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Surface-reconstruction-enhanced solubility of N, P, As, and Sb
in 111-V semiconductors
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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 IlI-V compounds. In particular, anion—anion dimerization
of the (001)82(2%X 4) 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 grows99®
American Institute of Physic§S0003-695(97)02731-9

The solubility of nitrogen in 1lI-V semiconductors is a bility n(T) will rise. The mechanism of reconstruction-
subject of intensive study® as it holds the key to the suc- enhanced solubility is similar to that producing CuPt-like
cess, as well as the limitations for making wide-band-gamrdering in Galng,°*° where Ga(ln) atoms occupya-like
GaNAs, GaNP, and InNP materials and devices. Receni-like) sites under the P—P dimer, except that unlike
vapor-phase growth experiments showed that 1% N can b&aAs:N, here the concentration of the “solute atom” can
incorporated into InP af =310—420 °C216% N in GaP at reach 50%.

T=500-610 °C% and 1.6% in GaAs al =500 °C! How- In this letter we will calculate the substitution energy
ever, a recent calculatichbased on the valence-force-field AE(S")(AC:B) of anA atom by aB atom in theh-th subsur-
modeP showed that the expectdulilk solubility in these ma-  face layer of a binanAC(001) film. Our discussion follows
terials is far smaller, being 0.01%, 0.00001%, andthe same spirit of Ref. 8. We will assume simplistically the
0.0000001% for InP, GaP, and GaAs, respectively, even at same, geometric, 21 reconstruction for all Ill-V com-
much higher temperature df=727 °C. Thus, the physical pounds, so as to illustrate generic surface effects versus bulk
origin for the observed high N solubility in these materials iseffects. Since, however, the real surface reconstruction
not understood. modes of InP! differ from GaAs!? we expect that the cal-

In this context, it is important to note that nitrogen, being culated trends between different solvent semiconductors will
a first row element, differs from the other Group V elementsbe only qualitative. We will consider nine cases—GaAs:N,
in that its tetrahedral radius is only 0.75 A, that is, 29%GaAs:P, GaAs:Sb, InP:N, InP:As, InP:Sh, GaP:N, GaP:As,
smaller than the next smallest Group V element, P. The lovand GaP:Sb, where the host matefwblven} is shown on
solubility n(T) of small atoms substituted ipulk 111-V com- the left, while the dopantsolute is indicated on the right.
pounds, stems from the large substitution enetdy,, re- We find that while in thebulk, the solvent-to-solute size
flecting strair® However, it has recently been shown that themismatch tends tincreasethe substitution energy ane-
solubility of the small first row element, carbon, can be en-ducesolubility, at the dimerizedurface size mismatch may
hanced dramatically near tisairfaceof Si.’” According to a  actually lower the substitution energy near the surface and
recent calculatiofi,the enhancement can reach five orders ofenhancesolubility.
magnitude relative to the bulk solubility. The dramatic in- The substitution energy is modeled here by the valence
crease of the solubility has two reasons: “surface strain reforce field approach. The impurity-host bond energy of
lief” and “surface reconstruction” contributionsFirst,
strain is more easily relieved near a surface than in the bulk,
since near-surface atoms have more freedom to msee-
ond, surface reconstruction can relieve subsurface mismatch
strain. This is illustrated in Fig. 1 that shows schematically
an anion-stabilized(001) surface of a IlI-V compound,
whose main feature is the occurrence ofarface dimer
bond In the bulk, two phosphorus atoms amext nearest
neighbors, but at the surface, when dimerized they become
first nearest neighbors. Consequently, the anion site directly
underthis strained dimeflabeleda) is undercompression
while the anion site, above which there are no diméas
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, suff|C|entIy close to the surface, small solute atomI§IG. 1. Atomic structure of the dimerize@®01)-2x 1 surface. The solid

(e-g-r N at thea_sne, and Iarge(_solven) atoms at th$ site, dots represent cations, while the open and hatched dots represent anions on
the overall strain energh Eg will be reduced, so the solu- the a and g sites, respectively.
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TABLE I. Solubility of nitrogen(in cm™3) in IlI-V compounds. Theoretical 25
results represent the lower bounds to the solubilitie§-a#27 °C.

20

GaAs GaP InP
3Calc Bulk ~10% ~10t ~10Y° 18
This work Bulk 164 2% 10 5x 10
Surface 2 10'° 6101 6X 104 10
exp(T=310-610 °C) X10%® 3X10%% 2x 1074
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®Reference 4.
bReference 1.
‘Reference 3.
dReference 2.
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Substitution Energy (eV/Solute Atom)

chemical origin is ignored. This is reasonable becdi)sine
chemical energy is not sensitive to heighaind (ii) only the o | 5
(smal) s_econd difference _c_>f t_he ch_emica_\l energy enter_s the 0.0
calculation of the equilibrium impurity concentration

n(T,h). For X=n(T,h)/A<1, we have
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Height (h) of Solute Atom below Surface (Monolayer)

(h)
— A AESVIKT
n(T,h)=Ae s ) 1) FIG. 2. Calculated substitution energies for Group V impurities in GaAs,

. " . (h) (h GaP, and InP with a% 4 surface cell. The filled dots denote energy for the
where A is the number of substitution siteAE”=Eg,i,  « sites while the open dots denote energy for Bisites. For GaAs:N,

+AEchen— (= p) With E(srt]r)ain being the strain energy, results for an unreconstructed surface are also shown.
AEnemis the difference between the chemical energy of the

impurity (i) and that of the host atofin) being removed, and
the u’s are the chemical potentials. For simplicity, we con-
sider here only the case of substituting impunibplecules
into the host, e.g., substituting GaN molecules from a bul
GaN reservoir into GaAs, so the chemical potentials here ar
those of bulk GaN and bulk GaAs, respectively. Thys; (
— up) is also a chemical energy difference between the im :
purity and the host molecules in their respective bulk, andtant We ob;erved .the following: . . .
SAE=AE o (1w — uy) is the second difference in chemi- Tren'ds with vergcal and lateral .|mpur|ty pos!t|on§he

cal energy. First-principles linearized augmented plane wav_éubsu_tmIon energy Is a strong fL_lnct|on of the heigtuf the
calculatiort® showed that\ E?“=1.9 eV versus our strain- MPUrity below the surface: Taking GaAs:N as an example,
only energy of 1.8 eV for GaAs:N, thu\E~0.1 eV. Since ath=2, the N-to-As substitution enerdwith nitrogen in the

we neglect all other choices of the chemical potentials, only Sit®) iS only 0.7 eV, while deeper in the filiih =10, which
the lower bound to the solubility limiis obtained. is bulklike) it is ~1.8 eV. There is thus a reduction of 1.1 eV

We minimize theE(")._(consisting of bond bending and if @ N atom is brought from the bulk to the surface. There

bond stretching with respect to all atomic displacements, &€ two underlying physical reasons for.tﬁistrain relief
subject to the constraint that surface dimers are fixed. Cor?€@r the surface and surface reconstruction. The former oc-

tributions from fixed dimer atoms are omitted from the en-Curs since the surface is always free to relax along its normal.

ergy E(s?r)ain- Comparisons with first-principles results for This lowers the substitution energy by a moderate 0.4 eV

GalnP alloy showeti®that this omission is a valid approxi- [See the dotted line in Fig. 2 givingE{" for unrecon-
mation. The dimer geometry for GaAs is obtained from self-Structedsurface$ Surface reconstruction lowers the substi-
consistent first-principles pseudopotential calculafibasd  tution energy by another 0.7 eV. Near the surface, the N
for GaP and InP, the dimer geometries are obtained by scafitoms are also very site selective: for 2, it takes 1.7 eV to
ing the pseudopotential results for GaP and InP films coherhoVve a nitrogen atom from thesite to theg site, hindering
ently strained on a GaAs substrata/Ve use as input to the N diffusion across the dimer rows. There is a significant
calculations the bulk bond lengths and bond bending/bondiepulsion between the strain fields produced by different N
stretching force constants determined from first-principlesitoms in a given subsurface layer This is shown in Fig. 3
pseudopotential calculations for GaAs, GaP, and®life- illustrating the substitution energyE{"=?)(X) as a function
cause of the lack of pseudopotential force constants for GaNf the lateral nitrogen concentratiofin this layer. We see
and InN, we used insteadvg,=81.01 N/m and Bg,y  that the substitution energy per atom verXusits well into a
=18.01 N/m anda,y=70 N/m and 3,,5=8.06 N/m, de- parabola, reaching the converged value of 0.64 eX-as0.
rived from measured elastic constants using the formula of Trends of different solute atoms in a given h@stnsid-
Martin.X® This yields AE [ GaAs:N]=1.78 eV/N, compared ering the columns of Fig. 2, we see that the substitution
with AE,=1.70 eV/N obtained with the recent local-density energy is directly proportional to the size mismatch between
approximation derived force constaffsOur calculated ni- the solute atomgN, P, or Sb and the host aniofifor ex-
trogenbulk solubilities atT=727 °C(Table ) are in reason- ample, the As atoms in the first column in Fig). Zhe
able agreement with the results of Ref. 4. smaller the mismatch is, the smaller the substitution energy

Figure 2 shows the calculated impurity substitution en-
ergiesAE{"(X) as a function of its height below the sur-
face layer for N, P, As, and Sb impurities in GaAs, InP, and

aP, respectively. We have used in these calculations a 4
X4 surface cell X=6.25%), so the nearest impurity—
impurity distance is 22a, whereay is the bulk lattice con-
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=2 layer, but once buriedi.e., h=4) it cannot diffuse out.
Thus, A=Nx3/4x1/2, where Ny=N{LVx (2/a0)~1.7

x 1072 cm~2 is the equivalent anion sites for impurity per
volume, andAE("=AE® . The volume solubilities af
=727 °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
Eqg. (1). This givesAE,=0.21 eV (GaA9, 0.06-0.07 eV
. . (GaP, and 0.18-0.22 eVInP), while our calculated results
0.06 0.04 0.02 0 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
FIG. 3. The calculated substitution energies of nitrogen in GaAs ahthe are too high. Thus, despite ax2.0° and 3x10° enhance-

_=2 subsurface layer, as a functioq of N con(?enFraﬁOnThe data were  ment we predict relative low bulk solubilities for GaAs and
fited to AES=0.64+12.58¢* (eV) (i.e., the solid ling: GaP, experimental solubilities are stilt 10? times higher.

Two reasons can contribute. First, as we have pointed out,
is. Thus, the substitution energy is largest for(N44%  the calculated solubility limits are only the lower bound. For
mismatch to Ay next for Sb(+ 15% mismatch and small- example, in Ga-containing I1I-V compounds nitrogen could
est for P (~7.5% mismatch prefer nonsubstitutional sites such as the interstitial sites.

a-to-Binversion for As and SPAn interesting prediction Second, the actual surface reconstruction patterns are strong
is that when the solute atom is larger than the host affmm  functions of the growth conditions thus may also differ in
example, in the case of Sb in GaAthe solute atom prefers GaAs, GaP, and InP, affecting N solubilities.
the B site over thex site. In conclusion, we showed that dimerization on {B81)

Trends of a given solute in different hosGomparing  surface may raise the solubility limits of N near the GaAs,
AEs along the rows in Fig. 2, eg., the GaP, and InP surfaces by orders of magnitudes. When the
GaAs:N—GaP:N-InP:N sequence, we see that the substitugrowth condition permits, the high N concentration may be
tion energy decreases monotonically. The fact that GaAs:Nrozen in as the crystal grows.
has the largest substitution energy while InP:N has the small-  This work was supported by the Office of Energy Re-

est substitution energy follows the lattice mismatch betweerearch, Division of Materials Science, U.S. Department of
the binaries:—20% between GaN/GaAs; 17% between gpergy, under Contract No. DE-AC36-83CH10093.
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