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Compensation and diffusion mechanisms of carbon dopants in GaAs
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We perform first-principles theoretical studies for the doping efficiency and the diffusion mech-
anism of carbon dopants in GaAs. The C acceptor occupying an As site is found to be the most
stable and is responsible for the high doping efBciency; however, the hole concentration is satu-
rated to about 10 cm due to the compensation by the donors such as the [100]-split interstitial

(CC)[yppj complexes. We propose a mechanism for C difFusion accompanied with the formation
and dissociation of the (CC)~iso' complex, with the activation energy lower than that for atomistic
difFusion.

Recently, carbon-doped GaAs has been the subject of
growing interest because of its wide applications for high-
speed devices such as heterostructure bipolar transistors
or optical devices. It is known that C acceptors have
high doping eKciency 9 but lower diffusivity ' 2 than
other acceptors such as Zn or Be. Although most C atoms
are believed to occupy predominantly the As sublattice as
substitutional dopants for C densities up to 10 cm
there exists a large discrepancy between the total num-
ber of C atoms and the hole concentration above 10
cm, which leads to a significant reduction of the dop-
ing efficiency. i s The lattice contraction2's and local vi-
brational mode analysis ' indicated that the C atoms
are unlikely to be at the substitutional Ga sites, but may
occupy intersitital sites or form some complexes. An-

nealing studies performed on samples with the C den-
sity of 10 cm showed no evidence for intersitital C
atoms, while for the C concentration exceeding 5 x
10is cm s at least 25% of the incorporated C atoms can
occupy interstitial sites in diffusion experiments. ' There
is an alternative explanation that the reduced electrical
activity of C acceptors at high doping level is'due to
C precipitation. s However, the microscopic defect struc-
ture, the compensation mechanism of hole carriers in the
high doping regime, and the diffusion process of C atoms
during thermal annealing are not fully understood.

In this paper we report the results of theoretical in-

vestigations on the doping characteristics of C atoms in
GaAs. For various defects including C-C complexes, we
calculate the formation energies with the use of a first-
principles pseudopotential method and determine defect
concentrations as a function of C dopants in thermody-
namic equilibrium. Our results reveal that the C atom
has the minimum energy when located at an As site and
becomes the acceptor, while the concentration of the C
atom occupying a Ga site is extremely small. Because of
the large lattice relaxations, the defect level of the CG
donor is found to be deep lying at 0.86 eV below the con-
duction band minimum. Under high doping conditions,
the [100]-split interstitial (CC)[ypo] complexes are found
to compensate for acceptor carriers. Although the CA,
acceptor has a high activation energy for C diffusion, the

diffusion process via the formation and dissociation of
the (CC)~ioo) complex lowers the energy barrier.

The formation energy (0) of a defect or a defect com-
plex is written as a function of the chemical potentials of
the constituent elements as follows:

fl = @D + QDPe &GaPGa '+AsP'As +CV'Cl

where ED represents the total energy of a supercell with
a defect in a charge state QD and the n s (i= Ga, As,
and C) are the number of atoms. The y„.'s represent
the chemical potentials for each atomic species under the
constraints of 0 ( p, & E~, p&'" & p,~ ( p& ", and
—AH ( Ap & AH, where p, is the electron chemical
potential, E~ is the energy gap, and Ep = pG —pA„
which controls the degree of stoichiometry of bulk GaAs.
AH is the heat of formation of bulk GaAs and calculated
to be 0.83 eV, in good agreement with the experimental
value of 0.73 eV. Then, for a given temperature and
Ap, , the equilibrium defect concentration and the elec-
tron chemical potential are determined with the use of
the charge neutrality condition.

Our calculations of defect energies are performed using
the erst-principles pseudopotential method. The soft
pseudopotentials are generated by the scheme of Troul-
lier and Martins; then the Kleinman-Bylander type of
fully separable potentials are generated. A plane wave

basis set is used with the kinetic energy cutoff of 30 Ry
and the energy minimization is achieved by the recently
developed modified Jacobi relaxation. Thus the total
energy of bulk C is fully converged with the energy dif-
ference of 20 meV/atom compared with the converged
value. The fully optimized atomic configurations are ob-
tained by calculating the Hellmann-Feynman forces for
a supercell geometry containing 32 atoms. For the Bril-
louin zone summation, we use two special k points, which
correspond exactly to ten special k points in the zinc-
blende Brillouin zone. Increasing the kinetic energy cut-

off, k-point sampling, and supercell size, we estimate the
maximum error to be less than 0.1 eV per C atoxn when

comparing relative formation energies.
The formation energies (ED) (Ref. 20) for C-related

defects including native ones in various charge states
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are listed in Table I. Our calculated formation energies
for native point defects agree generally well with other
results. For both the substitutional CA, and CG, the
lattice relaxations of the surrounding atoms are signifi-
cant because of the small ionic radius and strong ionicity
of the C atom. In the case of CA„ the atomic distor-
tions reducing the C-Ga bond lengths are found to be
0.38 A for the first nearest Ga atoms (see Fig. 1), as
compared to the measured value of 0.44 A, 2x while the
second nearest As atoms exhibit the relaxations of about
0.06 A. towards the acceptor neighboring Ga atoms. Test-
ing a 64-atom supercell, the C-Ga bond length has no
change while the second nearest bond lengths are fur-
ther reduced by 0.02 A.. Despite such large lattice relax-
ations, the substitutional CA, defect induces a shallow
acceptor level and has the lowest formation energy. In
Fig. 2, the calculated density of the CA, acceptor is plot-
ted as a function of C concentration under As-rich con-
ditions at 850'C, which is commonly used in annealing
experiments. ' Compared with other defects, the sub-
stitutional CA, acceptor is predominant and its density
increases monotonically with the C concentration, while
the electron chemical potential decreases slightly because
the charge neutrality condition is required. For a substi-
tutional CG, similar atomic relaxations are found to be

(a) CA. (h) (CC)[,o,]

FIG. 1. Atomic structures for (a) the CA, acceptor aud
(b) the split interstitial (CC)[xoo] complex are drawn.

I
TABLE I. The formation energies (E& defined in Ref. 13)

are listed for C-related and native defects in GaAs. p~ is
varied in the range of p~'" & p,~ & p, z "so that the maximum
hole density in Fig. 3 is achieved.
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FIG. 2. Concentrations of various C-induced defects are
plotted as a function of C density under As-rich conditions at
850'C.

0.32 A. for the first As neighbors and 0.08 A. for the sec-
ond nearest atoms. Although the C impurity behaves
as a donor at a Ga site, its defect energy level is found
to be deep lying at 0.86 eV below the conduction band
minimum. Since the formation energy of a CG donor is
higher than that for a CA, acceptor by 0.4 eV, its defect
density is much smaller by four orders of magnitude for
C concentrations around 10 cm, compared with the
acceptor concentration. As the C incorporation exceeds
about 10 cm, the strain energies due to lattice relax-
ations are filled up, increasing the total energy of substi-
tutional defects. Thus the C impurity might be moved
out from its substitutional to the neighboring interstitial
site. Our calculations show that the interstitial C is most
stable at the tetrahedral site of an As atom and acts as
a double donor. In previous experiments, the interstitial
C atom was considered to be an important species in C
diffusion proccess. '"' However, our calculated concen-
tration of the interstitial C is extremely small well below
10 cm, suggesting that the interstitial C is not the
stable formation as a sole defect. Instead, the interstitial
C is rather captured by a CA, acceptor to form a C-C
pair, which will be discussed later.

We find the most stable C-C pair to be the split-
interstitial pair at an As site, aligned along the [100j di-
rection. As shown in Fig. 1, the C atoms in the (CC) [xpp]
complex are strongly bonded, with the bond length of
1.33 A. The C-C double bond resexnbles that of an ethy-
lene C2H2) molecule, which has the bond distance of
1.34 . Since the two C atoms occupy an As site, the
atomic relaxations of the neighboring Ga atoms are much
smaller, as compared to the substitutional CA, atom.
The nearest Ga atoms are relaxed by 0.10 A towards the
substitutional site with the bond distance between the
C and Ga atoms of 2.04 A. , similar to the bond length
of 2.07 A for the CA, acceptor, while the second nearest
As atoms are only relaxed by 0.01 A. . The forxnation en-
ergy of the (CC)[xpp] complex is found to vary sensitively
with the C density because two C atoms are involved in
Eq. (1). As shown in Fig. 2, the defect density of the
(CC)+[

]
pair increases very rapidly from 10 to 10

cm as the C concentration increases from 10 to 2 x
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FIG. 3. Hole carrier density vs doped C concentration is
plotted under As-rich conditions at 850'C. Dashed and solid
lines represent uncompensated and compensated hole carrier
densities, respectively. The square, asterisks, and circle de-
note experimental data from Refs. 1, 5, and 7, respectively.

102 cm . In the high doping regime, since the (CC) [pop]
complex becomes donor, the hole carriers provided by
the CA, acceptors are significantly compensated. The
As-antisite defects, which were found to be stable intrin-
sic defects and more stable than As interstitials under
As-rich p-type conditions, also compensate for acceptor
carriers. At low C densities below 10 cm, the Asc+
defect is a major donor and its concentration is compara-
ble to that of the CA, . In the C concentration range 10
10 cm, although the concentration of AsG+ appears
very high in Fig. 2, these defects do not compensate sig-
nificantly the CA, acceptors. In fact, the total hole con-
centration in Fig. 3 also depends on the effective electron
and hole densities which vary with the Fermi level which
is determined from the charge neutrality condition. We
find the Fermi level to decrease with the increasing of
C concentration. Thus the contribution of the effective
hole density to the total hole concentration is enhanced
as the C concentration increases. As the C concentration
goes over 10 cm, the AsG+ density increases rapidly
up to about 5 x 10 cm; however, its density becomes
smaller than that for the (CC) [qoo] complex. Thus, in the
doping range above 10 cm, the major compensating
defects are the (CC)[&oo] pairs. These results provide as-
pects for understanding the reduced electrical activity
of C acceptors at a very high doping level. There is
an alternative model that the increased inactivity of C
acceptors is due to C precipitation; thus further exper-
imental studies are needed to clarify the compensation
mechanism. The compensation of acceptors is well illus-
trated in Fig. 3, where the hole density begins to deviate
&om the C concentration above 10 cm and is sat-
urated with the maximum hole concentration of about
1.2 x 102 cm 3. Our calculated value for the maximum
hole density in thermal equilibrium is in good agreement
with most experiments, while to our knowledge there
is only one report that the maximum hole concentration
is one order of magnitude higher than 10 cm . Since
this measured hole density was obtained from samples
under nonequilibrium condition, we expect that the max-
imum hole concentration will be lower than 10 cm for

annealing .
We now discuss the diffusion of the C atom in GaAs.

Our calculations show that the substitutional CA, has a
high activation energy, which is estimated to be about
7 eV, for migrating f'rom its substitutional site to the
interstitial region, leaving an As vacancy. This activa-
tion energy is much higher than for a substitutional Zn
acceptor with an activation energy of 4 eV, because
the C acceptor is more strongly bonded to its surround-
ing atoms. However, if we consider a kick-out process,
in which the substitutional C atom is kicked out by an
interstitial As atom via the reaction of

CA, + As, + AsA, + C;,

the energy barrier can be reduced, as was demonstrated
for Zn dopants. In this case, when the interstitial As
atom moves towards the substitutional site, the C neigh-
boring Ga atoms are relaxed back to the bulk bonding
configuration, thus reducing significantly strain energy.
Thus the kick-out process considerably reduces the en-

ergy barrier for the C diffusion. For both the As intersti-
tials moving &om the [100] and [111]directions, the acti-
vation energy is estimated to be 2.5 eV, as compared to
the previously calculated value of 1.8 eV for a Zn acceptor
in GaAs. This result may explain why the diffusivity of
the C atom is much smaller than for other p-type dopants
such as Be and Zn. ' Since the interstitial As, atom in
As-rich GaAs acts as a donor, it becomes positively
charged, while the CA, defect is in a negatively charged
state. Because of the attractive interaction between the
As; and CA, atoms, the CA, -As; complex is likely to be
formed and was in fact considered to exist in irradiated
C-doped GaAs. 4 However, since the formation energy of
a CA, -As; complex is higher by 3.0 eV than for the split-
interstitial (CC)[qoo] complex, the defect density of the
CA, -As; complex is extremely small in thermodynamic
equilibrium. Thus the atomistic diffusion of the C atom
is expected to be less probable. However, some experi-
ments indicated that the C diffusion is enhanced in highly
doped GaAs above 10 cm . We suggest that such
an increase of the C diffusivity results from the formation
and dissociation of C-C complexes.

Since the carbon atoms in the (CC)[goo] complex are
double bonded, the direct dissociation of the complex
needs a large energy, which is estimated to be 4 eV as
shown in Fig. 4. However, if we consider two steps in the
dissociation process —in step 1, the (CC) [goo] complex is
changed to the substitutional-interstitial pair (C,-C;) by
orienting and displacing the complex along the [111]di-
rection, while in step 2, the interstitial C; atom is re-
leased &om the remaining substitutional C, atom —the
energy barrier for the dissociation of a C-C complex is
significantly reduced. In the C,-C; complex, although
the interstitial C atom is mainly bonded to the substi-
tutional C, the C-C bond is slightly weakened with the
bond length of 1.34 A, because the C, atom also interacts
with its three neighboring Ga atoms. Thus the formation
energy of the C,-C; complex is found to be 1.0 eV higher
than that for the (CC)[]op] complex. In this case, the
energy barrier for changing the (CC)[~oo] complex into
the C,-C; complex is estimated to be about 1.5 eV (see
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Fig. 4). In step 2, we find the energy required to separate
the interstitial C atom &om the C,-C; complex to the
neighboring tetrahedral site to be about 1.3 eV. Although
we Gnd a small migration energy of 0.5 eV for the C atom
difFusion through the interstitial region of bulk GaAs, we
do not expect such an atomistic diffusion because the
defect density of interstitial C is extremely small. Since
the formation energy of the (CC) [pop] complex is compa-
rable to that of the CA, acceptor for extremely high C
concentrations, the dissociated C atom f'rom the C,-C;
complex might be recaptured by a CA, acceptor to form
a (CC)[]op] complex. Repeating the two-step process in-
volving the formation and dissociation of C-C complexes,
the C atom can diffuse with much reduced activation
energies, compared with the direct dissociation of the
(CC) [qoo] complex. These results successfully explain the
experimental observation that the diffusion of C atoms is
enhanced in highly C-doped GaAs. 4 ~

In conclusion we have found that the CA, acceptor is
a predominant defect in GaAs and its hole carriers are
compensated by the split-interstitial (CC) [~oo] complexes
for extremely high C concentrations. The substitutional
CA, atom is found to be quite stable with a high activa-
tion energy for diffusion, causing low diffusivity, because
of the large strain energy. However, the split-interstitial
(CC)[qoo] complex which is the stable pair formation in
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FIG. 4. Energy barriers for the (a) direct and (b) two-step
dissociation processes of a (CC)[]pp] complex are drawn. See
the text for more details of steps 1 and 2.

the limit of high doping can dissociate into substitutional
and interstitial C atoms with low activation energies;
thus the increasing diffusivity of the C atom is in good
agreement with experiments.
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