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A first-principles theory of interfacial segregation of dopants and defects in heterostructures is
developed and applied to GaN/AIN superlattices. The results indicate that the equilibrium concentrations
of a dopant at two sides of an interface may differ by up to a few orders of magnitude, depending on its
chemical identity and charge state, and that these cannot be obtained from calculations for bulk
constituents alone. In addition, the presence of an internal electric field in polar heterostructures induces
electromigration and accumulation of hydrogen at the appropriate interfaces.
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Properties of semiconductors and their devices rely en-
tirely on accurate control of doping and stoichiometry.
These, in turn, are determined by solubility of impuri-
ties and the presence of native defects. For this reason,
the issue of equilibrium concentrations of dopants and
defects in semiconductors has been extensively studied in
the past decade. A general theory of doping efficiency
has been formulated in the past decade [1-3]. This formal-
ism, complemented by first-principles calculations to ob-
tain detailed numbers in particular cases, allows one to
relate the equilibrium concentrations of dopants and self-
compensation by native defects with the conditions of
crystal growth. However, semiconductor systems of cur-
rent interest are often not bulk materials but rather epitaxial
heterostructures, in which chemical compositions of vari-
ous elements are different. A question therefore arises
about the equilibrium distribution of dopants and defects
in heterostructures. Experimentally, thermally activated
redistribution of impurities through semiconductor hetero-
interfaces, i.e., interfacial segregation, has been investi-
gated for Si/SiGe heterostructures, where the equilibrium
concentrations of dopants in Si and in SiGe layers differ by
a factor of 2-3 [4-7]. This effect is stronger in III-V
heterostructures [8,9], where concentration differences
may reach 2 orders of magnitude and affect the lumines-
cence efficiency of light-emitting diodes [10]. At this
point, however, fundamental understanding of segregation
is still lacking, and only a phenomenological theory of
segregation exists [11].

In this Letter, we formulate the theory of segregation in
modern terms, which enable studies of segregation at and
near interfaces by accurate ab initio methods. As the key
example, we choose hydrogen in GaN/AIN superlattices
(SLs); it is the dominant impurity that passivates dopants
in structures grown by metal-organic chemical vapor depo-
sition. In order to illustrate the general features that de-
termine segregation, we also study typical dopants and
defects in GaN/AIN structures. Our results show that the
distribution of dopants in a heterojunction cannot, in
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general, be obtained from calculations performed for
isolated bulk crystals. We find and explain large differ-
ences in segregation properties between cation- and anion-
substituting dopants as well as between shallow and deep
ones. We also analyze the impact of the Fermi level po-
sition on segregation. Finally, segregation is not the only
effect that determines the equilibrium profile of H in
AIN/GaN heterostructures. A characteristic property of
II-nitrides or ZnO-based systems with the wurtzite struc-
ture is the presence of strong electric fields [12,13], which
deeply affect the electronic properties of heterojunctions.
We show that these fields give rise to a field-driven electro-
diffusion of charged impurities, which can lead to, e.g.,
an accumulation of hydrogen close to the appropriate
interfaces.

We first briefly recall the basic concepts describing the
doping of a homogeneous solid. The equilibrium concen-
tration of dopants is defined for given conditions of growth
under the assumption of equilibrium with reservoirs of
relevant atomic species characterized by their chemical
potentials u [1-3]. At these conditions, insertion of an
impurity atom into a solid induces a change in the total
energy of the system, which is the formation energy E¢. ..
For example, E;,, of a neutral interstitial H in GaN is

Etorm = Etot(GaN:H) - Etot(GaN) - MH, (1)

where E, is the total energy of the crystal with or without
the impurity. Neglecting small changes in the vibrational
entropy, one finds that the equilibrium concentration of
dopants Njy,, is equal to

Nimp = NO exp(_Eform/kBT)r (2)

where N, is the density of the appropriate lattice sites.
We now turn to interfacial segregation. In an A/B het-
erostructure, the equilibrium concentrations of dopants at
the A and B sides, N{‘I‘np and Ni’fnp, respectively, are deter-
mined by the condition that the chemical potential of the
dopant is the same in the whole system, i.e., at both sides of
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the interface. One finds that the segregation coefficient,
which is the ratio of impurity concentrations at the two
sides of the interface, is

kseg = Nip/Nipy = (NG /NG) exp(Exeg /K5 T),  (3)
where Eg, = Ef — Ef_  is the segregation energy.
Therefore, ki, depends only on the difference between
the formation energies and is independent of .

In general, dopants and defects in semiconductors are
ionized. Ionization of a defect affects its segregation in two
ways. First, for a homogeneous crystal, Ej,,, depends on
the charge state of the defect. The transfer of ¢ electrons
from a defect level € to the Fermi level Er changes the
formation energy by g(Er — €), which should be added to
the left-hand side of Eq. (1) [1-3]. Consequently, since
E, is the difference between Ejyy, of the two materials,
segregation depends on the charge state of the defect as
well. The numerical results that we list below indicate that
this dependence is, in general, weak for shallow defects but
may be substantial for deep ones. Furthermore, the segre-
gation of ionized defects is strongly affected by electric
fields that may be present in a junction. This effect was
seen experimentally for B in a Si homojunction [14].

Finally, interface segregation may occur during anneal-
ing, when the numbers of atoms of each species are con-
served. Consequently, when considering the segregation of
a cation-substituting defect X o, in GaN/AIN, e.g., the
migration of Si from the AIN to the GaN layer, we assume
that Si,; moves to the GaN layer and becomes Sig, by
exchanging sites with a Ga atom from the GaN layer;
this implies that a Ga atom moves into the AIN layer and
becomes Ga,;. In this case, the reaction X, + Gag, —
Xga t+ Gayy determines the segregation energy. Eg, is
thus somewhat different from the difference between
E:om, because of the presence of Ga,; after segregation.
On the other hand, for N-substituting defects and intersti-
tials, kg, is determined by the difference between Ef,p,.

To describe quantitatively the interfacial segregation,
the above analysis needs to be supplemented by the first-
principles calculations of the total energies. These are
carried out within the density functional theory, using
standard pseudopotentials [15] and a multigrid-based
total-energy method that uses a real-space grid as the basis
[16,17]. We begin by finding the equilibrium sites of H in
GaN and AIN. They depend on the charge state: Similarly
to the zinc-blende GaN, H™ sits close to N anions, while
H~ and H? prefer the interstitial region [18]. We consider
4 sites for H*: the bond center ¢-BC and the antibonding
c-AB, with the H-N bond parallel to the c axis, along with
the bond center a-BC and the antibonding a-AB, where the
H-N bond is almost perpendicular to the c axis. In AIN, the
equilibrium site is ¢-BC, with the energy lower than those
of a-AB and c¢-AB by 0.05 and 0.2 eV, respectively; see
Table I. The energy of a-BC is higher than that of c-BC by
0.7 eV, which demonstrates a strong nonequivalence be-

TABLE I. The total energy of H" in GaN and AIN relative to
the c-BC bond-center site. See text for the explanation of the
four sites.

c-BC a-BC c-AB a-BC
AIN 0.0 0.05 0.20 0.70
GaN 0.0 0.05 0.25 0.30

tween the two types of Al-N bonds in AIN. In agreement
with Ref. [19], a similar sequence of energies is found for
GaN (Table I). Accordingly, in the superlattice calculations
below, we assume that H" is at c-BC sites in both GaN and
AIN layers. The most stable sites for both H™ and H° are
interstitial at the center of the trigonal channel.

Figure 1(a) shows the total energy E, of hydrogen in
the three charge states H*, H°, and H™ as a function of the
position in GaN/AIN. As follows from the figure, there are
three features characterizing the energetics and the spatial
distribution of H in a SL: namely, (i) the total energy of the
neutral H is constant within both GaN and AIN layers,
while E,; of charged H varies linearly with its location due
to the electric field; (ii) at interfaces, i.e., between the
layers 6 and 7 or 1 and 12, there is a discontinuity in the
total energy, which is the segregation energy E,; and
(iii) E., depends on the charge state of H. The same effects
occur for the nitrogen vacancy Vy; see Fig. 1(b). In fact,
these are universal features of interface segregation, and
we discuss them in detail below.

Electric fields.—Electric fields in a AIN/GaN SL act on
charged defects by Coulomb forces and give rise to a linear
variation of the total energy on the defect’s position within
AIN or GaN; see Fig. 1. (Neutral defects are not sensitive to
the field.) Periodic boundary conditions require that the
electrostatic potential is periodic, which in turn implies
that the electric fields £, and £ in the layers A and B of
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FIG. 1 (color online). Calculated total energy of (a) HT, HO,
and H™ and (b) V§, V3, and V as a function of their locations
in the (GaN)4(AIN)g superlattice. Bilayers 1-6 are GaN and 7—
12 are AIN. I, is the positively charged interface. The lines are
only guides for the eye.
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thicknesses L, and Ly obey the relation E4L,4 + EgLp =
0 [20]. Therefore, the direction of the field changes sign
between AIN and GaN. The difference in electric polar-
ization at both sides of an interface and the valence charge
accumulated at this interface are linked by Poisson’s equa-
tion. The sign of the excess charge density alternates at
consecutive interfaces, which we label 7, and /_, respec-
tively. The electric field leads to an accumulation of H* in
the vicinity of /_ interfaces and of H™ in the vicinity of .
The most interesting case is that of p-doped wurtzite
structures; in this case, HT accumulates in GaN close to
I_ interfaces with E,(+) = 0.13 eV; see Fig. 1(a). The
value of the field £ [€ = AE/(eAL), where AE is the
energy change over the distance AL, and e is the elemen-
tary charge] deduced from Fig. 1, about 7 X 10° V/cm,
agrees with that obtained from material constants given in
Ref. [13]. We stress that the predicted accumulation of H
close to the appropriate interfaces leads to screening of the
field, analogous to free carrier screening. This effect may
have an important impact on the electronic states and on
both optical and transport properties of GaN/AIN-based
heterostructures, which are to a large extent determined by
the fields [21].

Diffusion of H in GaN/AIN has an activated character
and proceeds by jumps between local minima separated by
energy barriers. The presence of a macroscopic electric
field leads to left-right asymmetry of barrier heights and,
thus, to electromigration. In our case, the migration is
driven by internal, rather than external, electric fields.
This effect is evidenced in Fig. 2, which shows the total
energy of H™ as a function of its location along the ¢ axis in
one unit cell of AIN. We find that the average barrier is
1.67 eV [22] and that the left barrier is lower than the right
one by 0.16 eV.
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FIG. 2 (color online). Calculated total-energy changes of H™
as a function of its location in the AIN unit cell in the (GaN)g X
(AIN)4 superlattice. The lines are only guides for the eye.

Segregation energies.—We begin by analyzing neutral
defects. The calculated values of E, are summarized in
Table II. For H’, we find E,(0) = —0.07 eV in the wurtz-
ite and —0.2 eV in the cubic structure, respectively. The
negative sign found for both structures indicates that
HP has a tendency to accumulate in AIN layers. In contrast,
the remaining defects have a tendency to accumulate in
GaN layers. From Table II, it follows that this tendency is
weak (since Eg., is small) for cation-substituting defects
(Mg, Sigaion, and Viuion), but it is very pronounced for
N-substituting defects (Siy and Vy). This difference is
due to the fact that the nearest neighbors of a cation-
substituting defect are N atoms at both sides of the inter-
face. Therefore, the number of bonds of all types before
and after the segregation does not change, while the seg-
regation of a N-substituting defect, e.g., Siy, from GaN to
AIN changes the number of Si-Ga and Si-Al bonds. This
effect is further enhanced by the high bond energies of the
nitrides. A similar effect occurs for vacancies in AlGaN
and SiGe alloys, which are preferentially terminated by Ga
and Ge atoms, respectively [23]. Finally, we note that even
a modest Eg, value of 0.1 eV leads to defect equilibrium
concentration that is 3 times higher in GaN than in AIN at
800 °C.

Dependence of Eg, on the defect charge state.—In
Table II, we also list the values of AE,, = Ego(+) —
E,(—), the difference between E, for the positive and
negative charge states. For comparison, we have also con-
sidered a AIN/GaN (001)-oriented superlattice with GaN
and AIN in the zinc-blende structure, where no field is
present. We find that E, of the substitutional dopants and
of the vacancies in the two structures are equal to within
0.05 eV. This is due to the same defect coordination in both
structures. In contrast, the number and coordination of
neighbors of interstitial H differ between the two struc-
tures. In this case, the difference in E, is 0.15 eV.

As follows from Table II, AE,, is about 0.2 eV for the
two shallow dopants Mg and Siy;,,, and it is larger for the
defects that induce deep states in the gap (H, Siy, and both
vacancies). The stronger dependence of E, on the charge
state of deep defects is due to two factors: (i) In general, the

TABLE II.  Segregation energies Ey, = Efn — EG2N  and
their differences AE, between positive and negative charge

states of the defect [eV].

Eseg(o) AEseg
H in wurtzite —0.07 0.40
H in cubic -0.2 0.48
Mg 0.05 0.18
Sication 0.15 —0.15
Vation 0.0 0.40
Siy 2.6 —0.35
VN 2.2 —1.55
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FIG. 3. Schematic of the energy levels of H at a GaN/AIN
heterojunction.

energy levels of deep states are different at the two sides of
the interface, and (ii) the energy levels depend on the
occupation because of the electron-electron interaction.
Both features are schematically illustrated in Fig. 3 for
H. Hydrogen in the negative and the neutral charge states
induces a singlet about 1 eV above the top of the valence
band. Consequently, when H migrates from GaN to AIN,
the energy of ¢ electrons that occupy this level changes
by & = g(€liy — €f.n)- We find that § = E,, to within
0.05 eV for both H® and H™, due to the smallness of the
electron-electron interaction. Analogous results hold for
the remaining deep defects. Thus, the electronic contribu-
tion to the total energy is the dominant factor that deter-
mines the charge state dependence of E,. On the other
hand, in the case of a shallow dopant, the electron (or hole)
is in the well independently of the defect location in the
junction. For this reason, the electronic contribution to the
segregation energy is smaller than in the case of deep
defects.

In summary, we generalized the theory of semiconductor
doping in order to describe segregation and distribution of
dopants and defects at heterojunctions. We showed that the
profile of dopants depends strongly on the interface, and it
cannot be obtained from calculations for bulk components
alone. The general features of interface segregation were
illustrated by considering H and typical dopants and de-
fects in GaN/AIN. The relative concentration of dopants at
both sides of an interface are determined by (i) the dopant
charge state and the band offset at the interface and (ii) the
atomic site of a dopant or a defect. For example, a cation-
substituting dopant has 4 N neighbors in either component
of the nitride junction. Therefore, its segregation energy is
an order of magnitude lower than that of a N-substituting
dopant. Finally, the macroscopic electric fields present in
polar structures based on, e.g., (0001)-oriented wurtzite or
(111)-oriented zinc-blende crystals lead to field-driven
diffusion of H and its accumulation close to the appropriate

interfaces. This electromigration screens the electric fields
similarly to free carrier screening and, thus, affects the
electronic structure of the junction.
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