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Nitrogen solubility at GaAs and InAs �001� surfaces has been studied employing density-functional theory
calculations. The effect of the surface reconstruction and the reconstruction-induced surface strain on N
solubility was analyzed in detail, considering the various surface layers and sites. The stability phase diagrams
for the considered systems were constructed, and based on them an estimate of the N concentration has been
deduced for the thermodynamically accessible and relevant range of chemical potentials in the various surface
layers and at a typical growth temperature of 500 °C. Our results show that the solubility of N at the surface
is unexpectedly rich and a complex function of the surface reconstructions. We discuss the possible N incor-
poration mechanisms and the conditions that allow for an enhanced solubility which can be in GaAs up to five
orders of magnitude higher than the equilibrium bulk solubility. In addition, we find that the solubility of N at
the GaAs�001� surface is one to four orders of magnitude higher than that at the InAs�001� surface.
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I. INTRODUCTION

Ternary GaAs1−xNx alloys with low N content have re-
cently sparked a considerable theoretical and experimental
interests due to their unique physical properties. Unlike con-
ventional ternary III-V alloys, the incorporation of a few
percent of N in GaAs results in a large band-gap bowing,1–3

making this material system interesting for applications such
as infrared laser diodes operating in the 1.3–1.6 �m region
relevant for optical data transmission. A specific problem for
practical applications is the very low equilibrium bulk solu-
bility of N in GaAs, which was estimated to be �10−7% at
T=1000 K.4 The origin of the low solubility is the large
difference in bond length between Ga-N and Ga-As of more
than 20%.2 Therefore, substituting N on an As site causes
considerable tensile strain around the N atom.

An interesting approach to overcome the limited bulk
equilibrium solubility is to employ surface kinetics. It was
demonstrated that the solubility of impurities is enhanced
near surfaces because of strain relief and surface
reconstruction.5 For example, based on theoretical studies it
has been proposed that the solubility of N can be dramati-
cally enhanced by 5 orders of magnitude in the subsurface
region of the GaAs�001� surface at 1000 K as a result of the
surface strain induced by As dimers at the surface.6 There is
a lot of interest to employ such a mechanism in epitaxy and
to increase the N solubility by kinetically freezing in the
surface concentration. A qualitative description of the rel-
evant mechanisms is given in Fig. 1. It schematically shows
the formation energy of substituting a N atom at a recon-
structed GaAs�001� surface as a function of the surface layer
it gets incorporated. The dashed horizontal lines represent
the thermal threshold energies Eth=kBT ln

�0

� with kB as the
Boltzmann constant, T as the growth temperature, and �0 /�
as the prefactor/rate for a specific diffusion event. Assuming
a common attempt frequency of 1013 s−1 and that the diffus-
ing atom can be regarded as mobile if the hopping rate be-
tween surface layers is ��1 s−1 this energy becomes
Eth�30kBT. The figure shows the threshold diffusion ener-

gies Eth1 , . . . ,Eth3 corresponding to a set of temperatures
T1 , . . . ,T3 with T1�T2�T3. If the threshold energy is above
the corresponding left or right barrier the adatom is able to
jump over it at a rate comparable to molecular-beam epitaxy
�MBE� growth. If such a vertical transport is enabled the
corresponding surface layers can equilibrate. From Fig. 1
there are two main aspects to note: �i� in general, the forma-
tion energy to incorporate or substitute the adatom will be
higher �less favorable� in the bulk than at the surface layers
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FIG. 1. Schematic representation of the formation energy of
substitutional incorporation of a N atom at GaAs�001� surface �see
text�.
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and �ii� it can be lowest �most favorable� in the subsurface
layer �second anion layer� as a consequence of the surface
reconstruction. If growth takes place under complete thermo-
dynamic equilibrium �e.g., at temperature T1 corresponding
to Eth1� then the resulting N concentration will be very low.
Lowering the growth temperature �e.g., at T2 corresponding
to Eth2� allows the subsurface �second anion layer� incorpo-
ration while preventing equilibration with the bulk. For this
case, the solubility in the subsurface layer can be frozen in as
the crystal grows, which leads to an enhanced solubility of
N. During growth, an additional layer will be added to the
surface, the second layer becomes the third, and the energy
of the N atom changes from E2 to E3. Since for this site the
barrier from E3 to E2 is higher than the threshold energy Eth2
the N atom is prevented from going into its ground state in
E2. The nitrogen concentration is thus given by the subsur-
face energy E2 rather than by the bulk energy. At even lower
temperatures �e.g., at T3 corresponding to Eth3� equilibration
is restricted to the top surface layer, i.e., the resulting bulk
concentration is solely determined by the solubility in the
first surface layer. Therefore, the highest N solubility can be
achieved if N incorporation in the subsurface region is op-
erational, i.e., at a thermal energy which is sufficient to over-
come the barrier from E1 to E2 but too low to overcome the
barrier from E2 to E1 and from E3 to E2.

In order to identify suitable growth conditions, where sur-
face kinetics prevails over bulk thermodynamics, it is crucial
to understand or quantify �i� the formation energies needed
to substitute nitrogen in the various layers and for all rel-
evant surface reconstructions and �ii� the kinetic barriers.

A second possible approach to enhance solubility is the
growth of quaternary alloys. These alloys contain in addition
to the nitrogen atom a larger sized atom, which allows a
partial cancellation of the large tensile strain fields present in
the ternary GaAs1−xNx system around the small N atom.
Moreover, going from ternaries to quaternaries provides an
additional handle to tune the physical properties. This has
initiated the growth and characterization of InxGa1−xAs1−yNy
quaternary alloys for practical applications including infrared
laser diodes and solar cells.7–9 Furthermore, the ternary
InAs1−xNx material system is by itself promising for midin-
frared 2–5 �m devices.10,11 The incorporation of In in
GaAs1−xNx, which has the same valency as N, allows for the
compensation of the tensile strain induced by N and there-
fore allows the alloy to be lattice matched to GaAs. A crucial
issue in quaternary alloys is that the macroscopic composi-
tion of the elements does not uniquely determine their spatial
arrangement, which affects strongly their physical properties.
Therefore, there are difficulties in realizing this material sys-
tem for applications: compositional fluctuations and a pre-
ferred formation of Ga-N and In-As bonds have been
reported.12–14 Recently, it has been shown that a repulsive
interaction between In and N at the uppermost surface layer
causes an In-N anticorrelation behavior.15 This finding sug-
gests that the solubility of N is reduced in In-rich regions of
the alloy. Therefore, in this study we considered also the
solubility of N in and at InAs�001� surfaces.

The aim of the present paper is to determine the solubility
of N in GaAs and InAs by taking into account the various
incorporation mechanisms �surface, subsurface, and bulk�

and all relevant surface reconstructions. The focus will be on
the �001� surfaces and typical MBE growth conditions will
be assumed.

II. METHODOLOGY

A. Computational details

The equilibrium geometries and the formation energies
for the adatom incorporation were calculated employing
density-functional theory �DFT� within the plane-wave
pseudopotential method as implemented in the S/PHI/NX

code.16 The generalized gradient approximation �GGA� was
used for exchange and correlation.17 Fully separable18 norm-
conserving pseudopotentials of the Troullier-Martins type19

were used. A plane-wave cutoff energy of 40 Ry was found
to give converged atomic geometries and surface energies.
The surfaces were described by a repeated slab geometry
consisting of eight atomic layers and a vacuum thickness
equivalent to eight atomic layers. The backside of the slabs
was passivated with an additional layer of pseudohydrogen
atoms to ensure local charge neutrality. The uppermost six
atomic layers were allowed to fully relax. An equivalent
k-point sampling using a 4�4�4 Monkhorst-Pack20 mesh
per orthorhombic unit cell for both bulk and surface systems
was used. Lattice constants were optimized and found to be
5.73 Å for GaAs and 6.12 Å for InAs �experimental values
are 5.65 and 6.03 Å, respectively�.21 The calculations were
performed in a single surface unit cell �2�4 or 4�2 recon-
struction� for the slab calculations and in a 2�4 orthorhom-
bic cell for the bulk calculations. Extensive convergence
checks were performed for N substitutions in the energeti-
cally most favorable sites at three different surface recon-
structions of the GaAs�001� surface and in the bulk as well.
The largest error in the formation energies is due to the size
of the supercells employed here. Convergence checks
showed this error to be less than 0.05 eV for the surface
calculations and of about 0.1 eV for the bulk.22

B. Surface and bulk thermodynamics

In order to determine the solubility of an impurity in a
given structure the energy needed to incorporate or substitute
it into that structure, i.e., its formation energy, is required. To
determine the solubility of N in various surface reconstruc-
tions we define the formation energies relative to the recon-
structed surface without adatom. For the replacement of an
As by a N atom this can be written as

�HN
f = �Etot − �nGa�Ga − �nAs�As − �nN�N, �1�

where �Etot is the total-energy difference between the system
and the reference, �n� is the difference in the number of
atoms of species � between the system and the reference,
and �� is the chemical potential of species �. For GaAs to be
thermodynamically stable it is required that �GaAs=�Ga
+�As and thus Eq. �1� can be reduced to a function of two
chemical potentials ��As,�N�,

�HN
f = �Etot − �nGa�GaAs − ��nAs − �nGa��As − �nN�N.

�2�
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The formation of parasitic phases �As bulk and N2 mol-
ecules� puts further restrictions on the choice of the chemical
potentials; �As��Asbulk and �N��NN2. Using these rela-
tions, the bounds the chemical potentials have to obey can be
written as

�Asbulk + �HGaAs
f � �As � �Asbulk, �3�

�N � �NN2. �4�

Here �HGaAs
f is the heat of formation of GaAs bulk. The

right-hand side of Eqs. �3� and �4� represent As-rich �Ga-
poor� and N-rich conditions, respectively, while the left-hand
side of Eq. �3� represents As-poor �Ga-rich� conditions. The
same formalism applies in the case of InAs surfaces, replac-
ing Ga with In. To calculate the formation energy of N into
bulk the same formalism can be employed, using the host
bulk as the reference system. The calculated formation ener-
gies for the related systems are listed in Table I, together
with previous theoretical and experimental results. In all
cases a good agreement is found.

III. RESULTS AND DISCUSSION

A. N solubility at GaAs(001) surface

1. Effect of local strain

To investigate N at surfaces we restrict our study to the
well-known reconstructions of the clean GaAs�001� surface.
Recent studies have reported that impurities can stabilize un-
usual surface reconstructions.26,27 In the case of dilute N con-
centrations which is considered here it is unlikely that N
changes the surface reconstruction. This is supported by ex-
perimental results28,29 which also report that only by going to
high N concentrations and high growth temperatures the sur-
face transforms into a 3�3 reconstruction. However, when
growing GaAsN or InAsN alloy it is crucial to avoid these

surface reconstructions since they act as precursors to the
formation of parasitic phases such as GaN or InN and result
in a deterioration of the material quality.

As a first step we calculated the formation energies �Eq.
�2� with �nN=0� of the various bare GaAs�001� surface re-
constructions. Based on these results the corresponding sur-
face phase diagram was constructed. The bounds of the As
chemical potential were determined from Eq. �3�. As refer-
ence system we chose the ��2�4� surface. The computed
phase diagram is shown in Fig. 2. It agrees well with previ-
ous theoretical and experimental results.30,31 We point out
that the c�4�4� reconstruction was not considered here
since this reconstruction is thermodynamically stable only
under extreme As-rich conditions, i.e., under conditions
which are not suitable for N incorporation. Based on the
calculated phase diagram we selected the three most stable or
metastable reconstructions relevant for N incorporation in
the region between As-moderate and As-poor conditions.
These are the �2�2�4�, the �2�2�4�, and the 	�4�2� re-
constructions. Schematic representations of the atomic struc-
ture of these reconstructions are shown in Fig. 3.

In the next step we replaced an As atom with a N atom in
one of the surface layers. Symmetry nonequivalent sites in
the first and second anion layers have been considered. The
labeling of the sites is shown in Fig. 3; the a sites are in the
a layer �first anion layer� and the c sites are in the c layer
�second anion layer�.

Since the main focus of the present study is the surface
enhanced solubility we will discuss in the following the seg-
regation energy rather than the total formation energy. The
segregation energy is defined as

Eseg = �HNsurf
f − �HNbulk

f = �ENsurf
tot − �ENbulk

tot . �5�

Here, �HNsurf
f and HNbulk

f are the formation energies of N sub-
stitution at a surface site and in the bulk, respectively. Note
that the latter equality follows directly from Eq. �2�. Accord-
ing to this definition, a negative segregation energy indicates
that N is more stable at the surface than in the bulk, i.e.,
surface segregation will occur, while a positive energy im-
plies that surface segregation is suppressed.

TABLE I. Calculated formation enthalpies of all relevant bulk
binaries and the binding energy of the N reservoir �N2 molecules�
compared to previous theoretical and experimental results.

�Hf

�eV�

Theory Experiment

GaAs −0.74 a −0.74 b

InAs −0.65 a −0.61 b

GaN −1.09,a−1.11c −1.15 b

InN −0.31,a−0.31c −0.30 d

Binding energy
�eV�

N2 10.20,a10.69c 9.80b

aPresent work.
bReference 23.
cReference 24.
dReference 25.
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FIG. 2. Calculated phase diagram of the clean GaAs�001� sur-
face. The dotted line indicates the phase boundary between
�2�2�4� and 	�4�2� reconstructions.
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Let us first discuss the results for the �2�2�4� recon-
struction. This reconstruction is of specific importance be-
cause of its stability over a wide range of chemical potentials
�see Fig. 2 and Ref. 30�. The calculated segregation energies
are summarized in Table II �fourth column�. The results
clearly show that the N segregation energy strongly depends
on the specific surface site. The lowest-energy configuration
for N is in the second anion layer �c layer� at the central
position below two As dimers �i.e., at position c2�. The
strong energetic preference of this site agrees with results
reported in previous studies32,33 A similar site for a 2�1
reconstruction was also reported to be energetically
preferable.6 In the first anion layer, the energetically pre-
ferred sites are a3 /a4. However, compared to the most fa-
vorable c2 site their energy is higher by 0.55 eV. The segre-
gation energies at the other first anion layer sites �a1 /a2� are
similar because they are almost equivalent to the a3 /a4 sites
�see Fig. 3�a��.

An interesting observation is that the segregation energy
for a substitution in the second anion layer is strongly site
dependent. For example, going from the c2 site along the

�11̄0� direction to the c6 site the segregation energy in-
creases by almost 1.7 eV, despite the fact that the N atom is
fully coordinated in both sites. This clearly indicates that
local strain, caused by the surface reconstructions in the top
surface layer, plays a major role. For example, the dimer

contraction34–37 of an As dimer induces a compressive strain
in the subsurface layer bonds which are directly below it and
a tensile strain in the neighboring bonds in the �11̄0� direc-
tion, i.e., the c2 site is under compressive strain while the c6
site is under tensile strain �Fig. 3�a��. Incorporating a N atom
at the c2 site partially releases the compressive strain, while
incorporating a N at the neighboring site c6 further increases
the tensile strain. In general, the As dimers in the first layer
induce compressive strain on the atomic sites directly below
them �c1, c2, and c6� and tensile strain on the neighboring
atomic sites �c5, c6, and c7�. In order to verify that the local
compressive or tensile strain induced is the main origin for
the strong variations in the segregation energies, we list in
Table II �last column� the average segregation energy for

each pair of sites along the �11̄0� axis �i.e., parallel to the
dimer bonds�. To avoid chemical contributions only fully co-
ordinated c layer sites are considered. We find that the aver-
age segregation energies are energetically almost degenerate
within 0.05 eV, implying that indeed local strain effects
cause the large energy differences between the individual
sites.

Now let us consider the case of the �2�2�4� reconstruc-
tion. This structure is similar to the �2�2�4�; the main dif-
ference is a missing As dimer at the top surface layer �see
Figs. 3�a� and 3�b��, making this structure less symmetric.
The resulting segregation energies are listed in Table III.
Also for this surface reconstruction the N segregation energy
strongly depends on the specific surface site. The lowest N
segregation energy is again for the c2 site being even lower
in energy than for the c2 site in the �2�2�4� reconstruction.
We note that the N segregation energy for the c3 site is
higher than that for the c1 site because of the missing As
dimer above c3. The averaged segregation energy is also
shown in the last column for each pair of sites along the

�11̄0� direction for the fully coordinated c-layer sites. The
situation for the averaged segregation energies is more com-
plicated than in the case of the �2�2�4� and cannot be
explained solely in terms of a simple elastic picture. The
reason is that the chemical environment of the various sites
is much more different than on �2�2�4�. Nevertheless, the
effect of the local strain is still visible; the difference be-
tween the average segregation energies is significantly lower
than the difference between the individual segregation
energies.

TABLE II. N segregation energies at the �2�2�4� recon-
structed GaAs�001� surface for the first and second anion layers.
The last column shows the averaged segregation energies of each

two neighboring N substitutional sites in the �11̄0� direction. All
energies are in eV.

Anion layer N site Coordination Eseg Eseg

First a1, a2 3 −0.12

a3, a4 3 −0.13

Second c1, c3 4 −0.49

c5, c7 4 0.70 0.11

c2 4 −0.68

c6 4 1.00 0.16

c4 3 0.13

c8 3 0.25

a) 2(2 x 4)� c) (4 x 2)�
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a3 a4

c1 c2 c3
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c5 c6 c7
c8

b-layer

c-layer
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Side view
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FIG. 3. Schematic representation of the selected GaAs�001� surface reconstructions showing top and side views. The reconstructions are
�a� �2�2�4�, �b� �2�2�4�, and �c� 	�4�2�. Black �white� spheres represent As �Ga� atoms. Larger spheres indicate atoms in the upper
surface layers �a and b layers�. The labels give the notation for the N sites used in the text.
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Finally we show the results for the 	�4�2� reconstruc-
tion. This structure is geometrically rather complex and
structurally very different from the former 2�4 reconstruc-
tions �see Fig. 3�. The resulting segregation energies are
summarized in Table IV. The averaged segregation energy is
also shown in the last column for each two neighboring sites
in the c layer as discussed previously. As the results show,
the elastic picture no longer holds since the bonding between
the top surface layer and the lower-lying layers is extremely
inhomogeneous �see Fig. 3�c�, bottom�.

2. N stability phase diagrams

In order to determine the N solubility for the various sur-
face reconstructions we construct the surface phase diagrams
of N at GaAs and InAs�001� surfaces as function of the spe-
cific growth conditions �chemical potentials�. The calculation
of the phase diagrams is done according to the following
steps: �i� first, we calculate the surface phase diagrams of the
clean surface and identify the stable reconstructions and their
region of thermodynamic stability; �ii� then, following the
procedure described in Sec. III A 1 we identify for each re-

construction and in each layer the energetically most prefer-
able site for N substitution; �iii� using the most favorable N
substitution and Eq. �2� we calculate for each reconstruction
and in each layer the formation energy of the N substitution
as a function of growth conditions, relative to the clean sur-
face stable at the corresponding As chemical potential; and
�iv� finally we determine the thermodynamically stable re-
gions for N substitution �defined by �As and �N�, i.e., the
growth window where the N substituted surfaces become
more stable than the clean surfaces �i.e., �HN

f �0�. This is
conventionally represented in a two-dimensional plot with
�As and �N as independent variables.

The complete phase diagrams are shown in Fig. 4 for N
incorporation �a� in bulk, �b� in the second anion surface
layer �denoted with the adjunct N2nd

�, and �c� in the first
anion surface layer �denoted with the adjunct N1st

�. The re-
gion where the corresponding N-rich surface becomes stable
is marked by a solid line. A feature which may be a bit
unusual is that our surface diagrams include also regions
outside the thermodynamically allowed region. Specifically,

TABLE III. Segregation energies �eV� of all N substitutions in
the first and second anion layers of the �2�2�4� reconstructed
GaAs�001� surface. The last column shows the averaged segrega-
tion energies of each two neighboring N substitutional sites in the

�11̄0� direction.

Anion layer N site Coordination Eseg Eseg

First a1 3 0.13

a3 3 0.12

Second c1 4 −0.16

c5 4 0.68 0.26

c2 4 −1.01

c6 4 0.05 −0.48

c3 4 −0.01

c7 4 0.34 0.16

c4 3 0.24

c8 3 0.30

TABLE IV. Segregation energies �eV� of all N substitutions in
the first and second anion layers of the 	�4�2� reconstructed
GaAs�001� surface. The last column shows the averaged formation
energies of each two neighboring N substitutional sites in the �110�
direction. The coordination number between parentheses is the
original coordination number of the As atom at that site.

Anion layer N site Coordination Eseg Eseg

First a1, a4 3 0.01

a5, a8 3 −0.23

a2, a3, a6, a7 4�3� −0.34

Second c1, c3, c5, c7 4 −0.39 −0.39

c2, c6 4 0.24 0.24

c4, c8 4 0.45 0.45

a)

b)

c)
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FIG. 4. �Color online� Solid lines: stability phase diagram of N
in �a� GaAs bulk, �b� second anion layer, and �c� first anion layer of
the GaAs�001� surface reconstructions. Dashed lines: contour lines
of constant N concentration at T=500 °C. The dotted vertical line
indicates the phase boundary between the �2�2�4� and 	�4�2�
reconstructions.
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structures are included which are thermodynamically un-
stable against the decomposition into N2 molecules. As will
be later shown this is highly useful to discuss and derive
surface solubility and to take into account kinetic growth
aspects. From the phase diagrams we can directly conclude
that:

�i� Surfaces dramatically reduce the energy needed to sub-
stitute N in GaAs.

�ii� The second anion layer is energetically more attractive
for N atoms than the first.

�iii� In a small thermodynamic window the formation of a
GaAsN surface alloy becomes exothermic �formation of the
�2�2�4� reconstruction with N in the second anion layer�.

�iv� N is very reactive and may change the surface recon-
struction for fixed Ga/As ratio �fixed �As�.

The last issue �iv� becomes evident when inspecting, e.g.,
Fig. 4�b� where under modest As-rich conditions the �2�2
�4� reconstruction becomes stable is not a stable one in the
bare GaAs surface phase diagram �Fig. 2�. Another example
is shown in Fig. 4�c� where the 	�4�2� reconstruction be-
comes stable in a region where in the absence of N only the
�2�2�4� reconstruction is observed. Furthermore, from the
phase diagram �Fig. 4� the incorporation of N is strongly
enhanced when going from As-rich to Ga-rich conditions.
This by itself is not unexpected since to replace an As with a
N atom the former has to be lowest in its chemical potential
where the energy gain is largest for Ga-rich conditions. What
is more interesting is that at the surfaces this behavior is not
linear like in the bulk but shows different slopes and even a
nonmonotonous behavior. This indicates that the maximal N
solubility is not necessarily achieved under extreme As-poor
conditions as one might naively expect from the pure bulk
behavior.

3. N solubility and concentration: Method

Based on the calculated phase diagrams and employing
Boltzmann statistics, the concentration of N in the dilute
limit can be determined as a function of the specific growth
conditions ��As, �N, and T�. As shown in Fig. 4, the N sub-
stitution energy depends strongly on the surface layer as well
as on the specific site. The maximal solubility which can be
achieved thus depends on the surface kinetics, which deter-
mines the kinetically accessible layers �see Fig. 1�. In order
to gain insight how different kinetics might affect solubility
we consider the layer-resolved N solubility, i.e., the N solu-
bility at each individual surface layer. The equilibrium con-
centration of N in the lth surface layer is given by

cl

 = �

i

cl,i

,0e−�Hl,i

f /kBT. �6�

Here, the superscript 
 specifies the surface reconstruction.
The index i runs over the nonequivalent substitutional sites

in that layer, cl,i

,0=

ni



nbulk
is the concentration of that site, where

ni

 is the number of equivalent substitutional sites in that

layer and nbulk is the number of all substitutional sites in a
bulk �001� layer of an equivalent area, and �Hi

f is calculated
according to Eq. �2� for given chemical potentials ��As and
�N�. In the present study it turned out that in most layers a

single set of symmetry equivalent sites dominates since these
sites have a much lower energy than all others. In this case,
to a very good approximation, Eq. �6� can be simplified to

cl

 � cl,imin


,0 e−�Hl,imin

f /kBT. �7�

Here the index imin gives the energetically preferred structure
at each layer.

An important issue which needs specific attention is that
substituting N in the surface may destabilize the original
surface reconstruction and stabilize a new one, i.e., incorpo-
rating N may induce a local phase transition. A prominent
example is the stabilization of the �2�2�4� reconstruction
under modest to poor As chemical-potential conditions as
clear from Fig. 4�b�. This reconstruction is in the absence of
N unstable against the formation of the �2�2�4� surface at
modest As chemical potential and against the formation of a
	�4�2� reconstruction at poor As chemical potential. Also,
the presence of N significantly affects the surface phase dia-
gram and, e.g., shifts the transition from the 	�4�2� to the
�2�2�4� phase toward more As-rich conditions �Fig. 4�c��.
The fact that N can be incorporated both in the original sur-
face reconstruction and in a new N-induced structure is very
different from the conventional impurity picture where a
fixed host �and thus reference system� is assumed. Calculat-
ing the net N solubility at the surface is therefore no longer
given by a simple Boltzmann statistics. Various phases that
can form at the surface and are induced by N itself contribute
to the net N concentration. It is therefore essential to know
what are the phases that contribute to the net N concentration
under certain conditions and what are their contributions.

The mechanism that controls the possibility for a
N-induced phase transition is the interface energy between
the N-stabilized reconstruction and the clean surface recon-
struction. In order to quantify the N concentration we assume
two possible cases in the phase diagram. �i� The first case is
when the interface energy is high. In this case the local phase
transition occurs only if the N atoms are incorporated in
neighboring cells and form a cluster large enough to form a
stable nucleus. Such agglomeration of N atoms is highly pro-
hibitive due to configuration entropy and can be excluded in
the dilute concentration limit relevant for the N incorpora-
tion. Therefore, the N atoms will be incorporated only in the
originally stable phase without inducing a phase transition.
The other reconstructions hence will not contribute to the
total N concentration and the concentration can be directly
calculated from Eq. �6�. An example for this case is in the
As-poor region in Fig. 4�b�, where the formation energies of
N in �2�2�4� and �2�2�4� are lower than in the stable
	�4�2�. However, �2�2�4� �or �2�2�4�� and 	�4�2� are
structurally very different and thus the interface energy is
expected to be �kBT. Hence the N atoms will not induce a
phase transition and only the formation energy of N in the
	�4�2� reconstruction will determine its concentration. �ii�
The second possible case is when the interface energy is
negligible. Here a N-induced local phase transition is pos-
sible and the N atoms will be statistically distributed in the
two phases. An example for this case is in Fig. 4�b� under
modest As conditions where the formation energy of N sub-
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stitution in �2�2�4� is lower than in the stable �2�2�4�.
Note that the two reconstructions are structurally very simi-
lar and can be transformed into each other by adding or
removing a single As dimer �see Fig. 3�. Explicit ab initio
calculations showed that this is well justified. For example,
building a cell of alternating �2�2�4� and �2�2�4� recon-

structions along the �11̄0� costs less than 11 meV per bound-
ary which is smaller than the total formation energy. Neglect-
ing this small interface energy the total concentration of N
becomes simply the sum of the N concentrations in each
phase,

cl = �



cl

. �8�

The index 
 goes only over the relevant reconstructions, i.e.,
only the reconstructions which have a negligible interaction
energy with the stable clean reconstruction for the given As
chemical potential are considered. The independent concen-
trations cl


 are calculated according to Eq. �6� with the stable
clean reconstruction at the specific �As as the reference sur-
face for calculating the formation energies �Hi

f. Note that
Eq. �8� principally allows N atoms to occupy the same site
more than once. Therefore, this approximation is valid only
in the dilute concentration limit. Preliminary Monte Carlo
simulations38 which go beyond these approximations have
provided identical results. For bulk, the equilibrium N con-
centration �Eq. �6�� simplifies to

cbulk = e−�Hbulk
f /kBT. �9�

Here �Hbulk
f is the formation energy of N incorporation in the

bulk relative to the clean bulk system. Using this approach,
lines with constant N concentration have been calculated and
included in Fig. 4. A growth temperature of 500 °C has been
assumed.

4. N solubility and concentration: Results

Let us start by discussing the solubility limit in GaAs
bulk. From the concentration lines in Fig. 4�a� it is clear that
the maximum solubility limit which can be achieved in GaAs
bulk under thermodynamic equilibrium is very low. It is on
the order of �10−3% under extreme N- and As-poor condi-
tions.

At the second anion surface layer �c layer�, a set of three
selected N-concentration lines �obtained using Eq. �8�� are
shown in the phase diagram in Fig. 4�b�. The concentration
lines were chosen, so that they partially coincide �at the As-
rich limit� with the bulk concentration lines to allow for a
direct comparison. We note the close relation between the
concentration lines and the stability lines �the solid lines� of
the corresponding phases. The concentration lines indicate a
general increase in N solubility with decreasing As chemical
potential, except at the discontinuity associated with the
phase transition between the �2�2�4� and the 	�4�2� re-
constructions. This discontinuity causes an abrupt decrease
in the N solubility. These results highlight again the large
effect the specific surface reconstruction has on the N solu-
bility. The optimal As chemical potential ��As� to achieve
maximal N concentrations is just before the phase transition

from �2�2�4� to 	�4�2�, i.e., at �As−�Asbulk=−0.58 eV
�Fig. 4�. We note that under these conditions it is possible to
achieve N concentrations as high as 12.5%. Comparing this
solubility to that in the bulk, an increase by about 3–5 orders
of magnitude is found.

In the next step we consider the case of N incorporation at
the top surface layer �i.e., in the first anion layer�. The cor-
responding concentration lines are included in Fig. 4�c�. The
concentration lines are again chosen to coincide with those in
Figs. 4�a� and 4�b� at the As-rich region to allow for a direct
comparison between the three cases. Since the 	�4�2� re-
construction is usually not suitable for growing GaAs, the
optimal As chemical potential ��As� to achieve high N con-
centrations is equivalent to that in the case of the second
anion layer substitution, i.e., at �As−�Asbulk=−0.58 eV.

Comparing the case of incorporation into the first anion
layer with that into the second anion layer, we note that the N
solubility in the first anion layer is lower by up to 4 orders of
magnitude �under moderate As conditions�. This finding is a
direct consequence of the reconstruction-induced strain in
the subsurface layers as discussed in Sec. III A 1. Comparing
to the bulk solubility, the maximal N concentration in the
first anion layer incorporation is still higher by �1–2 orders
of magnitude.

In order to summarize the main results we show in Fig. 5
the maximal N solubility as function of the N chemical
potential for optimal As chemical-potential conditions
��As−�Asbulk=−0.58 eV� and for the three different N incor-
poration mechanisms: surface, subsurface, and bulk.

5. Discussion

A consequence of the above results is that N solubility
exhibits a complex behavior and depends strongly on the
active incorporation mechanism. The first mechanism �bulk
incorporation� is active under complete thermodynamic equi-
librium conditions, i.e., all surface layers and the bulk are in
thermodynamic equilibrium with the chemical reservoirs in
the growth chamber, and an unrestricted exchange of all at-
oms is allowed. As our results show, this mechanism leads to
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a very poor N solubility ��10−3% N; see Fig. 4�a� under
As-poor and N-rich conditions� and cannot explain the ex-
perimentally achieved N solubility.

The second mechanism is N incorporation in the subsur-
face region of GaAs�001�, i.e., the second anion layer is at
thermodynamic equilibrium with the upper layers but not in
equilibrium with the bulk. For this scenario, a N concentra-
tion as high as 12.5% can be achieved at moderate As- and
N-rich conditions �Fig. 5�. Recent combined theoretical and
experimental studies15 showed that this mechanism is not
active under typical growth conditions. This finding is also
supported by preliminary theoretical studies of the kinetic
barriers which show that the barrier for a N atom to go from
the top surface to subsurface cannot be overcome at a tem-
perature of 500 °C.38 Therefore, this incorporation mecha-
nism is not active and will be excluded from the further
discussion.

The last mechanism is the incorporation of N in the top
surface layer; i.e., thermodynamic equilibrium is restricted
solely to the uppermost surface layer. Although this mecha-
nism leads to a higher N solubility than the bulk equilibrium
solubility, it is still well below the N concentrations which
are routinely achieved in MBE experiments. This can bee
seen in Fig. 5 by the discrepancy between the gray shaded
area and the first layer concentration at �N=0 �dotted line�.
Zero chemical potential means here that the surface is in
thermodynamic equilibrium with N2 molecules in the gas
phase. To achieve such an equilibrium, excess N atoms at the
surface must be able to form N2 molecules without kinetic
limitations. In a realistic growth environment, a thermody-
namic equilibrium with the N2 gas will be hard or impossible
to realize. First, in MBE growth a N plasma source is usually
used, which provides excited N2 molecules �N2

�� and/or
atomic N. These activated species correspond to a much
higher N chemical potential than that of the N2 molecules.
Experimentally, it has been shown that the characteristic vi-
brational temperature for the excited N2 molecules in a N
plasma source is �104 K �i.e., corresponding to a thermal
energy of �0.86 eV� and the dissociation fraction of the N2
molecules can be up to 70%.42 Second, a spontaneous for-
mation of N2 molecules at the surface can be achieved only
if the N atoms are sufficiently mobile and provided that the
repulsive interaction between N atoms is sufficiently small,
so that it can be overcome at characteristic growth tempera-
tures. Both mechanisms indicate that under typical MBE
growth conditions the actual N chemical potential at the sur-
face can be shifted by a few tenths of an eV toward higher
energies.

Another potential upper limit of the N chemical potential
is the formation of parasitic GaN. Earlier theoretical studies
calculating the solubility of N in GaAs have assumed the
chemical-potential reservoir to be that of bulk GaN.6 Zhang
and Wei33 then proposed that �N can be further increased,
since a relaxed GaN phase can form only after the formation
of a N-rich cluster of critical size for dislocation formation,
which in turn can form only after a spontaneous formation of
a N-rich layer at the GaAs surface. The upper limit for �N
was raised accordingly, i.e., to the point where the formation
energy of N substitution at the surface equals to zero. In
order to explain this and based on our results �Fig. 4� we

show in Fig. 6 the stability phase diagram for N substitution
in bulk GaAs and in the surface layers of the �2�2�4� re-
construction, showing also the stability regions for bulk
GaN, the coherent GaN phase �at the lateral GaAs lattice
constant�, and of the N2 molecules. It becomes clear that the
formation of a coherent GaN layer or precipitate is unfavor-
able. Only when assuming strongly nonequilibrium condi-
tions with �N��N2

sufficiently high N concentrations may
be reached to form a coherent GaN cluster. Only if this clus-
ter exceeds a critical size or thickness a fully relaxed GaN
precipitate can form. Therefore, under typical MBE condi-
tions, we expect that �N can be increased beyond �N2

with-
out the formation of the relaxed GaN phase. Following this
assumption and based on our results in the region where the
�2�2�4� reconstruction is stable �relevant for MBE
growth�, �N can be increased by 0.68 eV above �N2

before
spontaneously forming a coherent GaN layer. In contrast, to
incorporate about 2% of N �assuming the first anion layer
incorporation mechanism� it is sufficient to increase �N by
0.48 eV above �N2

�indicated in Fig. 6 as a dashed line
marked with N2

��.
In previous studies, two incorporation mechanisms have

been proposed to explain the high N concentration which can
be realized in experiment and which is much higher than the
bulk N solubility. While these models had an important im-
pact to qualitatively gain insight into realistic dopant incor-
poration, the underlying surface models were rather approxi-
mate due to the limited computer resources available at that
time. Based on the stability phase diagram summarized in
Fig. 6 we are able to carefully re-examine these proposals
and to identify the solubility for each of them. In the early
work by Zhang and Zunger6 it has been assumed that N
substitutes in the second anion surface layer, i.e., in our ter-
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minology that the subsurface incorporation mechanism is ac-
tive. Using the valance force field approach, a 2�1 recon-
struction and GaN as the chemical-potential reservoir they
obtained a substitution energy of �E=0.7 eV. With
T=727 °C and assuming three sites of this type per layer of
the actual �2�2�4� cell they calculated a concentration of
�0.045%. Replacing the approximate 2�1 reconstruction
with a realistic �2�2�4� cell, the corresponding substitution
energy increases slightly ��Ea=1.06 eV in Fig. 6�. For ac-
tual MBE growth conditions �T=500 °C� this translates into
a N concentration of �10−6%, i.e., too low to explain experi-
ment. A second mechanism proposed by Zhang and Wei33

assumes the third incorporation mechanism �bulk incorpora-
tion� to be the active mechanism. In that study the chemical-
potential limits were extended to the point where the forma-
tion of N substitution at the top surface layer becomes stable.
With this they obtained �N

max=0 and �As
min=−0.44 eV, and

hence a substitution energy of �E=0.24 eV. Using
T=650 °C they calculated a N concentration of 4%. How-
ever, based on our calculations the first layer incorporation
does not become stable in the thermodynamically allowed
range. Using their values of the chemical-potential limits we
get �E=0.95 eV �indicated by �Eb in Fig. 6�. This value
can be reduced to 0.65 eV by going to more As-poor condi-
tions. The large discrepancy is most likely related to using a
reduced plane-wave cutoff energy of 25 Ry and local-density
approximation �LDA� pseudopotentials. Using our data, this
mechanism gives a N solubility of �0.006% at T=500 °C,
again too low to explain experiment. In contrast, assuming
an incorporation in the first anion surface layer and an ex-
cited N2 source, the lowest formation energy to incorporate
N at the surface �indicated by �Ec in Fig. 6� gives solubili-
ties in accordance with experiment.

B. N solubility at InAs(001) surfaces

We now determine the solubility of N at the InAs�001�
surface by employing the same procedure as used for the
GaAs�001� surface. In the first step the clean surface phase
diagram has been calculated �Fig. 7�. The phase diagram
provides a set of low-energy reconstructions which we con-
sider for N substitutions. These are the �2�2�4�,

�2�2�4�, mixed-dimer �md��2�4�, and the 	�4�2� recon-
structions. Note that the md�2�4� cell has an As-Ga dimer
in the top surface layer and eight Ga atoms in the second
layer �see, e.g., Ref. 31�. Like for GaAs, the c�4�4� recon-
struction was not considered. For these reconstructions all
possible N substitutions have been calculated in the first and
second anion layers. The thus determined most favorable
substitutions are found to be the same as for GaAs�001� sur-
face reconstructions.

The computed stability phase diagrams for InAs�001� are
shown in Fig. 8�a� for N in InAs bulk, in Fig. 8�b� �Fig. 8�c��
for the second �first� anion surface layer. Very similar con-
clusions as for the GaAs�001� surface can be drawn: �i� all
surfaces reduce the energy to substitute N, �ii� the second
anion layer is energetically more favorable for N than the
first, �iii� N exhibits a complex behavior at the surface and
affects the stability of the reconstructions, and �iv� finally, a
key difference is that the formation energies of N substitu-
tions in InAs are generally higher than those in the corre-
sponding GaAs case. A consequence is that all N substitu-
tions in InAs are thermodynamically not stable.

Contour lines with constant concentration were also cal-
culated �Fig. 8�. They were chosen, so that they coincide
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partially �at the As-rich conditions limit� with the corre-
sponding lines in the GaAsN phase diagrams to allow for a
convenient comparison between the two materials.

From the concentration lines a slightly different behavior
of N solubility than in the case of GaAs results. The differ-
ences are mainly related to the presence of an additional
surface reconstruction �md�2�4�� that becomes stable under
As-poor conditions. Nevertheless, very similar features as in
the case of GaAs are found and can be summarized as fol-
lows. �i� The N solubility is strongly affected by surface
reconstruction. �ii� The N solubility generally increases with
decreasing As chemical potential. The discontinuities occur
at phase transitions �here at the md�2�4� phase�. In contrast
to the GaAs case the discontinuity at the boundary does not
lead to a reduction in the N solubility when going toward
As-poor conditions. �iii� The solubility of N in the subsurface
region �second anion layer� is higher by up to 4 orders of
magnitude than the solubility at the uppermost surface layer
�first anion layer�, which is similar to the case of GaAs. �iv�
The solubility at the subsurface is higher than that in the bulk
by about 3–4 orders of magnitude, while no considerable
solubility enhancement can be noticed in the case of the
top surface layer. For both surface and subsurface incorpora-
tions the optimal As chemical potential ��As� to achieve
a maximal N concentrations is around the region of the
phase transition from �2�2�4� to �2�2�4�, i.e.,
�As−�Asbulk=−0.44 eV.

The N solubility as a function of the N chemical potential
and at the optimal As chemical potential for the three differ-
ent N incorporation mechanisms �surface, subsurface, and
bulk �equilibrium� incorporation� has been calculated and is
shown in Fig. 9. Experimentally, the achieved N concentra-
tion in InAs is low and in the range of 0.8%–2.8%.11,43–45

However, it is reported that isolated N substitutions are
present only for low N concentration �0.5%�; at higher con-
centrations �1.2%� dinitrogen In complexes tend to form.46

So far no information is available about the kinetic barriers
of N for the subsurface incorporation in the InAs�001� sur-
face. Hence, the operational N incorporation mechanisms
cannot be directly determined. Assuming that InAs�001� fol-
lows the case of the GaAs�001� surface, i.e., only the first
anion surface layer incorporation is possible, the upper limit

of the N chemical potential ��N2
� should be considered to be

higher in practice by 
0.8 eV based on the same arguments
discussed in the case of GaAs.

Let us now compare between the solubility of N in InAs
and in GaAs. Comparing Figs. 5 and 9 it becomes clear that
the N solubility is generally less in InAs than in GaAs. For
an incorporation in bulk it is less by about 1 order of mag-
nitude �roughly a factor of 25 times�, in the first anion layer
by �1–4 orders of magnitude and in the second anion layer
by �1–2 orders of magnitude. The significant differences
have their origin in the interplay between chemical and strain
energy; the lattice mismatch between GaAs/GaN is larger
than that between InAs/InN while the binding energy of InN
is less than that of GaN. The effect of the chemical energy
will be pronounced more at the surface layers because of
better strain relaxation. For comparison, we show in Fig. 10
the N concentrations resulting from the N solubility in the
first anion layer in both GaAs and InAs at �As−�Asbulk=
−0.44 eV. The figure shows an approximately �30 times
lower N concentration at InAs than at GaAs surface at iden-
tical �N. Experimental studies showed that the N content in
InAs is systematically lower than in GaAs and that
InAs1−xNx alloys exhibit a N concentration which is roughly
25 times smaller than in GaAs1−xNx under identical growth
conditions �T=420 °C�.11 These experimental findings agree
well with the results obtained here for the first anion layer
incorporation at the optimal �As.

The results obtained here allow also for some conclusions
regarding the growth of quaternary InxGa1−xAs1−yNy alloys.
For example, the large difference between the N solubility in
InAs and GaAs surfaces indicates that the presence of In on
GaAs surfaces will have a large impact on the incorporation
or distribution of N. The presence of In on the surface will
make it less favorable for N to stick to the surface implying
an inverse relation between the N concentration and the In
concentration �i.e., the N concentration decreases with in-
creasing In concentration�. This situation is very different
from the simple bulk thermodynamics picture according to
which the addition of In should enhance the N solubility.
Also, the N adatoms will bind preferably with Ga rather than
with In indicating an In-N anticorrelation in InxGa1−xAs1−yNy
alloys which indeed has been observed.15
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IV. CONCLUSIONS

Based on an extensive DFT study on the incorporation of
N at the surface, in the subsurface and in the bulk of GaAs
and InAs we were able to determine solubility limits for
various incorporation mechanisms. Our results show that the
solubility of N at and in surfaces is a complex function of
growth conditions and depends strongly on the specific sur-
face reconstruction and layer. The solubility of N is found to
be highest at the subsurface for all considered surface recon-
structions. However, a careful analysis showed that N incor-
poration is restricted to the first surface layer. An equilibra-
tion of N in the deep layers or bulk with the top surface layer
is kinetically suppressed. The N bulk concentration is there-
fore solely dictated by the N solubility of the first surface
layer. Our results show further that the high N concentrations

achieved in experiment can be only explained by growth
conditions far away from thermodynamic equilibrium. The N
atoms at the surface do not equilibrate with an N2 gas, as
assumed in previous theoretical studies but with a gas of
activated N2 molecules as characteristic for the experimen-
tally used N-plasma sources. Finally, a comparison of N in-
corporation at GaAs and InAs surfaces shows that the latter
has a significantly lower solubility by 1–4 orders of magni-
tude.
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