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Growth on non-polar group III-nitride semiconductor surfaces has been suggested to be a remedy for avoiding
detrimental polarization effects. However, the presence of intrinsic surface states within the fundamental band
gap at non-polar surfaces leads to a Fermi level pinning during growth, affecting incorporation of dopants
and impurities. This is further complicated by the use of ternary e.g. AlxGa1−xN layers in device structures.
In order to quantify the Fermi level pinning on ternary group III nitride non-polar growth surface, the energy
position of the group III-derived empty dangling bond surface state at non-polar AlxGa1−xN(1010) surfaces
is determined as a function of the Al concentration using cross-sectional scanning tunneling microscopy and
spectroscopy. The measurements show that the minimum energy of the empty dangling bond state shifts
linearly toward midgap for increasing Al concentration with a slope of ≈ 5meV/%. These experimental
findings are supported by complementary DFT calculations.

I. INTRODUCTION

Ternary AlxGa1−xN alloys are widely used in diverse
applications of group III-nitride semiconductors, such as
barriers or active media in multi quantum well (MQW)-
based light emitting devices1, from the visible to far uv
spectral range, gate contacts in high power heterojunc-
tion field-effect transistors,2 or strain engineering (buffer)
layers of group III nitrides on silicon.3–6 In many of these
devices polarization changes at heterointerfaces7 lead to
sometimes desired but mostly detrimental effects such as
charge separation in active MQW layers or two dimen-
sional sheet charges in transistors. To avoid unwanted
polarization effects, growth on semipolar and non-polar
substrate orientations has been proposed as solution.8,9

However, even though non-polar surfaces are free of po-
larization charges, intrinsic surface states within the fun-
damental band gap of nitride semiconductors10 give rise
to surface potentials with similar disadvantages.11 For
example, Fermi-level pinning by the empty Ga-derived
dangling bond state on GaN {1010} surfaces was found
to create a surface potential of ∼ 0.7V.12–21

However, despite their relevance for device fabrication,
so far, only the surface states of GaN12,14, InN22, and
Al0.8In0.2N

23 non-polar surfaces have been thoroughly
investigated, while those of other ternary compounds re-
main unknown. Therefore, we investigate here the com-
position dependence of intrinsic surface states and Fermi-
level pinning at ternary AlxGa1−xN m-plane surfaces by
a combination of cross-sectional scanning tunneling mi-
croscopy (XSTM) and cross-sectional scanning tunneling
spectroscopy (XSTS) as well as density functional theory
(DFT) calculations.

II. EXPERIMENT

The investigated sample structure consists of two
ternary AlxGa1−xN layers with step-graded Al contents
(x = 0.17, 0.35) and thicknesses (370 nm, 320 nm) on
top of a 300 nm thick AlN buffer layer. All layers were
grown by metal organic chemical vapor phase deposition
(MOCVD) on a Si(111) substrate.24 Secondary ion mass
spectrometry (SIMS) indicates a Si dopant concentration
in the low 1018 cm−3 range, without concentration gra-
dient within each of the three layers.
For the XSTM/XSTS investigations, small rectangu-

lar samples were cut from the as-grown wafer, thinned,
and electrically contacted (using sputtered Au layers).24

After transfer into an ultrahigh vacuum chamber (p <
2 · 10−8 Pa) the samples were cleaved to obtain
contamination-free cross-sectional (1010) surfaces. The
XSTM and XSTS measurements were performed with-
out interruption of the vacuum, using electro-chemically
etched tungsten tips.
Compositions and layer thicknesses were studied by

energy dispersive x-ray (EDX) spectroscopy in a FEI Ti-
tan G2 80-200 CREWLEY scanning transmission elec-
tron microscope (STEM).24,25 Since the measured and
nominal ternary (Al,Ga)N compositions are very close
considering the measurement accuracy, we use the nom-
inal compositions for labeling the layers in the following.

III. RESULTS

Figure 1 provides a microscopic, electronic, and chemi-
cal overview of the Al0.17Ga0.83N/Al0.35Ga0.65N/AlN/Si
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heterostructure. The constant-current XSTM image
in Fig. 1(a) illustrates the topography of the non-polar
(1010) cleavage surface in a cross-sectional view through
the heterostructure. The topography is characterized by
large atomically flat terraces separated by cleavage steps
of various heights with a density of (3-5)×104cm−1. At
the heterointerfaces no change in topography can be dis-
cerned, despite the rather large compositional changes
[cf. Fig. 1(c)]. In particular, the cleavage steps cross the
interfaces without any directional change. Only in the
far left bottom corner of the constant-current STM im-
age the outermost edge of the Si substrate, which is not
of interest here, induces a change in cleavage orientation
and subsequently a large height change.

Current imaging tunneling spectroscopy (CITS) maps
evaluated at negative sample voltages (not shown here)
reveal no detectable electronic contrast change at the
Al0.35Ga0.65N/AlN and Al0.17Ga0.83N/Al0.35Ga0.65N
heterointerfaces. In contrast, CITS maps evalu-
ated at positive sample voltages [Fig. 1(b)] reveal
a notable change of current-induced contrast at
the Al0.35Ga0.65N/AlN interface (cf. left dashed
white line), whereas the electronic change at the
Al0.17Ga0.83N/Al0.35Ga0.65N interface with smaller
composition change is almost absent. Therefore,
we determined the spatial position of this latter
Al0.17Ga0.83N/Al0.35Ga0.65N interface in the XSTM
image and CITS map using the Al0.35Ga0.65N layer
thickness as obtained by EDX (cf. right white dashed
lines), relative to the Al0.35Ga0.65N/AlN interface
position identified in the CITS maps.

Note, the curved stripe contrast within the (Al,Ga)N
layers are step-related features attributable to step-
induced states, whereas the horizontal single pixel wide
lines arise from tip-instabilities.

At this stage we turn to current-voltage spectra ac-
quired at different spatial positions on the cross-sectional
cleavage surface marked by filled circles in Fig. 1(a). Fig-
ure 2 (a) and (b) show averages of all tunneling spec-
tra acquired at spatial positions within the Al0.17Ga0.83N
and Al0.35Ga0.65N layers, far enough from the interfaces,
in blue and red symbols, respectively. The error bars re-
veal that the spectra and the electronic properties are ho-
mogeneous throughout each (Al,Ga)N layer. In contrast,
within the AlN layer the tunneling spectra exhibit a pro-
nounced dependence along the growth direction. This is
illustrated with three averaged spectra, acquired within
the AlN layer but with increasing distances from the
Al0.35Ga0.65N/AlN interface in Fig. 2(c). Their spatial
positions are numbered correspondingly as in Fig. 1(a).

Figure 2 illustrates that the negative voltage branches
of all spectra of the three layers exhibit identical onset
voltages and slopes, in line with the lack of any contrast
at the interfaces in filled states images [see Fig. 1(a)]. In
contrast, at positive voltages the onsets increase with the
Al concentration, whereas the slopes decreases.

Within the AlN layer a rather large systematic change
of the spectra occurs in addition: The AlN spectra ex-
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Figure 1. (a) Constant-current XSTM image, measured
at a setpoint of −2.5V and 80 pA, revealing atomic terraces
separated by steps. The white dots correspond to the acqui-
sition positions of sets of 25 tunneling spectra each used in
Fig. 2. (b) CITS map acquired in an adjacent area. The
CITS map depicts the measured current at a selected voltage
of +4.8V. The tip-sample separation is fixed by a setpoint
of −4.5V and 80 pA. The white overlay in the bottom re-
gion shows a line profile in [0001] direction of the current
in nA (right scale) at voltage of +4.8V extracted from the
CITS map. (c) Al and Ga composition profiles along the
[0001] growth direction measured by EDX taken from Ref.24,
revealing the interface positions between the three layers of
interest. While the XSTM image in (b) does not reveal to-
pographic changes at the heterointerfaces, the CITS image in
(c) exhibits a pronounced (vanishing) change of contrast and
thus of the electronic properties at the Al0.35Ga0.65N/AlN
(Al0.17Ga0.83N/Al0.35Ga0.65N) interface.

hibit a shift to larger onset voltages with increasing dis-
tance to the Al0.35Ga0.65N/AlN interface [cf. Fig. 2(c)].
Therefore, we first consider in the discussion below spec-
tra measured in the center of the AlN layer, i.e. far away
from the AlN/Al0.35Ga0.65N interface [dark green sym-
bols in Fig. 2(c)]. Later on we address the systematic
shifts. The two ternary (Al,Ga)N layers exhibit no such
spatial variation of the tunneling spectra.

IV. DISCUSSION
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Figure 2. Current-voltage I(V ) tunnel spectra measured
on (a) the Al0.17Ga0.83N layer (blue symbols), (b) the
Al0.35Ga0.65N layer (red symbols), and (c) the AlN layer
(green symbols) at three different spatial positions visible in
Fig. 1a. All spectra were obtained using the same setpoint
(−2.5V and 80 pA). The onset of the spectra where fitted
by adjusting the surface state energy level in the simulation
as described in the text26–28 (violet lines). The violet shad-
ing illustrates the range induced by a ±0.2 eV and ±0.4 eV
change of the surface state position of (Al,Ga)N and AlN, re-
spectively.

A. Surface band bending

In order to understand the Al composition-dependent
current onsets at positive voltages (and the lack of Al
concentration dependence at negative voltages), we re-
call that clean GaN(1010) surfaces exhibit filled dangling
bonds localized at the surface N atoms and empty dan-
gling bonds above the surface Ga atoms. Both types
of dangling bonds point into the vacuum.12 Unlike non-
polar surfaces of zincblende III-V semiconductors, where
all surface states are found to be outside of the funda-
mental band gap,29 the empty Ga-derived dangling bond
of GaN(1010) is energetically located in the upper part
of the fundamental band gap.12–21

The presence of the empty dangling bond state within
the band gap induces an upward band bending and be-
comes partially occupied on n-type surfaces. Due to the
high density of the Ga-derived surface state its lower-
most tail of the LDOS in the band gap is pinned at the
Fermi level (so-called Fermi-level pinning). Hence, the

magnitude of the band bending reflects the energy sepa-
ration between the minimum of the surface state and the
conduction band edge in highly n-doped GaN. Note, the
density of step states can be estimated to about 1012cm−2

on basis of the measured step density. This value is
much lower than the density of intrinsic surface states
of 6.2×1014 cm−2, which thus dominates Fermi level pin-
ning.

In an STM setup, the additional presence of a biased
probe tip modifies this intrinsic band bending: At pos-
itive voltages, this additional electric field increases the
intrinsic band bending primarily at large voltages only,
where the tip-induced band bending dominates. At small
positive voltages, the tip-induced band bending is negli-
gible and therefore only the intrinsic band bending due
to the partial occupation of the minimum of the empty
surface state in the band gap (i.e. Fermi level pinning)
governs the tunnel current onset.15 Thus the onset of the
positive voltage branch of the I(V ) curves is indicative
of the position of the intrinsic surface state in the band
gap.15

At negative voltages, the tip attempts to induce a
downward band bending. However the density of the
Ga-derived surface state is too large and therefore the
partially occupied surface state cannot be fully filled.
Hence the Fermi-level pinning at the Ga-derived sur-
face state energy prevails. As outlined previously, this
is apparently in conflict with the onset of the negative
current branch.15 The apparent conflict can be resolved
by considering the tunneling currents themselves. Un-
der tunneling conditions with negative sample voltages
applied, the electrons tunnel from the partially filled Ga-
derived surface state into the tip states. Due to the par-
ticular electronic structure of the conduction band mini-
mum and the Ga-derived surface state, the electrons from
the conduction band cannot refill the surface state at a
sufficient rate.15 Hence under tunneling conditions the
surface state is emptied and does not influence the tip-
induced band bending. Instead the conduction band edge
is dragged below the Fermi energy, creating an electron
accumulation zone in the conduction band. This accu-
mulation zone is at the origin of the strong tunnel cur-
rent into the tip starting already at small negative sample
voltages. The accumulation current is independent of the
energy position of the surface state.

For the ternary Al0.17Ga0.83N and Al0.35Ga0.65N
(1010) cleavage surfaces an analogous surface structure
is obtained by theory (see calculations below). Hence the
tunnel current onsets can be interpreted on the basis of
the accumulation current (negative current branch) and
the energy position of the cation-derived dangling bond
state in the band gap (positive current branch).

The onset of the accumulation current is in first ap-
proximation solely determined by the energy difference
between the Fermi level and the conduction band mini-
mum. Since all layers in the heterostructure are n-doped,
they will have almost identical Fermi level positions with
respect to the conduction band and thus the resulting
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current and its onset can be anticipated to be essentially
independent of the Al composition. Thus the contrast of
filled state images is dominated by topographic features
only, explaining the lack of electronic contrast at the het-
erointerfaces in the XSTM images acquired at negative
voltages.

B. Simulation of the tunnel current

1. AlxGa1−xN layers

Based on the electronic surface structure and tunnel-
ing model, we simulated the tunnel currents of the two
ternary Al0.17Ga0.83N and Al0.35Ga0.65N (1010) cleavage
surfaces. For the simulation of the tunnel currents the
relevant material parameters of the ternary alloys (elec-
tron affinity, dielectric constant) were approximated by
Vegard’s law from the binary compounds. The effective
mass and the donor ionization energy, were approximated
by the values of GaN, since in the used composition range
almost no changes occur.30–34 The Si doping concentra-
tion in both ternary layers was estimated on basis of
SIMS data to 1.6 · 1018 cm−3 with the assumption of no
doping compensation.33–35

The minimum of the empty cation-derived surface
state is modeled as Gaussian distribution with a full
width at half maximum of 0.1 eV and a surface state den-
sity of 6×1014 cm−2. Note, only the lowermost tail below
the Fermi level is occupied, yielding a surface charge den-
sity in the range of 1012-1013 cm−2. The centroid energy
of the Gaussian distribution Epin was used as fit param-
eter and represents the minimum of the surface state’s
LDOS. Note, since only the lowermost DOS of the sur-
face state is populated and thereby inducing the Fermi
level pinning, it is sufficient to include only this lower-
most DOS in the electrostatic calculation. The higher
states of the dispersing surface state extend into the con-
duction band, but are not relevant for Fermi level pin-
ning. A standard probe tip with a 60 nm radius, an apex
opening angle of 45◦, and a work function of 4.0 eV36–39

was used in all simulations. The electron affinities of the
ternary compounds are determined on basis of the respec-
tive values of the binary compounds using Vegard’s law,
since an almost linear dependence of the electron affin-
ity on the Al composition has been observed.40–42 For
the non-polar GaN(1010) surface an experimental value
of 4.1 eV is used.43 For the non-polar AlN(1010) surface
no experimental data is available and we turned to theo-
retical calculations, which yielded an electron affinity 2.3
eV smaller than that of GaN(1010).44 This is compatible
with the values in the upper range of the electron affinity
for polar AlN surfaces of 0.6 eV to 2.0 eV.40,41,45–49 Thus,
electron affinities of χ = 3.74 eV and 3.37 eV are used for
the two ternary Al0.17Ga0.83N and Al0.35Ga0.65N (1010)
cleavage surfaces, respectively.
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Figure 3. Band diagrams for (a) tunneling only into bulk
states (at large electron affinity) and (b) tunneling into the
minimum of the empty surface state (at small electron affin-
ity) illustrated for the onset voltage of the positive current
branch. Note tunneling at onset voltages occurs only into the
minimum the empty surface state, which is therefore illus-
trated as Gaussian in first approximation.

The violet solid lines in Fig. 2 show the best agreeing
simulated tunnel spectra in comparison to the measured
I(V ) curves. In case of the ternary nitride layers, the
best agreement is achieved for minima of the empty sur-
face state of EC−(0.7 ± 0.2) eV and EC−(0.8 ± 0.2) eV
for Al contents of 17%, and 35%, respectively. The violet
shaded areas in Fig. 2 indicate the range of the simulated
I(V ) curves that correspond to the respective uncertain-
ties.

2. AlN layer

At this stage we turn to the pure AlN(1010) surface.
First, we assume that the electronic structure, in terms
of the presence and local denisty of states decay into vac-
uum of the empty surface state in band gap, and its effect
on the tunnel current of the AlN(1010) surface are anal-
ogous to those of the (Al,Ga)N and GaN (1010) surfaces.
Assuming this model, we simulate the tunnel current in
the center of the AlN layer, farthest away from any in-
terface, using the same procedure as outlined above for
the ternary surfaces with adjusted materials parameter:

For pure AlN, the actual carrier concentration is sig-
nificantly smaller than the Si doping concentrations due
to compensation33–35,50–53 and a sharp increase of the
activation energy for higher Al concentrations, reaching
250meV for pure AlN33,34. To take this effect into ac-
count, a doping concentration as low as 1 ·1016 cm−3 was
assumed.

The such simulated AlN tunnel spectrum is shown as
violet line in Fig. 2c and the respective band diagram in
Fig. 3a. For this simulation the surface state position
and the electron affinity are used as fit parameters. The
simulation reproduces well the onsets and slopes at posi-
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Figure 4. (a) Comparison of the I(V ) tunnel spectrum mea-
sured in the center of the AlN layer (spectrum number 1 in
Fig. 2c) with simulated spectra assuming tunneling into bulk
states only (and a doping concentration of 1·1016 cm−3). Two
calculations are illustrated, which use electron affinities of
χ = 2.0 eV and χ = 3.5 eV. (b) Simulated positions of the
conduction (light blue, violett) and valence (darker blue, vio-
let) band edges at the surface as a function of applied voltage
at the AlN surface for the two cases (see (a)). The Fermi level
of the tip (red dashed-dotted line) is for low electron affinities
inside the fundamental band gap for almost the whole simu-
lated voltage range. At high electron affinities the Fermi level
of the tip crosses the conduction band edge at roughly +2 V.
The offset at 0 V is model based, since at negative voltages
the surface state is almost instantaneously emptied and can-
not be refilled. Thus, the upward band bending (or Fermi
level pinning) due to the surface state cannot be maintained.
The subtle kinks in the band edges at +1 V arise from the
charging/discharging of the surface state due to tip-induced
upward band bending.

tive and negative voltages. The onset at positive voltages
is directly connected to the energy position of the empty
surface state of EC-1.4± 0.4 eV.

However, the electron affinity needed for a reasonable
agreement is rather large with 3.5 eV as compared to lit-
erature values ranging between 0.6 and 2 eV40,41,45–49.
Smaller electron affinities lead to much too large slopes
of the negative tunnel current branch, due to the reduced
tunneling barrier. Simultaneously, a lower electron affin-
ity shifts the current onsets to larger absolute voltages
due to a much larger contact potential between the tip
and the AlN surface. Figure 4a illustrates this situa-
tion for an exemplary electron affinity of 2 eV. Note,
ultimately, the Fermi level of the tip faces only energies
within the fundamental band gap of AlN (Fig. 4b) and
thus no states are present in the sample for elastic tunnel-
ing to tip states. This suppresses tunneling and results
in a too wide apparent band gap, which is limited at neg-
ative voltages by tunneling from a tip-induced accumu-

lation zone in the AlN conduction band and at positive
voltages by the crossing of the tip’s Fermi level with the
conduction band edge.
Therefore, we turn to an alternative tunneling model

based on tunneling directly into and out of the AlN sur-
face states. Since the filled and empty dangling bond
surface states are in the fundamental band gap, the sur-
face’s band gap is effectively smaller and thus tunneling
of electrons between the tip and the surface states be-
comes possible at much smaller voltages than tunneling
into bulk states (see Fig. 3b). The onset voltage Vonset of
tunneling into the empty dangling bond surface state is a
function of the surface state’s minimum energy position
relative to the conduction band (EC−ESS) and the band
bending at the surface (ϕsurf):

EC − ESS = e (ϕsurf − Vonset) . (1)

Using this model EC − ESS can be deduced from the
current onset measured in the experimental I(V ) spectra,
provided that the surface band bending at the onset volt-
age is known. Since ϕsurf is not directly accessible in STS
experiments, it is calculated by solving the electrostatic
potential of the tip-vacuum-semiconductor system.26–28

The onset voltage of the positive current branch Vonset

is experimentally extracted by fitting an exponential
function I ∝ exp(α · |V −Vonset|0.5) to the current values
I(V ). This yields Vonset = +1.8 V, which results into a
surface state energy below the conduction band edge of
EC−ESS = (1.1± 0.4) eV for AlN (1010). The error bar
is estimated on basis of the accuracy of the determination
of Vonset and a range of tip radii used in the calculation.54

The calculations were done assuming a electron affinity
of 2 eV for AlN as outlined above. If the electron affinity
is smaller (e.g. 1.5 eV), the resulting surface state energy
increase slightly (e.g. from 1.1 to 1.5 eV).
It is worth noting that dislocations intersect the m-

plane cleavage surface of the different (Al,Ga)N layers,
with decreasing concentrations along the growth direc-
tion. The dislocation cores can be anticipated to exhibit
defect states in the band gap too. However, the density
of dislocations is many orders of magnitude smaller than
the density of intrinsic surface states.24 Hence, the effect
of dislocation states or their strain field can be neglected.

C. Comparison with DFT calculations

We now turn to a comparison with DFT calculations.
For our DFT calculations with the Vienna Ab-initio Sim-
ulation Package (VASP)56,57, we used the Heyd, Scuseria,
and Ernzerhof hybrid functional with a mixing parameter
a of 0.25 (HSE06),58 projector augmented wave (PAW)
potentials59 and a planewave energy cutoff of 400 eV.
Convergence with respect to energy cutoff, vacuum, and
slab thickness was explicitly checked and found to provide
surface energies with an accuracy better than 5 meV/1 Ö
1. The Brillouin zone (BZ) was sampled using an equiva-
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lent 4×4×3 Γ centered Monkhorst-Pack k-point mesh for
the bulk primitive unit cell. The calculated fundamental
band gaps (EC − EV) of binary bulk GaN and AlN are
3.09 and 5.59 eV, respectively.

With this methodology a total of six distinct AlGaN al-
loy compositions were computed. For each composition,
different configurations in a 16 atoms supercell having
the primitive vectors along ⟨1100⟩, ⟨1120⟩, and ⟨0001⟩,
have been constructed. The positions of the atoms were
relaxed until all forces were less than 0.01 eV/Å. The lat-
tice constants were determined by applying the Vegard’s
law, i.e., varied linearly with the composition. For the
end constituents, the equilibrium lattice constants have
been used.

To model the surfaces, the bulk supercells were re-
peated along the ⟨1100⟩ axis and slabs with 16 MLs
thickness were constructed. For each configuration, the
bulk was cleaved at four different planes to model differ-
ent surface alloy configurations for the same composition
and bulk configuration. The anion and cation dangling
bonds at the bottom side of the slab were passivated by
partially charged pseudohydrogens. Atoms in the four
topmost layers were allowed to relax.

Figure 5 depicts the minimum of the cation-derived
surface state relative to the bulk conduction band edge
(EC−ESS) as obtained by the DFT calculations and ex-
perimentally. The surface state position obtained in DFT
calculations is indicated by red circles. For pure GaN the

minimum of the surface state is calculated to be 0.1 eV
below the bulk conduction band minimum. For higher Al
contents the difference between the bulk conduction band
edge and the minimum of the surface state increases until
it reaches ≈ 1.2 eV for pure AlN. The experimentally ob-
tained values are depicted as violet and green diamonds
for tunneling into bulk and surface states respectively.
The values found in literature for pure GaN12,15,20 and
AlN55 are shown as brown pentagons in Fig. 5.
The present DFT calculations overestimate the posi-

tion of the dangling bond surface state with respect to
the bulk valence band maximum (≈ 3 eV) (i.e. under-
estimate the energy difference between the empty dan-
gling bond state and the bulk conduction band mini-
mum) compared to previous reports: Both LDA+U56

and LDA based modified pseudopotential57 calculations
predict the empty surface state at ≈ 2.7 eV above the
bulk VBM. This difference can be attributed to the differ-
ent methodologies and the alignment between the ternary
alloys and AlN needed in the present case.
The errors on the experimental values for the energy

minima of the surface state are primarily of statistical
nature arising from the noise during acquisition of the
tunneling spectra (see error bars in Fig. 2): The errors of
the extracted surface state energy minima in Fig. 5 were
derived by comparing the confidence range of the simu-
lation (determined using variations of the surface state
position in the simulation) with the experimental error
bar range of the tunneling spectra (in Fig. 2). Agreement
of both ranges yielded the final error bars in Fig. 5.
Hence, the calculated literature value for pure AlN and

the present DFT calculation are in good agreement, and
fit well with the surface state position determined experi-
mentally here. Therefore, both the surface state position
resulting from measurement and the one resulting from
DFT calculation are in good agreement and reveal a weak
shift of the surface state toward midgap with increasing
Al concentration (and thus of the surface potential) of
roughly 5 · 10−3 eV/%. This trend is indicated by the
gray dashed line in Fig. 5.

D. Spatial gradient of AlN electronic properties

Finally, we address the spatial dependence of the tun-
neling spectra within the AlN layer. Figure 6 illus-
trates the tunnel current in false colors versus volt-
age and spatial position. The current onsets appear
as yellow-greenish color transition at both voltage po-
larities. Within the ternary (Al,Ga)N layers little
changes occur. However, at the transition from the
Al0.35Ga0.65N/AlN interface the current onset increases
at positive voltages continuously within the AlN layer
over a spatial extension of roughly 150 nm. This effect is
in line with the shifting positive current branches in Fig.
2c.
In order to identify the origin of the changes of the

tunneling spectra within the AlN layer, we checked pos-
sible compositional fluctuations using SIMS. Except Ga
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Figure 6. Evolution of tunnel spectra across the
AlxGa1−xN/AlN interface along the growth direction: The
spectra were measured using a negative setpoint of −4.5V
and 80 pA. The yellow-greenish color transitions at positive
and negative voltages correspond to the respective current
onsets, revealing the apparent band gap. A wide transition
region of the positive current onset and thereby apparent band
gap between AlN and (Al,Ga)N is visible.

no other element is found to have a concentration decay
within the AlN layer. However, the highest Ga concen-
tration within the AlN layer is smaller than 1% according
to SIMS data and smaller than about 3% estimated on
basis of the EDX data (Fig. 1). At these concentrations,
the conductivity and free carrier density is not changing
sufficiently to account for the changes in tunneling spec-
troscopy observed within the AlN layer.52,60 Thus Ga/Al
interdiffusion can be ruled out as origin.

The spatial extension of the current onsets within the
AlN of roughly 150 nm coincides however with the screen-
ing length within the AlN bulk visible in Fig. 3b. This
suggests that the spatial variation reflects the screening
of the build-in potential at the Al0.35Ga0.65N/AlN in-
terface and the different carrier concentrations in both
layers.

V. CONCLUSION

We unravel the energy position of the group III-
derived empty dangling bond surface state at non-polar
AlxGa1−xN(1010) surfaces as a function of the Al con-
centration using cross-sectional scanning tunneling spec-
troscopy in conjunction with tunnel current simulations.
The measurements show that the minimum energy of the
empty dangling bond state shifts toward midgap with in-
creasing Al concentration. The shift is in first approxima-
tion linear with a slope of ≈ 5meV/%. These experimen-
tal findings are in good agreement with complementary
DFT calculations, which reveal the same trend.
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O. Contreras, P. Veit, T. Riemann, F. Bertram, A. Reiher,
A. K. K. Diez, T. Hempel, T. Finger, A. Kasic, M. Schubert,
D. Bimberg, F. A. Ponce, J. Christen., and A. Krost, Phys. Sta-
tus Solidi C 0, 1583 (2003).

4Y. Sun, K. Zhou, Q. Sun, J. Liu, M. Feng, Z. Li, Y. Zhou,
L. Zhang, D. Li, S. Zhang, M. Ikeda, S. Liu, and H. Yang, Nat.
Photonics 10, 595 (2016).

5R. Xiang, Y.-Y. Fang, J. Dai, L. Zhang, C. Su, Z. Wu, C. Yu,
H. Xiong, C. Chen, and Y. Hao, J. Alloys Comp. 509, 2227
(2011).

6J. Cheng, X. Yang, L. G. Ling Sang, J. Zhang, J. Wang, C. He,
L. Zhang, M. Wang, F. Xu, N. Tang, Z. Qin, X. Wang, and
B. Shen, Sci. Rep. 6, 23020 (2016).

7C. E. Dreyer, A. Janotti, C. G. Van de Walle, and D. Vanderbilt,
Phys. Rev. X 6, 021038 (2016).

8P. Waltereit, O. Brandt, A. Trampert, H. T. Grahn, J. Menniger,
M. Ramsteiner, M. Reiche, and K. H. Ploog, Nature 406, 865
(2000).

9V. N. Bessolov, E. V. Konenkova, S. A. Kukushkin, A. V. Osipov,
and S. N. Rodin, Rev. Adv. Mat. Sci. 38 (2014).

10V. Bermudez, Surf. Sci. Rep. 72, 147 (2017).
11L. Janicki, J. Misiewicz, G. Cywiński, M. Sawicka, C. Skier-
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