 mrad); (¢) BF (0-22 mrad); and (d) ABF (11-22 mrad). The arrows indicate location

of one-monolayer-thick InN quantum wells.

The microstructural characterization of semicon-
ductor heterostructures, which continue to be of much
interest for integrated electronic and optoelectronic
applications, is an essential step towards achieving
optimal epitaxial growth of high-quality materials.
With a band gap of 2.27 eV at room temperature,
ZnTe is a compound semiconductor of potential im-
portance for multi-junction solar cell applications
that can span a broad spectral range [42]. ZnTe
(ap=0.6104 nm) is closely lattice-matched to GaSb
(ap=10.6096 nm) and InAs (ay=0.6059 nm), so that
epitaxial growth of ZnTe on substrates of these
materials should result in low defect densities. In
contrast, there is greater lattice mismatch with InP
(ap=0.5869 nm) and GaAs (ay=0.56564 nm), but
these two materials are readily available as
large-area, low-cost substrates. Thus, there is con-
siderable interest and motivation for comparing and

possibly controlling defect formation processes
associated with the growth of heteroepitaxial ZnTe
on these different substrates [43]. Low-magnification
images of ZnTe/InP samples previously showed
high defect densities close to the heteroepitaxial
interface, while higher-magnification images
revealed that the interfacial defects for this mis-
matched system were primarily perfect 60° disloca-
tions but also included a significant fraction (~13%)
of Lomer edge dislocations [43].

Figure 4a and b compares two aberration-
corrected (AC) STEM images that show a highly
enlarged region of a ZnTe/InP (100) interface,
which features an interfacial dislocation (arrowed)
as well as a {111}-type stacking fault (SF). The po-
larity of the InP and ZnTe layers on either side of
the interface can be determined from the relative
contrast levels of the dumbbells that are visible in
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Fig. 4. AC-STEM images of ZnTe/InP(100) interface showing stacking fault (SF)) and 60° perfect dislocation (arrowed): (a) HAADF (90-170

mrad); (b) BF (0-22 mrad).

Fig. 5. An aberration-corrected BF STEM image of ZnTe/InP
showing Burgers’ circuit identifying 60° perfect dislocation. The
polarity of In-P and Zn-Te dumbbells can be identified from relative
atomic-column intensity.

both the HAADF (a) and BF (b) images. The
Burgers’ circuit analysis of the ZnTe/InP interfacial
defect shown in Fig. 5 identifies a 60° perfect dis-
location. All of the atomic columns in the bulk of
both materials are clearly resolved in this image,
although it does not seem possible by inspection to
identify unambiguously the atomic arrangements at
the core of the dislocation, perhaps because the
defect structure may be disordered or dissociated
along the beam direction.

Figure 6 compares HAADF and BF images of a
Lomer edge dislocation occurring at the ZnTe/GaAs
(100) interface. All the atomic columns in both
materials are again well resolved in regions away
from the defect, and it is also interesting to observe
the apparent polarity reversal of the ZnTe epilayer
relative to the orientation shown in Fig. 5 for
growth on the InP substrate, which simply reflects
observation in the orthogonal projection. Figure 7
shows intensity profiles along the two boxes indi-
cated in Fig. 6a and b, and it is clear that the polar-
ity of the Ga—As dumbbells In this orientation can
be easily recognized for both detector configura-
tions from the differences in their relative contrast
levels, i.e. the heavier As columns (Z=33) are
brighter than the lighter Ga columns (Z=31) in
the HAADF image but darker in the BF image.
However, the detailed atomic structure of the dis-
location core is again not well resolved. Further
observations are still required to determine whether
this apparent disorder/dissociation is an intrinsic
feature of these defects or whether sample
preparation or beam-irradiation effects during pre-
liminary observations have had some negative
impact.

Concluding remarks

Great progress has recently been made towards
aberration-corrected imaging of advanced materials,
and the enormous potential of ACEM for determin-
ing the atomic configurations of defects and

020z Aey Gz uo 1sanb Aq G0Z6861/59S/1 1ddns/zgaoeisge-ajoae/oi01wl/wod dno-olwapese//:sdiy woli papeojumoq



D.J. Smith et al.  Exploring ACEM for compound semiconductors ST1

Jmm
———

f IS RPN EEERAREY
» 4 8 B2 4 8 9

F LA EE

Fig. 6. AC-STEM images of ZnTe/GaAs(100) interface showing Lomer edge dislocation (circled): (a) HAADF (90-170 mrad); (b) BF (0-22
mrad). The boxes indicate regions used for intensity profiles shown in Fig. 6.
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Fig. 7. Intensity profiles from boxes indicated on Fig. 6a and b,
clearly showing Ga—As polarity in both cases.

interfaces in elemental and compound semiconduc-
tors should be self-evident. Realizing the full bene-
fits of ACEM for quantitative defect determination
will, however, require considerable extra time and
effort in order to establish the preferred microscope
operating conditions, since the optimal choice of
imaging parameters, especially the Cg value and the

defocus setting, might be considered to be some-
what specimen-dependent. Image simulations are
essential both for choosing microscope and
specimen parameters and for confirming image in-
terpretation when characterizing crystal defects.
Amplitude contrast rather than phase contrast will
actually dominate corrected TEM imaging for
zero-Cg setting [44]. Moreover, it has been shown
that imaging at a slightly overfocus condition with a
small negative Cg value rather than zero offers
more robust imaging conditions, as well as provid-
ing enhanced measurement precision approaching
the picometer range [45]. Lattice defects in
GaAs-based materials, with clear dumbbell imaging,
were studied using negative-Cg imaging (NCSI), in
combination with focal-series restoration to
enhance overall signal quality [46].

No mention has so far been made of the possibil-
ities of exploiting atomic-resolution elemental
mapping, using the complementary techniques of
energy-dispersive X-Ray spectroscopy and/or
electron-energy-loss spectroscopy. The greatly
enhanced current densities available in the probe-
corrected STEM enable atomic-scale microanalysis
with shorter acquisition times and improved sensi-
tivity [47]. Moreover, the possibility of irreversible
structural changes during analysis due to the
intense incident probe can be greatly reduced, at
least for some materials, by lower-energy observa-
tion [48]. Hence, there seem to be unexplored op-
portunities for investigating semiconductor defects
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and especially compositional profiles across hetero-
epitaxial interfaces, using either of these analytical
methods, albeit while routinely monitoring for pos-
sible beam-induced changes during observation.
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