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GaN(1100) cleavage surfaces were investigated by cross-sectional scanning tunneling microscopy
and spectroscopy. It is found that both the N and Ga derived intrinsic dangling bond surface states

are outside of the fundamental band gap. Their band edges are both located at the ' point of the
surface Brillouin zone. The observed Fermi level pinning at 1.0 eV below the conduction band edge
is attributed to the high step and defect density at the surface but not to intrinsic surface states.
© 2008 American Institute of Physics. [DOI: 10.1063/1.3026743]

Group-III nitrides raised considerable attraction because
of their ideal properties for green, blue, and ultraviolet laser
and light emitting devices. Therefore, intensive efforts have
been invested to improve the quality of the epitaxial growth.
One particular challenge is the impurity, dopant, and defect
incorporation during growth, which often depends on the po-
sition of the Fermi level at the growth surface."” Thus, it is
of utmost importance to unravel the physical mechanisms
governing the Fermi level position on group-III nitride sur-
faces. For the most commonly used polar GaN(0001) growth
surface, surface states were identified as origin of the Fermi
level pinning.3’4 In contrast, for the nonpolar GaN surfaces
only little is known about the exact positions of the surface
states and thus their possible influence on the Fermi energy.
This is due to the lack of experimental data and disagree-
ments between the existing theoretical calculations. Specifi-
cally, the energy positions of the surface states are inconclu-
sive, as some calculations report that the empty dangling
bond surface state lies within the fundamental bulk band
gap,“’7 while others found no surface states in the band gap.8
It is, however, critical to know the exact energy position of
surface states because this allows to identify which physical
mechanism governs the Fermi energy at the surface, i.e., in-
trinsic surface state pinning, surface defect pinning, or bulk
doping for unpinned surfaces. This lack of understanding is
particularly embarrassing in the light that the growth along
nonpolar GaN directions is very appealing due to the absence
of electric fields caused by piezoelectricity and spontaneous
polarization.9

Therefore, we investigated nonpolar GaN(1100) cleav-
age surfaces by scanning tunneling microscopy (STM) and
spectroscopy. We identify that no filled N or empty Ga de-
rived dangling bond surface states are present within the fun-
damental band gap. The only spectroscopic feature within
the band gap arises from electrons accumulated in defect
states, pinning the Fermi energy at about 1 eV below the
conduction band minimum.

For our experiments we cleaved samples cut from n-type
free-standing GaN(0001) single crystal substrates with a
resistivity of about (0.8—1)X 1072 Q cm in ultrahigh
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vacuum (<107 Pa) along (1100) planes. We used Pty glr,,
tips.

Figure 1(a) illustrates the typical morphology of the
GaN(1100) cleavage surface, which consists of atomically
flat terraces separated by monoatomic steps. Low energy
electron diffraction patterns [Fig. 1(b)] confirm a 1X 1 sur-
face unit cell. High resolution STM images, such as the one
displayed in Fig. 1(c), show the atomic rows of the empty Ga

dangling bonds along the [1120] direction of the 1X 1 or-
dered surface. This observed surface structure is in agree-
ment with theoretical expectations8 and STM data of other
cleaved wurtzite structure compound semiconductors. '’

On terraces, such as those shown in Fig. 1(a), we mea-
sured the current-voltage spectra at different tip-sample sepa-
rations (Fig. 2). At positive sample voltages all curves ex-
hibit an onset of the current close to +1 V, while at negative
voltages the onset strongly increases with increasing tip-
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FIG. 1. (Color online) (a) Constant-current empty state STM image of a

[1120

cleaved GaN(1100) surface measured at +4.9 V sample voltage and 80 pA
tunnel current. The terraces are separated by monoatomic high steps. The
orientation of the surface area is the same as in (c). (b) Low-energy electron
diffraction pattern measured at 130 eV consistent with a 1 X 1 surface struc-
ture. (¢) STM image showing the atomic rows of empty Ga dangling bonds

along the [1120] direction (measured at +5 V and 90 pA).

© 2008 American Institute of Physics
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FIG. 2. (Color online) Current-voltage spectra measured on flat terraces of

the cleaved GaN(1100) surface. The different curves correspond to different
tip-sample separations z=z(+Az (Az is given at each curve and z, is defined
by a set voltage and current of +4.9 V and 80 pA, respectively).

sample separation. As a result the apparent band gap changes
with the tip-sample separation and can be smaller than in
bulk GaN. This raises the question where the band edges and
the Fermi energy are positioned at the surface.

In order to identify the origins of the tunnel current and
thus the positions of the band edges relative to the Fermi
energy Er, we turn to the logarithmic display of the current /
and the normalized differential conductivity (dI/dV)/(I/V)
as a function of the sample voltage (Fig. 3). The logarithmi-
cally displayed current curve in Fig. 3(a) exhibits (i) a clear
onset at +1.0 V of the tunnel current into the empty conduc-
tion band states of the surface (I-) and (ii) two different
current contributions at negative voltages, i.e., I,.. at volt-
ages between 0 and -2.5 V and I,+[,. at voltages
V<-2.5 V. The current contribution 7, is located at ener-
gies within the band gap of GaN. The different observed
current contributions can be explained as follows:

First, at positive voltages the tunnel current /- flows if
the Fermi level of the tip is energetically above the conduc-
tion band edge of the surface. Thus, the onset voltage at
+1.0 V corresponds to the surface (E.). This position of the
conduction band edge indicates a Fermi level pinning of
1.0 eV below E.

Second, tunnel currents (/,..) at voltages corresponding
to energies within the fundamental band gap of a semicon-
ductor were already observed previously on GaAs(110)
surfaces.' "> The observation of such tunnel currents re-
quires filled semiconductor states to face empty tip states.
This can only occur if (a) electrons accumulate at the GaN
surface or (b) intrinsic surface states exist in the band gap.
As discussed below, filled intrinsic surface states do not exist
in the band gap and thus case (b) can be ruled out. One
possibility of case (a) is if free charge carriers can accumu-
late in the conduction band near the GaN surface due to a
tip-induced band bending. This would lead to filled conduc-
tion band states from which electrons can tunnel into the tip
even at voltages corresponding to energies within the band
gap.”_]3 However, in our case, Ey is pinned at 1 eV below
E and thus the tip-induced band bending would have to be
larger than 1 eV in order to form an accumulation zone in the
conduction band. Such large band bendings do, however, not
occur at negative voltages >-5 V. Even on unpinned GaN
surfaces the calculated band bending”’13 would be
<0.75 eV. Thus, I, cannot arise from a tip-induced accu-
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FIG. 3. (Color online) (a) Logarithmic display of the tunnel current as a
function of voltage at a tip-sample separation of z=zy—3.3 A. The conduc-
tion band (/.), accumulation (/,.), and valence band () currents are indi-
cated. The positions of the valence and conduction band edges (Ey and E)
are marked. Ey has been extracted from the onset of the Iy current contri-
bution (see dashed—dotted lines guiding the eyes). (b) Normalized differ-
ential conductivity (dI/dV)/(I/V). The data points obtained by numerical
differentiation of the current-voltage spectrum are shown as open circles.
The solid line represents a smoothed curve. Sg, marks the energetic mini-
mum and M marks the maximum DOS of the empty Ga dangling bond
surface state. The band onsets Ey, and E. and the effect of the accumulation
current /.. are clearly visible. Inset: schematic of the origin of the accumu-
lation current. Note that only the effect of the tip-induced band bending is
shown.

mulation zone in the conduction band. A further possibility
of case (a) is the tip-induced accumulation of electrons in the
states pinning the Fermi level (whose origin is discussed
below). These states lie directly at the Fermi energy and even
a very small tip-induced band bending can induce a carrier
accumulation in these states, as schematically shown in the
inset of Fig. 3(b). Therefore, we attribute the accumulation
current /.. to this effect. Note that an analogous feature in
the empty states at positive voltages is not observed because
electrons tunneling into it simply fill the defect state and
cannot be removed from there due to the lack of free holes
(minority carriers) in n-type GaN. Thus, no current can be
maintained into the surface bound defect state at positive
voltages.

Third, if the magnitude of negative voltage is increased
above the corresponding energy of the valence band edge Ey,
also filled valence band states face empty tip states and ad-
ditional electrons can tunnel yielding the I, current contribu-
tion. This effect leads to a second onset of the tunnel current
close to —2.5 V in Fig. 3(a), which thus corresponds to the
valence band edge of the GaN surface (Ey).

The energetic positions of Ey and E. can be seen
even better in the normalized differential conductivity
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FIG. 4. (Color online) Decay constant 2« as a function of the voltage (open
circles). The solid line shows the calculated trend for tunneling with zero
parallel wave vector. These data reflect the dispersion of the surface states.

(d1/dv)I(11V) [Fig. 3(b)1,"* which corresponds to the den-
sity of states (DOS)."”” At Ez—2.4 eV and at E;+1.0 eV
clear onsets of the valence and conduction band DOS are
visible, respectively. Thus, the band gap at the surface is
(3.4x0.2) eV wide, matching well the bulk band gap of
GaN, supporting our identification of the band edges, and
indicating the negligible effect of the tip-induced band bend-
ing on the derived energy positions.

The minimum of the empty Ga dangling bond surface
state (Sg,) can be attributed to the shoulder 0.1-0.2 eV above
E..® The large peak at E+2.5 eV [M in Fig. 3(b)] can also
be related to the flat part of the empty dangling bond’s band
dispersion around the M point of the surface Brillouin
zone,*® where the DOS is largest.

This can be further supported by an estimation of the
momentum of the tunneling electrons through an analysis of
the exponential decay of the tunnel current [~ ¢~ with
increasing tip-sample separation .16 Figure 4 shows the
measured decay constant 2x as a function of the voltage
obtained for the largest tip-sample separations, where the
effect of tip-sample interactions is negligible. The decay con-
stant 2k can be approximated for one-dimensional systems
and not too large voltages V by13’15

2m, eV
2k=2 7 B—T +|kH

with m, as the electron mass and k; as the parallel wave
vector of the tunneling electrons. In the absence of a reliable
three dimensional barrier model, we use this approximation
to illustrate the expected trend as a function of the voltage,
which is shown as solid line in Fig. 4 for k=0 and an esti-
mated effective tunneling barrier B=4.3 eV. At negative
voltages and at small positive voltages (around 2 to 3 V) the
measured values lie close to the calculated curve, indicating
tunneling of electrons with k;=0. Thus, the N and Ga derived

2

b}

dangling bond surface states form a direct band gap at the T
point. At larger positive voltages the decay constant is larger
than expected for tunneling with k;=0. This indicates tunnel-
ing from the edge of the Brillouin zone, in agreement with
the predicted dispersion of the empty surface state™® and the
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above interpretation of the peaks in the conduction band.
Finally, the accumulation current [, and ifs
(dI/dV)/(I/V) signal are much smaller than those arising
from the conduction and valence band states (Fig. 3). In ad-
dition, the current /,.. is more than four orders of magnitude
smaller than the expected current from a tip-induced accu-
mulation zone in the conduction band at the GaN surface, as

calculated according to Ref. 11 for a direct band gap at the T
point. This indicates that the filled DOS leading to [, is
several orders of magnitude smaller than that of an accumu-
lation zone in the conduction band. This is in good agree-
ment with an origin of I,.. in pinning states, whose concen-
tration is typically in the range from 10! to 103 cm™, i..,
much less than the DOS of the conduction band or of a
dangling bond surface state. From these experimental obser-
vations we conclude that no intrinsic N and Ga derived dan-
gling bond surface states are present in the fundamental band

gap of GaN(1100) surfaces and the observed Fermi level
pinning cannot arise from the dangling bond surface states.
Instead it can be attributed to the large step densities of
10°-10° cm™! and to point defects.

In conclusion, we identified the energy positions and
types of surface states as well as the origin of the Fermi level

pinning on GaN(1100) cleavage surfaces using cross-
sectional STM. We found that both the N and Ga derived
dangling bond surface states are outside of the fundamental

band gap. Their band edges are both situated at the I" point of
the Brillouin zone. The observed Fermi level pinning at 1leV
below the conduction band edge is attributed to surface de-
fects, but not to intrinsic surface states.
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