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Characterizing In and N impurities in GaAs
from ab initio computer simulation of (110) cross-sectional STM images
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Computer simulations of cross-sectional scanning-tunneling microscopy images of GaAs(110) are performed
by means of density-functional theory, with the aim of characterizing Ing, and N 4, substitutional impurities. In
some cases the comparison between an experimental image taken at a single negative bias with the results of
our simulations is sufficient to discriminate among different types and locations of impurities. When ambigu-
ities arise, a combined positive/negative scan of the same region will help resolve them. We find that
Ing,-N ¢ neighboring pairs are energetically favored relative to the isolated impurities. The main features of
the images of these pairs are determined by the location of the nitrogen atoms, but details due to neighboring
indium atoms are also meaningful and recognizable in the experimental images.
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I. INTRODUCTION

In recent years GaAsN and InGaAsN alloys have captured
a growing interest due to their remarkable properties and
potential applications in optoelectronic devices and solar
cells.!> The presence of only a few percent of nitrogen
causes a strong band gap reduction with respect to the host
material, determining a so-called giant optical bowing
effect.>* Incorporation of both N and In in a GaAs host ma-
trix potentially allows for a combined tuning of the band gap
and lattice parameter by controlling the N/In ratio. In par-
ticular, an indium content of about 13% together with about
4.5% of nitrogen make InGaAsN conveniently lattice
matched to GaAs.

Cross-sectional scanning tunneling microscopy (XSTM)
(Ref. 5) has been recently applied to determine the distribu-
tion of N and/or In atoms in GaAsN and InGaAsN alloys,*’
quantum wells,® and quantum wires.® There is a general
agreement about the main characteristic features of N atoms
substituting As (N,,) and In atoms substituting Ga (Ing,):
N, is characterized by a dark spot at negative bias, similar
to an As vacancy, very pronounced if it is on surface, less
pronounced from the third subsurface layer; Ing, gives rise to
a bright spot at positive bias voltages. From XSTM images
of In,Ga,_,As;_)N,/GaAs quasi-lattice-matched quantum
wells (x=0.13, y=0.045) acquired at positive and negative
bias voltage, Duca et al.® were able to identify fingerprints of
on-surface In and N isolated impurities, as well as of In-N,
N-N, and In-In pairs. In this way, however, only on-surface
pairs can be clearly identified. The observed frequency of
In-N pairs is larger than expected for a completely random
distribution of the impurities, but less than predicted from
Monte Carlo simulations.'® The In-N frequency could be
even larger if also subsurface atoms could be identified
and taken into account. Therefore, the characterization of
Ing,-N s, impurity pairs in In,Ga,_,As,_,N, calls for a deeper
investigation aimed at identifying specific features which
will allow to unambiguously distinguish between isolated
impurities and pairs thereof.

In this paper we perform such an investigation, based on a
comparison between experimental XSTM images, and com-
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puter simulations performed with state-of-the-art electronic-
structure techniques, in the framework of the density func-
tional theory and the plane-wave pseudopotential method.
Our main conclusion is that, while images taken at negative
bias may not contain sufficient information to distinguish an
impurity pair from an isolated on-surface Ny, the combina-
tion of such an image with one taken at a reverse bias, thus
sampling empty impurity states, would allow to discriminate
between them.

II. COMPUTATIONAL DETAILS

We perform density-functional theory calculations in the
local-density approximation (DFT-LDA), using the ab initio
pseudopotential plane-wave method PWSCF code of the
Quantum ESPRESSO distribution.!!  We use norm-
conserving pseudopotentials from the Quantum ESPRESSO
public table'? with a plane-wave kinetic-energy energy cutoff
of 20 Ry.!? The calculated structural and electronic proper-
ties of GaAs, both for bulk and (110) surface, and those of
bulk zincblende GaN and InN, which are relevant because of
the impurities, are of the same good quality as currently
found in the literature.'* Most of the results reported here are
obtained with supercells containing a GaAs slab of 6 atomic
layers separated by a vacuum region equivalent to 5 atomic
layers (~12 A), with impurities on one surface and hydro-
gen on the other, saturating dangling bonds. Test calculations
indicate that these sizes are enough to avoid the interaction
between the two doped surfaces of the slab. The surface
periodicity is 3X4 or 3 X6 with 12 or 18 atoms, respec-
tively, according whether impurities are studied individually
or in pairs. A 3 X 2 X 2 Monkhorst-Pack special k-point mesh
for self-consistent calculations and a 6 X4 X4 mesh for non-
self-consistent calculations of densities of states and XSTM
images are used. The surface geometry has been optimized
by keeping only the hydrogen and the saturated GaAs layer
fixed. Other technical details are similar to those of Ref. 21.
With such details, the accuracy for the atomic positions is of
the order of 0.01 A, of same good quality as currently found
in the literature.
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FIG. 1. (Color online) Isolated substitutional N, impurity on
(110) GaAs surface. Upper panel: top (left) and side (right) views of
the atomic geometry with a ball and stick model. Big black and
white spheres represent the surface As and Ga atoms, respectively,

and smaller spheres indicate deeper atoms. Lower panel: STM im-
ages at V,=—1 eV (left) and V,=1 eV (right).
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XSTM images are simulated from the local density of

states (LDOS) using the Tersoff-Hamann model,'®> which ap-
proximates the tunneling current with:
Ep+eV),
I(V) ch LDOS(r,€)de, (1)

Ep

where r is the position of the tip, Er is the Fermi energy, and
V,, the applied bias. In this model neither the tip-surface in-
teraction nor the particular shape of the tip are taken into
account. More refined approaches are present in the
literature,'6-2° but despite its simplicity and the severe ap-
proximations used, the Tersoff-Hamann model has shown to
be able to provide, at least qualitatively, a correct description
of STM images in similar cases of defected III-V semicon-
ductor surfaces. If not otherwise stated, we use V,=+1
(=1) eV for positive (negative) bias.

II1. RESULTS
A. Isolated N, impurities

Nitrogen has a larger electronegativity and a smaller size
than arsenic, therefore it produces lattice distortions and
variations in the electronic density-of-states when it substi-
tutes As. The side and top views of the relaxed atomic struc-
ture of an on-surface N, impurity are shown in the top panel
of Fig. 1. The most relevant features of the lattice structure
are (i) a contraction of the Ga-N bond length (1.99 A) with
respect to that of Ga-As (2.38 A); (ii) an inward displace-
ment of the two surface Ga nearest neighbors (NN) of the N
impurity towards N atom, with their relative distance de-
creased by 0.58 A; (iii) an inward shift of the N impurity
with respect to the surface As atoms, thus appearing like a
depression. The corresponding fingerprint of N, impurities
in the XSTM images is a dark spot in the filled-state
(negative-bias) image, like a depression, similar to surface
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FIG. 2. (Color online) Isolated subsurface substitutional nitro-
gen impurity, N4, in GaAs. See Fig. 1.

As vacancy, due to the combination of structural and elec-
tronic effects. This result confirms the interpretation of some
experimental XSTM images reported in the literature.5~% A
characteristic feature also appears at positive-bias voltages,
where the images of the empty states of the two surface
Ga-NN’s are closer to each other in the [110] direction. We
notice that for this configuration, as well as for all the others
that we have considered, the isovalent N, and Ing, impuri-
ties introduce only small modifications at the band edges and
no midgap states, in agreement with what is reported in Ref.
6.

A local contraction of the lattice also occurs when N is
in the second layer, as shown in Fig. 2. Surface As atoms
which are next-nearest neighbors (NNN) to nitrogen are
shifted toward the impurity: As(7) and As(8) on the left of
the impurity are shifted by about 0.24 A with respect to their
regular position in the ideal surface, while As(5) and As(6)
on the right of the impurity are shifted by about 0.18 A.

The side view allows to appreciate the changes of the
surface buckling due to the nearby Ga-As pairs. The buck-
ling of Ga(l) with respect to its As NN is 0.87 A (to be
compared with 0.67 A for the clean surface), while Ga(2) is
buckled by 0.60 A with respect to its As NN. The contraction
of the distance of the surface As surrounding the impurity
corresponds to a distortion in the row of the filled-states im-
ages that can be appreciated at negative bias (V,=—1.0 eV),
as also reported in Ref. 6. At positive bias (V,=+1.0 eV),
the surface Ga(1), which is NN to N, is slightly darker than
Ga atoms further from the impurity. Such depression in the
STM image can be explained easily by its inward displace-
ment (0.27 A). Ga(3) appears even darker than Ga(l), al-
though not deeper than others with respect to the surface. In
this case therefore the effect is purely electronic, as it can be
inferred by examining the atomic-projected density of states:
the empty states of Ga(3) are pushed towards higher ener-
gies, so that their contribution to positive-bias STM image
[see Eq. (1)] is smaller than normal surface Ga atoms. The
occupied states of Ga(2) and Ga(4) instead are shifted to-
wards lower energies, thus increasing the contribution to the
previous integral at positive bias and resulting in a brighter
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FIG. 3. (Color online) Isolated N, impurity on the third layer
from (110) GaAs surface. See Fig. 1.

image. Similar features are found in experimental images
and interpreted along these lines.%%

The effect of a N impurity in the third layer is shown in
Fig. 3. Lattice distortions are less pronounced, but still
propagate from the impurity up to the surface. The surface
As atom located above the N protrudes less with respect to
other surface As atoms, with a buckling reduced to 0.46 A.
In correspondence to N, the simulated XSTM image at
negative bias voltage shows a depression (dark spot) similar,
but less pronounced, to the case of surface N,,. The finger-
print of third-layer N, is visible also at positive bias with an
additional bright spot with respect to the rows of Ga empty
states. Such spot originates from surface As located above
the N, whose empty states are strongly modified and pushed
towards lower energies, as it can be seen from the atomic-
projected density of states. We notice that this additional
bright spot at positive bias is at variance with what occurs for
N, on surface, thus allowing to distinguish between the two
cases. The contrast of the features just described is attenuated
by increasing the applied bias, both in the positive and in the
negative directions, as it occurs for anion vacancies on (110)
cleaved III-V surfaces.?

B. Isolated Ing, impurities

Let us come now to cationic impurities, Ing,, i.e., In at-
oms at Ga sites. The In-As bond is longer than Ga-As and
therefore lattice distortions also occur in this case. When Ing,
is on surface, the surface zig-zag bond chain accommodates
to these distortions: the surface In-As bond length is 2.49 A
and Ing, is slightly pushed outward (by about 0.07 A farther
than Ga atoms). Side and top views of the relaxed structure
of on-surface Ing, are shown in the top panel of Fig. 4: the
impurity is visible with a brighter spot than Ga in the empty-
state image (with a bias of +1.5 V or even higher). Our
simulations confirm the interpretation of some experimental
images reported in the literature.®%23

Subsurface Ing, also gives rise to lattice distortions: the
bond between Ing, and its NN surface As atom is 2.55 A,
longer than Ga-As (2.42 A), so that the surface As atom is
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FIG. 4. TIsolated Ing, impurity on (110) GaAs surface. See Fig.

1. Lower panel: STM images at V,=—1¢eV (left) and V,=2 eV
(right).

pushed outward from the surface by 0.18 A. The result is a
surface-As spot bright also at positive voltage in XSTM im-
ages, as shown in Fig. 5. A similar feature has also been
observed in some experimental images.®?3

Comparing the formation energies of on-surface and sub-
surface Ing, configurations, we find no appreciable differ-
ence (only 0.06 eV) which is consistent with the experimen-
tal observation of no preferential distribution between the
two layers.’

C. Ing,-N, pairs

The incorporation of both N and In into GaAs allows for
the simultaneous tuning of the band gap and average lattice
constant in the diluted In,Ga;_ As;_ N, quaternary alloy.
Kim and Zunger'® have suggested that the preferential for-
mation of In-N and Ga-As, relative to In-As and Ga-N
bonds, results in a sizeable amount of short-range order. The
existence of short-range order of this kind is confirmed by
recent experimental evidence,®>* although to a lesser extent

FIG. 5. Isolated subsurface substitutional impurity Ing, in GaAs.
See Fig. 4.
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FIG. 6. (Color online) A defect pair with substitutional Ing, and
N, both on surface layer (case A in the text). See Fig. 1.

than computer simulations would suggest.'® An accurate and
unambiguous identification of In-N pairs in XSTM images is
therefore crucial for a proper comparison between theory and
experiment. In the following we present a systematic series
of simulations of the images of In-N pairs for different loca-
tions in the first two (110) layers (on- and subsurface). There
are four different possible such configurations: (A) both Ing,
and N, are on-surface along the exposed zigzag bond chain;
(B) both Ing, and N, are subsurface; (C) Ing, is on surface
and N,, subsurface, their projection on the surface being
(001)-oriented; (D) the configuration complementary to C
with N4, on-surface and Ing, subsurface.

Side and top views of the equilibrium structure for con-
figuration A are shown in the upper panel of Fig. 6. Along
the exposed zigzag bond chain, the most relevant bond
lengths close to the impurities are 2.13 A for In-N, 2.55 A
for In-As, and 1.97 A for Ga-N. These bonds give rise to a
local distortion of the lattice. The lower panels of Fig. 6
show the occupied- (negative bias) and empty-state (positive
bias) XSTM images of this configuration. The negative-bias
image is characterized by a missing anion spot (correspond-
ing to surface N,), whereas a brighter cation spot is present
in the positive-bias image (corresponding to surface Ing,). At
negative bias, the image is similar to that of an isolated sur-
face N, impurity, but at positive bias the image differs from
that of either isolated N, and Ing,: the brighter spot gener-
ated by the impurity pair is in this case asymmetric.

Figure 7 shows case B, with both N4, and Ing, subsur-
face. Some lattice distortion is also present here, although to
a lesser extent than in the previous case. Surface Ga atoms
bound to subsurface N, go inward by 0.31 A with respect to
“regular” Ga atoms bound to As, also driving a small dis-
placement of neighboring surface As atoms (about 0.12 A
with respect to the position of the “regular” As atoms). The
most relevant bond lengths for In-N, Ga-N (on-surface), and
In-As (on-surface) are 2.19 A, 2.01 A, and 2.56 A, respec-
tively. These lattice distortions give rise to a deformation of
the rows of the anionic occupied-state images shown in the
left-lower panel of Fig. 7 where we can see the anion bright
spots slightly misplaced from their symmetrical position. In
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FIG. 7. (Color online) A defect pair with substitutional N, and
Ing, both subsurface (case B in the text). See Fig. 1.

the empty-state images, at low bias voltage, we can recog-
nize two brighter spots corresponding to two surface Ga at-
oms in the neighborhood of the impurities. Increasing the
voltage, either at positive or negative bias, the contrast de-
creases and the above characteristic features are less visible.

Similar lattice distortions and similar features in the
XSTM images occur for an on-surface Ing, impurity with a
subsurface N, nearest neighbor (case C), as shown in Fig. 8.
Also in this case the Ing,-N,, bond is shorter (2.15 A) than
Ga-As (2.37 A), resulting in an inward displacement of the
on-surface Ing, larger by 0.25 A than for Ga atoms. The
empty-state XSTM image shows a less bright Ing, spot than
Ga atoms, whereas the two neighboring Ga spots in the ad-
jacent row are enhanced.

A sizable contraction in the zigzag bond chain exposed at
the surface occurs when an on-surface N, impurity has an
Ing, subsurface nearest neighbor (case D), as shown in Fig.
9. In this case the N,  impurity relaxes outward less (by
0.4 A) than on-surface As atoms, and it shifts by 0.23 A
along the [001] direction, with the Ing,-N,, (2.14 A) and
Ga—N,, bonds (1.98 A) shorter than Ga-As. The low-

FIG. 8. (Color online) A defect pair with substitutional Ing, on
surface and N, subsurface (case C in the text). See Fig. I.
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In

FIG. 9. (Color online) A defect pair with substitutional N, on
surface and Ing, subsurface (case D in the text). See Fig. 1.

voltage negative-bias image depicts the N, impurity as
darker (depressed) and shifted along [001], in between two
brighter spots produced by the two NNN As atoms. In the
positive-bias image, two brighter and closer spots are origi-
nated by Ga atoms nearest neighbors to N .

We now briefly report on the energetics of the various
impurity configurations considered in the present work. We
caution the reader that, since the experimentally studied sur-
faces are obtained by cleavage, the actual configurations of
the impurities are not uniquely determined by their relative
energy differences in presence of the surface; The energetics
of the different possible configurations before cleavage, i.e.,
in bulk, plays also a fundamental role, as well as other fac-
tors during and after cleavage may affect the exposed sur-
faces. Nevertheless, it is interesting to discuss the energetics
in presence of the surface and to investigate whether there
are some very unfavorable and unstable configurations ob-
tained after cleavage that could likely change.

In Table I, we report our calculated impurity formation
energies. We see that the on-surface and subsurface configu-
rations of isolated Ing, are almost degenerate, so that we do

TABLE I. Relative formation energies of various impurity con-
figurations considered in the present work. All the energies are re-
ferred to those of the most stable configurations (isolated subsurface
impurities or pairs thereof).

Defect configuration AE (eV)

Ing, surf 0.06
Ing, subsurf -

N surf 0.15
Ny subsurf i,

Ny 3rd layer 0.28
A 0.28
B i,

C 0.14
D 0.36
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not expect any substantial rearrangement after cleavage and
annealing. For isolated N, the subsurface location is the
most favorable, followed by the on-surface and the third-
layer subsurface configurations with energy differences
within 0.3 eV/impurity. Such small energy differences are
consistent with the lack of any experimental evidence of out-
ward diffusion from the bulk toward the exposed surface or
subsurface layer.®®

Concerning the Ing,-N,, pairs, our calculations predict
configuration B (Ing,-N 4 subsurface) to be the most stable,
followed by C, A, and D at an energy 0.14, 0.28, and 0.36 eV
higher, respectively. We notice that the greatest stability of
configuration B is consistent with the greatest stability of the
isolated subsurface Ing, and N, impurity configurations.
The binding energies resulting from the difference between
the pair configurations and the infinitely separated impurities
indicate an attraction between the In and N impurities. This
behavior is consistent with experimental findings® and previ-
ous theoretical results obtained for the bulk alloy.!%> Our
calculated binding energy is 0.35 eV in case B and 0.44 eV
in the bulk, the latter in perfect agreement with the value
reported in Ref. 25. Considering also case A, with binding
energy of 0.07 eV obtained by difference from case B, our
findings indicate that the pair binding energy progressively
decreases from the bulk towards the surface. Since the domi-
nant, attractive contribution to Ing,-N,, bond is due to
strain,”*?* whereas the chemical one is repulsive,? this trend
can be explained considering that on surface the strain can be
better accommodated and its attractive contribution reduced.
Our results could also partially explain that the average num-
ber of In-N bonds observed in the cross-sectional surface of
real samples® is higher than expected for a random distribu-
tion but lower than theoretically predicted for the bulk.'®

IV. CONCLUSIONS

We have presented a systematic study of the GaAs(110)
cross sectional surface containing N and In dopants, per-
formed using first-principles density-functional theory calcu-
lations. Our main result is the suggestion that a combination
of negative/positive bias imaging of a doped region can help
distinguish between different configurations that would oth-
erwise appear similar if taken only at a negative voltage.
This result highlights the power of computational micros-
copy as a powerful tool for the characterization of materials
which provides information complementary to that obtained
in the laboratory and essential for a proper interpretation of
the latter.
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