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Atomically resolved study of the unpinned GaN (1010) surface by cross-sectional
scanning tunneling microscopy
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Gallium nitride has been studied thoroughly in recent decades as the material is relevant for applications in
blue-light-emitting devices and laser diodes, as well as high-power and high-frequency transistors. This material
has rarely been explored by cross-sectional scanning tunneling microscopy (X-STM), in spite of the relevance
of its m plane, which constitutes the output facet of commercial lasers and the sidewalls of GaN nanowires,
and has been intensively explored as an alternative orientation for light emitters due to its nonpolar nature.
Here we successfully investigate a clean m plane of wurtzite GaN and study the presence of gallium vacancies
by X-STM at liquid nitrogen temperature. We observe Friedel oscillations around the defects and characterize
the dependence of the oscillation radius on the applied bias. This physical phenomenon, combined with the
tunneling conditions, clarifies the charge state of the vacancy and the origin of the free carriers in GaN that screen
the Ga vacancies. We observe a predicted bi-stability of the N atom neighboring the Ga vacancy and perform
density functional theory calculations to complement the experimental results. We obtain high-quality clean
cleavages on the GaN m plane, which will allow for the study of other nanostructured GaN-based materials and

devices.
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I. INTRODUCTION

Wide-band-gap semiconductors (WBSs) fulfill the require-
ments of applications in high-power and high-frequency
electronics. Gallium nitride is a WBS with a direct I'-
point band gap of 3.4 eV that has been extensively studied
in the last three decades. This material is used for blue-
light-emitting devices [1], UV laser diodes [2], high-electron
mobility [3], ferroelectric field-effect transistors [4], and other
devices [5-9]. Despite this, research on atomically resolved
GaN surfaces to study these structures with scanning tun-
neling microscopy (STM) is limited [10-13]. Bulk GaN
has been extensively studied using density functional theory
(DFT) in terms of defects [14,15] and electronic properties
[15-17]. While some work has been performed on defects of
m-plane GaN with DFT [18], the combination of STM and
DFT to improve our understanding of this surface is still
underutilized.

The most stable GaN crystalline structure is wurtzite, and
it has a tendency to grow along the (0001) ¢ axis. However,
the presence of polarization along this axis has motivated
a plethora of studies on alternative crystallographic orien-
tations [19], including not only the nonpolar a-(1120) and
m-(1010) planes but also semipolar planes like (1122) and
(2201). Among them, the m plane is one of the most studied
orientations due to its reduced anisotropy, which allows planar
growth in conditions similar to those of c-GaN [20]. LEDs
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were rapidly demonstrated on this plane that hold the record
modulation bandwidth in nitride LEDs [21]. It is also the pre-
ferred plane for research on far-infrared intersubband devices
due to the simplicity of their design and doping [22-24]. Fun-
damental studies of the m plane have gained relevance with
the boom in nanowire technology since the natural sidewalls
of self-assembled GaN nanowires and nanowires resulting
from selective area growth are m oriented [25,26]. The m
plane is the natural facet of GaN lasers since it is the plane
easiest to cleave [27] and it can be exposed by KOH-based
crystallographic-selective etching [28].

STM provides a unique perspective in surface character-
ization, providing access to topography and also electronic
effects in the probed surface. In particular, cross-sectional
STM (X-STM) allows the study and characterization of
semiconductor heterostructures such as quantum wells and
quantum dots, providing detailed information on size, shape,
compositional uniformity, interface roughness, etc. [29-32].
In doped semiconductors, X-STM can provide information
about the distribution, clustering, and electronic features of
the doping atoms [33-36]. Yet as powerful as it is, X-STM has
some constraints; the sample must show good conductivity,
and the requirement for a natural cleaving plane to obtain
atomically flat surfaces limits its application.

In this work we present a detailed, atomically resolved
X-STM study of GaN m planes {1100} as well as DFT
calculations of defects in this surface. GaN presents several
challenges for X-STM imaging, as it has a wide band gap,
which leads to conductivity issues, and the wurtzite lattice
presents two classes of nonpolar planes along which the
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natural cleaving could propagate, resulting in rough cleaved
surfaces.

II. METHODS

The sample we studied is a commercial freestanding
GaN wafer from Nanowin. The specific resistivity at room
temperature is <0.5 € cm, and the dislocation density is
<5 x 10°cm~2. The sample is not intentionally doped, but
GaN tends to be naturally n type [37—40]. All the X-STM
measurements were carried out in a commercial Scienta Omi-
cron low-temperature STM at liquid nitrogen temperature
(LNT). The setup is in ultrahigh vacuum (UHV) with a pres-
sure of 4-6 x 10~!" mbar. The samples were cut from the
wafer with a parallelogram shape, with the long sides fol-
lowing the m planes {1100} (dimensions of 4 x 8 mm?). The
prepared samples were loaded in the system and baked at
180 °C to remove contaminants and then cooled down to LNT,
followed by cleaving in UHV right before measurement. The
cleave exposed a fresh new m plane that was measured. The
combination of LNT and UHV allows the sample surface to
remain clean with few to no contaminants for a prolonged time
(days).

The STM tips were fabricated starting from a polycrys-
talline W wire followed by electrochemical etching in a 2 M
solution of KOH. The prepared tips were then loaded in the
system, where they were baked at 230 °C, followed by Ar
sputtering to remove the W oxide scale that forms on the tip
surface during the etching.

In an STM measurement, both electronic and topographic
effects contribute to the image. In this work, all the reported
images were taken in constant-current mode.

The calculations performed in this study are made in the
DFT framework using projector augmented wave pseudopo-
tentials [41] in the Vienna Ab initio Simulation Package
(VASP) code [42,43]. The exchange-correlation interaction
between electrons is described using the Perdew-Burke-
Ernzerhof (PBE) form of the generalized gradient approxima-
tion (GGA) [44].

The GaN supercell considered in this work consists of
a 5 x 4 surface supercell that is five monolayers thick and
has 12 A of vacuum between slabs. Of these five mono-
layers the bottom two are fixed in their bulk configuration
to simulate bulk behavior under the slab surface. The cell
consists of 200 Ga and 200 N atoms. The sampling of the
Brillouin zone is done using a 4 x 4 x 1 Monkhorst-Pack
grid. The energy cutoff used to describe the plane waves
is 400 eV. The lattice constants found for this cell are a =
3.23 A and ¢ = 5.28 A, while the experimental values are
a=3.19Aandc=5.19 A [45]. These values are reasonable
since GGA-PBE is known to overestimate lattice constants
slightly.

III. RESULTS AND DISCUSSION

A. General appearance

In Fig. 1(a), we show a 28 x 28 nm? negative bias image
of a clean wurtzite GaN {1100} surface. Obtaining a clean
surface without a high density of defects has been shown
to be challenging [10-13,46]. We managed to obtain such a
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FIG. 1. (a) A 28 x 28nm? X-STM topographic image of the
clean GaN {1100} surface measured at —1.8 V and 50 pA tunneling
conditions. The color scale on the side shows the height variation
in the image in picometers. The white arrow indicates the growth
direction [0001], and the white line indicates where the line profile
in (b) was taken.

surface by cleaving in UHV (46 x 10~'! mbar) a freestand-
ing GaN wafer thinned down to a thickness of about 150 pm.
Per experiment, we prepared three samples, and on average,
only one was cleaved with a flat enough surface for our STM
analysis. The main problem is related to the natural cleaving
planes of wurtzite GaN, which allow the samples to cleave
in different directions along the m planes or the a planes.
Therefore, the cleaving can lead to a staggered surface, or
the sample cleaves along a direction nonorthogonal to our
STM tip. An accurate small incision to direct the cleaving and
clamping the sample perfectly parallel to the natural cleaving
plane substantially increase the likelihood of a successful
cleavage. In our experiments we observed very clean surfaces
with no contamination even several days after the cleaving.
In Fig. 1(a), we show a negative bias image of a clean
wurtzite GaN {1100} surface. In contrast to GaAs and, due
to the wide-band-gap characteristic of GaN, under a negative
bias, we still observe the empty states instead of the filled
states. This happens due to tip-induced band bending (TIBB)
[47]. When applying a negative bias, TIBB bends the con-
duction band (CB) downwards, eventually crossing the Fermi
energy and creating an accumulation region on the surface
of the material, as schematically shown in Fig. 2. This accu-
mulation region becomes a source for tunneling electrons, as
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FIG. 2. Simplified model of the band bending occurring due to
TIBB in the case of an n-type wide-band-gap semiconductor. Ec, Ey,
Eg,, and Ep, are, respectively, the sample conduction band minima,
sample valence band maxima, sample Fermi energy, and tip Fermi
energy. eV, is the energy related to the tip-sample applied bias,
d is the tip-sample distance, and ® represents the band bending of
the conduction band. The blue-shaded area in the sample surface
represents the accumulation region. The blue arrow represents the
tunneling current arising from the accumulation region electrons.

previously predicted [48-50] and as schematically shown in
Fig. 2 by the blue arrow and in the /(V) curve measured on
this sample in Fig. 3. As we can see from the /(V') curve, in the
negative bias region around —2 V the current increases above
the experimental noise level, and around —3 V we observe a
change in the slope. The simulated (V') curves prove that the
current arising at —2 'V is only due to CB accumulation layer

Experimental and simulated I(V) curves

log (abs (IV)) (a.u.)
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FIG. 3. Experimental and simulated /(V') curves. The black line
is measured on the clean m plane of GaN (250 pA and 5 V set
points). Approaching from the positive side, the curve falls to the
noise floor level (10713) of the I(V) converter at 2 V until —2V,
where it starts to pick up again. When further lowering the bias, we
see a second contribution at —3 'V as a change in the slope of the
curve. The simulated curves (red, blue, and green) were obtained
using the SEMITIP software developed by Feenstra [47,51,52]. The
tip-sample distance was set at 1.1 nm. The contact potential (cp)
is a parameter related to the offset between the Fermi levels of the
sample and the tip. Since W tips can have different Fermi energy
level positions depending on the atomic configuration on the apex of
the tip, we varied the cp until it gave us a good resemblance to the
experiment. The simulations above 2 V did not converge to a finite
current value.

electrons. At a higher bias (—3 V) when there is a change in
the slope, the valence band (VB) starts to contribute.

The height profile shown in Fig. 1(b) shows a surprisingly
small corrugation amplitude (peak to valley height difference)
of 5 pm. On a standard {110} GaAs surface we reproducibly
obtain a 20 to 50 pm corrugation height, while on GaN {1100}
the corrugation amplitude is 4 to 10 times smaller in compar-
ison. This is a rather characteristic feature of the material that
presented itself in every measurement.

B. Friedel oscillations

While measuring the m-plane surface of GaN, we observed
features such as those displayed in Figs. 4(a) and 4(b). These
features consist of a very dark deep core surrounded by a halo
of enhanced contrast, as shown in the STM height profiles in
Figs. 4(c) and 4(d). The features have a circular symmetry
hinting at a pointlike source. Similar features related to Friedel
oscillations were already observed around single Si dopants
in GaAs [53-55]. In order to create a Friedel oscillation in a
semiconductor it is necessary to have a charged impurity or
defect and free carriers. The impurity introduces an electric
field that perturbs its surroundings, wherein the free carriers
react to this electric field by screening it.

When a negative bias is applied, TIBB bends the conduc-
tion band downwards, eventually crossing the Fermi energy
and creating an accumulation region on the surface of the
material, as schematically shown in Fig. 2. When the bias is
further lowered to establish tunneling from the valence band,
the accumulation region tunneling current becomes orders of
magnitude greater than the one arising from the valence band.
This process of surface accumulation may happen in any STM
measurement on a semiconductor when the right conditions
are met [47].

In our experiment, the observed features are negatively
charged, as we can deduce from the contrast difference with
their surroundings. Dark contrast in STM has two possible
origins: either the region is physically lower, or the surface
local density of states (LDOS) that contributes to the tunneling
current is smaller. The former case was excluded since the
feature sizes varied with the applied bias. Since the images
reported in this work were taken at negative bias and the free
carriers are CB accumulation layer electrons, the latter case
requires a negative charge. The negative charge will locally
shift the bands upwards, a reduction in ® in Fig. 2. This will
reduce the effective LDOS available for tunneling and will
subsequently force our tip to get closer to the surface to keep
the current set point.

Thus, all the requirements to create the Friedel oscillation
are met. In fact, we observed, as shown in Figs. 4(c), 4(d), and
5, that the size and intensity of the oscillation change when the
applied bias between the tip and sample is varied. In Fig. 4(c)
we report the line profile measured at —1.8 V (red line) and
at —3.0V (black line). If we compare the oscillation depth
and diameter to the corrugation that is visible in both profiles
in Fig. 4(c), we can see that the red profile is both wider
(around 15 versus 8 nm) and deeper (up to 120 versus 90 pm)
than the black profile. This can be understood by considering
that the larger bias produces a stronger TIBB, bending the
conduction band further below the surface Fermi energy and
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FIG. 4. (a) and (b) 40 x 40 nm? X-STM images of the GaN m plane taken at —1.8 and —3.0 V, respectively, and 50 pA. The solid arrow in
the bottom left corner indicates the growth direction [0001]. The dotted arrow indicates the location and the direction of the line height profile
reported in (c). In (d) we report the same profiles shown in (c), but radially averaged, highlighting the presence of the charge ring around the

feature.

creating a stronger accumulation region with more electrons.
This stronger accumulation creates a denser two-dimensional
electron gas that is more efficient at screening the charged
feature, and therefore, the oscillation is both shallower and
narrower.

We performed a series of voltage-dependent measurements
on the feature shown in Figs. 4(a) and 4(b). In Figs. 5(a)
and 5(b) the relation between the Friedel oscillation around
the charged defects and the applied bias is shown. Fig-
ure 5(a) shows the radial average of the linear profiles at
seven different biases obtained for the same feature. In or-
der to clearly show the contrast profile around these defects
we make azimuthal averaged radial profiles; that is, the
profiles starting at the defect site are averaged over 360°
around these defects. The bias is swept from —2.5to —1.9V.
From these seven curves we see how the radius of the os-
cillation increases, starting from a value of 5.5+ 0.5 nm

at—2.5Vt08.5+0.5nmat —1.9 V. InFig. 5(b) we report the
position of the local maximum per curve reported in Fig. 5(a)
that corresponds to the Friedel oscillation radius. In Fig. 5(b)
we observe a decrease in the oscillation radius with the in-
crease in the strength of the applied bias. The relationship
of the oscillation radius to the applied bias thus proves an
electron accumulation region induced by TIBB.

It is relevant to point out that, as already mentioned in
Sec. IIT A, the corrugation height in this sample is smaller than
the typical corrugation observed in GaAs. If we consider, for
instance, the case of Si-doped GaAs [53], the feature height is
about 120 pm, and the ratio of atomic corrugation and feature
contrast is about 2 to 4. This allows us to easily spot the feature
and see the corrugation at the same time. Meanwhile, on the m
plane of GaN the corrugation height is around 5 pm, and the
ratio of atomic corrugation and feature contrast (90—120pm)
is therefore around 20 (depending on the applied bias),
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FIG. 5. (a) shows the radial average of the linear profiles taken
for one feature at seven different biases. Each line is vertically shifted
by 10 pm to increase visibility. The bias goes from —2.5to —1.9V,
while all the other tunneling parameters are kept constant during the
voltage swipe. The current set point is 50 pA. The raw profile and a
filtered version are superimposed. The curves were filtered with the
Savitzky-Golay filter of the PYTHON library SCIPY.SIGNAL, version
1.9. The central region between 0 and 2.5 nm of the curves is rather
noisy and is removed. In (a) the cross indicates the position of the
local height maximum of each profile. The positions of these maxima
correspond to the radius of the Friedel oscillations, and these points
are plotted in (b) versus bias.

producing a more dramatic contrast where, while it is still
present, the corrugation is less apparent, hidden in the bright
part of the color scale.

C. Free versus pinned surface

In Fig. 1(a), we show a negative bias image of a clean
wurtzite GaN {1100} surface. When imaging the {110} zinc-
blende surface on materials such as GaAs using X-STM, it is
possible to selectively image filled or empty states by applying
a negative or positive bias, respectively, between the tip and
sample [56]. This is due to the nature of the {110} surface.
During cleaving, the atoms and dangling bonds on the surface
are rearranged to compensate the charge transfer from the
dangling bonds of group III atoms to those of group V atoms.

This occurs by relaxing the surface and pushing the group V
atoms outwards and the group III atoms inward. The group
V atom’s dangling bond is filled, representing surface filled
states, and the group III atoms are empty, representing the
empty states [57]. However, when measuring GaN under a
negative bias, we still observe empty CB states instead of
filled states. This happens because empty CB states become
filled with carriers at a negative TIBB [47], as we showed in
the previous section.

Due to the wide band gap of GaN and because commercial
wafers are typically n type, when a negative bias is applied to
the clean surface, the accumulation region tunneling current
will always form sooner than the tunneling from the valence
band states, in contrast to semiconductors with a smaller
band gap [see the discussion of the (V) curve in Sec. IIT A].
Therefore, in the presence of a clean unpinned surface, when a
negative bias is applied, the majority of the tunneling current
arises from the Ga atoms and not from the N atoms. Other
STM images have been reported for which the authors were
able to probe the filled VB states of GaN [10-13,46]. In those
experiments the surface Fermi energy was pinned by the de-
fects present, and therefore, a surface accumulation region did
not form. Hence, the image reported in Fig. 1(a) is particularly
interesting because it shows a defect-free surface. The image
was taken at —1.8 V bias voltage, and because of the TIBB
the atomic rows that we see in the image are the Ga atom
sublattice.

D. Identification of the defect

Typically, the intensity of the feature-related contrast de-
creases as a function of the depth of the defect below the
surface, as we can see from previous work done on single
impurities in which the authors were able to distinguish fea-
tures up to five layers below the surface [33,58,59]. During our
measurements all the observed features had similar sizes and
shapes, suggesting that all the features are at the same depth
and they are related to surface layer defects or impurities. At
the surface layer level, the possible sources of such features
are adsorbed impurities, dopants, or point defects. Adsorbed
impurities depend on a number of factors mainly related to
the quality of the vacuum; however, one characteristic of these
features is that they tend to increase over time, and it iS possi-
ble to observe a shift in their position while scanning with the
STM. In our measurement we did not observe any variation
in the 2-week window of the measurements, and we never
observed major shifts in their position. These features cannot
be dopants because if they were, we should be able to observe
similar features with different contrasts related to different
depths below the surface, and this was never observed in the
measurements. The last explanation is defects induced during
the cleaving of the sample. During an X-STM measurement,
it is often possible to encounter missing atoms or even entire
stripped-out atomic rows or small areas [60], with depths that
go from the single monolayer to a few monolayers.

When looking in more detail into one of the features (e.g.,
in Fig. 6), we can see that the deepest part (blue cross) lies on
top of a corrugation line (red line). This observation, with the
knowledge that the corrugation lines represent the Ga atoms,
leads us to understand that the feature we are observing is
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FIG. 6. X-STM image of the Ga vacancy on the GaN m plane,
measured at —3.0 V and 50 pA. The black arrow indicates the growth
direction [0001], the red line indicates a Ga sublattice corrugation
line, the blue cross shows the deepest point in the image, correspond-
ing to the Ga vacancy position. The color scale goes from 0 pm
(black) to 90 pm (white). Within the dark contrast region, the core
of the feature, there are brighter (higher) parts due to tip imaging.

actually a Ga vacancy. It was already reported that in the case
of n-type GaN, the Ga vacancy becomes more energetically
favorable [15], although that publication addressed bulk GaN
and not the surface.

E. Bistability of the defect

We established that the features we observed during the
measurement are surface layer Ga vacancies. In the core of
the vacancy (near the blue cross in Fig. 6), there are some
bright (higher) areas. We investigated this behavior and no-
ticed that throughout the measurements the appearance of the
core was consistent until a major tip change would happen.
Following this observation, we deduced it was a tip-related
contrast rather than surface related. It is possible that in the
presence of a sharp surface state (for example, an adatom or
similar point feature), when the tip scans over such a sharp
state, a simultaneous imaging of the tip occurs. This creates
contrast features that are related not to the sample surface, but
rather to the apex of the specific state of the STM tip.

When imaging large areas of the m plane, we observed that
the Ga vacancies presented two different structures within the
deepest part of the observed feature (see features 1 and 2 in
Fig. 7). This result is consistent with the DFT calculations of
Hyun and Kim [18], who concluded that around a Ga vacancy
in the m-plane surface, the N atom has two possible bistable
positional configurations, as described in Fig. 8.

Tip imaging is a known issue that can affect STM mea-
surements. We noticed that in our particular case, it is rather
strongly present, and it is capable of imaging many de-
tails about the apex of our tip. We believe that is due to
a combination of effects; on the one hand, the vacancy

10 nm

# 1’

-

FIG. 7. X-STM image of the GaN m plane taken at —3.2'V and
50 pA. The three features reported in the image as #1, #2 and #3 are
Ga vacancies, where in feature 1 the N atom sits in its regular posi-
tion, in feature 2 it hops towards the next row Ga surface neighboring
atom, and in feature 3 the N atom flips between the two possible
positions while being measured. On the right we show close-ups of
the three features as three images with a size of 7 x 7 nm?.

is a lower-conductivity region that brings the tip in closer
proximity to the surface and therefore exposes more of the
tip apex. On the other hand, the N atom has two possible
“topographical” configurations, one of which can be more
efficient in tip imaging due to the highly localized DOS.

If we look at Fig. 7, vacancies 1 and 2 present different core
structures, while vacancy 3 switches between the two while
being measured. We know from the paper by Hyun and Kim
[18] that there are two possible topological configurations
for a Ga vacancy in the m plane of GaN. We suggest two
different features in X-STM that we expect to correspond
to Ga vacancy related features. Another sign that these fea-
tures correspond to the bistable Ga vacancy is the observed
switching behavior shown in Fig. 7 for feature 3. Switching

(a) (b)

Side view

£ 0% 0% B
. PBPBRRAY

Topview ©— ° O~ O O
fioiol O O 0
[0001]

FIG. 8. The supercell used to simulate the m plane of GaN using
DFT. In (a) and (b) a side view of the relaxed supercell is shown for
the regular Ga vacancy Vg, and the Ga vacancy with the displaced
N atom Vj,, respectively. Also, two planes at 0.75 and 2.75 A above
the surface are shown in green and red, respectively. These planes
are indications of the height at which the LDOS will be calculated
in Fig. 9. In (c) and (d) a top view of only the topmost GaN layer is
shown for the Vg, and Vi, configurations, respectively.
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of doping atom contrast related to energetic or topographical
variations has already been observed in STM measurements
(e.g., [61,62]). We therefore propose that the two different
features, features 1 and 2, are the two different Ga vacancy
configurations. In order to further understand this behavior
we performed our own DFT simulations on the defect site to
understand how the LDOS is affected by the two topographic
configurations.

F. DFT simulations

In order to study the LDOS of this system we use the
supercell described in Sec. II, with slight adjustments because
of the interest in the Ga vacancy. One Ga atom is now removed
in the surface of this supercell in order to simulate this Ga
vacancy in the material. An extra charge of three electrons is
also introduced in this supercell since that was found to be
the lowest energy configuration by Gao et al. [15]. The four
topmost atomic layers of the supercell are then left to relax
until the force on each atom is less than 0.01 eV/A. Since a
bistability in surface Ga vacancies was found by Hyun and
Kim [18], the N atom next to the Ga atom is then moved
along the [0001] direction in order to find the second stable
atomic configuration. The resulting bond length between the
N atom and the nearest Ga atom in the [0001] direction found
is 2.048 A, which is very similar to the bond length of 1.91 A
found by Hyun and Kim. This second stable configuration is
316 meV lower in energy than the original relaxation calcula-
tion. The LDOSs of the different Ga vacancy configurations
are then calculated and compared to the different features
found with the X-STM. The relaxed supercell described in
Sec. II is presented in Fig. 8. For these calculations the
Brillouin zone is sampled using a Monkhorst-Pack grid of
6 x6x1.

We can see the displacement of the N atom towards the
neighboring Ga atom when comparing Figs. 8(c) and 8(d).
In order to compare the way these two configurations, Vg,
and V{3,, would appear in our X-STM images, LDOS calcu-
lations in different planes in this supercell are performed. In
order to calculate the LDOS of a system using the Tersoff-
Hamann approximation, we need to decide over which bias
we want to integrate the states. Section III explained that even
though we perform filled-state imaging, the majority of the
tunneling current will come from the lowest conduction band
states. The conduction band onset in our DFT calculation is
at 1.26 eV. If we use a bias of +2 V, only the bottom of
the conduction band is considered in the LDOS calculations.
This should yield the best comparison to the experimental
results since the tunneling current is dominated by electrons
coming from these states. The LDOS of the system for dif-
ferent heights above the surface of the supercell is given in
Fig. 9.

The LDOS of the GaN surface for the two different Ga
vacancy configurations is calculated at a distance of 2.75 A
above the GaN surface. This distance above the surface is
chosen since a simulated LDOS is known to correspond well
to X-STM measurements for simulated distances of 24 A
above the surface [53]. The resulting calculated LDOS at
2.75 A above the surface is presented for both the Vg, and
Vg, configurations in Figs. 9(a) and 9(b). Here we can see that

LDOS
(arb. units)
1.1x10°3

5.5x10°

1.0x107"

5.0x102

FIG. 9. The LDOS of the 21 x 16 A GaN supercell simulated for
a bias of +2 V at different heights above the GaN surface. In (a) and
(b) the calculated LDOS is presented at a distance of 2.75 A above
the GaN surface for the Vg, and V{, configurations, respectively.
In (c) and (d) the calculated LDOS is presented at a distance of
0.75 A above the GaN surface for the Vg, and V¢, configurations,
respectively. The dashed white lines in (c) and (d) are the lines along
which the line profile is shown in Fig. 10.

both Vg, and V{3, result in a decrease in the LDOS around
the Ga vacancy. The VJ, configuration results in a greater
reduction in the LDOS around the Ga vacancy than the Vg,
configuration. A lower LDOS would lead to a locally lower
tunneling current, and because of this, the tip would move
closer to the surface. We have also seen in X-STM measure-
ments that a lower tunneling current around the Ga vacancy
is observed, as shown in Fig. 6. We now have both theoretical
and experimental indications of the tip moving close to the
surface above the Ga vacancy. Because of this, we present a
second set of LDOS calculations at 0.75 A above the GaN
surface in Figs. 9(c) and 9(d). In Figs. 9(c) and 9(d) we
observe an isolated peak in the LDOS for both the Vi, and V{3,
configurations. However, the peak in LDOS is 48% stronger
for the V, configuration. A line profile of the LDOS along
the dashed white lines in Figs. 9(c) and 9(d) is presented in
Fig. 10 to illustrate the differences between the LDOSs of
the two configurations. The Vi, configuration clearly shows
a lower peak in LDOS and a stronger corrugation around this
peak compared to the V{3, configuration.

Both of the features shown in Figs. 9(c) and 9(d) show
characteristics that would lead to tip imaging in X-STM. Both
consist of an isolated peak in the LDOS where the surrounding
LDOS is suppressed. This would lead to the tip moving closer
to the surface surrounding the Ga vacancy, and then the strong
LDOS on top of the Ga vacancy could image the tip. This
matches the behavior we observe for vacancies 1, 2, and 3.
We also observe that the image of the tip apex was much
stronger for feature 2 than for feature 1. This again matches
our calculations since the V§, configuration shows a 48%
stronger peak in the LDOS than the Vg, configuration. From
this, we conclude that the two different Ga vacancies we label
as vacancies 1 and 2 in Fig. 7 are, in fact, the Ga vacancies in
the Vi, and V{3, configurations, respectively.
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FIG. 10. The LDOS of the GaN supercells along the dashed
white lines shown in Fig. 9.

IV. CONCLUSIONS

High-resolution and high-quality cross-sectional scanning
tunneling microscopy images of the freestanding GaN non-
polar m plane {1100} at low temperature were analyzed.
When GaN material at negative bias is measured, the observed
atomic rows are related to Ga atomic states that are filled due
to TIBB accumulation layer formation. This was further sup-
ported by simulations of the /(V') curve. When compared to

GaAs, the GaN surface presents a smaller corrugation height
of about 5 pm. Due to the smaller corrugation height, the
features associated with Ga vacancies show a rather dramatic
contrast. We observed the presence of Friedel oscillations
around the Ga vacancies, and we were able to experimentally
show the dependence of the oscillation radius on the applied
bias. The free carriers that screen the local charge are pro-
vided by the TIBB accumulation layer, which is dependent on
the applied bias. The observed vacancies showed a bistable
behavior that was suggested before and further supported by
our own DFT simulations. The two possible bistable configu-
rations are due to the neighboring N atom, which can relax
to two different positions corresponding to different local
bonding configurations. The two configurations give rise to
a highly localized LDOS, leading to tip imaging conditions in
which it is more severe in one of the two configurations.
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