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We report the formation and direct observation of self-interstitials in surface proximity of an elemental
semiconductor by exploiting subthreshold effects in a new generation of aberration-corrected transmission
electron microscopes. We find that the germanium interstitial atoms reside close to hexagonal, tetragonal, and
S-interstitial sites. Using phase-contrast microscopy, we demonstrate that the three-dimensional position of
interstitial atoms can be determined from contrast analysis, with subnanometer precision along the electron-
beam direction. Comparison with a first-principles study suggests a strong influence of the surface proximity or
a positively charged interstitial. More generally, our investigation demonstrates that imaging of single atom can
now be utilized to directly visualize single-defect formation and migration. These high-resolution electron
microscopy studies are applicable to a wide range of materials since the reported noise level of the images even
allows the detection of single-light atoms.
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I. INTRODUCTION

Point defects in elemental semiconductors are broadly
studied because they have a large impact on electrical prop-
erties and diffusion phenomena,1 which are the basis for in-
tegrated circuit technology. In experimental studies, the ap-
plication of spectroscopic methods dominates the field,2–5 but
such techniques do not permit the direct observation of de-
fect structures and diffusion paths. On the theoretical side,
the calculations often yield inconsistent results. In germa-
nium �Ge�, for example, previous calculations suggest that
the �110�-split interstitial configuration �D site� has the low-
est energy for the electrically neutral native interstitial point
defect.6–11 Conversely, the theoretical results concerning the
relative stability of the hexagonal �H� and the tetragonal �T�
sites do not agree.6–10 Here we show that single germanium
self-interstitial atoms �Gei� and their diffusion paths can be
directly recorded in lattice images by employing the new
generation of electron microscopes that is developed within
DOE’s transmission electron aberrations-corrected micro-
scope �TEAM� Project.12,13 These observations are directly
comparable with predictions from density-functional theory
�DFT� and open up new ways to study native defects and
migration problems in semiconductors.

II. EXPERIMENTAL PROCEDURE

The �110� Ge samples were prepared in cross-section ge-
ometry from intrinsic bulk Ge single crystals. Mechanical
polishing and ion milling were applied to create electron-
transparent regions that are only a few atoms thick at the
edge of a hole. The samples prepared were dipped into dilute
HF to remove adsorbents and passivate surfaces. This prepa-
ration procedure creates a very thin amorphous layer on the
sample surface. Due to the high brightness of the electron
source of the TEAM column �extreme field emission gun

�XFEG��,14,15 the surface of the germanium sample can be
polished using the electron beam itself to thin the specimen
in the electron microscope column and further clean sur-
faces.

The TEAM 0.5 microscope was utilized in transmission
mode, employing an acceleration voltage of 300 kV together
with a monochromator, an aberration corrector �spherical ab-
erration coefficient=3 �m and fifth-order spherical aberra-
tion coefficient=5 mm�, and a high-brightness gun.12 We
recorded focus-series images around the Scherzer defocus
�step width �f =1.8 nm�, with an acquisition time of one
second and a beam-current density of 4.0�104 e /nm2 after
monochromation ��E�0.2 eV�.

Our multislice calculations were carried out with the MAC
TEMPAS software package.16 We simulated a Ge crystal in the
�110� zone axis orientation, which included monatomic steps
starting from columns with one to seven atoms. The distance
between successive atoms in the beam direction is 0.4 nm.
Since we analyze regions that are thinner than 2.4 nm �six
times 0.4 nm� we disregarded absorption effects17 but intro-
duced a mechanical vibration factor of 0.04 nm.12 For com-
parison with the experiment, the lattice images recorded
were normalized by dividing by the mean intensity extracted
from reference regions of thin amorphous material or
vacuum. By this process, a noise level of 4% was determined
from the standard deviation of the intensity in this reference
region. Here, we analyze the percentage of maximum con-
trast �PMC� of the images corresponding to 1− In for each
pixel, where In is the normalized intensity.

Theoretical study of Gei structure was performed by using
the first-principles pseudopotential plane-wave method18

within the generalized gradient approximation �GGA�.19

Computational calculations presented in this paper have been
obtained using the Vienna ab initio simulation package
�VASP�.20–23 Projector-augmented wave �PAW� pseudopoten-
tials were used for Ge and H atoms,24 and energy cutoff for
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plane waves was taken as 300 eV. Uniform grids of k points
were obtained using the Monkhorst-Pack scheme:25

4�4�4, 4�4�2, and 2�2�2 k-point meshes for 64,
128, and 512 atomic sites, respectively. All atomic positions,
as well as lattice parameters, have been optimized through
lowering total energy, atomic force, and stress. The calcu-
lated Ge bulk lattice parameter based on GGA calculations is
found as 0.565 nm, which is comparable with the published
experimental values.26

III. RESULTS

A. Aberration-corrected electron microscopy analysis

In this TEM investigation, Ge self-interstitial atoms were
introduced into Ge single crystals by electron irradiation. We
recorded phase-contrast images in the �110� projection of
wedge-shaped samples. Figure 1�a� is an example that shows
the Ge lattice in the �110� projection, as well as localized
disturbances, where interstitial atoms are identified. Across
the area shown, the sample is only a few atomic layers thick.
In the past, only atom columns and extended defects such as
stacking faults and dislocations27–30 could be observed by
high-resolution electron microscopy �HREM�. Direct imag-
ing of single-defect atoms was not possible because of noise
and resolution limitations. Due to the outstanding perfor-
mance of the TEAM 0.5 microscope, the space between the
lattice columns appears mostly empty. As a result, even the
0.14 nm dumbbell distances in germanium �110� can be re-
solved well beyond the Rayleigh resolution criterion due to
the microscope’s information transfer of below 0.05 nm.12

Such performance enables a wealth of direct observations
including the imaging of interstitial atoms, the excitation of
column oscillations, and the recording of faint traces mark-
ing the diffusion paths of interstitial atoms. The interstitial
atoms appear at various locations in the projected Ge �110�
unit cell as additional contrasts in the void between the lat-
tice columns �Figs. 1�b�–1�e��. However, these contrasts ap-

pear and disappear from frame to frame when image series
are recorded with a time of interval of one second. This
direct observation of single-atom diffusion in Ge in which
migration barriers of less than 1 eV were reported,31 suggests
that the electron beam assists interstitial migration.

In this paper, we focus on extracting the occupied inter-
stitial sites in three dimensions from focal-series experi-
ments, utilizing prior knowledge of the crystal structure.
Other aspects of the experiment will be reported elsewhere.
The threshold-displacement energy of bulk atoms can be cal-
culated to be 350 keV,32,33 which exceeds the primary
electron-beam energy of 300 keV used in the prototype
TEAM 0.5 electron microscope. The atomic column and
single-atom positions were determined by fitting Gaussians
with subpixel accuracy to the two-dimensional intensity
distributions34 in the images. The mean distance measured
between the column positions and the projected hexagonal
center of a unit cell exhibits a dispersion ��� that depends on
sample thickness �Fig. 2�. In the thicker area of the crystal, a
mean-square displacement ��2� of 73 pm2 was determined
that increased noticeably to 208 pm2 in the thinner areas of
the sample, where the Gei generation is exclusively ob-
served. Therefore, we argue that lattice vibration induced by
continuous irradiation is greater in the thinner sample region
due to bonds weakening near the surface. Such crystal-lattice
excitation and weakened bonds lower the energy threshold
for Gei formation. Similarly, preferential atom removal from
surfaces under electron-beam irradiation due to lowered
binding energies was recently reported by Martin et al.35 for
the case of gold atoms at the gold-vacuum interface. All
these data indicate that the surface effect plays a key role in
the formation and the location of Gei’s, as will be confirmed
by our theoretical calculations.

We determined the position of 24 Gei’s within the pro-
jected unit cells of Ge �110�. These single-atom positions are
given with respect to the projected hexagonal center of a unit
cell �Fig. 3�a��. A first observation is that the �110�-split con-
figuration �D� was never observed. This suggests that this

FIG. 1. �Color online� �a� Aberration-corrected images of a thin Ge crystal oriented along the �110� direction �black arrows show
occupied interstitial sites, red arrows �dark gray� show column vibrations occurring during the acquisition time�. Magnified areas where an
interstitial atom is observed, �b� and �c� In T sites, �d� In an H site that overlaps with a bond-centered site when the crystal is oriented along
the �110� zone axis, �e� In an off-center site. Electron dose: 4.0�104 electrons /nm2. Range of focus from −1 to −8 nm.
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configuration is energetically unstable in a thin Ge crystal,
continuously irradiated with 300 keV electrons. Instead,
most Gei’s are localized close to projected T �Figs. 1�b� and
1�c�� and H sites. Consequently, these are the energetically
favored sites in our experiment. However, it is also seen
from Fig. 3�a� that the Gei’s are displaced by 10–40 pm from
the geometric T or H positions. Such large displacements
exceed the experimental error for the position determination.
The observed deviations from ideal geometric positions are,
therefore, physically significant. In extreme cases, we ob-
served Gei’s shifted in the �−110� direction by 70 pm from
the H position to an off-center position �Fig. 1�e��. We also
located Gei’s close to the highly unstable bond-centered site
�Fig. 1�d��. However, the bond-centered sites coincide with
other hexagonal sites in the �110� projection.

Through focal series analyses allow access to three-
dimensional �3D� and chemical information for TEM
samples.12,36 To begin, we verified that the contrast of the
interstitials originates from single Ge atoms by exploiting the
dependence of contrast on defocus, as outlined in Ref. 12, for
the case of single gold atoms. Image simulations predict the
contrast intensity as a function of focal distance as shown in
�Fig. 4�a��. The contrast value at a given focal distance can
be used to determine the number of atoms in the projected
column and the nature of interstitial atoms. This analysis can
best be achieved in a focus window from −6 to −8 nm �Fig.
4�a��, in which the contrast value is flat against the focal
distance and the contrast differences between atomic col-
umns of different heights are the greatest. The performance
of our analysis is related to the uncommonly small noise

FIG. 2. �Color online� Cs-corrected HRTEM images of a Ge crystal oriented along the �110� direction. �a� Thin area near the sample
edge, where excitation of column oscillations and Gei formation are observed. �b� Thicker area where we do not observe any disturbances
of the crystal lattice. �c� Histograms of the measured distance between the projected atomic columns and the projected hexagonal position
in the center of a unit cell �as indicated in the insert�. The Gaussian fits show the wider distribution of the measurement in the thin area,
highlighting the higher excitation of the column oscillation.

FIG. 3. �Color online� �a� Positions of Gei’s extracted with subpixel precision from TEM images. The origin of the axis is the central
geometrical hexagonal site defined by the surrounding atom columns. Squares with error bar: mean position of the atomic column; Squares:
Gei’s close to the H sites; Triangles: Gei’s close to the T sites; Stars: Gei’s in an off-center position. �b� Model of the new S configuration
calculated by DFT in a passivated �110� slab of thickness 1.4 nm.
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level ��4%� and the high precision of the focus
measurement.12 We measured the percentage of maximum
contrast of the interstitials observed in the focus window
from −6 to −8 nm, to be 12�2%, which is in perfect agree-
ment with the attenuation of the incoming electron beam
calculated for a single Ge atom in a lattice column. This
result is also consistent with previous measurements of beam
attenuations by single gold �25%�12 and single carbon �4%�37

atoms, after an atomic number �Z� dependence of the phase
contrast �I�Z2/3� is taken into account.17

In order to determine the depth position of single intersti-
tial atoms �i.e., z position: the position of Gei’s in the beam
direction�, we exploit the small focal spread �0.7 nm� of the
monochromated TEAM 0.5 electron beam that yields detect-
able contrast changes even if atomic displacements are only
in the order of interatomic distances.12 Quantitative contrast
measurements of Gei’s were carried out and compared with
the contrast of the neighboring atomic columns. In Fig. 4�b�,
the PMC of Ge interstitials is calculated for different z posi-

tions as a function of focus. We have analyzed two interstitial
atoms with local focus values of the atomic columns of
−1.25�0.25 nm. These interstitials are chosen because in
this focus range, contrast changes are most sensitive to dis-
placements in beam direction. The two interstitial atoms cho-
sen were recorded close to the H site �interstitial 1, observed
in Fig. 1�d�� and the T site �interstitial 2�. By comparing the
experiments with simulations �Fig. 4�a��, we found that the
atomic columns surrounding these two Gei’s are either four
or five atoms tall. Therefore, for these crystal thicknesses
�between 1.2 and 1.6 nm� and focus value �−1.25 nm�, the
recorded interstitial contrast requires that the two Gei atoms
reside in the crystal �Fig. 4�b��. However, the noise-limited
precision of the measurement ��0.9 nm� also allows these
two Gei atoms to be close to the surface �Fig. 4�c��.

B. Density-functional theory study

First-principles calculations were carried out to explain
our experimental results and to clarify the discrepancies

FIG. 4. �Color online� �a� Simulated PMC of Ge atom columns of different heights as a function of focus �curves�. The red �dark gray�
and black squares present the mean PMC of the atomic columns surrounding the interstitials 1 and 2, respectively, extracted from the
experiment. The blue square is the mean PMC of the Gei’s observed in the micrograph acquired using a focus of −6.6 nm. �b� Contrast of
the interstitials 1 and 2 �red �dark gray� and black squares, respectively� compared to the simulated contrast of an interstitial atom located at
different z positions. Error bars are given by noise levels: �4%. �c� 3D representation of the Gei’s z position in a five-atom high crystal along
the �110� direction. The blue cigar shapes represent the position of the interstitials 1 �right cigar� and 2 �left cigar�. The elongation of the
cigars represents the noise-limited precision of the measurement ��0.9 nm� and scales shaded in blue �gray� gives the probability for the
presence of the interstitial along the cigar.
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found in the literature concerning Gei structures and loca-
tions. The calculations were performed using supercells con-
taining 64, 128, and 512 atoms and a hydrogen-passivated
isolated cluster �Ge512H360�. Calculated self-interstitial ener-
gies are listed in Table I.

Our supercell calculations show the importance of the cal-
culation convergence since D is the most stable site in the
small supercell �64 atoms�, whereas T becomes energetically
favorable for more converged calculations �larger supercells
containing 128 and 512 atoms�. However, these bulk calcu-
lations always indicate that the H site is unstable and thus
tend to disagree with our TEM investigation where Gei po-
sitions close to the H site are commonly observed. However,
when a passivated cluster model is used, the H configuration
becomes stable, highlighting the quantum-confinement
�finite-size� effect on the interstitial energy. More impor-
tantly, when a passivated �110� slab with 1.4 nm thickness is
used, H and T sites relax toward a new minimum-energy S
position, which is energetically more favorable than the D
site by 0.11 eV. This new configuration shifts away from the
geometric H and T positions by 80 and 90 pm, respectively,
and is closer to most of the observed Gei positions �Figs. 3�a�
and 3�b��. We have also calculated the effect of charging on
the interstitial energy. Only if the Gei is positively charged,
the D site is less stable than the cage-site configurations �H
or T site�. Thus, the experimentally observed cage-site con-
figurations can also be explained by a positively charged
interstitial, which is not completely unlikely since Gei’s have
a donor level located only 0.04 eV below the conduction-
band minimum.3

IV. DISCUSSION

Overall, we show here that the results of the calculations
are extremely sensitive to the system used. This might ex-
plain the diversity of the results in the literature, where the
convergence of the calculations and the finite-size effects
were not always carefully checked. Our calculations do not
take into account lattice excitations induced by the continu-

ous bombardment of the sample by highly energetic elec-
trons. Our column position measurements give a good esti-
mate of the mean-square displacements ��2� induced by the
electron beam. In the thicker part of the sample, we found a
value of �2=73 pm2 which agrees with the Debye-Waller
factor for Ge at room temperature reasonably well.38 Using
these published x-ray data, we notice that the temperature
must be above 500 K to induce a lattice vibration as impor-
tant as the electron-beam-induced vibrations in the thinner
part of the crystal ��2=208 pm2�. The lattice excitation mea-
sured in the area where Gei’s are observed is then energeti-
cally significant and can explain any remaining discrepancies
between experimental and calculated results. The fact that
the atomic details of the sample surface differ from area to
area might also be involved.

The new Gei S configuration calculated for a thin crystal
layer similar to the experimental sample highlights the im-
portance of the nearby surfaces, which most likely contribute
to the observed Gei displacement from geometric H and T
sites. In the experiment, the crystal wedge surface is likely to
be passivated by amorphous Ge. In our calculations, removal
of the dangling bond is represented by the H passivation. The
quantum-confinement effect in the experiment and in our
slab calculation should also be similar. However, a recent
report has shown that the position of an energy minimum
along the �111� direction between T and H sites is charge-
state dependent, with a configuration displaced 76 pm from
the H site, when the interstitial has a single positive charge.39

Thus, a positive charge state could also be involved in the
observed interstitial displacements. Unfortunately, it remains
challenging to distinguish between neutral and charged inter-
stitial states by electron microscopy.

Finally, we note that Oh et al.40 recently reported the de-
tection of foreign interstitial gold atoms �Z=79� in silicon
�Z=14�, using aberration-corrected scanning transmission
electron microscopy. Similarly, unexpected positions of the
interstitials were observed. In addition, on closer inspection
of these micrographs, slight displacements of the interstitial
from the geometrical T position are also seen, but remain
unaddressed.

V. CONCLUSIONS

We exploited the new performance level of the next gen-
eration of electron microscopes to generate and directly ob-
serve self-interstitial atoms in the elemental semiconductor
Ge. We find that the Gei’s are generated by subthreshold
effects and reside close to hexagonal, tetragonal, and
S-interstitial sites. Using phase-contrast microscopy, we
demonstrate that the 3D position of Gei’s can be recovered
from contrast analysis with subnanometer precision along the
electron-beam direction. First-principles calculations suggest
a strong influence of the surface proximity or a positive
charge state. More generally, our investigation demonstrates
that imaging of single atoms can now be utilized to directly
visualize single-defect formation and migration. These
HREM studies are applicable to a wide range of materials
since the reported noise level even allows for the detection of
single-light atoms.

TABLE I. Calculated relative energies �eV� of neutral, posi-
tively or negatively charged Gei’s in the H, T, and D configurations.
Calculations were performed using both supercells �with 64, 128,
and 512 atoms� and hydrogen-passivated clusters. The case labeled
“slab” corresponds to a neutral Gei in a 1.4-nm-thick passivated
crystal. The letters indicate the final structure upon relaxation of an
unstable configuration.

System
H

site
T

site
D

site

Gei, supercell �64 atoms� H→T 0.20 0.0

Gei, supercell �128 atoms� H→T 0.0 0.16

Gei, supercell �512 atoms� H→T 0.0 0.30

Gei, cluster 0.31 0.56 0.0

Gei
−, cluster 0.35 0.51 0.0

Gei
+, cluster 0.15 0.0 0.25

Gei, slab H→S T→S 0.11
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