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We performab initio pseudopotential calculations for studying the stability of carbon-related defects and the
atomic model for the hydrogen passivation of substitutional carbons in InAs. Among various C-related defects,
the most stable one is found to be a substitutional C acceptor occupying an As site. As compared to GaAs,
substitutional C impurities are found to have higher formation energies, due to large lattice distortions sur-
rounding the C atom, thus, C incorporation into bulk InAs is more difficult. Because of the small atomic radius
and deep atomic energy levels of C, when C occupies an In site, its defect energy level lies below the valence
band maximum{(VBM), and it behaves as an acceptor, however, the formation energy is much higher than for
Cas- We note that an inversion between the VBM and thg éhergy level takes place as pressure increases.
For both the substitutional &g and G,,, we find that hydrogen neutralizes the electrical activity of acceptors
by occupying a bond-centered site between the C atom and one of its neighbors. jx@gglgAs alloy, the
C acceptor is found to favor an As site with In neighbors, with the formation energy lying between InAs and
GaAs. Thus, the calculated acceptor concentration df 2010* cm™2 is much lower than the maximum
carrier density achievable in GaAs.

I. INTRODUCTION poration into bulk InAs is extremely difficult, as compared to
: GaAs. Among C-related defects, th cceptor is found to

Carbon acceptors in GaAs and 8a, ,As alloys have o 5 domina?n defect, however, thieé\%efec? has a higher for-
been known to have high doping efficiency, and lower diffu-mation energy than an As-antisite or an In vacancy. In InAs,
sivity than other acceptors, such as Zn and'Ben In-based  our results show that a substitutional C occupying an In site
materials, such as W&Ga; _,As and InGa; P, however, it behaves as an acceptor with the energy level lying just below
is more difficult to achieve higlp-type doping levels with the valence band maximum. In anylgGagsAs alloy, we
carbon impuritieS~® Kamp and his co-workers reported that also calculate the formation energies of substitutional C im-
Ino.<Gay As layers grown with trimethyl indiunTMI) and purities, by employing a supercell containing a defect in the
trimethyl gallium aren-type withn=5x 10" cm 3.5 Based ~ [001]-ordered double-layer superlatticéinAs),/(GaAs ,,

on their experiments, they suggested that C behaves as@d find that substitutional C impurities are more stable than

donor in InAs. while it becomes an accebtor in GaAs. thus™" InAs. However, their formation energies are still higher
: P ’ than those in GaAs, leading to lower acceptor concentrations

the amphoteric behavior of C in ja,_,As is expected, ¢ o0 1137 _ 1018 cm—2. For both substitutional & and
leading to a high degree of compensation. Similar behawobm impurities in InAs, we find that hydrogen passivates their
was also found by Abernathy and his co-workers, howevelg|ectrical activities by occupying a bond-centered site be-
they suggested that-type In,Ga, ,As, with p=1x10" _ tween C and one of its neighboring atoms rather than an
cm 3, could be achieved using an elemental In source iNantibonding site of C, similar to the H-C complexes in
stead of TMI:® Chin and his co-workers demonstrated thatGaas!® while the H atom at an antibonding site is directly
highly p-type IngsGapsAs epilayers can be grown, using ponded to the donor atom in &i1°

CCl, as a doping source and found the highest hole concen- In Sec. II, we briefly describe the method of calculation.
tration of p=3x10' cm~2 after a post-growth annedl. In Sec. IIl, the results of the calculations for C impurities in
This result indicated that unintentional hydrogen passivationnAs and InysGaggAs are presented and discussions are
occurs during growth, and the post-growth anneal is necesnade. We summarize the results in Sec. IV.

sary to obtain high hole concentratiolts? However, the

p-type doping level is far below the hole concentration of Il. METHOD

about 16" cm > achievable with C acceptors in GaAs. De-  1p¢ stability of a defect in binary compound is deter-
pendlng on car_bon source _and_ growing me_thoq_Gal,x_P mined by calculating the formation energy defined as in Ref.
films doped with C exhibit similar behavior, i.e., either {
weakly n-type orp-type®® Thus, the presence of In affects

’

significantly the doping property of In-based semiconduc)p=Ep+ Qpte— Ninitin— Nasitas— Nctbc Q)
tors. 1
In this paper, we study the stability of C-related defectsin  =EL+Qpue— f(n'”_ Nas) At — N ue— ), 2

InAs and InysGay As alloy and compare the results with

those for GaAs through first-principles pseudopotential calwhereEp is the total energy of a supercell containing the
culations. Calculating the formation energies for variousdefect in a charge stat®p, u. is the electron chemical
C-related defects, including native point defects and C-(potential relative to the bulk valence band maximum, and
complexes, we examine the energetics and find that C incor;’s and u;'s (i= In, As, and G are the numbers and the
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chemical potentials of constituents in the supercell, respec- TABLE I. Contributions to the formation energ® are listed

tively. The superscripB denotes the corresponding bulk
value. The defect enerdyy, in Eqg. (2) is written in the form

’ 1 1 B B
Ep=Ep— E(nln‘*' Nas) Kinas™ E(nln_ Nas) (Min= M ps)

)

B
—Ncic

I
and the chemical potential difference is defined ag
Ap=(pn— pas) — (tin— 1as) - The chemical potential of In  /, ©

(As) does not exceed that of bulk [As), otherwise, bulk In

(As) would be formed. In addition, the sum of the chemicaIVA5+

potentials,u, and u »s, is equal to the chemical potential of
bulk InAs, i.e., wint+ 1as= Minas, because the exchange of
an In-As pair between the reservoir and bulk InAs take

place in thermal equilibrium. Then, the chemical potentialsv

are restricted by the constraintsg@.<Egy, uc< Mg, and
—AH=<Au<AH, where AH is the heat of formation of

bulk InAs, and its value is calculated to be 0.93 eV per pair

which is higher than the measured value of 0.60'eVhe
energy band gapHj) is calculated to be 0.52 eV, while the
measured value is 0.42 é¥When u,, (1A reaches its
maximum valugu® (18, i.e., the IifAs)-rich limit, A u has
an extremum value oAH (—AH). Extending the formula

for Qp to ternary semiconductor alloys is straightforward, as(Cas

given in the Appendix.

The calculations are based on the first-principles pseudo-

potential methot? within the local-density-functional ap-
proximation 2° The Wigner interpolation formula is used for
the exchange and correlation potenffalNorm-conserving
nonlocal pseudopotentials are generated by the scheme
Troullier and Martins and transformed into the separabl
form of Kleinman and Bylandé? We employ a supercell

containing 32 atoms, which forms a bcc structure for defect

in InAs. In the case of lp:GaysAs, we model the alloy
system by a two-layefinAs),/(GaAs , superlattice stacked

along the[001] direction, then use a 32-atom tetragonal su-

percell containing a defect. The wave functions are expand

f
e
in a plane-wave basis set, with a kinetic energy cutoff of 251&3

Ry throughout this work. To perform the Brillouin zone sum-
mation of the charge density, we use two spekigioints,
2w/a (1/8, 1/8, 1/8 and (3/8, 3/8, 3/8, in the irreducible
sector of the bcc supercell Brillouin zone, while dag@oint
27/a (0, 1/2, 1/4, for a tetragonal supercell, wheeeis the

lattice constant is used. Increasing the kinetic energy cuto

and the number ok points, we find the maximum error in

estimating relative formation energies to be less than 0.2 eV/!

e

for the C-related and native defects in InAs for various charge
states. Details ofte, pc, andApu are discussed in the text.

Defect Ep(eV) +Qpue — HNin—Naddp —nelpc—pd)
As;° 3.03 +Au
As 2t 261 +2pu, +Au
Nas’ 3.26 —Au
Nas2 ™ 3.67 —2u. —Au
3.75 —IAu
Vs 415  —pe —IAp
As 333 e —3Au
V)l 4.86 +3Au
n" 555  +pe +30p
n 416 —pe +3Ap
n_ 362 —3ue +3Au
~ 3.28 —3Ap ~(pc— 1)
As 280  —pe —3Au — (= pd)
(o 5.48 +30p ~(pc—pd)
" 510  +pe +30u — (= pd)
In 5.93 ~ Me +%AIL _(MC_ME)
(CO)r100” 4.30 —3Au —2(puc— Q)
(100 343 tpe —3Au —2(uc—1d)
CasAsip) © 476 +p, +3Au —(mc— 1)
Ciinad = 619 —ue —3Au — (e 1)

V), antisites(As,, and In,g), an interstitial C, 4100]-split
interstitial C-C complex, and substitutional-antisite com-
BIrexes (Cas-Asy, and G-In,g). The calculated formation
energies (1p) for major defects are presented in Table | and
are plotted as a function of carbon chemical potential for
Qoth As- and In-rich conditions in Figs. 1 and 2. In As-rich
conditions(see Fig. 1, an As—antisite{Asmz*) is found to be
most stable irp-type InAs, while inn-type materials, an In
vacancy(V,,>”) is lowest in energy. Among C-related de-
cts, we find that the C atom has the minimum energy when
ocated at an As site, behaving as an acceptor, however, this
defect is less stable than native defects, such adA#\s,.°,

and V,,>~ over a wide range of the C chemical potential. As
K increases, the difference of the formation energies be-
tween the G, acceptor and the A" antisite decreases
rapidly and reaches about 1.5 eV at the maximum value of
fc in p-type InAs, while the formation energy of & is
higher by about 0.9 eV than for ¥}~ at uc=u% in n-type
InAs. In In-rich conditions (see Fig. 2, an In-antisite

per C atom in a supercell, which is much smaller than thd/"as) has the lowest formation energy for lower carbon
formation energies calculated for defects considered her&hemical potentials in botp- andn-type InAs. In contrast to

The energy functional is fully minimized by the modified-

the As-rich condition, the formation energy of thg,C ac-

Jacobi relaxation method, which was recently developed ang€Ptor becomes comparable to that for an In-antisite, espe-

employed successfully for a variety of systefale relax
internal ionic positions by calculating the Hellmann-
Feynman forced until the optimized atomic configuration is
obtained.

Ill. RESULTS

A. Stability of defects in InAs

In InAs, we examine the stability of various defects in-
cluding substitutional§C s and G,,), vacancies(V 55 and

cially, near the maximum C chemical potential. The domi-
nant defects in As-rich conditions are found to begAsnd
V., as expected from the fact that the amount of In is rela-
tively lower in the As-rich limit, while Ing and C,s are
more stable than any other defects in In-rich conditions. For
an interstitial C, we test tetrahedral interstitial positions,
which are surrounded by either In or As atoms, and find both
sites to have higher formation energi€s,(= 5.6 — 6.5 eV.

In GaAs, the dominant defects at very high doping levels
were shown to be100] split-interstitial (C-C) 105 cOM-
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FIG. 1. The defect formation energieQ ) for As-rich condi-

FIG. 3. The defect formation energie€lf) at the maximum
carbon chemical potential are plotted as a functiomgf in (a)

tions are plotted as a function of the carbon chemical potentia) in
p-type (ue=0) and(b) n-type (ue=E,) InAs.

p-type (ue=0) and(b) n-type (u.=Ey) InAs.

chemical potential than for the,C acceptor. Nevertheless,

plexes at As sites, which cause the compensation gf C the formation energy of éC-C)1q complex is still higher
acceptorg® In InAs, however, the role of the C-C complex is by 0.63 eV than for G~ at uc= 2 in p-type InAs. In Fig.
found to be negligible, because of the high formation energy3, the formation energies for various dominant defects are
Since a split-interstitial C-C pair involves two C atoms, its plotted as a function oA u for both p- andn-type InAs. In
formation energy decreases twice as rapidly with the Cp-type InAs grown under As-rich conditions, the As-antisites
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FIG. 2. The defect formation energie®§) for In-rich condi-
tions are plotted as a function of the carbon chemical potenti@)in
p-type (ue=0) and(b) n-type (ue=Egy) InAs.

are found to compensate for theyCacceptors, resulting in
extremely low p-doping levels. However, as going to the
In-rich limit, since As,2" becomes less stable thap.C, the
p-type doping level increases. Similar stability of the,C
acceptor is also found under In-rich conditions rirtype
InAs. Thus, in In-rich conditions, C behaves predominantly
as an acceptor at an As site, in good agreement with the
experimental finding that, as the V/III flux ratio decreases,
the hole concentration increas®s.

For the substitutional £~ and G, impurities, their four
nearest neighbor atoms undergo large lattice relaxations of
about 0.40 and 0.41 A, respectively, toward the C atom,
while lattice distortions for G~ and Gs," in GaAs were
found to be 0.38 and 0.32 A, respectively. In this case, al-
though the trigonaCs, symmetry is imposed by letting one
of the impurity neighboring bonds be relaxed, symmetry-
lowering distortions are not found. Because of the small
atomic radius of the C atom, lattice distortions induced by
substitutional C impurities are more significant than for va-
cancies and antisites, resulting in the 15—-16 % reduction of
the bond lengths. We find that both In and As vacancies also
exhibit large lattice distortions, while the atomic relaxations
surrounding the In- and As-antisites are smaller, as shown in
Table II. Thus, antisites are generally more stable than va-
cancies, similar to GaAs. For antisites, slight symmetry-
breaking relaxations from the tetrahedral symmetry might be
an artifact of calculations caused by the use of supercells and
a limited number ok points, while vacancies exhibit clearly
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TABLE II. Atomic relaxations(in units of A) of the defect near-

est neighbors are compared. For each detggty; andd .z denote 1.0 ' ' ' T T
distortions for the111] neighbor and the remaining three nearest
atoms, respectively. Positieegative values indicate outwarn- 08 L CBM (I) -
ward) relaxations from(toward defects.
Defect A1y doit Defect  diyuy dost 0.6 .
As 2t 012  -011 RS 003 014 3
As;° -0.02 0.01 Ing2~ 0.03 0.02 g 04 -
2
. -0.34 013 Vi' -0.07  -0.04 SN
V0 -0.26 0.00 Vi -0.20  -0.09 ' Chn o |
Vi~ -0.35  -0.16 Vas~ -040 -022 | S °
VS 025 -0.21 00— ™
VBM (I)
b

. . -0.2 ' i ' 1 '

the trigonalC5;, symmetry under full relaxations. We also 0 20 40 60 80 100 120

test theD,,-symmetry configuration for vacancies and find
that their energies are higher by about 0.1 eV than for the
Cs,-symmetry configuration.

In Fig. 4, the energy levels associated witndp orbit-
als are compared for the C, As, In, and Ga atoms. Both th
s and p orbital energies of the C and As atoms are much™4m:
lower than those for the In and Ga atoms. For the C
acceptor, since the C and As atoms have sim#larand and the_ VBM takes_place at a pressure of about_ 30 I_(bar, as
p-atomic energies, their bondirggand p state energies be- shown in Fig. 5. This result is similar to th_e stabilization of
tween the C and its neighboring In atoms are similar to the!€€P donor levels X centers found in GaAs and

bulk valence band of InAs, with the effective masslike ac-~! xG&-xAs alloys by applying pressure or increasing Al
ceptor level above the valence band maxim(viBM). In concentration, where the conduction band minimum and the

. 27 .
addition, since the Irs orbital energy is higher than that of DX level are interchange®®:’ In GaAs, the pressure varia-
the Ga atom, the & atom in InAs is less strongly bonded to t|o_n_of the shallow 0_'°T‘°r state fo_IIows the _Conductlon_ba_lnd
its neighboring In atoms, thus, the formation energy of thaminimum, pecause it is an gffecnve masslike Ievel._ S.Iml|al’
Ca.~ acceptor is relatively higher, as compared to G&As. to the localizedD X g:ente_r, since the  defect Ievel_ is in-
the case of ¢, the C atom is directly bonded to the As duced by large lattice distortions of the donor neighboring
atoms. which ha,ve much lower andp-orbital energies than atoms, the pressure variation of this defect level does not
for the In atom. Thus, the bondirgyandp state energies lie follow the VBM. Becausg O.f thg small ato.ml_c.radlus of C,
deeper in the valence band than for.C. However, since the the effect of volume variation is more significant for the
antibondings state lies at about 0.1 eV below the VBM, the C-As bont(rj] thgnAfOLthz :)ulkt:]n-As Eondt.hAs presTurf mé..
substitutional G, behaves as an acceptor, with the hole staté:redasﬁs' € | ) dsd c;n lengl reac gs er:r C\%K‘Aer_}hra 1
at the VBM of the supercell. The hole densities associate HE edq]g-r(?[ aieh' he ect leve ré)sehs a 0\|/;9(t ed " ert]r’]
with C2 spread out among first neighbor and more distant A§ e Cip defect a nigh pressures behaves fike g donor, 1.€., the
n = o . Ca donor level in GaAs is located above the VBRI

atoms with a small distribution on C, while a large suppres-~G2
sion of density occurs near the In atoms.

Although the existence of G in InAs is unlikely because B. Substitutional C impurities in In o sGag sAs

of its high formation energy, it is interesting to see how the Compared with the previous results for Gaf&swe find

C-related energy level in the valence band varies with presgat the formation energy of C in InAs is higher by 1.8 eV,
sure. We find that the inversion between the C-related leve)hije for C,,, it is much higher by 3.7 eV than for & in

GaAs. Based on the calculated formation energies, the hole

Pressure (kbar)

FIG. 5. The pressure variation of the defect energy level asso-
8iated with G, is drawn with respect to the valence band maxi-

c As In Ga carrier concentration in InAs is estimated to be an order of
P P 102 ¢cm~3, which is much lower than the maximum
-2.89 -2.88 hole density of 18' cm~2 achievable in GaAs. Thus, in
» » I.nXG.al_XAs alloys, C incorporation seems to be less effec?
Py my tive in the presence of In. In fact, experiments showed that it
s s is more difficult to achieve higlp-type doping levels in In
T 35 0.:Gag As alloys than in GaAs!
To test the stability of substitutional C impurities in
S s IngsGay sAs, we calculate the defect formation energies for
71359 Tia3 ternary semiconductor alloygiven in the Appendix Here,

we employ the[001]-ordered(InAs),/(GaAs , superlattice
FIG. 4. The atomic energy levels of the C, As, In, and Ga atomsto simulate the IgsGay sAs alloy, thus, we are able to see
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TABLE IlI. Contributions to the formation energ§,, are listed  behavior is more prominent in-type materials. In InAs, we

fOL the substitutional C defects in dl’gGaOgA\S Details OfA,LL and have shown that the effect oflpon the dop|ng property is

Sp are discussed in the text. ForG and G, the C atom is — 5most negligible, however, this defect behaves as a donor in

surrounded only by the Ga and In atoms, respectively, whilg, C alloys. In p-type Iny <Gay sAs, there are two regions where

has two Ga and two In neighbors. either the G,* or CG; donors compensate for the acceptors,

1 1 . i.e., the cation-rich(either Ga or In limits under As-rich
a(Nin T Nga 3(Nin_ Ne(pc . X . . .
Defect EL(€V) +Qpue —NadAn  —Nodds  —ub) conditions. We find that the formation energies of substitu-
tional C impurities in the IgsGagsAs alloy have roughly
Céa 374 tpe +30n -30n  —(uc—1d  intermediate values between InAs and GaAs, leading to the
Cnn 393 Hpe +3An n  —(uc—wmd  acceptor concentrations of about46- 108 cm ™3, which
Cin 533 —ue +30u n  —(uc—md s lower by an order of magnitude than the measured maxi-
Cast 257 —pue —3hu 0 —(uc—wd  mum carrier density achieved with C impurities. Recent ex-
Casz2 242 —pe —3hn 0 ~(uc—nd)  periments showed that it is possible to obtain fhype
Cass 228 —pue —iu 0 —(uc—nd  doping level of 3x 101 cm~3 after a post-growth anneal in

CCl,-doped Iny Ga, sAs.t Since unintentional hydrogen

) o ) passivation of C through the formation of H-C pairs is
the doping properties in this system. The calculated formabresent in as-grown samples, the post-growth anneal is nec-

tion energies for C impurities at various substltutlo_nal S'tesessary to obtain high hole concentratiéh® Thus, it is dif-
are listed in Table Ill and are plotted at the maximum C

. S ST ficult to compare directly our calculated hole concentrations
chemical potential in As-, In-, and Ga-rich limits in Fig. 6. At _ mp y : .
with experiments, where H plays an important role in the

an As site, the C atom has three different configurations ctivation mechanism. We also point out that some allovs
depending on the number of the Ga and In atoms in the firs‘? ‘ P Y

neighborhood: G, and Cy.; are surrounded only by the Ga grown with -trlmethyl indium and trimethyl gallium exhibited
X . n-type carriers. Based on our results, we may expect that a
and In atoms, respectively, while,G has the equal numbers

of the Ga and In neighbors. In this case, the most stable o {ype conversion frorrp-typ_e_to n-type is attributed to th_e
) S . oo ormation of either As antisites or C donors at cation sites,
is found to be Gg3, indicating that the C impurity in

IngGag sAs favors the In neighbors. In general, the,C not to As vacancies. In this case, the chemical reaction effect,

. ) which cannot be considered in our calculations, is certainly
acceptor is more stable than for botty, @nd Cg,, and this important in reaching thermal equilibrium of defects.

5
(a) (As-,In-rich) C. Hydrogen passivation of C in InAs

FAR
B ) Finally, we examine the passivation of substitutional C
N C (In-Garrich) impurities by hydrogen atoms in InAs. When atomic hydro-
AH Al

-AH AR gen is incorporated into GaAs and,[@a; _,As, a sizable
A _ amount of C impurities were found to form H-C
128 complexes1228For both the substitutional G and G, in
InAs, we test various atomic models for the H passivation
and find that hydrogen favors energetically a bond-center
(BC) site between the C and its neighboring atoms rather
cr than an antibondingAB) site (see Fig. 7. Similar results
2 were also reported for substitutional C atoms in G&Am
o semiconductors, it is generally known that H is positioned at
In a BC site to passivate a shallow acceptor level, while for a
- Ct. 1 donor-H complex H favors an AB site of the donor
impurity.14152°For the G, acceptor, the energy of the BC
site is found to be lower by 0.38 eV than for the AB site.
Then, H is strongly bonded to the acceptor with the bond
) length of 1.18 A, and the bond angles between the C and its
y neighboring In atoms are reduced to 103.2° from its ideal
value. For H at an AB site, the C acceptor is slightly shifted
by 0.10 A from its ideal position toward the AB site, main-
(As-rich) | (In-rich) |(Ga-rich)| | (As-rich) | (In-rich) |(Ga-rich) taining the strong bonding between the C and H atoms with
the bond length of 1.17 A. In the case of,Gsince its defect
energy level lies in the valence band, the H passivation is
FIG. 6. (@ The As- (A-B), In- (B—C), and Ga-rich Somewhat different from those usually found for shallow do-
(C—A) conditions are drawn in the parameter space\pf and ~ NOrS in Si and GaAs. For a Si donor in GaAs, H was shown
Su, which vary over the range bounded by the triangt®. The  t0 be positioned at an AB site and to weaken one of the Si-As
defect formation energiesXs) at the maximum carbon chemical bonds, with the Si donor displaced into the AB positiois
potential are plotted in the As-, In-, and Ga-rich limits (@  in the case of the H-¢ complex, the BC site is energeti-
p-type (ue=0) and(b) n-type (ue=Ey) IngsGag sAs. cally more favorable by 0.35 eV than the AB position of

(As-,Ga-rich)

(b) p. = VBM (c) p = CBM

Cn

Cn

+
CGa

Defect formation energy Qp (eV)

1L 1t Chas 1

0
A — B — C —/™ AA — B —/— C —/ A
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demonstrates that hydrogen passivation of C impurities plays

In T 1] an important role in achieving high carrier densities.
2.20 n
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APPENDIX A: DEFECT FORMATION ENERGY
(a)C,,- H(BC), 0ev  (b) C, - H(AB), 0.38 eV FOR TERNARY ALLOYS
The defect formation energy for ternary semiconductor
As As alloys is obtained in a similar way to Eq®) and(3). In an
: Iny sGay sAs alloy, the formation energf), of a defect in a
218 1.7 supercell is written as
H :
o |ite As 8491 As Qp=Ep+Qppe= Ninitin~ Ngakca™ Naskas™ Ncit c-
102.2 Yt / As (Al)
C —_ 200 "C—
A{"g \ As [1.16 The chemical potentials of constituentg,{, u ., and
s As H Mas) are smaller than their corresponding bulk values, and
satisfy the conditions of up+puas<pmnas and
{c) C,- H (BC), 0eV (d) C,,- H (AB), 0.35 eV MeaT Mas< Mgaps- IN thermal equilibrium, the sum of the

chemical potentials is equal to the chemical potential of the
FIG. 7. Atomic configurations are drawn for the H&and H-C  gioy, i.e., i+ peat 24as= IinGaas,- These conditions

in complexes with the bond lengths in units of A. For each substi-. imit the ranaes over which the chemical potentials can var
tutional C, the energy of the antibonding configuration is compare . 9 — = P y-
efining two parameterd u and du,

with that of the bond-centered-site configuration.
P B B B

Cn, With a similar bond length of 1.18 A for the H-C pair. Au= (st poa=2pns) =~ (int Hoa=2pas)  (A2)

This bond-centered configuration was also found for aand

H-C g, complex in GaAs3 This bond length is larger than _ 8 8

the sum of two atomic radii, 0.32 A for H and 0.77 A for€. o= (pin— MGa — (Min— MGa)s (A3)

For H at the AB site of (5, the H-C bond is found to be S0 14 formation energy in EqAL) is rewritten as

strong that the C atom is relaxed toward the H atom by 0.95

A, lying far below the plane generated by the three neigh- 1 1 _

boring As atomgsee Fig. 7. Thus, the bond between the C Qp=Ej+ Qpue— 2 (Mt Nea™ Nas) A — 5 (Nin=Nga) S

and[111] As atoms is nearly broken with the bond length of

3.37 A, and the bond angles between the C and three neigh-  —ng(uc— wd), (A4)

boring As atoms are significantly reduced to 84.9°.
where

IV. SUMMARY 1 Na 1 Na
- Eb=Ep—5|n (no—uhd)— 5| Nea = | (&

We have found that C-related defects in InAs are less ® P 2( ™ ) - FPAs ( 2 ) Ga
stable than native point defects, such as,Adn,s, and
V ,. Because of the small size of the C atom, the C substi-
tutionals induce large lattice distortions around the C atom,
resulting in high formation energies. Thus, C incorporation B B
into In; _,Ga,As, with high In concentrations, is less effec- ~ MGa ~Ncke (A5)
tive than into GaAs. For both £ and G, we find that H  which is independent of the chemical potentials of constitu-
favors the bond-centered site between the C and its neiglents. The formation energ§), only depends o\, Su,
boring atoms rather than the antibonding site. The unusugl,, and uc. Note thatAx has the minimum(maximum
atomic model for the hydrogen passivation of,Cesults 3|ye in_the As- rlch(pooo limit, i.e., —AH<Ag<AH,
from the acceptor behavior of this defect, which has the dey, WhereAH (= M|n+ﬂea+ 2uB B Jincans) IS calculated to be
fect level in the valence band. With increasing of pressure 2
the C,,-associated defect level is found to rise above the1 80 eV. The parametefu determines the Ga:ln flux ratio
valence band maximum. In the JgGay sAs alloy, the C and is restricted by the constraint, 3(AH—Au)<du<3
atom at an anion site is found to favor a site with In neigh-(AH—Agu). Under As-rich conditions {u=—AH), du
bors, and the acceptor concentration is estimated to be abovaries from —AH (Ga-rich limit) to AH (In-rich limit),
10%" — 10'® cm 3, which is lower by an order of magnitude while for cation-rich conditions 4= AH) Su is equal to
than the measured highest hole concentration. This resuftero. In stoichiometric I§Gay sAs, Au=0 andsu=0.

1 1
- ,U,ES) - Z(nln+ Ngat nAs)MInGaAsz_ Z(nln_ nGa)(Mﬁ
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