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Introducing only a few atomic percent of Bi or N in GaAs has a large effect on the band gap of the material.
Specifically Bi doped GaAs shows potential for local band gap engineering in optoelectronic applications. The
incorporation of Bi and N into GaAs is difficult due to strain effects. In this work we study the ordering of these
dopants at the atomic scale in order to get a better understanding of the behavior of these dopants in the host
lattice. Cross-sectional scanning tunneling microscopy is used to find the exact position of Bi and N dopants in
the GaAs matrix, allowing us to study both their nearest neighbor pair occurrences and pair correlation functions.
An attractive interaction between Bi dopants at short ranges (1-2 nm) is found and a similar effect is observed
between N dopants. We find a repulsive interaction with a similar length scale between Bi and N dopants. A
similar repulsion is found in the Bi-N nearest neighbor pairs. Density functional theory is used to calculate the
different nearest neighbor pair energies and test these results to the experimental pair occurrences. It is concluded
from the experimental and theoretical results that the growth conditions and N inclusion greatly affects the Bi

distribution in GaAs.

DOI: 10.1103/PhysRevMaterials.8.054605

I. INTRODUCTION

Introducing dilute amounts of Bi in GaAs has drastic ef-
fects on the band structure. The band gap is reduced by
400 meV when 5% of Bi is introduced, due to the valence
band maximum (VBM) shifting to higher energy [1]. At the
same time the split-off band is pushed down, increasing the
split-off energy with increasing Bi content [2]. This results
in a crossover point at a Bi concentration around 10-11%,
where the split-off energy becomes larger than the band gap
[3]. Reaching this concentration is an important milestone
for the development of efficient (near)-infrared lasers, since
Auger recombination will be suppressed, theoretically mak-
ing lasers much more energy efficient. The band structure
reordering of GaAs with the introduction of Bi is described
by the valence band anticrossing (VBAC) model [4]. Unfortu-
nately, (homogeneous) Bi incorporation in GaAs is difficult to
achieve and requires very specific growth conditions in MBE
[5]. Suboptimal growth conditions can lead to formation of
Bi droplets on the surface and inhomogeneous incorporation
[5-8], drastically reducing the optical quality of the mate-
rial. Inhomogeneous incorporation can happen at the atomic
level, through the formation of nearest neighbor Bi pairs, or
at a larger scale, with the formation of Bi-rich and Bi-poor
regions. An important aspect of the incorporation of Bi in
GaAs is the size difference between Bi and the As it replaces.
Because of this, the Bi atom induces a local compressive strain
in the lattice. The alloy created in this way is part of the highly
mismatched alloys (HMAS).
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Introduction of N atoms in GaAs also reduces the band
gap of GaAs drastically. A small amount of N can cause a
band gap reduction of 600 meV [9-11], even though the band
gap of GaN is 3.4 eV, much larger than the 1.48 eV band gap
of GaAs. Contrary to Bi in GaAs, N causes the conduction
band minimum (CBM) to move downwards. This effect is
also described by the band anticrossing model [12]. N atoms
also induce a local strain, but because the N atom is much
smaller than the As atom, the strain is tensile. Combining Bi
and N doping in GaAs probably enables individual control
of the VBM and CBM. In this way the band gap can be
engineered to reach desired parameters. Possible applications
for GaAs with Bi and N co-doping lie in the domain of
near- and mid-infrared devices [13]. For these purposes a
homogeneous doping distribution is required, since Bi or N
localization results in low optical quality. Due to the opposite
strain behavior of Bi and N it is also possible to grow strain
free on GaAs with certain ratios of Bi and N. A previous
study with cross-sectional scanning tunneling microscopy (X-
STM) on Bi in InP showed an enhanced presence of first
and second nearest neighbor Bi pairs and a local clustering
range of about 2 nm [14]. For N atoms in GaAs a strongly
reduced occurrence of first and fourth nearest neighbor pairs
has been observed with X-STM [15]. Adding an atomic Bi
flux during the growth of Bi and N doped GaAs has been
shown to enhance the N incorporation [13] and atomic scale
ordering of Bi and N in GaAs has been observed by trans-
mission electron microscopy (TEM) [16]. In this work we
study GaAs co-doped with Bi and N with X-STM and density
functional theory (DFT). This allows us to directly observe
Bi and N atoms in the GaAs (110) surface and to calculate
relative pair energies. We analyze the distribution of these

©2024 American Physical Society
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atoms, both on a nearest neighbor level and longer ranges
up to 10 nm.

Il. METHODS
A. X-STM measurements

Several Bi and N doped GaAs samples were grown by
molecular beam epitaxy (MBE). All samples were grown on
n*-doped GaAs (001) substrates and contained multiple lay-
ers with Bi and/or N concentrations varying from 0.3% to 2%.
N and Bi growth conditions were determined from samples
containing single layers and lattice constants obtained via
x-ray diffraction. The data analyzed in this work is collected
from two samples referred to as sample 1 and sample 2, re-
spectively. The X-STM measurements were performed using
a commercial omicron LT-STM system. The measurements
were performed at a temperature of 77 K. Additional contacts
were deposited on the samples made from Sn, Au, and Ge
to improve electronic contact while measuring. The samples
were brought into the system and annealed at a temperature of
>150 C to ensure vacuum quality. Then the samples were
brought into the ultrahigh vacuum STM chamber, <10
mbar, and cleaved along the (110) natural cleavage direction.
This exposes a clean, atomically flat cross section of the
samples on which the X-STM measurements were conducted.
The X-STM tips were made by electrochemical etching of
polycrystalline W wire. After loading the tips into the STM
system they are also annealed at <170 C and sputtered with
an Ar ion gun to improve tip quality.

B. DFT calculations

The DFT calculations performed in this work are made
using the Vienna ab initio simulation package (vAspP) [17].
Perdew-Burke-Ernzerhof (PBE) functionals [18] are used,
which are a type of generalized gradient approximation
(GGA) pseudopotential. The electron-ion interaction is de-
scribed using the plane augmented wave (PAW) method [19].
In this work we consider 512 atom bulk GaAs supercells
consisting of 4 4 conventional unit cells. This size is chosen
to exclude intersupercell cross-talk. Using the aforementioned
pseudopotentials and supercells, we find a GaAs lattice con-
stant of 5.75. This is an overestimation of the lattice constant
which is expected for PAW-PBE pseudopotentials [20]. A
plane wave cutoff energy of 400 eV was found to be sufficient
for these cells after convergence testing. The sampling of the
Brillouin zone was done using a Monkhorst-Pack grid [21]
of 2 2 2. Different dopant atom pairs are introduced into
these GaAs cells and the cells are left to relax until the force on
the individual atoms is less than 0.05 eV/A. The total energies
of these different cells can then be compared in order to
predict which dopant pairs are likely to appear in our X-STM
images.

C. Notation and theory

Single Bi and N atoms in different layers in the surface
will be indicated by the element followed by a hyphen and
the number of the layer that they are located in, for exam-
ple, Bi-1 for a Bi atom in the first layer below the surface.

Nearest neighbor pairs will be marked by the two elements
involved (BiBi, BiN, or NN) followed by a subscript number
indicating the nearest neighbor order of the pair, for example,
a second nearest neighbor pair of a Bi atom and an N atom
will be indicated by BiN,. To avoid confusion with a nitrogen
nitrogen pair, which is noted as NN,, nearest neighbor will
not be abbreviated to NN; instead it is written in full.

To analyze the distribution on a longer scale, we use a
pair correlation study. The pair correlation function (PCF) or
radial distribution function gives the probability of finding an
atom at a certain distance from another atom, as given by the
following equation:

dn(r)
2 rdr’

where dn(r) is a function that describes the total number of
particles found at a distance r from another particle, is
the average density, and dr is the bin size. The PCF will
be zero up to the minimum distance between two atoms in
the lattice since no atoms can be present. For a completely
random distribution of atoms the PCF will be 1 after the
nearest neighbor distance. Deviations from 1 will indicate a
higher (>1) or lower (<1) occurrence of other atoms at that
specific distance.

9(r) = )

D. Analysis

During measurements’ large scale, typically 60 80 nm,
STM images are taken of the different layers in the sample.
To obtain proper statistics on the nearest neighbor pairs, large
(2 10* nm?) areas have to be imaged, depending on the
concentration of doping atoms in the layer. These images are
stitched together and analyzed by hand, marking the location
of Bi and N atoms and nearest neighbor pairs. Using the total
area of the STM images and the number of Bi and N atoms
counted, the concentration of these atoms is calculated and
compared to the value estimated by XRD. The concentration
is used to calculate the expected amount of nearest neighbor
pairs by considering the [110] surface as a lattice gas. In a
limiting case, where no interaction is present between the par-
ticles, the probability that two neighboring sites are occupied
is given by the square of the concentration. Scaling this to
the total number of lattice sites gives the total amount of ex-
pected nearest neighbor pairs. This result has been confirmed
through the generation of random lattices and extracting the
amount of nearest neighbor pairs therein. By dividing the ob-
served number of pairs with the expected number in a random
distribution, the relative occurrence of this specific pair is
calculated. A number higher than 1 means the specific pair
occurs more frequently than in a random distribution; lower
than 1 means it occurs less frequently.

A typical measurement set of a single layer spans 400 to
800 nm with a width of 40 nm. All the atoms in the image are
detected and given a coordinate. Since the data set is finite,
edge effects need to be considered before calculating the PCF.
An atom near the edge will have fewer neighbors since no
atoms are present beyond the edge of the data. To account
for this, atoms within the PCF range (typically 10 nm) with
respect to the edge of the data set are excluded from the set
of origins for the PCF calculations. The distances between the
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FIG. 1. Schematic depiction of the (110) surface of GaAs, with
the group 111 and group V atom in dark gray and light gray, respec-
tively. With respect to a reference group V atom (green) different
nearest neighbor group V atoms are indicated.

origin atoms to all other atoms in the data set are calculated.
These distances are then binned for a certain dr and the PCF
is calculated for each bin, resulting in a PCF plot. Image
processing and data analysis are performed using NUMPY [22]
and oPENCV [23] in Python.

E. Nearest neighbor pairs

We will consider the distribution of dopant atoms in the
topmost surface layer in this work. The different nearest
neighbor pairs in the (110) surface of a I11-V semiconductor
are schematically depicted in Fig. 1. A group V reference
atom, from which the different pairs are defined, is colored
green. The first nearest neighbor group V atom is located in
the [110] direction at a distance of a/ 2. A different first
nearest neighbor atom is located in the [110] direction, so each
group V atom has two first nearest neighbor group V atoms in
the (110) surface. The second nearest neighbor is located in
the [001]/[001] direction, at a distance of a. The third and
sixth nearest neighbor pairs both have four equivalent loca-
tions and will occur twice as often in a random distribution as
the first, second, and fourth nearest neighbor pairs. The fifth
nearest neighbor location is located two atomic layers below
the second nearest neighbor location, which makes it difficult
to observe in experiments.

I1l. RESULTS

Figure 2 displays a typical filled state STM image of a Bi
and N doped GaAs layer of sample 2. Atomic corrugation
lines can be seen running along the [110] direction. Bi atoms
are identified as bright protrusions of the surface at a single
atomic site. This is caused by the fact that Bi atoms are sig-
nificantly larger than the As atoms they replace. The brightest
Bi atoms are located in the surface layer and are indicated
by Bi-0 [14,24]; Bi atoms two layers below the surface, as
marked by Bi-2, show a much weaker contrast. N atoms,
instead, are imaged as dark depressions of a single atomic
site of the surface, since they are smaller than the As atom
that is replaced. For N atoms, the darkest ones are located

FIG. 2. Filled state STM image obtained at
A surface Bi atom is marked with Bi-0 and a Bi atom two layers
below the surface by Bi-2. A second nearest neighbor Bi pair is
marked with BiBi,. The white rectangle marks the area that is shown
zoomed in underneath the main image. Here an N atom in the surface
and two layers below the surface are marked with N-0 and N-2,
respectively. A cleaving induced defect is marked with D.

3.7V and 120 pA.

in the surface and indicated by N-O; the less deep ones are
located two layers below the surface [25-27] and an example
is marked with N-2. The electronic contrast related to these
dopants is suppressed at high negative biases. This contrast
is related to the shape of the wave function of Bi and N
dopants, is more extended, and would make the identification
of the exact position of these dopants more challenging. This
more extended electronic contrast is present both at positive
bias and at smaller negative bias [28,29]. Because of this, the
X-STM images considered in this work are made with gap
voltages between 3V and 3.7 V. An example of a BiBi,
pair is marked in Fig. 2. A typical surface defect observed
in these samples is marked with the letter D. This is a row
of vacancies in the [110] direction, created during cleaving.
In layers with higher Bi or N concentration these defects
occur more often and extend for longer distances. This is most
probably caused by the higher strain in the layer affecting the
cleaving process. As a result, it is unfortunately not possible
to obtain reliable statistics on these high-concentration layers.
The following sections will show and discuss the results of the
nearest neighbor pair analysis.

A. BiBi, pairs in GaAsBi layers

A nearest neighbor pair analysis was performed on a mul-
titude of layers of both sample 1 and sample 2. Figure 3(a)
shows the nearest neighbor analysis of a Bi-doped layer in
sample 1 with a Bi concentration of 0.8% in orange. The red
line indicates the expected pairs for a random distribution. In
sample 1 BiBi; occurs more than twice as often compared
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FIG. 3. (a) Relative occurrence of nearest neighbor BiBi pairs
in Bi-doped layers in samples 1 and 2. (b) PCF of Bi atoms in a
Bi-doped layer of sample 2. The red line in (a) and (b) indicates the
amount expected for a completely random distribution.

to a random distribution, showing a clear tendency for the
formation of these pairs during the growth. BiBi,, BiBis, and
BiBiy, all occur slightly more, but looking at the uncertainty,
this could be due to the limited statistics. The uncertainty in
the relative occurrence is dominated by the limited number
of pairs observed. Even in a large area of 3.6 10* nm?,
that takes multiple hours to measure, around 50 BiBi3 pairs
are observed. Assuming the observation is uncorrelated the
distribution of pairs is Poissonian and the uncertainty in the
pairs scales with N, where N is the amount of pairs ob-
served. BiBig shows a clear enhancement, occurring almost
twice as often. Overall, the Bi atoms in this layer of sample
1 show an enhanced tendency to form nearest neighbor pairs.
The analysis of a Bi-doped layer of sample 2 is displayed in
blue; the layer contains 1.9% Bi. Here, a very different distri-
bution is observed. BiBi; and BiBi,4 are strongly suppressed,
occurring less than half as often as expected for a random
distribution. The other pairs occur in numbers close to their
expected values.

There is a large difference in the observed BiBi, pairs
in sample 1 and sample 2, especially for BiBiy, BiBiy4, and
BiBig. Even though both graphs are corrected for the total
concentration, the difference in Bi concentration could be one

of the causes. Unfortunately, the two samples did not have a
GaAsBi layer with the same Bi concentration in order to make
a direct comparison.

The PCF of Bi atoms in a GaAsBi layer of sample 2 is
displayed in Fig. 3(b), where the bin size of the PCF is 0.2 nm.
The first bin is empty since the first nearest neighbor distance
is a/ 2, about 0.4 nm for GaAs. Between 0.8 and 2 nm a
clear enhancement of the PCF is observed above the random
distribution. This is quite similar to previous observations for
Bi in InP [14]. At distances larger than 2.0 nm, the distribution
quickly comes close to a random distribution, although it is
consistently slightly higher. An observation like this points to
the formation of clusters with a higher Bi concentration, with a
radius of about 2 nm. The PCF at very small distances cannot
be compared to the relative occurrences, since multiple pair
types can fall into one bin and are averaged over the full size
of the bin. Since pair distances are discreet at this scale, the
relative occurrence of the different pairs as shown in Fig. 3(a)
is the correct way to analyze this.

B. BiBi, pairs in GaAsBIN layers

The relative occurrence of BiBi, in the layers co-doped
with both Bi and N of samples 1 and 2 is displayed in Fig. 4(a).
In sample 1 the layer contains 0.5% Bi and 0.1% N; in sample
2 this is 0.7% Bi and 0.5% N. Again, a large enhancement
of the BiBi; pairs is observed for sample 1. For sample 2 a
reduction of these pairs is observed instead. All other pairs
show slight enhancements and reductions but all of them are
in the range of a random distribution when taking into account
the uncertainty range.

Comparing these results with the ones obtained for BiBi,
pairs in Bi-doped layers shows very little difference beyond
statistical variation. The main difference between the BiBij,
pairs in the GaAsBi and GaAsBIN layers is the amount of
BiBig pairs observed in sample 1, but this can almost com-
pletely be attributed to statistical variation, as can be seen
from the error bars.

The PCF results for the BiBi, are displayed in Fig. 4(b).
Again, we see low correlation at the length scales below the
first nearest neighbor distance. A clear enhancement is seen
between 0.8 and 2.0 nm, similar to BiBi, in GaAsBi. At longer
length scales, between 4 and 7 nm a second enhancement can
be seen, which peaks around 5.5 nm. Beyond this the distri-
bution follows a random distribution. Again, the enhancement
between 0.8 to 2.0 nm points to small clusters with higher
Bi concentration. The peak around 5.5 might indicate a weak
secondary ordering at longer length scales. This peak can be
interpreted as the typical distance between Bi clusters. Such
a spread of clusters with a typical intercluster distance of
5.5 nm would result in a second peak in the PCF as seen in
Fig. 4(a). Regardless of the exact interpretation, the compari-
son between 3(b) and 4(b) shows that the Bi incorporation at
longer scales is different in the Bi-doped layer compared to Bi
and N co-doped layers.

C. BiN, pairs in GaAsBIN layers

The maximum N concentration in sample 1 is 0.1%, which
results in an extremely low amount of BiN, pairs observed.
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FIG. 4. (a) Relative occurrence of nearest neighbor BiBi pairs in
Bi- and N-doped layers in samples 1 and 2. (b) PCF of Bi atoms in a
Bi- and N-doped layer of sample 2. The red line in (a) and (b) indi-
cates the amount expected for a completely random distribution.

The analysis of these results contains very large uncertainty
ranges, making it not significant enough to be included. In
sample 2 the N concentration in the layers ranged from 0.3%
to 0.6% providing enough pairs to make a statistically signifi-
cant analysis.

In Fig. 5(a) the relative occurrence of BiN, pairs is dis-
played. One detail that is immediately visible is that no BiN;
pairs are observed. BiBi, and BiBi3 occur about as much
as expected for a random distribution. BiNy4, instead, occurs
more than twice as often and the observation of BiNg is also
enhanced. Multiple aspects need to be considered in regard to
the fact that no BiN; pairs are observed and BiNy is strongly
enhanced.

First of all, the classification of N atoms is more difficult
than of the Bi atoms. The difference between a surface N
and an N atom two layers below the surface is small and is
strongly dependent on the contrast of the STM image. In very
high quality images, they are easy to distinguish, but if the
image quality is slightly lower this becomes quite difficult. As
a result, some N atoms in layer 2 could have been classified
as N atoms in the surface. This would affect the statistics,
increasing the number of observed pairs.

FIG. 5. (a) Relative occurrence of nearest neighbor BiN pairs in
Bi- and N-doped layers in sample 2. (b) PCF of BiN atoms in a Bi-
and N-doped layer of sample 2. The red line in (a) and (b) indicates
the amount expected for a completely random distribution. The Bi
concentration in the layer is 0.7% and the N concentration is 0.5%.

Secondly, the orientation of BiN; and BiNy is the same;
both lie perpendicular to the growth direction, as explained in
Fig. 1. The difference is the spacing between the two atoms;
for BiN,4 one group V site lies in between the Bi and N atom.
A possible explanation for the amount of BiN; and BiN4 pairs
observed is that the manual classification was incorrect and
all BiN; have been marked as BiN, instead. We argue that
this is unlikely, since in our measurements individual atomic
sites are visible. As a result, the difference between a BiN;
and BiN, pair should be clearly observable. This is confirmed
by comparing BiBi; and BiBi, pairs as displayed in Fig. 6. In
Fig. 6(a) the BiBi; can be observed as two Bi atoms with no
separation, since they are so close together they can almost
not be distinguished as two separate atoms anymore. The
BiBi, pair in Fig. 6(b) has a clear separation between the two
Bi atoms. This shows that distinguishing between BiBi; and
BiBi,4 can be reliably done and as an extension also between
BiN; and BiN4. Since no BiN; pairs were observed, such a
direct comparison cannot be made between BiN; and BiN4
pairs. In Fig. 6(c), a BiNy4 pair is shown as well as a BiN3 pair
that shares the same N atom. These two pairs are an indication
of what a BiN; pair would look like compared to a BiNy4 pair
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FIG.6. 5 5 nm? STM images of GaAsBi and GaAsBiN. In
(a), GaAsBi contains a BiBi; pair and, in (b), GaAsBi contains a
BiBi, pair (b). In (c), GaAsBiN contains both a BiBi3 and BiBij, pair.
The white rectangle in each image indicates the exact location of the
pair(s).

since the pairing Bi atom in the BiN3 pair has equal spacing
to the N atom along the [110] direction as the BiN; pair
would have.

In Fig. 5(b) the PCF is plotted for the BiN, pairs in a
GaAsBIN layer of sample 2. At distances below 2 nm a strong
reduction of the PCF is observed; around 3 and 4 nm the
distribution is close to random and around 5 and 6 nm again
a reduction is observed. At larger distances the PCF follows
a random distribution. The reduction at distances below 2 nm
points to an unexpected repulsion between Bi and N atoms,
forming separated Bi and N rich areas. The reduction around
5 nm correlates with the peak observed in the PCF of BiBij,
pairs in GaAsBiN of Fig. 4(b). If clusters of higher Bi con-
centration are present at this distance, less N atoms will be
present, resulting in the dip observed in Fig. 5(b).

D. NN, pairs in GaAsBiN layers

The concentration of N atoms in the layers of samples 1
and 2 is about 0.6% at most. This results in a low number of
observed pairs with a large uncertainty range. Combined with
the fact that N atoms in the surface and layer 2 are harder
to distinguish makes the analysis not significant enough to be
considered. From the results that we could obtain we observed
no clear trends, with large variations of the NN, pair statistics
between the layers. For the BiN, pairs the low concentration
of N atoms was compensated by the high Bi concentration,
making it possible to do an analysis on those. A future exper-
iment on a sample with higher N concentration would help to
make the analysis more reliable. We have found that the layers

with high Bi and especially high N concentration can cleave
poorly, making these layers difficult to measure by X-STM.

E. Growth effects

We expect several of the observations made in these mea-
surements to be related to the growth of the samples. First, the
fact that the nearest neighbor statistics vary strongly between
samples 1 and 2. Especially, the BiBiy pairs, which show
strong enhancement in sample 1 and a strong reduction in
sample 2. These samples were grown in different batches with
maintenance on the MBE in between. Although calibration
growths are performed before each proper growth batch, ideal
growth conditions might have changed. The reflection high-
energy electron diffraction (RHEED) system was also not
functioning properly during the growth, which made observa-
tions of the reconstruction of the growth surface very difficult.
Regardless it is very well possible that the two samples have
been grown with a different surface reconstruction, which is
known to affect the Bi incorporation and strongly depends on
the exact growth conditions [13]. Work from Masnadi-Shirazi
et al. shows that, for an As,:Ga flux of 0.5-1.0, there are
at least four different surface reconstructions possible in a
100 C range [30]. A second observation is the similarities
and differences in the Bi distributions for the layers with and
without N atoms. As can be seen when comparing Figs. 3(a)
and 4(a), the nearest neighbor distribution does not change
much between layers with and without N atoms, both in sam-
ple 1 and sample 2. But when looking at the PCFs in Figs. 3(b)
and 4(b) a difference is observed at longer length scales. This
enhancement of the PCF around 5.5 nm is attributed to the
formation of small Bi rich areas with an interarea distance of
typically 5.5 nm. The formation of these Bi rich areas does
not affect the nearest neighbor pair statistics. A possible cause
for this is the strain effect that Bi and N incorporation has
on the GaAs host. Bi increases the lattice constant of the
host when it is incorporated. As a result, an area with more
Bi in it might prove an a easier place for more Bi atoms to
incorporate, since the lattice constant is already increased at
the local scale. For N atoms it could be harder to incorporate
in these areas, since they decrease the local lattice constant.
Local alloy fluctuations like this have been observed before
by X-STM [31]. Lastly, the first and fourth nearest neighbor
pairs are expected to be influenced the most by the growth
conditions since both are located on top of the (001) growth
surface. This is an additional explanation for the behavior of
the BiN; and BiNy4 pairs shown in Fig. 5(a). The interaction
between the Bi and N atom in the growth surface can have
a great effect on the formation of the two pairs. If the inter-
action between the Bi and N atom is repulsive at the very
local scale, it could result in Bi or N atoms incorporating
as BiN, pairs instead of BiN; pairs, doubling the observed
BiNy pairs.

F. DFT calculations

DFT calculations of the various different dopant pairs dis-
cussed in this work were also performed. This is done to
compare the experimental results to a theoretical bulk case and
to obtain the relative energies of the various dopant pairs. The
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FIG. 7. Energies of the relaxed supercells as calculated with DFT for BiBi, NN, and BiN pairs in (a)—(c), respectively. The energies of the
supercells are given relative to the energy of a supercell with a first nearest neighbor pair of the same two dopants. This means that the energy

of the BiBi, cell in (a) is the energy of the cell relative to the BiBi; cell.

supercells described in Sec. 11 B are used to calculate the en-
ergies of bulk GaAs supercells with different BiBi,, NN, and
BiN, pairs present. These calculations are performed in the
bulk configuration since the Bi and N dopants are not expected
to be displaced in the (110) plane during the cleaving process.
We compare the total energy of the supercells with the various
different pairs to predict which nearest neighbor pairs would
occur the most often and see if these agree with our experi-
mental results. Since our experimental analysis considers the
first, second, third, fourth, and sixth nearest neighbor pairs,
the same is done in our DFT analysis. The total energy of the
supercells containing the dopant atom pairs after relaxation
relative to the energy of the first nearest neighbor cell is given
in Fig. 7.

We can observe some general trends in Fig. 7. The BiBi
and NN pairs behave qualitatively similar, with the first and
fourth nearest neighbor pairs being the highest in energy. The
BiN pairs show the opposite behavior, with the first and fourth
nearest neighbor pairs being the lowest in energy. The first
and fourth nearest neighbor pairs are both oriented along the
[110] direction as discussed in Secs. Il E. These DFT results
indicate that this is a direction along which it is unfavorable
to have two similar dopants. This is most likely related to the
very different size of these dopants compared to the As atom
they replace. The strain introduced into the lattice through
these dopants seems higher along the [110] direction. If we
introduce atoms with opposite strain, like for BiN pairs, this

behavior is mirrored and now the [110] direction becomes the
most favorable for dopant pairs.

We now confront the DFT results with the observed nearest
neighbor occurrences shown in Figs. 3 and 5. The results of
sample 2 shown in Fig. 3 agree very well with our simulated
energies. The BiBi; and BiBiy pairs occur less often and we
calculate those to have the highest energies. For sample 1, the
BiBi, BiBis, and BiBig do show a different behavior. This
could be caused by growth conditions and their effect on the
growth surface as discussed in Sec. Il E. It it challenging
to simulate growth conditions with DFT since the growth is
strongly temperature and I117V flux dependent, which cannot
be simulated. The BiN pairs shown in Fig. 5 agree partially
with the simulations. The high amount of BiN4 pairs are
consistent with the lower pair energy shown in Fig. 7. The
fact that no BiN; pairs are observed is not consistent with
the calculated energy though. As previously discussed, BiN;
pairs are difficult to observe in X-STM images. Nevertheless,
a higher amount of BiN; pairs would be expected with this
low pair energy. This discrepancy could also be caused by
the local alloy fluctuations discussed in Sec. Il E. The fact
that Bi rich or N rich areas can form during the growth of the
material which locally change the lattice constant is not taken
into account in the DFT calculations. The DFT calculations all
assume a homogeneous lattice constant of GaAs. These local
alloy fluctuations would be an additional effect driving Bi
and N atoms further from each other. The NN, pair energies
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cannot be compared to experimental results from this work
but it is possible to compare to previous experimental work
from Plantenga et al. on N doped GaAs [15]. They found a
low occurrence of NN; and NN, pairs present in N doped
GaAs. This is again consistent with the high simulated energy
of these pairs.

IV. CONCLUSION

We performed X-STM measurements and DFT simulations
on Bi and BiN doped GaAs layers in two different samples.
We have analyzed our experiments by observing the nearest
neighbor pair distribution and the longer-range pair corre-
lation function to see the distribution of Bi and N atoms
throughout these layers. In all samples and layers a short range
(1-2 nm) attractive interaction between Bi atoms is observed
in the PCFs. A large difference in the nearest neighbor pair
distribution between samples 1 and 2 is most likely related
to different growth conditions for the two samples, possibly
resulting in a different growth surface reconstruction. From
the PCFs of BiBiy, pairs in GaAsBiN we observe the formation
of Bi rich and N rich areas within GaAsBiN. This repulsive
interaction of the Bi and N atoms is also observed in the
nearest neighbor pair distributions, where no BiN; pairs are
observed. We simulated the energies of the different dopant
pairs with DFT. These simulations agreed well with our ex-
periments in most cases. Especially in the case of the second
sample studied, the BiBi, pairs agreed very well with the
simulations. The BiN; pairs were an outlier, which could be
caused by the difficulty in correctly identifying these pairs
experimentally. In this research we found indications that the
growth conditions and N inclusion can strongly affect the Bi

distribution, but further research is required to make a definite
statement on this.
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