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ABSTRACT

Intrinsic and extrinsic pinning and passivation of m-plane cleavage facets of GaN n-p-n junctions were investigated by cross-sectional
scanning tunneling microscopy and spectroscopy. On freshly cleaved and clean p-type GaN(1010) surfaces, the Fermi level is found to
be extrinsically pinned by defect states, whereas n-type surfaces are intrinsically pinned by the empty surface state. For both types of
doping, air exposure reduces the density of pinning states and shifts the pinning levels toward the band edges. These effects are assigned
to water adsorption and dissociation, passivating intrinsic and extrinsic gap states. The revealed delicate interplay of intrinsic and
extrinsic surface states at GaN(1010) surfaces is a critical factor for realizing flatband conditions at sidewall facets of nanowires exhibit-
ing complex doping structures.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0020652

I. INTRODUCTION

Group III-nitride (III-N) semiconductors evolved into the
materials of choice for blue and UV opto-electronics as well as high-
power electronics1–4 and are also becoming increasingly attractive for
bio-electric devices based on surface functionalizations.5 These appli-
cations are primarily based on planar heterostructures. However,
III-N semiconductor nanowires offer new degrees of strain manage-
ment, allowing for the extension of opto-electronics over the whole
visible range.6–8 Furthermore, such nanowires can be used in solar
cells to make the charge carrier separation direction independent of
the illumination and hence absorption direction. The large surface to
volume ratio is also highly attractive for enhancing the sensitivity of
bio-electric devices.

However, the nanowires’ large surface fraction causes recombi-
nation and Fermi level pinning at surfaces to be a highly critical

factor. Therefore, electronic passivation of nanowire facets is of
high importance for successful applications. The dominant facets
of III-N nanowires are the non-polar m-plane sidewall surfaces. For
n-doped m-plane GaN, it has recently been demonstrated that the
empty intrinsic Ga-derived dangling bond surface state creates an
upward band bending, separating holes and electrons, and hence
reducing recombination.9,10 Unfortunately, this cannot suppress
recombination at p-n junctions. p-type GaN is, however, a prereq-
uisite for the functioning of opto-electronic, solar cell, and bio-
electric sensing devices. For general suppression of recombination a
real passivation, i.e., reduction of the density of surface recombina-
tion centers is needed.

Therefore, we investigated the electronic structure of the
m-plane cross-sectional cleavage surface of a n-p-n GaN junction
using scanning tunneling microscopy (STM) and spectroscopy
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(STS). We identify the pinning levels of the Fermi energy and their
physical origin for clean and air-exposed surfaces. For p-type GaN
m-plane surfaces, we identify extrinsic states at cleavage steps as the
origin of the Fermi level pinning, in contrast to the intrinsic empty
Ga-derived dangling bond being relevant for n-type GaN(1010) sur-
faces. Air exposure induces a passivation of the extrinsic and intrin-
sic surface states, primarily by water adsorption and dissociation.
This passivation, i.e., a shift of the pinning levels toward the band
edges, enables the growth of unpinned GaN nanowire n-p-n junc-
tions (or more complex doping structures) for device applications.

II. EXPERIMENT

The n-p-n GaN epilayer structure was grown by metalorganic
chemical vapor deposition (MOCVD) on a free-standing n-type GaN
pseudosubstrate at 960 !C. For the n-type and p-type doping, Si and
Mg dopants were incorporated, respectively. The average dopant con-
centrations were [Si] 3" 1018 cm#3, [Mg] 1" 1019 cm#3, and [Si]
9" 1018 cm#3 within the n-p-n GaN structure, respectively. The Mg
dopants were thermally activated at 650 !C. Then, the sample was
overgrown by an nþþ-type capping layer at 715 !C.

Samples cut from the wafer were cleaved in situ in ultrahigh
vacuum (UHV) (p , 2" 10#8 Pa) and directly investigated in situ
by cross-sectional STM using tungsten tips. Afterward, the samples
were transferred through air in order to be investigated by scanning
electron microscopy (SEM). The such investigated samples were
then reinserted into the STM in UHV. For this, the samples were
heated in the load lock at approximately 110 !C for 4 days. In addi-
tion, secondary ion mass spectroscopy was applied to quantify the
dopant concentrations.

During STM measurements, grids of current–voltage tunnel-
ing spectra were acquired to achieve a so-called current imaging
tunneling spectroscopy (CITS) mapping.

III. RESULTS

Figures 1(a)–1(c) illustrate an overview of the n-p-n GaN
structure acquired with three different imaging methods. The dif-
ferent layers can be discerned well in the SEM image (a). On the
far left side, one can see the substrate, which is separated from the
first n-doped layer by a bright thin interface. This interface is due
to a delta-type Si-doped layer approximately 20 nm wide.11 The fol-
lowing n-p-n structure consist of perfect epitaxial layers. Only the
capping layer on the far right turned to 3D growth due to the low
growth temperature. For the STM/STS experiments, we focused on
the n-p-n layers only.

The constant-current STM image [Fig. 1(c)] exhibits multi-
ple cleavage steps with smaller contrast, primarily oriented along
the c[0001] direction. In addition, a strong contrast change is
found at both n-p and p-n interfaces. Since the tunnel current is
sensitive to height changes but also to materials’ electronic prop-
erties, the contrast between p- and n-doped layers is a combina-
tion of topographic (cleavage step along the a direction) and
electronic effects. In order to unravel the origin of the contrast at
the n-p junctions, we acquired a CITS map at #3:2 V [Fig. 1(b)].
The CITS map indicates a strong electronic contrast between the
n- and p-doped regions.

A. Tunneling spectroscopy on clean cleavage
surfaces in UHV

To visualize this electronic contrast, a spatial evolution of
tunneling spectra across the clean, freshly cleaved n-p-n structure
in UHV is shown in Fig. 2(a). At the n-doped layer (blue
spectra), the negative and positive branches of the I–V curves
have a similar shape just mirrored. In contrast, at the p-doped
layer (red spectra), the positive branch reaches much higher abso-
lute currents at the same absolute voltages. The spatial depen-
dence of this asymmetric behavior can be illustrated by
calculating the average current for a symmetric voltage range
across the n-p-n structure. The resulting spatial dependence of
the average current as asymmetry indication is shown in Fig. 2(b)
for a voltage range of #2:3 V to þ2:3 V. The blue spectra in the
n-doped region have a near 0 average current (blue circles in
Fig. 2), in agreement with the symmetric positive and negative
current branches. The spectra probed in the p-doped region have

FIG. 1. Cross-sectional overview of the n-p-n GaN structure. (a) SEM image in
the secondary electron mode (5 keV), (b) CITS map at #3:2 V (tip–sample dis-
tance fixed at þ6 V and 80 pA), and (c) constant-current STM image acquired
at #2:5 V and 80 pA. The doping junctions can be discerned well by each
method. The CITS map and the STM image were acquired after reinsertion and
annealing in UHV (see Sec. II).
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a high current asymmetry showing up as large average currents
(red circles in Fig. 2).

Next, we analyze the tunneling spectra in more detail. For
this, we turn to the logarithmic representation of the spectra shown
in Fig. 3. First, we address the n-type spectrum acquired in the
center of the first n-type layer (the blue line in Fig. 3). The spec-
trum exhibits a similar behavior than those measured previously on
n-type GaN cleavage surfaces.9,12 This behavior is determined by
(i) an apparent bandgap smaller than the actual one and (ii) an
upward shift of the conduction band current onset to higher posi-
tive voltages as compared to that expected for unpinned n-type
semiconductors. This has been attributed to the presence of the
empty Ga-derived dangling bond surface state within the
bandgap,9,13–15 which pins the Fermi level. The pinning induces
the upward shift of the conduction band tunnel current onset to

about þ1 V.12 Note that the empty Ga-derived dangling bond
surface state has a strong dispersion. In the case of an empty
surface state, a Fermi level pinning requires a partial filling of this
state. This filling is only taking place at the minimum of the band
dispersion. Hence, the pinning level is given by the minimum of
the Ga-derived dangling bond surface state SGa,min, and, thus, we
probe the lowermost tail of the local density of states of the surface
state but not the maximum. In contrast, at negative voltages, the
current is originating from the tip-induced electron accumulation
zone in the conduction band but not from tunneling out of valence
band states. As a result, the fundamental bandgap is not probed.16

The spectrum measured in the center of the p-type layer (red
line) exhibits a fundamentally different behavior: first, the apparent
bandgap is extremely small. Second, at positive voltages, a second
strong current onset is observed at about þ1:6 V. Similarly, a weaker
second onset occurs at negative voltages at about #2 V. These onsets
were determined on the basis of the curvature reversal. The second
onsets can be furthermore visualized by fitting the first current
onsets with the voltage V dependence of the tunnel current I, which
is governed by the exponential transmission coefficient. Based on
Eq. 24 in Ref. 17, the voltage dependence of the tunnel current is
given in the first approximation by I ! exp(α " jV # Vonsetj0:5)
with α being a constant and Vonset taking into account the shift of

FIG. 3. Current–voltage (I–V) spectra obtained at the centers of the p- and
n-doped layers exposed on freshly cleaved, clean GaN surfaces in ultrahigh
vacuum. The n- (blue line) and p-type (red line) spectra are the medians of
10230 and 7225 single spectra, respectively. The background shadows indicate
the respective error margins. The data are extracted from the same measure-
ment as that in Fig. 2. The tip–sample separation was fixed at #4 V and 50 pA.
The dashed curve is a fit to the first current onsets of the spectrum measured
on the p-doped layer. The constant-current STM image (setpoint þ6 V and
80 pA) of the p-doped layer in the inset demonstrates the high step density
inducing a Fermi level pinning.

FIG. 2. (a) Spatial evolution of current–voltage spectra across the n-p-n-layers
(setpoint #4 V and 50 pA) acquired on freshly cleaved, clean GaN surfaces in
ultrahigh vacuum. Every spectrum displayed is the median of 490 single tunnel-
ing spectra measured in a rectangular spatial area two pixels wide in the c
direction (corresponding roughly to 23 nm). The equidistant spatial separation
between consecutive rectangular surface areas is approximately 70 nm in the c
direction (hence, also the spatial separation between consecutively shown
median spectra). For better visibility, consecutive spectra are offset by 25 pA.
The current is cut off at approximately 50 pA for display purposes only. (b)
Averaged current in the voltage range from #2:3 V to þ2:3 V for the spectra
shown in (a). Red spectra exhibit an asymmetric behavior, i.e., the average
current is much larger than zero (red circles). This points to p-type material
characteristics. Blue spectra are rather symmetric, consistent with n-type mate-
rial characteristics.
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the surface band edges relative to EF.
17,18 The best fits, found for an

exponent of about 0.25, are shown as dashed lines in Fig. 3.
The spectrum’s shape can be understood as follows: the very

small apparent bandgap suggests the presence of surface states
pinning the Fermi energy near the midgap position. Visibly, elec-
trons can tunnel into and out of these surface states, which indicate
that the surface states are half filled. The fact that the current out of
the surface states is lower than the current onset at higher voltages
suggests that the density of states (DOS) of the midgap states is sig-
nificantly lower than that of the states contributing to the second
current onsets at higher magnitudes of voltage. This indicates that
the surface states pinning the Fermi energy are related to defects,
whereas the second onsets are arising from tunneling into the con-
duction and valence bands. This is corroborated by the voltage sep-
aration of the second onsets (#2 V and þ1:6 V), which agrees very
well with the fundamental bandgap of GaN at room temperature of
approximately 3:4 eV.

At this stage, we address the pinning states. As outlined above,
they can be attributed to defect states only since intrinsic surface
states on GaN(1010) are first of all not in midgap position: the
empty surface state is less than 1 eV below the conduction band,
whereas the filled surface state is very close to the valence band
edge. Second, the DOS of intrinsic surface states would be much
larger and comparable to the DOS of the band edges. The constant-
current STM image and the SEM image both suggest that the
surface morphology is dominated by a large density of cleavage
steps. The large cleavage step density can be attributed to the pres-
ence of strain within the epitaxial GaN structure in analogy to other
strained systems investigated previously, i.e., strained Te-doped GaAs
or quantum dots, where steps appear predominantly in the strained
regions.19–21 Indeed, it has been shown that high Si doping concen-
trations lead to lattice constant changes in GaN,22 ultimately giving
rise to strain in GaN epitaxial layers with doping profiles. We antici-
pate that this creates many different cleavage starting points and sup-
presses a smooth passage of the crack front through the remaining
epitaxial structure during the cleavage process. The resulting surface
steps and step kinks are known to exhibit localized states, which are
typically half filled and in midgap position. Hence, we attribute the
pinning on the p-type material to such cleavage steps. Note, the
intrinsic filled N-derived dangling bond state and the nitrogen bulk
vacancy’s charge transfer level are too close to the valence band
edge9,23–26 and hence cannot be responsible for the pinning on
p-type surfaces at midgap energies.

For n-type GaN(1010) surfaces, the effect of steps is less pro-
nounced since the density of intrinsic empty surface states is larger
than that of the steps and the intrinsic surface state is energetically
above the step-induced states. Therefore, the Fermi level will be
pinned first by the empty surface state. In contrast, for p-type GaN,
the situation is different. First, the filled intrinsic N-derived surface
state is at/close to the valence band edge. Second, the activation of
the Mg dopants is always rather small, and hence the Fermi level is
typically relatively far above the valence band maximum. Therefore,
the filled intrinsic N-derived surface state cannot act as a pinning
level (as it is fully filled), and the first available pinning level arises
from the cleavage steps.

Finally, if the p-type GaN(1010) surface was unpinned, the
spectra would also be fundamentally different from those measured

on n-doped GaN(1010) surfaces. For unpinned p-type surfaces, no
electrons would be in the conduction band under (non-equilibrium)
tunneling conditions, even if the conduction band edge is dragged
below the Fermi energy by the tip’s electric field. Hence, no tunnel-
ing current of electrons from the conduction band into the tip can
occur at negative voltages.27 Thus, on p-type surfaces, no electron
accumulation current occurs at negative voltages. The analogous
hole accumulation current of electrons tunneling from the tip into
the hole accumulation zone in the valence band at positive voltages
can be neglected: the barrier for tunneling directly into the conduc-
tion band is much smaller (due to the large bandgap), and hence the
normal conduction band current dominates. Hence, even for
unpinned p-type material, the fundamental bandgap is detectable in
contrast to n-type material.16 This corroborated the assignment of
the differently doped layers in our structure.

B. Tunneling spectroscopy on surfaces after exposure
to ambient conditions

The CITS map and tunneling spectra in Figs. 1 and 4, respec-
tively, indicate that after air exposure and reinsertion into UHV with
annealing, the differently doped layers of the n-p-n GaN structure

FIG. 4. (a) Spatial evolution of tunneling spectra across the n-p-n-layers after air
exposure, evaluated in analogy to Fig. 2 (setpoint -2.5V and 80 pA). Each spec-
trum is the median of at least 460 single spectra. The spatial distance between
two consecutive spectra is roughly 90 nm. (b) Average current (from #2:1 V to
þ2:1 V) of the spectra shown in (a). Spectra (red) at the p-doped layer exhibit a
positive asymmetric behavior (the average current is strongly positive), whereas
spectra (blue) at the n-doped layer have a small negative average current.
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can be well recognized. The spectra exhibit again an asymmetry
change across the n-p and p-n junctions (Fig. 4). This shows up,
in particular, as a strong current change for the positive current
branch [Fig. 4(a)], which leads to a significant increase in the
asymmetry on the p-doped layer [Fig. 4(b)]. In addition, a rever-
sal of the asymmetry occurs between n- and p-doped areas, in
agreement with tunneling spectra obtained on GaAs(110) n- and
p-junctions.27–29

At this stage, we turn to the detailed analysis of the spectra in
Figs. 5 and 6. The general shape of the tunneling spectrum at the
p-doped GaN(1010) surface after exposure to air and reintroduc-
tion into UHV with long term annealing is similar to that mea-
sured on freshly cleaved clean surfaces. At positive voltages, two
current onsets can be observed, one around þ0:8 V and the second
one around þ2 V. Similar, but somewhat less pronounced, two
current onsets are present at negative voltages (#0:8 V and #1:5 V).
The presence of two onsets is again corroborated by fitting the first
onsets with the transmission coefficient based voltage dependence
of the current (see above). The best fits obtained for an exponent of
about 0.5 are shown as dashed lines. The voltage difference between
the second current onsets (at positive and negative voltages) of
3:5 V corresponds again well to the fundamental bandgap of 3:4 V,
considering thermal broadening as well as minor remaining
tip-induced band bendings.

Despite all similarities, there are nevertheless some differences:
These concern primarily the apparent bandgap being larger and
the pinning position being shifted toward the valence band by a
few tenth eV as compared to the freshly cleaved clean surface.

The tunnel spectrum acquired at the n-doped layer after air
exposure (blue line) exhibits very similar characteristics as those
probed with identical set voltage and set current on a freshly cleaved
n-type GaN surface (the dashed line). Only the current onset at posi-
tive voltages is shifted downward to approximately þ0:5 V (Fig. 5).
Note that we observed also a similar shift for tunneling spectra mea-
sured on the n-type GaN free-standing substrate’s (1010) cleavage
surface after air exposure and reinsertion into UHV.

IV. DISCUSSION OF EFFECT OF AIR EXPOSURE

At this stage, we address the origin of the electronic changes
due to air exposure. First of all, the almost unchanged doping sen-
sitivity of the spectra (i.e., asymmetry of I–V spectra at p- and
n-doped layers) after air exposure is indicative of rather clean surfa-
ces without significant oxidation due to air exposure and reinser-
tion into UHV with heating. Nevertheless, the spectra reveal some
changes, which are: (i) the pinning DOS is reduced at the p-type
surface and the pinning level is shifted slightly downward and (ii)
similarly, the pinning level of the empty surface state is shifted
upward at the n-doped surface.

We anticipate that both phenomena are induced by air expo-
sure, which primarily leads to adsorption of oxygen and water mol-
ecules on the cleaved GaN(1010) surfaces. Other gases have a
negligible concentration or are not reactive (nitrogen) and, thus,
can be discarded in the discussion. For many semiconductors, such
as, e.g., GaAs and Si, oxidation is the dominant process reaching
deep into the bulk, when these materials are subjected to ambient

FIG. 5. Characteristic I–V-spectra obtained at the p-doped layer after air expo-
sure. The setpoint is at #2:5 V and 80 pA. The dashed curve is a fit to the first
current onsets of the spectrum measured at the p-doped layer. The background
shadow indicates the error margin.

FIG. 6. Characteristic I–V -spectra obtained at the n-doped layer after air exposure
(solid blue line). The setpoint is at #2:5 V and 80 pA. For comparison, a spectrum
at the same setpoint from the n-type substrate of the clean sample is also dis-
played as a dashed blue line. The background shadow indicates the error margin.
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conditions at room temperature. In contrast, GaN behaves differ-
ently: no detectable oxidation of GaN has been observed for tem-
peratures below 700 !C.30,31 In addition, the sticking coefficient of
oxygen on GaN(1010) surfaces is much lower than that of water.32

Indeed, recent reports rather indicate that the adsorption and sub-
sequent dissociation of water molecules is the preferred reaction
process on polar GaN surfaces.33,34

On the non-polar GaN(1010) surface, the adsorption and fol-
lowing dissociation of water molecules occurs too: the dissociation
barrier is found in theoretical calculations and experiments to be
extremely small, i.e., in the low meV range.35–37 Hence, this implies
that the surface will be covered almost instantly by dissociated
water, i.e., much faster than any oxidation can take place. In the
final hydroxylation state, the OH# group and the Hþ ion are
bound to the Ga and N surface atoms, respectively.34–36,38 This
configuration is the most stable with a rather high dissociation
energy of 1.44 eV.35 The Ga–O–H bonds can be broken up only
above 200 !C.32,37 This indicates that the annealing of our air-
exposed sample to 110 !C during baking in the load lock of the
UHV chamber was insufficient to remove the layer of dissociated
water molecules from the GaN m-plane surface.

Electronically, the bonding of the dissociated water at the
surface atoms shifts both the N and Ga-derived dangling bonds
toward the valence band edge, emptying the fundamental bandgap
of intrinsic surface states (see Fig. 7): the N–H bond is energetically
positioned below the valence band edge39 and the Ga–OH bond is
found at the valence band edge.36,38

Indeed, the assumption of H2O-driven passivation of differ-
ently doped GaN layers agrees well with our STS measurements.

p-type GaN: As reported above, we observed a very high step
density on the m-plane cleavage surfaces by STM. Step edges and
kinks correspond to either a- or c-plane facets with the latter
being dominant on the investigated sample. These step edges and
kinks induce defect states that are responsible for a Fermi level
pinning of the clean, freshly cleaved p-type GaN(1010) surface
measured by STS.

One can anticipate that hydroxylation will also modify these
step edges and kinks: steps with a-plane facets can be expected to
behave as m-plane surfaces, i.e., the hydroxylation (or hydrogen
adsorption) will shift the intrinsic surface states into the valence
band. Similarly, the intrinsic surface states of N- and
Ga-terminated c-plane facets were found to shift into the valence
band upon hydroxylation33,40,41 or hydrogen adsorption.42 Hence,
one can expect that hydroxylation passivates step edges. This is in
agreement with the experimental observations made for the p-type
GaN(1010) surface, i.e., a reduced density of defect states and a
shift of the pinning levels. The fact that the pinning level has been
shifted but not removed completely indicates that step edges are
only partially hydrated in agreement with the above expectation.

Furthermore, if the steps would be fully passivated and, thus,
no step states remain within the fundamental bandgap, then we
would not observe any tunneling features related to cleavage steps,
anymore. Since this is not completely the case, we conclude that
step states are partially passivated.

We anticipate that exposure to pure water (not air) could ulti-
mately lead to a full passivation.

n-type GaN: For clean n-type GaN(1010) surfaces, the
minimum of the Ga-derived empty dangling bond state defines the
surface Fermi level pinning as outlined above. This pinning induces
an upward band bending of roughly 1 eV for the clean surface. For
the air-exposed surface, the upward band bending is reduced to
about 0:5 eV. The reduction of the band bending upon air exposure
is corroborated by electroreflectance measurements.43

The reduced upward band bending can be explained with the
passivation of the empty Ga-derived dangling bonds by OH#

groups shifting the resulting filled Ga–OH state to the valence
band edge.36,38 This hydroxylation can be anticipated to passivate
most but not all Ga dangling bonds. As a result, the density of
pinning states is reduced, driving the band bending back toward
flatband conditions. This is consistent with the observation of a
reduced upward band bending. If the surface would be fully passiv-
ated, then the onset of the current at positive voltages would be at
0 V. The fact that the onset voltage approaches, but not reaches
0 V, is indicative of a partial passivation. Again, we anticipate that
exposure to pure water could lead to a full passivation.

It is noteworthy that, in our case, we cannot detect any indica-
tion that the OH# bonding to the Ga dangling bond surface state is
different for n- and p-type doping. Hence, there is, thus, far no
indication of the Fermi level dependent selective surface reactions.

Finally, we discuss hydroxylation and adsorption on other GaN
surface orientations and other molecule adsorption on m-plane GaN
surfaces. On the one hand, hydroxylation has been investigated on
c-plane GaN surfaces, too. On the c-plane surface, the adsorption of
hydroxyl groups is preferred near the H3 site but not at the Ga loca-
tion (the T4 site).44 Hence, the binding structure is not comparable
with that on the m-plane surface. Interestingly, at high hydroxyl
concentrations, the pinning of the Ga surface state of the c-plane
surface is lifted.45 This tendency agrees with that observed here on
the m-plane GaN surface. On the other hand, the binding of other
types of molecules was investigated on m-plane GaN surfaces. It is
found that the sulfur atom of thiol groups is bound to the Ga dan-
gling bond,46 in analogy to the adsorption of the OH# group. This
suggests that the complex negatively charged molecule groups

FIG. 7. Schematic band diagram showing the energy levels of the different
states (intrinsic surface states, defect states, and hydroxilated intrinsic
surface states) for the clean and hydroxilated m-plane GaN surface. The
energy levels were extracted from our measurements (Sdefect and SGa,min) and
Refs. 36 and 39.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 128, 185701 (2020); doi: 10.1063/5.0020652 128, 185701-6

Published under license by AIP Publishing.

https://aip.scitation.org/journal/jap


generally bind to the empty Ga dangling bond. This site is likely pre-
ferred due to the cation character of Ga in GaN.

For completeness, we provide at this stage, a critical reflec-
tion about the conclusions and methodology used. Besides, the
here presented interpretation one could imagine that other effects,
such as pure hydrogen passivation or oxygen coverage, could
result in similar tunneling spectra. However, when taking into
account, the literature results on adsorption of different molecules
on GaN, the most plausible interpretation is the one outlined
above. In addition, the energy levels of clean and hydroxylated
surface states derived from the literature agree with the
observations.

V. CONCLUSION

GaN n-p-n junctions were investigated by cross-sectional scan-
ning tunneling microscopy and spectroscopy. Freshly cleaved clean
cross-sectional surfaces in ultrahigh vacuum were compared with
surfaces subjected to air exposure. At a freshly cleaved and clean
n-type GaN(1010) surface, the Fermi level is found to be intrinsi-
cally pinned by the empty Ga-derived surface state, whereas for
p-type material, it is extrinsically pinned by defect states. Air expo-
sure followed by heating in UHV reduces the density of pinning
states and shifts the pinning levels toward the band edges. These
effects are assigned to adsorption and dissociation of water mole-
cules, resulting in a passivation of intrinsic and extrinsic gap states.
The results reveal a delicate interplay of intrinsic and extrinsic
surface states at m-plane cleavage surfaces of GaN. The resulting
doping dependence of the Fermi level pinning is a critical factor for
the interpretation of tunneling spectra across doping profiles in
group III-nitrides. Even more importantly, it demonstrates a strategy
for achieving passivated flatband surfaces of nanowire-based opto-
electronic, solar cell, and bio-electric devices as well as laser facets.
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