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We report a new {001} planar defect found in SiGe nanopillars. The defect structure, determined
by atomic resolution electron microscopy, matches the Humble defect model proposed for diamond.
We also investigate several possible variants of the Humble structure using first principles calcu-
lations and find that the one lowest in energy is also in best agreement with the STEM images.
The pillar composition has been analyzed with electron energy loss spectroscopy, which hints at
how the defect is formed. Our results show that the structure and formation process of defects in
nanostructured group IV semiconductors can be different from their bulk counterparts.

Group IV semiconductors containing Si and Ge are
ubiquitous in today’s electronics devices [1]. Some of
these materials also have promising characteristics for ap-
plications in quantum information processing [2, 3]. De-
fects in these diamond cubic crystals may influence their
properties in device applications, one key reason for the
extensive study of their structure and formation process.
One set of the most widely studied defects are the {001}
planar defects in natural diamond [4]. Many structural
models have been proposed in order to find a match with
experiments. Amongst many other models [5, 6], Humble
proposed a planar defect that can be regarded as result-
ing from the insertion of an entire layer of four-fold co-
ordinated interstitial carbon atoms [7]. Humble defects
in Si have also attracted attention. Arai et al. theoret-
ically studied the self-interstitials in Si and found that
forming defects with a Humble structure lowers the to-
tal energy significantly compared to free interstitials [8].
Goss et al. further studied the bonding configuration of
the Humble defect and proposed four other variations,
and also calculated their energies, for both C and Si [9-
11].

Experimentally, {001} planar defects are often ob-
served in Si and Ge after H implantation [12, 13]. In
ultrafast laser-annealed ion-implanted Si samples, defects
in {001} planes appear as self-interstitial loops [14, 15].
Under thermal equilibrium, planar defects in Si and SiGe
are primarily found along the {113} planes, and occasion-
ally in {111} planes [16]. Despite a large number of ob-
servations and calculations for defects in Si and Ge, the
defect structure, preferred plane, and dimension are still
not fully predictable. For the defects that have been ob-
served earlier, only a few of them have been examined by
atomic resolution high angle annular dark field (HAADF)
imaging, which allows direct and quantitative compari-
son with computationally predicted structures [17]. In a
recent electron microscopy study of planar defects in di-
amond, it was clearly shown that {001} platelet defects

do not adopt the Humble structure [4]. Interestingly,
the Humble structure can describe a {001} planar de-
fect found in Ge [18]. In Si, however, there is no clear
evidence of Humble defects in any experiments. A num-
ber of calculations found that {001} and {113} oriented
defects in Si have similar energies [10, 19, 20].

While bulk group IV materials and their defects have
been extensively studied for decades, nanostructures of
these materials are a subject of active research for their
new and potentially useful electronic and optical prop-
erties [21-25]. During the growth or fabrication of these
nanostructures, new structural phases and defects are oc-
casionally encountered [26-30]. The deliberate placement
of defects in the nanostructures may offer yet another
knob to tune properties or to create new classes of de-
vices.

In this Letter, we report the first experimental observa-
tion of Humble defects in Sig 2Geg s (hereafter refered as
SiGe). We have investigated the atomic structure of this
defect by HAADF imaging in an aberration corrected
electron microscope. The defect structure and atomic
coordinates in experiments are in good agreement with
density functional theory calculations. The local Si per-
centage and electronic structure across the defect have
also been studied with high-resolution electron energy
loss spectroscopy (EELS), which provides information on
how these defects are formed.

The defects we study in this work are observed in
SiGe nanopillars, which were formed by oxidation of
Si/SiGe superlattices that are patterned into cylindri-
cal rods [31]. Oxidations were done under dry O at
900°C for 20 minutes. Oxidation of SiGe results first in
the formation of SiO, as Ge oxides are much less stable
than SiO5. When the desired oxidation time is reached,
the wafer was quenched to room temperature within 1
minute. A TEM lamella was extracted by a focused ion
beam lift-out process. We then remove the oxides by
hydrofluoric acid etching [32]. The remaining partially



FIG. 1. Atomic structure of the SiGe Humble defect. (a) Low magnification HAADF-STEM images of the SiGe pillar. Scalebar:
10nm. The planar defect in this pillar is indicated by the two red arrows. (b) Atomic-resolution HAADF-STEM images of the
defect viewed from [110] projection, and (c¢) from [210] projection, with the structural models shown superimposed. Scalebar:
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FIG. 2. Structural models of the five Humble defect proposed
by Goss et al. viewed from [001], [110], and [210] axis, defined
relative to bulk lattice. Atoms shown in red and purple in-
dicate the upper and lower atoms that are under significant
bond angle distortion.

oxidized SiGe pillar was subsequently studied in this pa-
per using a Nion UltraSTEM 100 aberration-corrected
scanning transmission electron microscope (STEM).

One image of a SiGe pillar is shown in shown in Fig.
1(a), where a planar defect forms parallel to the wafer
surface; the defect appears uniform across this 17 nm di-
ameter pillar, and in many other similar pillars. Atomic-
resolution imaging of this defect has been carried out in
our STEM operating at 60 kV, below the damage thresh-
old [16]. Atomic resolution HAADF images of the defect
from two directions are shown in Fig. 1(b) and 1(c).
These images allow us to determine the defect structure
and compare it with structural models proposed earlier
for other group IV materials and structures.

For an extended two-dimensional Humble defect, the
atomic arrangement at the defect core is not unique.
Goss et al. proposed several variations of the original
Humble configurations. Figure 2 shows all of these mod-
els as viewed from three major axes [33]. The difference
between these models primarily stems from the two lay-
ers of atoms shown in red and purple, which we will refer
to as the defect core in the rest of this paper. Either the
red or the purple layer can be considered as a layer of in-
terstitial atoms, whose removal could result in a perfect
bulk lattice. The atoms at the defect core form bonds
within the a-b plane, but with nearest neighbors in dif-
ferent directions, as can be seen from the [001] view in
Fig. 2. Within these models, all atoms in both bulk and
defect core are 4-fold coordinated. The different bond-
ing configuration at the defect core leads to large distor-
tions in bond angles, different from the perfect tetragonal
bonding geometry in an ideal bulk diamond cubic lattice,
where all the bond angles are 109.5°.

To identify which of these variants of the Humble de-
fect are present in our sample, we start with a prelimi-
nary screening of their energies using density-functional
theory (DFT) calculations. For this purpose, forma-
tion energies of various Humble defect models are cal-
culated using DFT. A 9-layer tetragonal unit cell is
found to be sufficient in our calculations to capture



TABLE I. DFT-calculated formation energy (eV/interstitial)
for the five Humble models in pure Ge and Sig.2Geg.s.

Models A B C D E
Ge 0.309 0.354 0.422 0.363 0.360
SiGe 0.297 0.342 0.411 0.351 0.350
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FIG. 3. Experimental defect structure compared with DFT-
calculated ones. (a) HAADF intensities profiles of HAADF
image in Fig. 1(b) for the upper layer of defect core com-
pared with simulated ones from Humble models A and D.
DFT-calculated atomic coordinates are shown as black and
red dots for model A and D, respectively, at the bottom. (b)
Experimental atomic coordinates from 2D gaussian fitting of
HAADF images in Fig. 1 compared with DFT relaxed Hum-
ble model A.

the essential structural and energetic properties. In
this work, all DFT calculations are performed using the
Vienna Ab-initio Simulation Package (VASP) [34] and
the projector-augmented wave (PAW) [35, 36] method
with Ge 4s24p? and Si 4s24p? pseudopotential valence
configurations. The exchange-correlation used is the
generalized-gradient-approximation (GGA) as parame-
terized by Perdew, Burke, and Ernzerhof (PBE) [37].
The relaxation of the 9-layer Humble A structure is per-
formed with a 6 x6x4 Monkhorst-Pack [38] k-mesh, and a
corresponding k-mesh is used for the relaxation of Hum-
ble A to E structures. The in-plane lattice constants are
fixed to the bulk value (8 A, \/iasm;e)7 and only the ¢
lattice constant is relaxed. The convergence criteria for
forces and energies are 1073 eV /A and 10~7 eV respec-
tively, and the cutoff energy for the plane-wave basis is
500 eV. The virtual crystal approximation (VCA) [39] is
used when simulating Humble defects in the Sig2Geq.s
alloy. In this approach, all atoms are identical, with each
being a 20%-80% weighted average of Si and Ge char-
acter. Although absolute values from VCA may not be
accurate, relative energies between the defect structures
computed within VCA should be correct.

All structural models in Fig. 2 show a relatively low

formation energy, as shown in table I. These results sug-
gest that model A has the lowest energy in the case of
both pure Ge and SipoGepg. The formation energy of
{001} Humble defect in pure Si is 0.45eV per intersti-
tial [10], higher than those in pure Ge or Ge-rich SiGe
(Table I), suggesting that forming {001} Humble defects
in pure Si is energetically less favorable. However, forma-
tion energies of the {001} Humble defects in diamond is
an order of magnitude higher than our results [11]. This
may explain why Humble defects are only observed in
SiGe or Ge but not in Si or C.

Next, we turn to a more complete determination of the
defect structure based on STEM imaging and DFT calcu-
lations. Despite having different atomic structure, model
A, B, D, and E are almost identical when viewed from
the [110] direction. Therefore, imaging only from [110]
(the most commonly imaged axis for a diamond cubic
crystal) is not sufficient to determine the defect atomic
structure. Asshown in Fig. 1(b) and in Fig. 2, we see five-
and eight- member rings at the defect. The lower half of
the defect resembles the symmetric dimers of a 2x1 re-
constructed (001) surface of Si. To fully understand the
atomic arrangements at the defect core, the defect has
also been imaged along the [210] projection. This is done
by tilting the specimen so that the pillar rotates along
the c-axis 26.6° away from [110] projection. The corre-
sponding image is shown in Fig. 1(c), where the upper
layer of the defect core show dumbbells of atom columns.
Comparing the HAADF intensities with simulated ones
from DFT relaxed structure models in Fig. 3(a), we see
that model A yields the best match with experiments.
Within each dumbbell, the two atomic columns are sep-
arated by 115pm. And the distance between the dumb-
bells is 363 pm. The subtle differences between model B,
D, and E in their [210] view are too small to differenti-
ate. Therefore, we only simulate HAADF intensity from
model D to compare with experiment. We find that they
show equally spaced atomic columns that are separated
by 180 pm, which does not match with what we observe
in experiments. The lower layer of the defect core (pur-
ple atoms in Fig. 2) in all models show atom columns
that are separated by either 40 or 56 pm, therefore are
observed as single atom columns in Fig. 1(c) and cannot
be used to distinguish between model B, D, and E.

A more quantitative comparison between experiment
and theory is shown in Fig. 3(b). From the HAADF im-
ages in Fig. 1, we extract atomic positions by 2D gaussian
fitting for each of the atomic columns. The fitting results
are shown in Fig. 3(b), which overall match with DFT-
relaxed atomic coordinates, although some subtle differ-
ences do exist (i.e., the bond distances in the purple layer
are slightly larger in the experiment than calculated by
DFT). We also see that even the atoms that are one layer
away from the defect core show modulation in the c-axis
direction. This shift is observed both in experiment and
theory.
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FIG. 4. Si percentage of SiGe pillars near the Humble defect.
EELS line profiles of Si content across the defect in the area
shown on the right. Same information for a SiGe pillar with-
out the defect is shown in comparison. Scalebar: 2nm.

By combining atomic resolution ADF imaging with
DFT calculations, we have completely determined de-
fect structure. We conclude that the symmetry of the
original Humble defect (model A) applies to the one re-
ported here in SiGe, and that atomic coordinates of the
DFT relaxed structure match well with the experimental
results. This defect is equivalent in its [110] and [1-10]
views, both of which are observed in the HAADF image
in Fig. 4, where the upper and lower layers of the de-
fect core alternate in the a-b plane. In addition to this
predominant defect that we observe in many pillars, we
also note that {001} defects with a different structure
than model A, and even a {113} defect have also been
observed, but much less frequently (only in one pillar).

As mentioned earlier, the defects are formed after ox-
idation of Si/SiGe nanopillars. This process is unusual
and different from earlier works on planar defects in Si
and Ge, in which the defect creation process usually in-
volved ion implantation or high energy electron irradi-
ation [16, 18]. Creation and diffusion of point defects,
such as interstitials and vacancies, are often responsible
for the formation of extended defects.

The Si percentage of the SiGe layer in the pillar has
been quantified by EELS in Fig. 4, which drops by
about 10% to 20% after oxidation, and the initially sharp
Si/SiGe interface become one with graded Si percentage.
Very close to the defect, we see a further decrease in Si
content to lower than 20%. The lowered Si content at
the defect core also suggests that the defect occurs with
predominantly Ge-Ge bonding. The tendency of having
less Si at the defect core is also supported by DFT calcu-
lations. When substituting one Si atom into the 13-layer
Humble unit cell made of Ge, the layer-averaged forma-
tion energy is highest at the defect core, suggesting it is
the least preferred location for a Si substitution.

Based on the SiGe pillar composition before and after

oxidation, and the knowledge that the planar defect ob-
served has a lower atomic density than the bulk lattice,
we propose the following mechanism to explain the defect
formation based on thermodynamic and kinetic reason-
ing. During high temperature oxidation, the high stabil-
ity of silicon oxide relative to germanium oxide leads to
an effective out-diffusion of Si, lowering the Si concen-
tration in the SiGe nanostructure. The Si out-diffusion
leads to vacancy formation, some of which is annihilated
by shrinking of the structure, but some of which remains.
Vacancies can then diffuse and aggregate to form planar
defects which are lower in energy than an equivalent num-
ber of randomly placed vacancies. Ge at the planar defect
has a lower energy than Si, thus the local change in Si
percentage. In previous literature [7, 8], similar defects
were constructed by adding one extra layer of atoms, and
were referred to as interstitials instead of vacancies. Re-
gardless of the term used, we note that the atomic density
is lower at the defect than in the bulk.

Moreover, we note that although there are several al-
ternating layers of SiGe/Si on the Si substrate, the Hum-
ble defects were only found in the middle of the first SiGe
layer after oxidation, and at a fixed distance to the Si
substrate surface. The location of the planar defect in
the nanostructure may be the result of either diffusion
kinetics (more probable for vacancies to diffuse to the
middle of the structure) or energetics (the strain energy
of a planar defect is lowest in the nanostructure where
the defect is observed). Further studies on the pillar size,
oxidation condition, and alloy concentration dependence
of such defects would be required to verify and quantify
this or alternative mechanisms.

The electronic structure of this defect has been investi-
gated by high resolution electron energy loss spectroscopy
and density functional theory, and will be reported else-
where [40].

In summary, we found that {001} Humble planar de-
fects can form in SiGe nanopillars after dry oxidation
and quenching, a process that was not previously known
to create such defects. By combining atomic resolution
electron microscopy and first-principles calculations, the
defect structure, composition and energetics have been
studied in detail, and compared with previous studies
on other group IV semiconductors. Future study of the
compositional, pillar size, and processing condition de-
pendence of the Humble defect will provide further in-
sight into the formation mechanism.
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