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Identification of a nitrogen vacancy in GaN by scanning probe microscopy
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Gallium nitride (GaN) is a material with important applications in optoelectronics, wireless communications,
and power electronics. Devices for such applications are normally made with GaN single-crystal wafers. Yet an
infinitesimal amount of atomic defects in these single crystals considerably hinders the electronic performance
of GaN. One kind of atomic defect in GaN crystals that has been theoretically predicted but eludes direct
experimental observation is nitrogen (N) vacancies. Here, we unambiguously identify a single N vacancy on
a cleaved m-plane surface of GaN by direct visualization in real space with scanning tunneling microscopy
(STM) and atomic force microscopy (AFM). The presence of a vacancy is established by AFM imaging and
force spectroscopy measurements. The identification is accomplished by the analysis of STM images, tunneling
current spectroscopy, and comparison with the outcomes from the quantification of band bending near the
surface, current calculations, and first-principles simulations. All this information provides insight into the
electronic perturbation of a single N vacancy at the surface band structure of GaN. Our results provide further
understanding of the effect that point defects have on GaN, and will hopefully contribute to tune the behavior of
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this technologically relevant material in electronic devices.
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I. INTRODUCTION

Gallium nitride (GaN) is a crucial component in light-
emitting diodes, lasers, high electron mobility transistors for
wireless communications, and power electronic devices [1-3].
To get the upmost performance from this III-V semicon-
ductor demands the production of high-purity GaN single
crystals. The best GaN crystals generally contain a number
of atomic defects, which induce localized electronic states
in the semiconductor band gap that can largely affect the
electronic performance of GaN. Accordingly, point defects in
GaN have been intensively studied, both experimentally and
theoretically [4-7].

Among various kinds of point defects, single N atomic
vacancies are considered to be the most stable native defect
[6,8,9] in GaN. It is expected that N vacancies can act as
a shallow donor, so that their presence in p-type GaN com-
pensate hole carriers [10]. In the latter case, the formation of
N vacancy and magnesium acceptor complexes [11] has also
been predicted. This charge compensation and the formation
of vacancy-magnesium complex are not desirable in devices.
In spite of many theoretical studies supporting the existence of
N vacancies in GaN, experimental approaches to characterize
this defect are scarce. In the case of Ga vacancies and their
complexes, they can be measured by positron annihilation
[5,12—14], but this technique has a low capability for the
detection of the positively charged N vacancies.
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In terms of spatial resolution, scanning tunneling mi-
croscopy (STM) and atomic force microscopy (AFM) have
shown advantage to locate individual point defects at surfaces,
and probe their morphology and electronic structure. In par-
ticular, cross-sectional STM measurements have been pivotal
in identifying point defects and dopant atoms in cleaved sur-
faces of other semiconductors, such as GaAs [15-17] and InP
[18-20]. Here, we present the identification of a N vacancy
defect at the surface of n-type GaN single crystals by using
cross-sectional scanning probe microscopy. Atomic resolution
AFM was used to corroborate that the structure of this point
defect corresponds to an atomic vacancy. The combination
of imaging, a thorough analysis of scanning tunneling spec-
troscopy, and density functional theory (DFT) permitted us to
quantify the band bending near the surface, characterize the
electronic states of the N vacancy, and successfully simulate
the features displayed in the experimental STM images of the
defect.

II. METHODS

A. Experiment

The samples were cut from hydride vapor phase
epitaxy c-plane GaN wafers (n-type, Si and O doped, with
a typical carrier concentration of 1.45 x 10'® ¢m™3). The
experiments were performed in an ultrahigh vacuum (UHV)
low-temperature (LT) STM (Unisoku USM-1200) and a
home-built UHV-LT-AFM. The samples were cleaved in UHV
prior to the measurements to expose defects in the m-plane
surface. Both STM and AFM measurements were done using

©2022 American Physical Society
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FIG. 1. (a) Ball-and-stick model of a normal m-plane surface
of GaN. (b) Topographic STM image of a cleaved (1100) surface
of GaN. Image parameters are size (28.7 x 28.7) nm?, sample bias
voltage (V;) +2.7V, current set point (/;) 10 pA, and temperature
(T) 78 K. (c) Simulated STM image of a GaN(1100) surface setting
Vs = +2.5V. The topmost bilayer of the surface model has been
superimposed to the image.

tungsten tips. In our UHV systems (base pressure <5.0 x
10~ Pa), the sample surface was kept in an extremely clean
condition: no adsorbates from the residual vacuum were de-
tected in experiments even as long as one month. We usually
completed the single characterization of a sample either by
STM or by AFM within five days or less after cleavage. The
experiments were reproduced several times using a few tens
of samples from different locations of the GaN wafer.

B. Computation

STM image simulations were conducted using BSKAN
codes [21] under the Tersoff-Hamann approximation [22],
which makes use of a set of wave functions generated by DFT
calculations performed by the VASP code [23,24]. We em-
ployed the projector augmented wave method with a kinetic
energy of 500 eV, and the generalized gradient approximation
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FIG. 2. (a) Unoccupied states (V; = +2.5 V) and (b) occupied
states (V; = —3.0V) STM images of a N vacancy defect at the
GaN surface. Additional image acquisition parameters are (28.7 x
28.7) nm?, I, = 10 pA and T = 78 K. (c) Tunnel spectra represent-
ing the differential normalized conductance [(dI/dV)/(I/V)] (top)
and current (/) (bottom) vs the sample bias (V) recorded over a
normal GaN dimer (black), and over the g; (blue) and the g, (green)
sites highlighted with the same color code as in (a). The spectra
acquisition set point parameters are V, = +2.5V, [, = 10pA, T =
78 K. In the lower graph, an / — V curve computed for a normal spot
on the GaN surface using SEMITIP [31] is represented by pink dots.
The best fit was obtained for a contact potential difference of 0.8 V, a
position of the surface state measured from the valence band edge of
3.6 eV and a width of the surface state of 0.25 eV, as sketched in the
inset. For the computation, we assumed a density of 6 x 10'* cm™2
for the surface state, corresponding to the density of the Ga atom in
the surface, and a tip-sample separation of 0.9 nm.
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with either the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional [25] or the Heyd-Scuseria-Ernzerhof
(HSE) screened hybrid functional [26]. The GaN(1100) sur-
face was modeled by a slab consisting of 12 atomic layers.
The bottom layer was terminated by pseudo-hydrogen atoms
with a fractional charge of 1.25 (0.75) for Ga (N) atoms, and
the vacuum space was more than 16 A thick. The sizes of the
surface cell and Monkhorst-Pack k-point grid in the Brillouin
zone have a 4 x 4 and a 2 x 2 x 1 periodicity, respectively.
The structural optimizations were performed by PBE until the
forces were less than 0.01 eV/A. The density of states was
calculated by the HSE hybrid functional.

III. RESULTS AND DISCUSSION

A. STM imaging of the m-plane surface of GaN

The structural model of the nonpolar (1100) surface of
GaN is shown in Fig. 1(a). In this surface, Ga and N atoms
form dimer rows oriented in the [1120] crystal direction. Our
DFT calculations predict a configuration in which the topmost
N atoms protrude 27 pm from the nearest Ga atoms, and the
Ga-N dimers sustain a bond length of 183 pm, which agrees
with previous works [27-29].

Figure 1(b) shows a STM image of an atomically flat
m-plane surface of GaN. The typical terrace size that we
obtain after the cleavage of the crystal is a few-hundred-
nanometers wide. The stripes observed in the image corre-
spond to the Ga-N dimer rows. A simulated STM image for
a sample bias of +2.5V [Fig. 1(c)] allows us to assign these
stripes to unoccupied dangling bond states extending predom-
inantly over the Ga site of the dimers, in agreement with
previous reports [27-30]. Besides the features associated with
the Ga-N dimer rows, the STM image in Fig. 1(b) displays
several defects: two bright features pointed by white arrows,
and six hollow features. In this work, we focus our efforts on
clarifying the nature of these bright defects, which we have
identified as single N vacancies.

Figure 2 shows detailed STM images of one of the de-
fects pointed by an arrow in Fig. 1(b), together with tunnel
spectra acquired over it. The density of this type of defect
at the surface of the sample is 8.0 x 10'® cm™2. For positive
sample bias voltages, this defect presents two bright features
with different sizes, labeled as g; and g, in Fig. 2(a). Tunnel
spectra in the form of the normalized differential conductance
(dI/dV) recorded over g; and g, [upper panel of Fig. 2(c)]
show peaks at slightly lower sample bias voltage than the peak
observed at +0.8 V, which was measured over a normal GaN
dimer (black curve). The latter corresponds to an unoccupied
dangling bond state extending over the Ga atoms.

For negative sample bias voltages, the same defect is im-
aged as a bright round protrusion spatially extending over
the width of two GaN dimer rows [Fig. 2(b)]. Such a bright
feature originates from the electronic state at —1.0V in the
spectra of Fig. 2(c) and its additional electrostatic effect
around the point defect. In imaging with a negative sample
bias voltage, normal GaN dimers do not appear as rows in
the STM image, in contrast to imaging with a positive sample
bias voltage. The dark ring [Fig. 2(b)] or oscillation behavior
[Fig. 7(b) in the Appendix] surrounding the bright feature is

reminiscent of a charged defect in a semiconductor [32,33].
The spectrum recorded at a normal GaN dimer far from the
defect (black curve) does not present any peaks at negative
bias voltages: instead, it shows an onset at —0.9 V, followed
by a broad feature up to —2.0V, and an abrupt increase in
the conductance up to —3.0 V. Therefore, when exploring the
surface with negative bias voltages, instead of imaging the
dangling bond state over the N atoms of the dimers, we probe
the bottom of the s-orbital-like conduction band state around
the I" point [27,30] and the tunnel current is supplied by carri-
ers in the conduction band owing to a heavy n-type doping, as
sketched in Fig. 6(c). Accordingly, the bright protrusion with
the dark ring surrounding the defect in Fig. 2(b) should be
caused by a screening effect of the conduction band carriers,
which suggests that this defect is positively charged.

To gain further insight into the tunneling process in STM
experiments on this surface, we have fitted a tunnel current
spectrum acquired over a normal GaN spot using the pro-
gram (SEMITIP, ver. 5) developed by Feenstra [31,34-36],
that allows computation of the electrostatic potential in a
semiconductor surface under the presence of a metallic probe
tip and corresponding tunnel current between them. In this
simulation, an acceptorlike surface state modeling the dan-
gling bonds of the surface Ga atoms was incorporated in the
calculation of the electrostatic potential distribution. The fit is
plotted as a dotted curve over the experimental counterpart;
see the lower panel of Fig. 2(c). The best fit is obtained
when assuming (i) a surface state with a Gaussian shape of
0.25 eV full width at half maximum, located 3.6 eV above
the valence band edge, and (ii) a contact potential difference
between the probe and surface of 0.8 eV. In spite of being a
heavily n-type doped sample, whose Fermi level (Er) should
be located above the conduction band edge [37], the onset of
the current for the positive sample bias occurs at ~ 0.4V, as
shown by the current spectra in the lower panel of Fig. 2(c).
This shift in the voltage value for the current onset is due to the
contact potential difference between probe and surface. We
have quantified the band bending due to this contact potential
difference (Fig. 11) and, for Vg = 0V, the bands near the
surface are shifted towards positive values by 0.33 eV, and for
Vs = +0.4 V (which is the bias voltage for the current onset),
the bands are shifted by 0.53 eV (arrows in Fig. 11).

The current emerging in the range of —0.9 to —3.0V is
attributed to tunneling of electrons from the bottom of the
conduction band. The band bending reaches a flat condition at
Vs = —0.9V (see Fig. 11). Applying higher negative sample
bias causes the bands to bend downwards near the surface.
Because of tunneling from the accumulation region, the size
of the apparent band gap observed in our experiments [ap-
proximately 1.3 eV; see Fig. 2(c)] appears smaller than the
typical band gap of GaN (~3.45 eV [38,39]). Furthermore, the
experimental evidence that the quantity of tunnel current for
negative sample biases is considerably smaller than that for
positive ones is characteristic of a pinning effect of the bands
near the surface: surface charges arising from the occupation
of the surface state restrict further tip-induced band bending,
thus leading to the tunnel current from the accumulation layer
being suppressed [36]. Fitting attempts by positioning the
surface state at other energies did not provide an acceptable
agreement, giving rise to the inception of the pinning effect
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FIG. 3. Constant height (a) STM and (b) AFM images of a N vacancy. (c) Model of a N vacancy in the surface produced from our
first-principles calculations. (d) High-resolution constant height AFM image of the defect obtained by approaching the probe 50 pm towards
the surface with respect to the image in (b). (¢) Superposition of the model in (c) to the image in (d) for the identification of the atomic species
imaged with the AFM (see text for details). Image size and bright-dim look-up-table limits are (3 x 3) nm?, (143.4, 32.8) pA and (—0.9731,
—1.8526) Hz for (a) and (b), respectively; (3 x 3) nm? and (—1.208, —1.611) Hz for (d) and (e). Free-oscillation resonant frequency and

oscillation amplitude were 999 746 Hz and 40 pm, respectively.

at inappropriate sample bias voltages either in the case of a
surface state placed fully inside the band gap or placed fully in
the conduction band. The complete absence of a surface state
induces a larger band bending towards lower energies and the
formation of quantized (localized) states in the accumulation
region [Fig. 12(b)]. Additionally, the current from the valence
band emerges for Vg < —3.5V, but its contribution to the total
current is negligible compared to that of the conduction band
[Fig. 12(a)]. A similar computational analysis was done by
Schnedler et al. [40], in which a surface state was set within
the band gap to explain the band bending required to shift
the onset voltage for a positive sample bias, but this model
failed to explain tunneling from the accumulation region with
a negative sample bias. Our model can, however, comprehen-
sively explain the tunneling process on the GaN surface for
both positive and negative biases.

B. AFM imaging of the m-plane surface of GaN

The type of defect described in Fig. 2 was also char-
acterized by atomic force microscopy (AFM) operated in
noncontact mode [41-43] using constant oscillation ampli-
tude. This technique, at variance with the STM, is less
dependent on the electronic nature of the surface and re-
lies more on the atomic structure [44,45], as the signal that

produces atomic contrast is due to the onset of a chemical
bond formation between the outermost atom of the probe and
the atoms at the surface [46,47].

Figures 3 and 4 summarize a series of imaging and force
spectroscopy measurements carried out over a defect found
at the m-plane surface of GaN that exhibited a similar STM
signal as the one displayed in Fig. 2(a). Since the AFM exper-
iments reported here were performed using the KolirbiSensor
[48], it is possible to detect both STM and AFM signals over
the same surface spot.

Figure 3(a) shows the tunnel current registered over the
defect by scanning at a constant height with a sample bias
voltage of +2.5V. This signal closely resembles the topo-
graphic STM image presented in Fig. 2(a), with two current
maxima—one more extended than the other—placed at ad-
jacent dimer rows, and a current depletion close to the less
extended current maximum. An AFM image measured ex-
actly at the same surface spot is displayed in Fig. 3(b). This
image was acquired with a bias voltage of +1 mV to pre-
vent any possible interference of the tunnel current in the
force detection (at this bias voltage, only background noise
is detected in the STM signal). The AFM image presents a
quite different appearance than the STM one: bright stripes of
atomic rows are clearly distinguished. The position of these
atomic rows lies in between the stripes of high current in
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FIG. 4. (a) AFM image extracted from a force volume measured over the area surrounding the N vacancy and enclosed by a yellow square,
superimposed to the image shown in Fig. 3(d). (b) Graphs with representative curves exacted from the force volume. The color code of the
curves matches the colored pixels in (a). The inset depicts the same curves over the whole probe-surface separation explored. The origin in
the horizontal axis corresponds to the separation as for the acquisition of the inset image in (a). Image size and bright-dim look-up-table limits
for the enclosed image are (1.5 x 0.75) nm? and (—1.119, —1.762) Hz. Free-oscillation resonant frequency and oscillation amplitude were

999 746 Hz and 40 pm.

the STM image, as it is highlighted by the line in Figs. 3(a)
and 3(b), which marks the same position in both images. An
even more striking difference is the appearance of the AFM
signal at the defect location: a shift of the bright contrast in the
AFM signal to one side of the atomic row is clearly detected.
To understand the information provided by the AFM in this
region, we need to identify the atomic species imaged by the
AFM and study the local variation of the force field around
the defect.

Aiming at correlating the maxima in the AFM signal in
Fig. 3(b) with the atomic species of the m-plane surface of
GaN, we have compared a high-resolution AFM image of the
defect [Fig. 3(d)] with the calculated atomic structure of a
N vacancy [Fig. 3(c)]. To make a suitable correspondence,
the STM image shown in Fig. 3(a) was scaled and aligned
with an image formed by the simulated STM image for a bias
voltage of +2.3V and a Er positioned at —0.5eV displayed
in Fig. 5(b) with the corresponding calculated atomic lattice
superimposed to it. The model with the vacancy depicted in
Fig. 3(c) was then scaled and aligned with the atomic lattice
over the calculated STM signal, and the three images were
then superimposed to the AFM image shown in Fig. 3(b).
Scaling and aligning the high-resolution AFM image pre-
sented in Fig. 3(d) to the latter provided a hint to ascribe the
location of the bright contrast in the AFM signal [49]. This
process resulted in the composed image shown in Fig. 3(e). At
the probe-surface separation range at which the AFM images
in Fig. 3 were acquired, the bright spots in the AFM signal
lie over the N atoms of the surface, while the atomic positions
ascribed to Ga atoms in the normal surface present a lower
AFM signal.

In contrast to the case of the STM, the signal sensed
with an AFM is not a monotonic function with the probe-
surface separation: depending on the relative interaction of
different atomic species at a surface with the outermost atom
of the probe, and the distance at which they are sensed,

the image contrast can vary—and even invert [SO0]—from
one atomic position to another. To clarify the force range
at which AFM images are acquired, it is crucial to perform
force spectroscopy measurements at each of the surface po-
sitions of interest. To this end, we have measured a force
volume [51] over the region surrounding the defect: a (1.5 x
0.75) nm? area above the defect was divided in (30 x 15)
pixels, and a force curve [46,52] of 512 points was ac-
quired at each pixel. The force volume provides then a
total of 450 force curves mapping the region surround-
ing the defect or, alternatively, 512 images characterizing
the local variation of the probe-surface interaction over
the separation explored in the force curves. Enclosed by
a yellow square in Fig. 4(a), an image from the force
volume is displayed superimposed to the high-resolution
AFM image depicted in Fig. 3(d). The enclosed image
corresponds to the AFM signal at the origin of displace-
ment in the force curves, which is just 10 pm closer
to the surface than the probe-surface separation at which
the AFM image in Fig. 3(d) was acquired. The im-
age shows the (30 x 15) pixelation characteristic of the
force volume acquisition. A representative selection of
force curves extracted from the force volume is displayed
in Fig. 4(b).

The force curves registered over the locations ascribed to
the N and the Ga atoms far from the defect are colored as black
and gray, respectively, and the pixels at which these curves
were acquired are highlighted by squares of the same color
in Fig. 4(a). Upon inspecting these curves, we can assert that
both bright and dim contrast in the AFM images of Fig. 3 re-
flect an attractive interaction force between the surface atoms
and the outermost atom of the probe, and that contrast inver-
sion does not occur. The groups of force curves measured over
the N and the Ga atoms far from the defect exhibit almost
identical behavior, respectively. Over the N atoms, the AFM
signal is close to reach its minimum, while at the Ga atoms,
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N atoms in the middle of the slab. (b) Zoom-in plot of the region around the CB edge. (c) The 4 x 4 surface cell used for calculations.
(d) Simulated STM images of a N vacancy for various positions of Er. STM images were generated with an isosurface value of 1.0 x

1076 ¢/A3.

the interaction is still monotonically decreasing. The presence
of a minimum in the AFM signal is characteristic of the onset
of a bond formation between probe and surface atoms, and
a monotonic decrease indicates either that the AFM signal is
still dominated by a long-range force or that the interaction
between the closest probe and surface atoms is still strongly
attractive at the explored separation range. This behavior of
the force curves confirms that the bright spots at the pristine
areas of the AFM images in Fig. 3 correspond to imag-
ing the topmost layer of the surface (the N atoms protrude
27 pm above the Ga atoms in the dimers), and confirms that
the AFM is sensitive to the atomic arrangement—rather than
to the electronic structure—of this surface.

The force curves measured at locations close to the defect
display a different behavior. The curve measured at the spot
of the missing N atom (red curve and square, respectively)
presents a minimum in the AFM signal, which is more at-
tractive and slightly shifted to larger probe-surface separations
than the ones exhibited by the N atoms of the pristine surface.
The force curves over the Ga atom with a dangling bond
exhibit quite an unstable behavior (green curve and square):
upon approaching the probe towards the surface, the AFM
signal suddenly jumps to more attractive values. This is the
origin of the pixels with a black contrast in the enclosed
image of Fig. 4(a), which bear the most attractive values of
the AFM signal in the image. Such behavior is character-
istic of the transition between different energy solutions of

the probe-surface interaction due to the jump of a surface
atom towards the AFM probe [53]. Since the probe shows
a stable behavior over the rest of the explored surface area,
the instabilities in the AFM signal are characteristic of the
atom probed at this surface location. This unstable behavior
of the Ga atom with a dangling bond may also be respon-
sible for the slightly different behavior of the force curves
measured over the N atom positions at the left (purple curve
and square) and upper part (brown curve and square) of the
defect.

The AFM images and the force spectroscopy measure-
ments support the hypothesis of a N vacancy as the origin
of the defects displayed in Figs. 2 and 3. The instabilities
exhibited by the Ga atom left with a dangling bond are a
clear indication of a N atom missing. The lack of coordination
makes this Ga atom protrude 31 pm with respect to the Ga
atom layer of the normal surface. This makes the Ga atom
able to be seen by the AFM almost at the same height as the N
atoms. The red curve at the position of the vacancy is also an
indication of the absence of a N atom. The drop of the AFM
signal towards the minimum resembles the behavior of the
signal detected over the Ga atoms, rather than the one over the
N atoms. The presence of a minimum in the curve is probably
due to the interaction of the probe outermost atom with the
Ga atom with a dangling bond and with the adjacent N atoms
of the same row, which relax 9 pm towards the empty space
created by the vacancy.
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C. STM simulation for nitrogen vacancy

To understand the STM image contrast in our experi-
ments, we carried out first-principles calculations under the
DFT framework. Simulating our experimental STM images
requires one to first characterize the electronic structure
of the area surrounding the N vacancy. Figure 5(a) shows
the projected density of states (PDOS) for a Ga-N dimer,
a Ga atom next to the N vacancy (g;), and a Ga atom of the
dimer adjacent to the vacancy (g;) [see Fig. 5(c)]. The calcu-
lated bulk band gap is 3.46 eV, which is similar to the typical
value (3.45 eV [38,39]). The influence of the N vacancy is
localized within the Ga-N dimer row containing the vacancy
and the adjacent row, so that the PDOS for the Ga-N dimer
shown in Fig. 5(a) approximates the electronic features far
from the vacancy.

Occupied and unoccupied surface states are mainly dis-
tributed over the N and the Ga atoms, respectively. The
majority of the unoccupied surface states overlap at the con-
duction band, but they extend by ~ 0.8 eV into the band gap
below the conduction band edge [Fig. 5(b)], in agreement with
previous works [27,30]. This panorama qualitatively tallies
with the assumption of the unoccupied surface state pene-
trating by ~0.1eV into the band gap used to fit the tunnel
current spectrum in Fig. 2(c). This smaller penetration value
with respect to the one obtained from the DFT is probably due
to the surface state being represented by a simple Gaussian
function in our fitting model.

The characteristic electronic state of the N vacancy at the
surface is found over the g; atom, 2.2 eV above the valence
band edge (~1.2eV below the conduction band edge). This
energy state contrasts with the one of a bulk N vacancy,
reported to be ~44-64 meV below the conduction band edge
[10,54,55]. According to this relatively large energy value to
reach the conduction band, a N vacancy at the top surface
will not act as a dopant. The absence of the N atom also
slightly affects the electronic structure of the Ga atom of the
closest dimer (g,), which shows a similar peak to a normal
Ga atom but slightly shifted towards a lower energy and with
a tail falling into the surface band gap.

The simulation of the experimental STM images also re-
quires a well-defined position of the Fermi level. However,
the influence of the doping (n-type or p-type semiconductor)
and the band bending induced by the electric field of the
STM tip—factors that affect the position of the Fermi level
in the experiments—is not taken into account in our DFT
calculations due to the finite size of the slab. This limita-
tion can be overcome by comparing sets of calculated STM
images for several bias voltages and positions of the Fermi
level with the experimental counterparts. Figure 5(b) shows
STM images of a N vacancy at the m-plane surface of GaN,
which were simulated based on wave functions produced by
a hybrid exchange-correlation functional [26]. These STM
images were obtained by integrating the electronic states over
the range between the Fermi level and the energy associated
to the sample bias voltage displayed in the figure (eVy). For
an Ep set to 0 eV, as determined by the electron occupation
for the neutral slab, given in Fig. 5(a), the STM image for
Vs = +2.3 V does not show the characteristic bright features
observed in the experiments; see Fig. 2(a). The image for

(@ Vs=0V (b) Vs =+2.5V (c)Vs=-3.0V
/
o .
> /P'_ 25ev
E,=34ev ?Iu Ly _/> - Ia.o ev
= >
GaN Tip GaN Tip GaN Tip

FIG. 6. Diagram for tunneling processes between the STM tip
and the m-plane surface of n-type GaN in the vicinity of a N
vacancy: (a) equilibrium, (b) unoccupied state imaging, and (c)
occupied state imaging. g; corresponds to the state observed in
Fig. 5(a).

Vs = —2.5 V reproduces the bright features, but their spatial
extension is smaller than the one observed in the experimental
ones; see Fig. 2(b). For an Er set to —0.5eV, as to integrate
the electronic state of g; into an unoccupied state image
(Vs = +2.3 V), the characteristic features of the N vacancy
in Fig. 2(b) are perfectly reproduced. Similarly, a STM image
displaying a spatially extended bright feature close to the one
in the experiments is reproduced for an Er set to +0.5¢eV,
as to integrate the state of g; into the occupied state image
(Vs = —2.5 V). Setting an Er to +1.0eV, so that the bottom
of the unoccupied Ga state contributes to the STM image,
produces STM images where a bright feature over the vacancy
together with the features ascribed to the rows of Ga atoms in
the experiments appear at a negative voltages (—2.5 V). How-
ever, the latter is not observed in the experiments. In addition,
the features displayed in the experimental STM images are
not reproduced when carrying out this analysis for a single Ga
vacancy (see Fig. 8). These results allow us to conclude that
the defect observed in Figs. 2(a) and 2(b) is certainly assigned
to a single N vacancy. Furthermore, we demonstrated that
the appropriate tuning of the Fermi level in the simulations
is fundamental to reproduce the experimental images of a
semiconductor surface.

)

FIG. 7. Topographic STM images of the same area of the
m-plane GaN surface measured at 78 K with a current set point
of I, = 10 pA. The acquisition parameters were (a) Vs = +0.3 V,
(b) Vs = —0.3 V. Image size is 100 x 100 nm.
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FIG. 8. PDOS and STM images simulated for a Ga vacancy. Gray regions denote the bulk valence band (VB) and conduction band
(CB) obtained from the PDOS for Ga and N atoms in the middle of the slab. STM images were generated with an isosurface value of

1.0 x 1075 e/A3.

D. Nitrogen vacancy state in the surface

The combination of the calculated electronic states and
fitting of the experimental tunneling spectroscopy curves al-
lows us to shed light on the electronic state of the surface
N vacancy and the tunneling processes between the probe
and the surface. From the experiments, the electronic state
of the N vacancy appears at —1V [Fig. 2(c)], whereas our
DFT calculations position the electronic state of the vacancy
2.2 eV above the valence band edge [Fig. 5(a)]. Since the con-
tribution of the valence band to the current in the experiments
is much smaller than the contribution of the conduction band
for large negative bias voltages [Fig. 12(a)], it is difficult to
distinguish the edge of the valence band from the tunneling
spectra and subsequently to determine the energy position of
the N vacancy from the valence band edge experimentally.
However, provided that the same amount of band bending
occurs at the surface independently of being at a normal or
a defective site, our computational results of band bending
allow us to estimate that the state of the N vacancy appears
at a sample bias of —1.28V, which agrees well with the
experimental observation around —1.0 V. The slight devia-
tion in the energy may be caused by local charges at the
N vacancy. Upon these observations, we can put forward a
band diagram for the tunneling processes between the STM
tip and the n-GaN surface (Fig. 6). Since the sample used
in this study was a heavily doped n-type semiconductor, the
Fermi level should be located near the conduction band edge.
Both the results of the calculations of tunneling current in

Fig. 2(c) and the PDOS in Fig. 5 show that an unoccupied
Ga state is located within the bulk conduction band, but its
tail penetrates into the bulk band gap. The state of the N
vacancy (g;) in the surface is located at 2.2 eV above the
valence band edge, which contributes to both unoccupied
[Fig. 6(b)] and occupied [Fig. 6(c)] state imaging through
a tip-induced band bending. When a positive sample bias is
applied (Vs ~ +2.5V), the conduction band near the surface
is bent upwards. As a result, a current onset is observed
around 0.5 V over a normal site and at a smaller bias over
the N vacancy site [Fig. 2(c)]. On the other hand, when a
negative sample bias is applied, the current from the con-
duction band starts flowing around Vg = —0.9V [Fig. 2(c)]
and, simultaneously, a pinning of the band occurs by the
presence of the surface state. Over a wide range of the neg-
ative sample bias, at least down to —6.0V [Fig. 12(a)], the
current is dominated by the contribution from the conduc-
tion band. Particularly, a large current is obtained from the
N vacancy site around —1.0V, resulting in imaging of the
bright feature over it. Our interpretation of the tunnel process
differs from that of Schnedler er al. [40]: they assume that
the entire surface state is located inside the band gap and, as
a result, pinning of the bands occurs only at small positive
voltages but not at negative voltages. In contrast, our results
show that to comprehensively reproduce the tunnel process
on the m-plane surface of GaN, the surface state has to be
located at the conduction band with its tail penetrating into the
band gap.
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IV. CONCLUSION

In conclusion, we demonstrate the imaging of a single
N vacancy in the m-plane surface of a cleaved GaN crystal
by STM and AFM. We observe a single atom vacancy in the
row of Ga-N dimers, which was determined by the analysis of
combined imaging and force spectroscopy measurements with
AFM. This defect is identified as a N vacancy by the compar-
ison of experimental STM images with those simulated for a
N vacancy and a Ga vacancy. These STM images were cal-
culated by systematically tuning the Fermi energy to account
for the crystal doping and the tip-induced band bending. A
theoretical fitting to the experimental tunnel current provides
insight into the electrostatic potential in the surface of GaN
upon the interaction with the electric field of the STM tip.
The electronic state of the N vacancy in the surface was found
at 2.2 eV above the valence band edge. This represents an
experimental demonstration of the presence of a N vacancy in
GaN.
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APPENDIX A: WIDE-AREA STM IMAGE OF THE
m-PLANE SURFACE OF GaN

Figure 7 shows STM images of the same region of the
m-plane surface of GaN. For positive sample bias voltages,
shown in Fig. 7(a), several surface defects showing bright
and dark features are observed. The image for negative
bias voltages, shown in Fig. 7(b), presents a wide variety
of features (some of them surrounded by a ring) associ-
ated to surface defects and to dopants at different depths.
Similar features have been reported for the GaAs (110)
surface [32].

APPENDIX B: SIMULATED STM IMAGES FOR A Ga
VACANCY AND OTHER IMPURITIES IN THE m-PLANE
SURFACE OF GaN

Figure 8 shows the calculated projected density of states
(PDOS) of a Ga vacancy, together with two sets of STM
images simulated for various values of Er. The electronic
states at n; and n, are situated near the occupied surface state
of N. These simulated STM images do not reproduce any of
the features experimentally observed in Fig. 2.

According to the analysis of the force spectroscopic data
in Fig. 4, the point defect discussed in the main text has
been ascribed to an atomic vacancy. Here, to reinforce the
identification of the defect as a N vacancy, we present simula-
tions of the electronic states and corresponding STM images
for other possible atomic impurities such as an Si atom at a
surface Ga site, an O atom and a C atom at a surface N site.
At variance with the calculations presented in the main text,
the simulations for these impurities were carried out using
the less computationally costly PBE functional. To confirm

5 Normal Ga
4 Normal N
3 Ga next to
2 ] Vn» Opns or Cyy
! ]—si
0 ]—o
4 1—-c
3
2
8 1
0
£ 4
3
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3
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FIG. 9. PDOS and STM images simulated for the cases of an Si
atom placed at a Ga site (Sig,), an O atom at a N site (Oy), and a
C atom at a N site (Cy), in comparison with those of a N vacancy
(Vy). At variance with the simulation shown in the main text, for
these calculations we used the PBE functional instead of the more
computationally costly HSEO6 functional. Gray regions denote VB
and CB. For the STM image simulations, the Fermi level was set
at +0.5eV for occupied state images and —0.5eV for unoccupied
state images. STM images were generated with an isosurface value
of 1.0 x 1076 e/A3.

the validity of this functional, we first compared the results
of the PDOS and simulated STM images for a N vacancy
calculated using PBE (Fig. 9) and HSE06 (Fig. 5). Although
the PBE underestimates the band gap (2.06 eV against 3.46 eV
obtained with HSEQ06), the general features in the electronic
state of the Ga-N dimer as well as the N vacancy induced
states provided by this functional are very similar to the ones
obtained with HSEQ6. Furthermore, the simulated STM im-
age for the N vacancy obtained with PBE nicely reproduces
the experimental features in both occupied and unoccupied
state images. Thus, PBE is a reasonable selection to support
the interpretation of the STM images in Fig. 2.

Figure 9 shows that an O atom induces a similar state to the
N vacancy at the Fermi level, while Si and C atoms induce new
states at different energies. As a result, the simulated STM
images for the O atom at the surface resemble those for the
N vacancy. However, the image contrast at the g; and g, sites
differs between the N vacancy and O atom. The N vacancy
still gives the best agreement with the experimental image
in Fig. 2.
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FIG. 10. PDOS for Ga atoms surrounding a N vacancy placed at the first, second, or third atomic layer of the surface. The electronic
convergence was performed using PBE. Numbering of the Ga atoms at the plot correlates with the numbering at the stick-and-ball model. Gray

regions denote VB and CB.

APPENDIX C: DEPTH DEPENDENCE OF THE N
VACANCY STATE

We have shown that an electronic state induced by a surface
N vacancy appears 1.2 eV below the conduction band edge
(Fig. 5), which differs from the situation of a N vacancy
in the bulk. Figure 10 shows a transition of the electronic
state of the N vacancy upon deepening its position towards
the bulk. For this calculation, we used the PBE functional,
which underestimates the size of the band gap of GaN, as
mentioned above. Nevertheless, this result shows that the N
vacancy induced state, which locates in the band gap when
the N vacancy is at the topmost surface, tends to approach
the conduction band edge as the position of the N vacancy
deepens towards the bulk.

2 T T T T T T
< 15 :
o) [ ]
S 1 .-
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"3 2 1 0 1 2 3
Sample bias (V)

FIG. 11. Band bending in the GaN surface as a function of
sample bias calculated for the configuration displayed in the inset
of Fig. 2(c).

APPENDIX D: ADDITIONAL COMPUTATION OF THE
TUNNEL CURRENT

Figure 11 presents the band bending calculated as a func-
tion of the sample bias (V) obtained with the values that

—~
(V)
~—

100 F~—=m——
10 il .
~ 1 3 0 E
= 01F Experiment
S 3 Total

I CB extended

0.01 3 CB localized

E VB
0.001 I R R R T A R P |
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FIG. 12. Calculated component of the tunnel current for a
pristine GaN surface (a) considering the surface state and (b) without
the surface state. The curves labeled as CB extended and CB local-
ized correspond to the current component derived from the carriers
accumulated at the bottom of the bulk conduction band and at quan-
tized states in the conduction band bent downwards, respectively.
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provide the best fitting for the tunnel current displayed in
Fig. 2(c). For an n-type GaN, the surface potential is bent
upwards by approximately 0.33 eV when Vg = 0V. By ap-
plying a positive sample bias, a large band bending is induced,
whereas the application of a negative sample bias lower than
—0.9V hardly changes the surface potential, owing to a pin-
ning effect by the surface state.

By using the parameters obtained from the fitting to the
tunnel current spectrum shown in Fig. 2(c), we calculated
the contribution of the valence band to the tunnel current
down to a sample bias of —6.0 V; see Fig. 12(a). The current
arising from the valence band appears at a sample bias voltage
of ~ —3.6V. Even though a large negative sample bias is
applied (in a situation where the Fermi level of the tip is fully

located in the valence band of the GaN), the tunnel current
is mainly dominated by the contribution from the conduction
band. Because of the wide band gap of GaN, electrons in the
valence band are subject to a larger tunnel barrier than those
in the conduction band. A similar result has been reported
elsewhere [56].

We also calculated the tunnel current in the absence of the
surface state; see Fig. 12(b). Without the surface state, we
found that the contribution of the localized state in the conduc-
tion band, i.e., the quantized state in the accumulation layer,
increases and the total current deviates from the experimental
result. Accordingly, the role of the surface state is to pin the
potential near the surface against the electric field originated
by the presence of the STM tip.
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