APPLIED PHYSICS LETTERS 110, 022104 (2017)

@CrossMark
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The electronic structure of Al;_,In,N(1010) surfaces is investigated by cross-sectional scanning
tunneling spectroscopy and density functional theory calculations. The surface exhibits empty Al
and/or In-derived dangling bond states, which are calculated to be within the fundamental bulk
band gap for In compositions smaller than 60%. The energy of the lowest empty In-derived surface
state is extracted from the tunnel spectra for lattice-matched Al,_In,N with In compositions of
x=0.19 and x=0.20 to be Ec — 1.82 £0.41 and E- — 1.80 = 0.56 €V, respectively, in good agree-
ment with the calculated energies. Under growth conditions, the Fermi level is hence pinned
(unpinned) for In compositions smaller (larger) than 60%. The analysis of the tunnel spectra sug-
gests an electron affinity of ~3.5eV for nonpolar lattice-matched Al;_In N cleavage surfaces,
which is large compared to linearly interpolated values of polar AIN and InN (0001) surfaces.
Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4973765]

Group II-nitride semiconductors have excellent opto-
electronic properties from the ultraviolet to the red spectral
range. Within the different group IIl-nitride semiconductors,
Al _In,N attracted significant attention over the past decade,
since on the one hand, it exhibits a substantially different
refractive index and band gap as compared to GaN, and on
the other hand, it can be grown lattice-matched to GaN for
an In content of about 19%." Hence, Al;_JIn,N is a promis-
ing material for applications in optoelectronics as well as in
high electron mobility transistors.””’

Thus far mostly polar c-plane grown Al;_InN layers
were investigated, but recently growth along the nonpolar
directions has attracted significant interest®!! due to the
absence of electric fields caused by piezoelectricity and spon-
taneous polarization mismatch.'* It is known that the presence
of surface states and the Fermi level position at the growth
surface critically affect atomic processes during growth, such
as the incorporation of dopants and impurities.'*'* However,
current knowledge about the electronic structure of nonpolar
surfaces is limited to GaN and InN only.">™"® Hence, the lack
of knowledge of the electronic structure of Al;_,In N nonpolar
surfaces is detrimental for achieving controlled growth condi-
tions along nonpolar directions.

Here, we study the electronic structure of
Al _InN (IOIO) cleavage surfaces by cross-sectional scan-
ning tunneling microscopy (STM) and spectroscopy (STS)
combined with density functional theory (DFT) calculations.
We calculated that Al;_,In N has empty surface states within
the fundamental band gap for In compositions x=0.6.
The lowest energy empty surface state arises from the In
dangling bond state. Its energy is derived experimentally
from the tunnel spectra acquired on AlggiIng 9N and
Al goIng 20N (IOIO) cleavage surfaces to be ~1.8eV below
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the conduction band edge, in good agreement with the the-
ory. In addition, we identified a bias polarity-dependent
Fermi-level pinning.

We investigated two different Al;_In N/GaN hetero-
structures grown by metal organic vapor phase epitaxy on
c-plane free-standing GaN pseudosubstrates. Heterostructure
1 (H1) is a distributed Bragg reflector (DBR), consisting
of 42 undoped pairs of 48.6nm Al golng,oN followed by
36.5nm GaN, deposited on a 1um thick 3 x 10" cm 3
n-doped GaN buffer layer. The In content x is slightly
reduced at the Alggolng-,oN/GaN interface. Heterostructure
2 (H2) contains five 31 nm thick Aljg;Ing 9N layers sepa-
rated by 105 nm thick n-type GaN interlayers, deposited on a
500nm thick n-doped GaN buffer layer and capped by a
1 um thick n-type GaN layer. Each Al;_,In,N layer is unin-
tentionally n-doped. The layer thicknesses and the In content
of 20 £0.5% (H1) and 19 = 0.5% (H2) were determined by
high resolution X-ray diffraction. At this In content, the
Al;_JIn,N layers are almost lattice matched to GaN along the
a direction.”® The Al,_In,N layer thickness is below the crit-
ical thickness for the development of V-defects.?’

All samples were cut from the heterostructures, con-
tacted by a sputtered Au layer, and cleaved in ultrahigh vac-
uum (p < 107*Pa) to obtain clean (1010) surfaces. The
cleavage surfaces are investigated by cross-sectional STM
and STS without interruption of the vacuum. A cross-
sectional view of H1 is shown in Fig. 1 in which from left to
right, the GaN buffer layer and the first six Alggolng 20N/
GaN pairs of the DBR can be identified. The Al golng 0N
layers appear brighter than the surrounding GaN.

We measured the scanning tunneling spectra on various
cleavage surfaces of the Al,_,In,N layers in Hl and H2. The
black dots in Fig. 2 show an example of an /(V) tunnel spec-
trum that was measured on H2. The spectra show a typical
semiconducting behavior, with a tunnel current at positive

Published by AIP Publishing.



022104-2 Portz et al.

AlolsoIno_zoN/GaN DBR
GaN buffer

[0001]

= |

[1210]

FIG. 1. Cross-sectional STM overview image of the (1010) cleavage surface
through the Alggglng,oN/GaN distributed Bragg reflector heterostructure
(H1) measured at +3.8 V and 100 pA. In the STM image, the Al golng 20N
layers appear brighter than the surrounding GaN. On the left hand side, part
of the GaN buffer is visible.

and negative voltages, separated by an asymmetric ~3V
wide voltage range, where no tunnel current is detected. This
is the signature of the band gap of the semiconductor.?? The
onset voltages of the tunnel current are at +2V and —1V,
respectively.

In order to interpret the measured tunnel spectra, we
performed simulations of the tunnel current with a 3D finite
difference calculation. The electrostatic potential is com-
puted for a tip-vacuum-semiconductor system by solving
the Poisson equation and additionally the continuity equa-
tions for electrons and holes following the methodology in
Refs. 23 and 24. The simulated tunnel currents are shown
in Fig. 2 as lines for both unpinned and pinned
Aly_,In,N(1010) surfaces.

The unpinned case, where no surface state is included in
the calculation, is represented by the red solid and dashed
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FIG. 2. Scanning tunneling spectrum measured on the Alo_g]Iﬂo_[gN(lOIO)
surface. The experimental data is represented by the black dots measured at
a tip-sample separation fixed by a set voltage of —3.6 V and a set current of
150 pA. The lines illustrate calculations of the tunnel current assuming no
intrinsic surface state within the band gap (red) and an empty surface state at
Ec — 1.8eV, which pins the Fermi energy (blue). All simulations are per-
formed for the same tip-sample separation.
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lines. Without pinning, the electric field between tip and
semiconductor penetrates into the semiconductor and indu-
ces a band bending. At negative voltages, the tip-induced
downward band bending drags the conduction band edge Ec
below the Fermi energy (Ef), inducing an electron accumula-
tion in the conduction band. The electrons in this accumula-
tion zone can tunnel into the tip at negative voltages
corresponding to energies within the band gap. Hence, a tun-
nel current flows at small negative voltages already. This cal-
culated accumulation tunnel current (/,..) fits well to the
measured data. Note, the tip-sample separation was used as
fit parameter to adjust the tunnel current at negative voltages.
At positive voltages, electrons are expected to tunnel into the
empty conduction band. However, the calculation without
pinning yields a too high tunnel current /- and an onset volt-
age too close to zero. Hence, it does not describe the mea-
sured onset around +2 V.

For calculating the pinned case, we added an intrinsic
empty surface state 1.8eV below the conduction band
edge with a FWHM of 0.2e¢V and a concentration of
7 x 10" cm™2. This concentration value corresponds to the
concentration of In atoms in the surface layer, where the
dangling bond state is localized (see below). For the calcu-
lation of the pinned surface, the same tip-sample separation
is used as for the unpinned surface. The simulated tunnel
spectra of the pinned surface are illustrated by the blue
solid and dashed lines in Fig. 2. The pinning removes the
tip-induced band bending and thus at negative voltages, no
accumulation of electrons in the conduction band occurs.
Thus the current is solely given by tunneling from the
valence band into the tip (Ivpin), Which is however too
small. At positive voltages, the midgap pinning shifts the
onset of electrons tunneling from the tip into the conduction
band (I pin) to higher voltages. This model provides a good
description of the tunnel current at positive voltages for a
surface state 1.8 eV below the conduction band edge. Thus,
the best fit is obtained for an unpinned surface at negative
voltages (solid red line in Fig. 2) and a surface pinned by a
surface state at positive voltages (solid blue line in Fig. 2).
This suggests a polarity-dependent pinning by the empty
intrinsic surface state, in analogy to GaN(1010) surfaces."’

In order to identify the origin of the midgap surface
state, we have performed first principles calculations within
DFT using the local density approximation (LDA) and the
projector augmented wave approach (PAW).>>?® In a first
step, the c-lattice constant (along (0001)) has been optimized
for a 32 atom bulk supercell, which is biaxially strained in
the basal plane to GaN and where the group-III sublattice is
occupied with 3 In (and 13 Al) atoms, reflecting the In com-
position. Then the m-plane surfaces are modeled using slabs
of 16-monolayers (MLs) AIN with the aforementioned lattice
constant. A plane-wave energy cutoff of 450eV was used
and the position of the atoms in the 8 topmost monolayers
(MLs) was fully relaxed. The In semicore d states are treated
explicitly as valence electrons, and the triply coordinated
lowermost Al and N atoms were passivated with pseudohy-
drogen atoms of partial charge 1.25 and 0.75, respectively.
In the top layer, one Al is replaced by an In atom. By modi-
fying the lateral size of the supercell (i.e., n X m, n and m
denote the repetition along (1120) and (0001), respectively)
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the surface In composition is effectively changed within the
whole range between pure AIN and pure InN.

Figures 3(a) and 3(b) show the calculated band structure
and density of states (DOS), respectively, for the example of
a 2 x 3 surface unit cell with one In atom replacing a surface
Al atom (corresponding to an In composition of 16.7% in the
surface layer). In the band structure, various states can be
identified: Within the band gap, a band of states (labeled Sy)
occurs at energies between 0 and 0.5eV. The charge density
of these states shown in Fig. 3(e) reveals that this band of
states corresponds to the filled nitrogen dangling bonds with
p orbital character. The next state in the band gap (Sy,)
2.4eV above Ey corresponds to the empty dangling bond
above the In atom as visible in Fig. 3(d). Finally, several sur-
face states appear near the conduction band edge (labeled
Sap. Figure 3(c) shows the charge density of the highest one.
These states correspond to the empty Al dangling bonds.
Both, the empty In and Al dangling bond states have a mixed
s and p orbital character.

Figure 4 (blue dots) illustrates the calculated energy min-
ima of the lowermost empty In/Al-derived surface state Sy, as
a function of the In composition x of Al,_JInN. The energies
of the surface state minima are given relative to the valence
band edge of pure AIN. The valence and conduction band
edges shown as black and gray curves, respectively, were
derived using composition-dependent bowing parameters cal-
culated using a tight-binding (TB) model for the composi-
tions marked by crosses.”” The blue symbols illustrate that
the lowermost empty dangling bond is within the fundamen-
tal band gap for In compositions x < 0.6. For pure InN, the
empty surface state is within the conduction band in

a)5SrmErn (b ————— (¢ Sal
@ E'P; i ()/ total DOS (é@ $ @@ ‘
) S | 2% a 2
°0. 39 g%
°0. 8% g%
S (d) St
& e Sin ?%&000000@
& 2[ Snm 11 1 $%90 %0 %<
2 °Q &9 g9
ol | | “e g2 g9,
(e)In Sy
Sw 26 o, &a.¢
0 PO 3O g0
0. 9% g %
| L] S E °Q £ 9 &9 ¢
X TXT M DOS [a. u.] Al

FIG. 3. (a) Band structure of the Al g3Ing ;7N(1010) surface. Sy denotes the
occupied N-derived surface states, Sy, the In-derived unoccupied surface
state, and S the unoccupied Al-derived surface states. Gray dots denote the
projected bulk band structure of AIN at the lattice constant of Algg3Ing 17N.
The upper and lower horizontal lines at 4.4eV and 0 eV mark the bulk CBM
and VBM of AIN at its optimum lattice constant, respectively. The absolute
position of the corresponding band structures has been obtained by aligning
the bulk ionization potentials to the vacuum level. (b) Total density of states
(DOS). (c), (d), (e) show the charge density of the S, Sy, and Sy states,
respectively. Al, In, and N atoms are shown as medium-sized blue, large-
sized purple, and small gray dots, respectively.
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FIG. 4. Energy position of the lowest empty cation derived surface state on
Al _,In,N(1010) surfaces as a function of In composition x. The conduction
band (Ec, gray) and valence band (Ey, black) edges were calculated using
Ref. 27. Blue dots show the calculated energy position of the lowermost
empty cation-derived surface state. This state is the In-derived dangling bond
(Al-derived surface stares are significantly higher in energy), except for pure
AIN where it is the Al-derived dangling bond. The green diamonds and red
triangles show the energy of the surface state Esg extracted from scanning
tunneling spectra with the help of tunnel current simulations for Aljgolng 20N
and AlggiIng 9N layers in heterostructure 1 and 2, respectively. The dark
framed symbols with error bars show the respective average values.

agreement with previous calculations and experiments.'>!”
For pure AIN, the surface state is located at midgap, consis-
tent with previous calculations.?®

In order to compare the calculated results with our
experiments, we analyzed a large number of spectra acquired
on different cleavage surfaces of both heterostructures with
different W tips. All spectra exhibit similar onset voltages.
In order to extract the energetic position Egg of the lower-
most empty surface state, we simulated each spectrum using
the energy position Egg and the tip-sample separation as fit
parameters. This procedure is done in analogy to that dis-
cussed above for the spectrum shown in Fig. 2. The best fit
of the onset voltage of the tunnel current at positive voltages
is used as a criterion to extract the energy of the lowest
midgap surface state. The green diamonds and red triangles
show the obtained surface state energy for the Al gglng 0N
and AlygIng 0N layers in H1 and H2, respectively. The
range of surface state energies is attributed to variations in
the tip states and fluctuations in the composition of the ter-
nary alloy.”” The respective average values are Ec— 1.80
*0.56eV and Ec — 1.82 = 0.41 eV. They are shown as dark
framed symbols with error bars. The energy values of the
surface state are measured relative to the conduction band
edge Ec. In contrast, the calculated surface state energies are
most accurate relative to the valence band edge Ev. Thus, if
the experimental band gaps are larger than the calculated
ones in Fig. 4, the experimental values of the surface state
energy shift 1:1 upward relative to the calculated ones.
Indeed, there are indications from experiments that the real
band gap of AljgiIng 19N is 4.2 eV,>% ie, 0.5eV larger than
the calculated one. Hence, our experimental data points may
need to be shifted up to 0.5 eV upward relative to the calcu-
lated ones. Independent of this uncertainty, the experimental
results agree well with the calculated energy minima of the
lowest empty surface state.
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At this stage, we address the origin of pinning. Although
we frequently observe cleavage steps on the surface, the con-
centration of step states (assuming one state per lattice con-
stant) is one order of magnitude lower than the surface density
of In dangling bonds (Sy,). Hence, the steps cannot induce an
extrinsic pinning. The polarity dependent Fermi level pinning
is only due to the intrinsic In surface dangling bond state.

Finally, the simulations of the tunnel spectra require sur-
prisingly large electron affinities. The best fits are obtained
for y~3.5eV. Unfortunately, nothing is known about the
composition dependence of the electron affinity. Hence, as a
first approximation, we assumed a linear change in the elec-
tron affinity between AIN and InN, the latter being assumed
to amount to 5.7eV.?' This would yield an electron affinity
of ~3.0eV for AIN. This value for a nonpolar stoichiometric
AIN cleavage surface is larger than the previously reported
electron affinities determined on polar surfaces ranging
from 0.6 to 2.16eV.>>** These polar (0001) surfaces were
prepared by N sputtering and annealing cycles and the inves-
tigated surfaces exhibited a 1 x 1 reconstruction. Under such
conditions, the surfaces can be expected to be non-
stoichiometric and covered by one or two Al adlayers which
may be partially disordered.” These adlayers fill the band
gap with surface states®® and may affect the electron affinity.
In contrast, here we investigate the cleaved stoichiometric
surfaces without metallic adlayers. This suggests that the
electron affinity of group II-nitride semiconductors needs to
be reassessed.

In conclusion, we investigated the electronic structure
of Al;_,In,N(1010) surfaces by cross-sectional scanning
tunneling spectroscopy and density functional theory calcu-
lations. Calculations yield empty Al- and/or In-derived dan-
gling bond states within the band gap for In compositions
smaller than 60%. We extracted the energy of the lowest
empty In-derived surface state from tunnel spectra acquired
on lattice-matched Al;_In N layers with In compositions
of x=0.19 and x=0.20 to be Ec—1.82*0.41eV and
Ec—1.80=*=0.56¢eV, respectively, in good agreement with
the calculated energies. Based on these results, we conclude
that under growth conditions, the Fermi level is pinned
by the In-derived dangling bond state for In compositions
smaller than about 60%. For larger In concentrations, no
Fermi level pinning is present. Furthermore, the simulation
of the tunnel spectra yields the best fits for an electron affin-
ity of ~3.5eV for nonpolar cleavage surfaces, which is sig-
nificantly larger than the linearly interpolated values of polar
AIN and InN (0001) surfaces.
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