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We show that surface reconstructions may play an essential role in determining the equilibrium
solubilities of N, P, As, and Sb in various III-V compounds. In particular, anion–anion dimerization
of the (001)-b2(234) surface can enhance the solubility of N near the surface in GaAs, GaP, and
InP by five, three, and two orders of magnitudes, respectively, at 1000 K. With certain assumptions
on the growth kinetics, this high concentration of N may be frozen in as the crystal grows. ©1997
American Institute of Physics.@S0003-6951~97!02731-9#

The solubility of nitrogen in III-V semiconductors is a
subject of intensive study1–3 as it holds the key to the suc-
cess, as well as the limitations for making wide-band-gap
GaNAs, GaNP, and InNP materials and devices. Recent
vapor-phase growth experiments showed that 1% N can be
incorporated into InP atT5310– 420 °C,2 16% N in GaP at
T5500– 610 °C,3 and 1.6% in GaAs atT5500 °C.1 How-
ever, a recent calculation,4 based on the valence-force-field
model5 showed that the expectedbulk solubility in these ma-
terials is far smaller, being 0.01%, 0.00001%, and
0.0000001% for InP, GaP, and GaAs, respectively, even at a
much higher temperature ofT5727 °C. Thus, the physical
origin for the observed high N solubility in these materials is
not understood.

In this context, it is important to note that nitrogen, being
a first row element, differs from the other Group V elements
in that its tetrahedral radius is only 0.75 Å, that is, 29%
smaller than the next smallest Group V element, P. The low
solubility n(T) of small atoms substituted inbulk III-V com-
pounds, stems from the large substitution energyDEs , re-
flecting strain.6 However, it has recently been shown that the
solubility of the small first row element, carbon, can be en-
hanced dramatically near thesurfaceof Si.7 According to a
recent calculation,8 the enhancement can reach five orders of
magnitude relative to the bulk solubility. The dramatic in-
crease of the solubility has two reasons: ‘‘surface strain re-
lief’’ and ‘‘surface reconstruction’’ contributions.First,
strain is more easily relieved near a surface than in the bulk,
since near-surface atoms have more freedom to move.Sec-
ond, surface reconstruction can relieve subsurface mismatch
strain. This is illustrated in Fig. 1 that shows schematically
an anion-stabilized~001! surface of a III-V compound,
whose main feature is the occurrence of asurface dimer
bond. In the bulk, two phosphorus atoms arenext nearest
neighbors, but at the surface, when dimerized they become
first nearest neighbors. Consequently, the anion site directly
under this strained dimer~labeleda! is undercompression,
while the anion site, above which there are no dimers~la-
beledb!, feelstension. Of course, this subsurface selectivity
exerted by surface dimers diminishes as one moves deeper
into the film. However, this selectivity implies that if one
places, sufficiently close to the surface, small solute atoms
~e.g., N! at thea site, and larger~solvent! atoms at theb site,
the overall strain energyDEs will be reduced, so the solu-

bility n(T) will rise. The mechanism of reconstruction-
enhanced solubility is similar to that producing CuPt-like
ordering in GaInP2,

9,10 where Ga~In! atoms occupya-like
~b-like! sites under the P–P dimer, except that unlike
GaAs:N, here the concentration of the ‘‘solute atom’’ can
reach 50%.

In this letter we will calculate the substitution energy
DEs

(h)(AI C:B) of anA atom by aB atom in theh-th subsur-
face layer of a binaryAC(001) film. Our discussion follows
the same spirit of Ref. 8. We will assume simplistically the
same, geometric, 231 reconstruction for all III-V com-
pounds, so as to illustrate generic surface effects versus bulk
effects. Since, however, the real surface reconstruction
modes of InP11 differ from GaAs,12 we expect that the cal-
culated trends between different solvent semiconductors will
be only qualitative. We will consider nine cases—GaAs:N,
GaAs:P, GaAs:Sb, InP:N, InP:As, InP:Sb, GaP:N, GaP:As,
and GaP:Sb, where the host material~solvent! is shown on
the left, while the dopant~solute! is indicated on the right.
We find that while in thebulk, the solvent-to-solute size
mismatch tends toincreasethe substitution energy andre-
ducesolubility, at the dimerizedsurface, size mismatch may
actually lower the substitution energy near the surface and
enhancesolubility.

The substitution energy is modeled here by the valence
force field approach. The impurity-host bond energy of

FIG. 1. Atomic structure of the dimerized~001!-231 surface. The solid
dots represent cations, while the open and hatched dots represent anions on
the a andb sites, respectively.
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chemical origin is ignored. This is reasonable because~i! the
chemical energy is not sensitive to heighth and~ii ! only the
~small! second difference of the chemical energy enters the
calculation of the equilibrium impurity concentration
n(T,h). For X5n(T,h)/A!1, we have

n~T,h!5Ae2DEs
~h!/kT, ~1!

where A is the number of substitution sites,DEs
(h)5Estrain

(h)

1DEchem2(m i2mh) with Estrain
(h) being the strain energy,

DEchem is the difference between the chemical energy of the
impurity ~i ! and that of the host atom~h! being removed, and
the m’s are the chemical potentials. For simplicity, we con-
sider here only the case of substituting impuritymolecules
into the host, e.g., substituting GaN molecules from a bulk
GaN reservoir into GaAs, so the chemical potentials here are
those of bulk GaN and bulk GaAs, respectively. Thus, (m i

2mh) is also a chemical energy difference between the im-
purity and the host molecules in their respective bulk, and
dDE5DEchem2(m i2mh) is the second difference in chemi-
cal energy. First-principles linearized augmented plane wave
calculation13 showed thatDEs

bulk51.9 eV versus our strain-
only energy of 1.8 eV for GaAs:N, thusdDE;0.1 eV. Since
we neglect all other choices of the chemical potentials, only
the lower bound to the solubility limitis obtained.

We minimize theEstrain
(h) ~consisting of bond bending and

bond stretching! with respect to all atomic displacements,
subject to the constraint that surface dimers are fixed. Con-
tributions from fixed dimer atoms are omitted from the en-
ergy Estrain

(h) . Comparisons with first-principles results for
GaInP alloy showed9,10 that this omission is a valid approxi-
mation. The dimer geometry for GaAs is obtained from self-
consistent first-principles pseudopotential calculations14 and
for GaP and InP, the dimer geometries are obtained by scal-
ing the pseudopotential results for GaP and InP films coher-
ently strained on a GaAs substrate.15 We use as input to the
calculations the bulk bond lengths and bond bending/bond
stretching force constants determined from first-principles
pseudopotential calculations for GaAs, GaP, and InP.9 Be-
cause of the lack of pseudopotential force constants for GaN
and InN, we used insteadaGaN581.01 N/m and bGaN

518.01 N/m anda InN570 N/m and b InN58.06 N/m, de-
rived from measured elastic constants using the formula of
Martin.16 This yieldsDEs@GaAs:N#51.78 eV/N, compared
with DEs51.70 eV/N obtained with the recent local-density
approximation derived force constants.17 Our calculated ni-
trogenbulk solubilities atT5727 °C~Table I! are in reason-
able agreement with the results of Ref. 4.

Figure 2 shows the calculated impurity substitution en-
ergiesDEs

(h)(X) as a function of its heighth below the sur-
face layer for N, P, As, and Sb impurities in GaAs, InP, and
GaP, respectively. We have used in these calculations a 4
34 surface cell (X56.25%), so the nearest impurity–
impurity distance is 2&a0 wherea0 is the bulk lattice con-
stant. We observed the following:

Trends with vertical and lateral impurity positions:The
substitution energy is a strong function of the heighth of the
impurity below the surface: Taking GaAs:N as an example,
at h52, the N-to-As substitution energy~with nitrogen in the
a site! is only 0.7 eV, while deeper in the film~h510, which
is bulklike! it is ;1.8 eV. There is thus a reduction of 1.1 eV
if an N atom is brought from the bulk to the surface. There
are two underlying physical reasons for this:8 strain relief
near the surface and surface reconstruction. The former oc-
curs since the surface is always free to relax along its normal.
This lowers the substitution energy by a moderate 0.4 eV
@see the dotted line in Fig. 2 givingDEs

(h) for unrecon-
structedsurfaces#. Surface reconstruction lowers the substi-
tution energy by another 0.7 eV. Near the surface, the N
atoms are also very site selective: forh52, it takes 1.7 eV to
move a nitrogen atom from thea site to theb site, hindering
N diffusion across the dimer rows. There is a significant
repulsion between the strain fields produced by different N
atoms in a given subsurface layerh. This is shown in Fig. 3
illustrating the substitution energyDEs

(h52)(X) as a function
of the lateral nitrogen concentrationX in this layer. We see
that the substitution energy per atom versusX fits well into a
parabola, reaching the converged value of 0.64 eV asX→0.

Trends of different solute atoms in a given host:Consid-
ering the columns of Fig. 2, we see that the substitution
energy is directly proportional to the size mismatch between
the solute atoms~N, P, or Sb! and the host anion~for ex-
ample, the As atoms in the first column in Fig. 2!. The
smaller the mismatch is, the smaller the substitution energy

TABLE I. Solubility of nitrogen~in cm23! in III–V compounds. Theoretical
results represent the lower bounds to the solubilities atT5727 °C.

GaAs GaP InP

aCalc Bulk ;1014 ;1016 ;1019

This work Bulk 1014 231016 531019

Surface 231019 631019 631021

exp(T5310– 610 °C) 331021b 331022c 231021d

aReference 4.
bReference 1.
cReference 3.
dReference 2.

FIG. 2. Calculated substitution energies for Group V impurities in GaAs,
GaP, and InP with a 434 surface cell. The filled dots denote energy for the
a sites while the open dots denote energy for theb sites. For GaAs:N,
results for an unreconstructed surface are also shown.
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is. Thus, the substitution energy is largest for N~244%
mismatch to As!, next for Sb~115% mismatch!, and small-
est for P (27.5% mismatch!.

a-to-b inversion for As and Sb:An interesting prediction
is that when the solute atom is larger than the host anion~for
example, in the case of Sb in GaAs!, the solute atom prefers
the b site over thea site.

Trends of a given solute in different hosts:Comparing
DEs along the rows in Fig. 2, e.g., the
GaAs:N→GaP:N→InP:N sequence, we see that the substitu-
tion energy decreases monotonically. The fact that GaAs:N
has the largest substitution energy while InP:N has the small-
est substitution energy follows the lattice mismatch between
the binaries:220% between GaN/GaAs,217% between
GaN/GaP, and215% between InN/InP. In GaP:N, a central
N atom has four nearest-neighbor Ga atoms~the first shell!
and twelve second-nearest-neighbor P atoms~the second
shell!. We find that ~i! bond bending constitutes a major
portion ~75%! of the substitution energy,~ii ! bond stretching
energies come mostly from the first shell~67%!, and ~iii !
bond bending energies are spread out into the host so the first
shell accounts for,1%. Thus, a large portion of the substi-
tution energy involves the bending of non-N-containing Ga–
P–Ga bonds~or In–P–In bonds for InP:N!. Because
b InP56.24 N/m and bGaP510.45N/m, InP:N has much
smaller strain energies than GaP:N~Fig. 2!.

Spontaneous substitution:We see from Fig. 2~rows 2
and 3! that for the solutes P, As, and Sb, the lowest substi-
tution energies ath52 are allnegative. This indicates that a
size-mismatched solute atom near the surface may actually
release more effectively the strain energy created by surface
dimerization than the host atom itself.

The impurity concentration is calculated using Eq.~1!.
For concentration at theh-th layer, the coefficientA in
Eq. ~1! would be NA

(001)33/431/2, where NA
(001);6

31014 cm22 is the number of anion sites in a~001! layer,
3/4 accounts for missing dimers on realb2(234) surfaces,
and 1/2 signifies that only thea sites contribute. For volume
concentration, we assume that at the experimental growth
temperatures~500–900 K!, impurity can freely enter theh

52 layer, but once buried~i.e., h>4! it cannot diffuse out.
Thus, A5NA33/431/2, where NA5NA

(001)3(2/a0);1.7
31023 cm23 is the equivalent anion sites for impurity per
volume, andDEs

(h)5DEs
(2) . The volume solubilities atT

5727 °C are given in Table I. Compared with their respec-
tive bulk values, we obtain five, three, and two orders of
magnitude surface enhancement of the nitrogen solubilities
in GaAs, GaP, and InP.

To compare with the recent experimental data, we con-
vert the observed solubilities into N formation energies using
Eq. ~1!. This gives DEs50.21 eV ~GaAs!, 0.06–0.07 eV
~GaP!, and 0.18–0.22 eV~InP!, while our calculated results
are 0.7 eV~GaAs!, 0.6 eV ~GaP! and 0.2 eV~InP!, respec-
tively. It appears that the calculated formation energy for
InP:N agrees with experiment while those for GaAs and GaP
are too high. Thus, despite a 23105 and 33103 enhance-
ment we predict relative low bulk solubilities for GaAs and
GaP, experimental solubilities are still;102 times higher.
Two reasons can contribute. First, as we have pointed out,
the calculated solubility limits are only the lower bound. For
example, in Ga-containing III-V compounds nitrogen could
prefer nonsubstitutional sites such as the interstitial sites.
Second, the actual surface reconstruction patterns are strong
functions of the growth conditions thus may also differ in
GaAs, GaP, and InP, affecting N solubilities.

In conclusion, we showed that dimerization on the~001!
surface may raise the solubility limits of N near the GaAs,
GaP, and InP surfaces by orders of magnitudes. When the
growth condition permits, the high N concentration may be
frozen in as the crystal grows.

This work was supported by the Office of Energy Re-
search, Division of Materials Science, U.S. Department of
Energy, under Contract No. DE-AC36-83CH10093.

1M. Weyers, M. Sato, and H. Ando, Jpn. J. Appl. Phys. 131, L853 ~1992!;
M. Weyers and M. Sato, Appl. Phys. Lett.62, 1396~1993!.

2W. G. Bi and C. W. Tu, J. Appl. Phys.80, 1934~1996!.
3W. G. Bi and C. W. Tu, Appl. Phys. Lett.69, 3710~1996!.
4I. Ho and G. B. Stringfellow, MRS Symp. Proc.449, 871 ~1997!.
5P. N. Keating, Phys. Rev.145, 637 ~1966!.
6L. G. Ferreira, S. H. Wei, and A. Zunger, Phys. Rev. B40, 3197~1989!.
7H. J. Osten, M. Methfessel, G. Lippert, and H. Rucker, Phys. Rev. B52,
12 179~1995!.

8J. Tersoff, Phys. Rev. Lett.74, 5080~1995!.
9J. E. Bernard, S. Froyen, and A. Zunger, Phys. Rev. B44, 11 178~1991!.

10S. B. Zhang, S. Froyen, and A. Zunger, Appl. Phys. Lett.67, 3141~1995!.
11C. D. MacPherson, R. A. Wolkow, C. E. J. Mitchell, and A. B. McLean,

Phys. Rev. Lett.77, 691 ~1996!.
12M. D. Pashley, K. W. Haberen, W. Friday, J. M. Woodall, and P. D.

Kirchner, Phys. Rev. Lett.60, 2176~1988!; D. K. Biegelsen, R. D. Brin-
gans, J. E. Northrup, and L.-E. Swartz, Phys. Rev. B41, 5701~1990!.

13S.-H. Wei and A. Zunger, Phys. Rev. Lett.76, 664 ~1996!. See Ref. 9 in
this letter where the miscibility gap temperature isTMG511 024 K corre-
sponding toDEs

bulk51.9 eV.
14J. E. Northrup and S. Froyen, Phys. Rev. Lett.71, 2276 ~1993!; J. E.

Northrup and S. Froyen, Phys. Rev. B50, 2015~1994!.
15S. Froyen and A. Zunger, Phys. Rev. B53, 4570~1996!.
16R. M. Martin, Phys. Rev. B10, 4005~1970!.
17K. Kim, W. R. Lambrecht, and S. Segall, Phys. Rev. B53, 16 310

~1996!.

FIG. 3. The calculated substitution energies of nitrogen in GaAs at theh
52 subsurface layer, as a function of N concentrationX. The data were
fitted to DEs

(2)50.64112.58X2 (eV) ~i.e., the solid line!.

679Appl. Phys. Lett., Vol. 71, No. 5, 4 August 1997 S. B. Zhang and A. Zunger
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

198.11.31.139 On: Wed, 15 Jul 2015 01:56:08


