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First-principles studies of beryllium doping of GaN
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The structural and electronic properties of beryllium substitutional acceptors and interstitial donors in GaN
are investigated using first-principles calculations based on pseudopotentials and density-functional theory. In
p-type GaN, Be interstitials, which act as donors, have formation energies comparable to that of substitutional
Be on the Ga site, which is an acceptor. In thermodynamic equilibrium, incorporation of Be interstitials will
therefore result in severe compensation. To investigate the kinetics of Be interstitial incorporation and outdif-
fusion we have explored the total-energy surface. The diffusivity of Be interstitials is highly anisotropic, with
a migration barrier in planes perpendicular to thec axis of 1.2 eV, while the barrier for motion along thec axis
is 2.9 eV. We have also studied complex formation between interstitial donors and substitutional acceptors, and
between hydrogen and substitutional beryllium. The results for wurtzite GaN are compared with those for the
zinc-blende phase. Consequences forp-type doping using Be acceptors are discussed.
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I. INTRODUCTION

Nitride semiconductors are currently being used in a w
variety of electronic and optoelectronic devices. Controlla
doping is essential for all of these devices. Forn-type doping
of nitrides, a number of elements~e.g., Si! can be success
fully used as dopants, and carrier concentrations excee
531020 cm23 can routinely be achieved.1 The situation is
less favorable forp-type doping. Magnesium is the accept
of choice; it can be incorporated in concentrations up
about 1020 cm23, but because of its large ionization ener
~210 meV, Ref. 1! the resulting room-temperature hole co
centration is only about 1018 cm23, i.e., only about 1% of
Mg atoms are ionized at room temperature. Increasing
Mg concentration beyond 1020 cm23 leads to a saturation
and decrease in the hole concentration.2 In previous work,
we have proposed that the Mg solubility limit is the ma
cause of this behavior.3 The limited conductivity ofp-type
doped layers constitutes an impediment for progress in
vice applications.

It would be desirable to identify an alternative accep
that would exhibit higher solubility and/or lower ionizatio
energy. Previous computational studies4–6 have addressed
variety of candidate acceptors, including Li, Na, K, Be, Z
Ca, and Cd. Only Be emerged as a viable acceptor, exh
ing higher solubility and lower ionization energy than M
However, it also emerged that self-compensation may oc
due to incorporation of Be on interstitial sites, where it a
as a donor.5 The conclusions of the previous theoretical wo
seem promising enough, however, to warrant a more c
prehensive investigation, which is the subject of the pres
paper.

Experimentally, Be doping of GaN in MBE~molecular
beam epitaxy! has been reported by various groups.7–15

These experimental studies have involved both wurtzite
cubic phases of GaN; the cubic phase can be obtained
growth on cubic substrates, under appropriately tailored c
0163-1829/2001/63~24!/245205~17!/$20.00 63 2452
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ditions. Another technique for Be incorporation that has be
attempted is ion implantation.16,17 No electrical conductivity
results were reported; characterization was mostly by opt
spectroscopy. A photoluminescence~PL! peak just below the
band edge of GaN was found and attributed to Be. Assum
that this PL line results from a Be substitutional acceptor,
acceptor ionization energy can be extracted—but this
resulted in a wide range of values, ranging from 90 to 2
meV, depending on the assumptions made in the analy
Brandtet al. reported that using oxygen as a codopant alo
with Be results in highp-type conductivity.18,19 Yamamoto
and Katayama-Yoshida20 proposed an expanation for thes
codoping results in terms of BeGa-ON-BeGa complexes.

The purpose of the present study is to investigate the
havior of Be in GaN in detail, with particular focus on th
diffusion properties of interstitial Be. Indeed, a thorough u
derstanding of the stability and diffusivity of interstitial B
will allow us to assess the likelihood that interstitial Be w
be incorporated during growth—and if it is, whether it mig
be removed during a subsequent annealing procedure
address this issue, we have mapped out the total-energy
face for an interstitial Be atom moving through the Ga
lattice; this enables us to extract the barriers for Be diffusi
In addition, we have studied the interaction between inter
tial Be donors (Beint) and substitutional Be acceptor
(BeGa). Coulomb attraction leads to formation of a compl
with a large binding energy~1.35 eV!. Because hydrogen is
known to play an important role inp-type doping of
GaN,21–23 we have also investigated its interaction with B
acceptors, leading to the formation of Be-H complexes w
a binding energy of 1.81 eV.

We have also performed additional investigations in or
to make contact with the above-mentioned experimen
studies. Because the experimental studies have involved
wurtzite and cubic phases of GaN, we have performed m
of our calculations for both phases. The PL results promp
us to examine the optical ionization energy of the Be acc
©2001 The American Physical Society05-1
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tor in detail, and we found a large Franck-Condon shift d
to an unusual atomic relaxation of the acceptor in its neu
charge state. Because of the interest in codoping with o
gen, finally, we have performed comprehensive calculati
for BeGa-ON and BeGa-ON-BeGa complexes.

The organization of this paper is as follows. In Sec. II, w
discuss the computational approach and methods. Sectio
lists our results for isolated impurities, and Sec. IV conta
results for complexes. Section V, finally, contains a disc
sion and comparison with existing experiments. Section
summarizes the paper and contains suggestions for fu
experimental work.

II. THEORETICAL APPROACH

A. Pseudopotential density-functional theory

We use the density-functional theory24 in the local density
approximation ~LDA ! and ab initio norm-conserving
pseudopotentials, with a plane-wave basis set.25 Since the Ga
3d electrons play an important role for the chemical bond
in GaN, they cannot simply be treated as core electrons.
plicitly taking Ga 3d as valence electrons is one way
obtain more realistic results, as discussed in detail in Ref.
However, the localized nature of the Ga 3d states signifi-
cantly increases the computational demand, requiring an
ergy cutoff of at least 60 Ry. We have therefore used
so-called ‘‘nonlinear core correction,’’27 with an energy cut-
off of 40 Ry. We have tested this approximation by comp
ing formation energies for interstitial Be with results o
tained using explicit inclusion of Ga 3d electrons as valenc
electrons; the values agree to within 0.1 eV.

B. Supercells

The wurtzite~WZ! structure is the lowest-energy structu
of GaN, but the zinc-blende~ZB! structure is only slightly
higher in energy ('10 meV per two-atom unit; Ref. 28! and
can be obtained by epitaxial growth on a zinc-blende s
strate. We have therefore performed calculations for Be
both the zinc-blende and the wurtzite structures. As we w
see, results for substitutional Be are very similar in bo
phases, but the properties of interstitial Be are quite differ

All impurity calculations are carried out at the theoretic
lattice constant, in order to avoid any spurious relaxatio
For wurtzite GaN, we findath53.089 Å ~compared with
aexpt53.19 Å ). The calculatedc/a ratio is 1.633~experi-
ment 1.627!, very close to the idealc/a ratio of A8/3. For
zinc-blende GaN, we findath54.370 Å , which is~to within
0.001 Å! A2 larger than the wurtzite lattice constant.

In order to study the atomic and electronic structure of
impurity in the GaN crystal, we construct an artificial un
cell ~supercell! composed of several primitive GaN unit cel
and containing one impurity. The larger the supercell s
the closer our results will be to the case of a single, isola
impurity, because interactions between impurities in nei
boring supercells are suppressed. The computation t
however, increases asN2 ln N where N is the number of
atoms in the supercell. It is therefore imperative to cho
the smallest possible cell size that produces reliable res
24520
e
al
y-
s

III
s
-
I
re

g
x-

6.

n-
e

-

-
in
ll
h
t.
l
s.

n

,
d
-
e,

e
lts

for the problem under investigation. We have performed c
culations for several different supercell sizes, in the proc
checking convergence.

For the wurtzite structure, we have employed 32-, 7
and 96-atom supercells. The 32-atom supercell is compo
of eight wurtzite GaN primitive unit cells~each containing
four atoms!, such that each translation vector of the superc
is doubled from that of the basic unit cell. If we choose t
lattice translation vectors for wurtzite GaN to bea1

5(a,0,0), a25(2a/2,A3a/2,0), anda35(0,0,c) ~see Fig.
1!, the translation vectors for the 32-atom supercell are
fined asai

(32)52ai , wherei 51,2,3. For the 72-atom super
cell, the translation vectors area1

(72)53a1 , a2
(72)53a2, and

a3
(72)52a1. As can be noted from Fig. 1, both 32- and 7

atom supercells suffer from the problem that the separa
between impurities in neighboring supercells~imagined to be
located at the center of the supercell! is quite different when
measured along different directions. We have therefore c
sidered a 96-atom supercell that has translation vectors
are mutually perpendicular, leading to a cell with orthorho
bic symmetry. The translation vectors of this 96-atom sup
cell area1

(96)54a112a2 , a2
(96)53a2, anda3

(96)52a3.
For the zinc-blende structure, we have used 32- and

atom supercells, which have been extensively discusse
the context of point-defect calculations in zinc-blende se
conductors. The 32-atom supercell has bcc symmetry, w
the 64-atom cell is cubic, consisting of the convention
eight-atom cubic unit cell of the zinc-blende structu
doubled in each direction.

Within the supercell, we allow relaxation of several she
of host atoms around the impurity. For wurtzite, 24 ho
atoms were relaxed in the 32-atom cells. In the 96-atom c
at least 46 host atoms~plus the impurity! were allowed to
relax, including all atoms within 4.8 Å of any impurity. Fo
a substitutional impurity, this corresponds to seven shells
atoms. In the zinc-blende 64-atom cell, the same relaxa
radius leads to at least 44 atoms being relaxed~five shells!.

Results of our convergence tests will be discussed in S
III A. The tests indicate that, for zinc blende, 32-atom a
64-atom supercells yield very similar results, indicating co
vergence. For wurtzite, theabsolutevalues of formation en-
ergies are not yet converged in a 32-atom cell. The 96-a

FIG. 1. Top view~along @0001# direction! of the GaN wurtzite
structure: small circles represent nitrogen, large circles gallium.
shaded area corresponds to the primitive unit cell. The transla
vectors for the primitive unit cell and for the 32-, 72-, and 96-ato
supercells are also shown.
5-2
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cell results are expected to be converged~for substitional
impurities, these results are very close to those for the
64-atom cells!. However, 32-atom wurtzite cell calculation
are very useful to obtain energy differences between dif
ent positions of the impurity in the lattice; we found the
energy differences to be within 0.3 eV of those calculated
the 96-atom cell. Since mapping out the total-energy surf
describing the motion of interstitial Be through the latti
requires a large number of calculations, we have used
32-atom cell for that purpose.

C. Special k points

Brillouin-zone integrations were carried out following th
Monkhorst-Pack scheme29 with a regularly spaced mesh o
n3n3n points in the reciprocal unit cell shifted from th
origin ~to avoid picking up theG point as one of the sam
pling points!. Symmetry reduces this set to a set of points
the irreducible part of the Brillouin zone. Convergence te
indicate that for zinc blende the 23232 sampling yields
total energies that are converged to better than 0.1 eV in b
32-atom and 64-atom supercells. For the 32-atom wurt
supercell with Beint

21 , a 23232 set does not yield fully
converged results; energydifferencesare obtained reliably,
however. We also compared the total energies calculated
ing 13131 and 23232 sets. The former leads to only on
irreduciblek point while the latter leads to three irreducib
k points. Although the absolute value of the total ener
differs significantly between the two calculations, the ene
differencesbetween different Beint locations change by les
than 0.1 eV. The calculations required to explore the to
energy surface were therefore carried out using only one
cial k point. In the 96-atom wurtzite cell, finally, the 232
32 k-point mesh produces fully converged results.

D. Charge states

Beryllium substituting on the Ga site in GaN is a sing
acceptor; we therefore study two charge states, BeGa

2 and
BeGa

0 . In the case of a shallow acceptor such as BeGa the
level introduced in the Kohn-Sham band structure due to
presence of the impurity is merely a perturbation of the h
band structure. This ‘‘acceptor level’’ therefore exhibits e
sentially the same dispersion as the uppermost valence b
In the negative charge state, the acceptor level is filled—
in the neutral charge state, one electron is removed from
level. For a true, isolated acceptor~corresponding to a calcu
lation in a very large supercell!, the electron would be re
moved from the top of the valence band, at theG point. But
in our finite-size supercells the electron is actually taken
of the highest occupied Kohn-Sham levelat the specialk
points, where the band energy is lower than at theG point. A
correction is therefore needed, obtained from the energy
ferences between the highest occupied state at theG point
and the specialk points. The magnitude of this correctio
ranges from;0.2 eV in the 96-atom cell to;0.5 eV in the
32-atom cells. This correction term, which we callEcorr and
which has been defined as a positive number, has been t
into account in all our results for neutral acceptors.30
24520
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As we will see in the next section, the formation energy
non-neutral impurities takes into account that electrons
exchanged with the Fermi level. The Fermi levelEF is ref-
erenced to the valence-band maximum in the bulk, i.e.,EF

50 at the top of the valence band (Ev) in bulk GaN. We
obtain Ev by calculating the position of the valence-ban
maximum in GaN with respect to the average electrost
potential. We need to bear in mind, however, that the av
age electrostatic potential in our defect supercells is not
same as that in bulk GaN; indeed, our first-principles cal
lations for periodic structures~which fill all space! do not
provide an absolute reference for the electrostatic poten
due to the long-range nature of the Coulomb potential.
explicit alignment procedure is thus needed between
electrostatic potential in the defect supercell and the elec
static potential in the bulk. This problem is similar to that
calculating heterojunction band offsets, and similar te
niques can be used to address these issues.31 Here we have
chosen to align the electrostatic potentials by inspecting
potential in the supercell far from the impurity and alignin
it with the electrostatic potential in bulk GaN. This leads to
shift in the reference level,DV, which needs to be added t
Ev in order to obtain the correct alignment. The resulti
shifts are taken into account in our expressions for format
energies in the next section.

Interstitial Be atoms in GaN are double donors. In th
work we have focused on the12 charge state (Beint

21), but
we make some comments about other charge states in
III C 2.

Finally, we have also studied the (BeGa-Beint) complex;
from the charge states of the interstitial and substitutio
species, it can be inferred that this complex has a charge
of 11. The neutral charge state is discussed in Sec. IV A

E. Formation energies

The formation energyEf determines the concentrationc
of the impurity in the semiconductor, through the express

c5Nsitesexp~2Ef /kT!, ~1!

where Nsites is the number of sites in the lattice~per unit
volume! where the impurity can be incorporated,k is Boltz-
mann’s constant, andT is the temperature. Equation~1! in
principle holds only in thermodynamic equilibrium. Growt
of a semiconductor is obviously a nonequilibrium proce
however, many growth environments involve high enou
temperatures to ensure reasonable mobility of impurities
defects at or near the surface, establishing conditions
approximate equilibrium. Furthermore, even in nonequil
rium conditions the formation energy of an impurity~or de-
fect! is a useful concept, since configurations with high fo
mation energies will obviously be difficult to incorporate~or
will attempt to evolve to a lower-energy state!.

The formation energies of Beint
21 , BeGa

0 , BeGa
2 , and

(BeGa-Beint)
1 are defined as
5-3



la

nl
d
e
hi
th

II

lk
-

nt
o

f
ite

fo

g

se

ib

n
f

gy

a-
ld

-
-
e
the
m
to

s to
the

e
im-

ts
ent

een

ere
ual,

t is
is

ns
the
are
of

ect
op-
-

tes

VAN de WALLE, LIMPIJUMNONG, AND NEUGEBAUER PHYSICAL REVIEW B63 245205
Ef@Beint
21#5Etot@Beint

21#2Etot@GaN, bulk#2mBe

12@EF1Ev1DV~Beint!#, ~2!

Ef@BeGa
0 #5Etot@BeGa

0 #2Etot@GaN, bulk#2mBe1mGa

2Ecorr , ~3!

Ef@BeGa
2 #5Etot@BeGa

2 #2Etot@GaN, bulk#2mBe1mGa

2@EF1Ev1DV~BeGa!#, ~4!

Ef@~BeGa-Beint!
1#5Etot@~BeGa-Beint!

1#

2Etot@GaN, bulk#22mBe1mGa

1@EF1Ev1DV~BeGa-Beint!#. ~5!

Etot@X# is the total energy derived from a supercell calcu
tion with one impurityX in the cell, andEtot@GaN, bulk# is
the total energy for the equivalent supercell containing o
bulk GaN.mGa andmBe are the chemical potentials of Ga an
Be, respectively.EF is the Fermi level, referenced to th
valence-band maximum in the bulk. Due to the choice of t
reference, we need to explicitly include the energy of
bulk valence-band maximum,Ev , in our expressions for for-
mation energies of charged states. As discussed in Sec.
we also need to add a correction termDV to align the refer-
ence potential in our defect supercell with that in the bu
Finally, the correction termEcorr that appears in the forma
tion energy of BeGa

0 was discussed in Sec. II D.
The chemical potentials depend on the experime

growth conditions, which can be either Ga rich or N rich. F
the Ga-rich case, we usemGa5mGa[bulk] to place an upper
limit on mGa; this places a lower limit onmN , calculated
from

mN
min5Etot@GaN#2mGa, ~6!

whereEtot@GaN# is the total energy of a two-atom unit o
bulk GaN, calculated for the structurally optimized wurtz
structure. For the N-rich case, the upper limit onmN is given
by mN5mN[N2] , i.e., the energy of N in a N2 molecule at

T50; this yields a lower limit onmGa calculated from

mGa
min5Etot@GaN#2mN . ~7!

The total energy of GaN can also be expressed as

Etot@GaN#5mGa[bulk]1mN[N2]1DH f@GaN#, ~8!

where DH f@GaN# is the enthalpy of formation, which is
negative for a stable compound. Our calculated value
DH f@GaN# is 20.48 eV~expt.21.17 eV; Ref. 32!. By com-
bining Eq. ~6! or Eq. ~7! with Eq. ~8!, we observe that the
host chemical potentials vary over a range correspondin
the magnitude of the enthalpy of formation of GaN.

For Be, the upper bound on the chemical potential ari
from the solubility-limiting phase, which is Be3N2. There is
no lower bound onmBe, minus infinity corresponding to the
total absence of Be from the growth environment. Equil
rium with Be3N2 implies
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3mBe12mN53mBe[bulk]12mN[N2]1DH f@Be3N2#, ~9!

whereDH f@Be3N2# is the calculated enthalpy of formatio
of Be3N2, which is 25.5 eV.33 The experimental value o
DH f@Be3N2# is 26.11 eV.34 Equation~9! allows us to relate
mBe to mN , assuming equilibrium with Be3N2. Combining
this information with the expression for the formation ener
of BeGa @Eq. ~3!#, we find that thelowest formation energy
~and hence thehighestconcentration of BeGa, i.e., the solu-
bility limit ! will occur undernitrogen-rich conditions, i.e.,
whenmN5mN[N2] .35

Ultimately, one wants to calculate concentrations of n
tive defects or impurities. For that purpose, one wou
choose a particular set of atomic chemical potentials~corre-
sponding to the growth conditions!, and substitute the forma
tion energies from Eqs.~2!–~5! in the expression for concen
trations, Eq.~1!. This still leaves the Fermi level as a fre
parameter. This remaining variable is fixed by imposing
condition of charge neutrality: the total charge resulting fro
charged defects or impurities, along with the charge due
any free carriers in valence and conduction bands, need
be equal to zero. This leads to a unique position for
Fermi level.

It turns out to be very informative to explicitly plot th
dependence of formation energies on Fermi levels: this
mediately provides insight into the electrical activity~donor
or acceptor character!, and shows whether certain defec
will act as compensating centers. We will therefore pres
our results in this format.

F. Thermal and optical ionization energies

The thermal ionization energyEA of the BeGa substitu-
tional acceptor is defined as the transition energy betw
the neutral and negative charge states of the dopant@some-
times the notatione(0/2) is also used for this quantity#. This
transition energy is defined as the Fermi-level position wh
the formation energies of these two charge states are eq
i.e.,

Ef@BeGa
2 #~EF5EA!5Ef@BeGa

0 #. ~10!

From Eqs.~3! and ~4!, it then follows that

EA5Ef@BeGa
2 #~EF50!2Ef@BeGa

0 # ~11!

5Etot@BeGa
2 #2Etot@BeGa

0 #

1Ecorr2Ev2DV~BeGa!. ~12!

For purposes of defining the thermal ionization energy, i
implied that for each charge state the atomic structure
relaxed to its equilibrium configuration. The atomic positio
in these equilibrium configurations are not necessarily
same for both charge states. Indeed, we will see that they
quite different for the neutral and negative charge states
BeGa.

This difference leads to an interesting and sizable eff
when the ionization energy of the dopant is determined
tically. Assume the following simplified picture of a photo
luminescence experiment. The exciting light crea
electron-hole pairs. The holes can be trapped at BeGa

2 centers,
5-4
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turning them into BeGa
0 . Using our definition of the therma

ionization energyEA , the equilibrium configuration of the
BeGa

0 1e state~wheree is an electron at the bottom of th
conduction band! is Eg2EA higher than the equilibrium con
figuration of BeGa

2 , whereEg is the band gap. Electrons i
the conduction band can then recombine with the hole on
acceptor, as illustrated in Fig. 2. This leads to emission o
photon with energyEPL . During this emission process, th
atomic configuration of the acceptor remains fixed—i.e.,
the final state, the acceptor is in the negative charge state
with a structure~configuration coordinateq0) that is the
same as that for the neutral charge state. The difference
tween the energy of this configuration and that of the eq
librium configurationq2 is the relaxation energyErel ~the
Franck-Condon shift!. From Fig. 2 it is clear thatEPL5Eg

2EA2Erel . If the optical ionization energyEA
opt is defined

as the energy difference between the band gap and the
line, we find thatEA

opt5Eg2EPL5EA1Erel . This simpli-
fied picture ignores excitonic effects, etc., but it does sh
that the ionization energy extracted from an optical meas
ment should be larger than the thermal ionization energyEA
by an amountErel . If the atomic configuration in the two
charge states is significantly different~as will turn out to be
the case for BeGa), Erel can be sizable.

III. RESULTS FOR ISOLATED IMPURITIES

A. The substitutional BeGa acceptor in zinc-blende and
wurtzite GaN

The formation energies as a function ofEF are shown in
Fig. 3 for Ga-rich and N-rich conditions. As discussed
Sec. II E, N-rich conditions favor the incorporation of Be o
Ga sites, leading to the largest possible BeGa concentration
~the solubility limit!. Moving toward Ga-rich conditions doe
not alter our qualitative conclusions; numerical results
any choice of the chemical potentials can always be

FIG. 2. Schematic configuration coordinate diagram illustrat
the difference between thermal and optical ionization energies.
curve for BeGa

0 is vertically displaced from that for BeGa
2 assuming

the presence of an electron in the conduction band.Erel is the
Franck-Condon shift, i.e., the relaxation energy that can be gai
in the negative charge state, by relaxing from configurationq0

~equilibrium configuration for the neutral charge state! to configu-
ration q2 ~equilibrium configuration for the negative charge stat!.
24520
e
a

n
ut

e-
i-

PL

w
e-

r
-

tained, of course, by referring to the expressions for form
tion energies in Eqs.~2!–~5!. In particular, by combining
these expressions with the information on chemical pot
tials in Eqs.~8! and~9!, we find that by moving from N-rich
to Ga-rich conditions the formation energy of BeGa increases
by 1

3 uDH f@GaN#u, while the formation energy of Beint de-
creases by23 uDH f@GaN#u. Consequences of these results f
optimizing growth conditions will be discussed in Sec. V.

The formation energies are also summarized in Tabl
the numbers given there assume the Fermi level is locate
the top of the valence band. We notice that, for the subst

g
he

d,

FIG. 3. Calculated defect formation energies as a function
Fermi level for various configurations of Be impurities in wurtzi
GaN, under~a! Ga-rich conditions and~b! N-rich conditions.

TABLE I. Calculated formation energies for Be substitution
acceptors (BeGa), Be interstitial donors (Beint), and BeGa-Beint

complexes in wurtzite~WZ! and zinc-blende~ZB! GaN. The for-
mation energies@see Eqs.~2!–~5!# are given forEF50, i.e., EF

located at the top of the valence band, and for nitrogen-rich co
tions. The dependence of formation energies on Fermi leve
shown in Fig. 3.

Formation energies~eV!

WZ ZB

BeGa
2 1.68 1.67

BeGa
0 1.51 1.47

Beint
21 0.04 20.57

(BeGa-Beint)
1 0.37 20.01
5-5
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tional acceptor BeGa, the results for wurtzite and zinc-blend
structures are remarkably similar, the differences be
smaller than the calculational error bars. The ionization
ergies, as defined in Eq.~11!, are 0.17 eV for the wurtzite
structure and 0.20 eV for zinc blende.

Table II summarizes our results for the atomic configu
tion of substitutional Be in wurtzite and zinc-blende Ga
The atomic configurations of BeGa

2 and BeGa
0 in wurtzite GaN

are also schematically illustrated in Fig. 4. This figure,
well as all subsequent schematic representations of ato
structures, is based on calculated atomic coordinates
tained from a 96-atom supercell calculation. The subst
tional Be atom is surrounded by four N neighbors. A co
traction of the Be-N bond length is expected since the ato
radius of Be is smaller than that of Ga: the covalent radius
Be is 0.90 Å, while that of Ga is 1.26 Å.36 Based on this
difference, and using a bond length of 1.95 Å for bulk Ga

FIG. 4. Schematic representation of atomic positions in

(112̄0) plane for ~a! BeGa
2 and ~b! BeGa

0 in wurtzite GaN. Large
circles represent Ga atoms, medium circles N atoms, and
hatched circle represents Be. Dashed circles indicate ideal at
positions, dashed lines bonds in the ideal lattice. The numbers
note the percentage of change in the bond lengths, referenced
bulk Ga-N bond length~as in Table II!.

TABLE II. Relaxations around Be substitutional accepto
(BeGa) in wurtzite ~WZ! and zincblende~ZB! GaN. DdBe denotes
the displacement of the Be atom from its nominal lattice site,
pressed as a percentage of the bulk Ga-N bond length.Ddi andDd'

denote the percentage of change in the Be-N bond length, a
expressed referenced to the bulk Ga-N bond length. For wurt
the symboli denotes the direction parallel to thec axis~@0001#!; the
other bond directions are denoted by the symbol'. For zinc
blende, the symmetry around the impurity is lowered toC3v , with
i denoting the particular@111# direction in which the impurity is
displaced, and' denoting the other̂111& directions.

BeGa
2 BeGa

0

WZ ZB WZ ZB

DdBe 0.3% 0% 10.7% 11.4%
Ddi 24.6% 24.9% 12.2% 14.5%
Dd' 25.4% 24.9% 28.7% 29.3%
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we would expect a contraction of the Be-N bond length
18% compared to the Ga-N bond length. This is indeed
served in the compound Be3N2, where the bond lengths ar
1.50–1.64 Å, 16–23 % shorter than in GaN. Using ion
radii37 ~0.27 Å for Be21 and 0.47 Å for Ga31), we would
expect a contraction of about 10%. The actual magnitude
the contraction of the Be-N bond length as calculated fo
BeGa

2 impurity in GaN is less than 6%. The Be-N bond leng
is thus somewhat longer than is optimal for Be-N, reflecti
the fact that the energy cost associated with moving the
rounding N atoms~as well as further shells of atoms! is quite
large. As discussed in Ref. 5, this makes substitutional B
GaN less energetically favorably than could be hoped ba
on the large Be-N bond strength. In spite of this unfavora
size match, it was observed that the formation energy
BeGa compares favorably with that of other substitution
acceptors. These observations about size mismatch do s
however, that strategies aimed at relieving the lattice str
associated with incorporating substitutional Be could have
important impact.38

In thenegativecharge state, the Be atom is located ess
tially on the substitutional lattice site. In theneutral charge
state the situation is very different. Here the Be atom und
goes a sizable relaxation off the nominal lattice site, by m
than 10% of the bond length. We also note that thedi bond
length becomes very large, indicating that the bond with o
of the N neighbors is significantly weakened. Simult
neously, the bonds with the other three N neighbors cont
by almost 10%.

The large off-center displacement of BeGa
0 was found in

calculations for supercells of different sizes and shapes,
occurs in both the wurtzite and the zinc-blende structu
~see Table II!. In the wurtzite structure, the configuratio
listed in Table II and depicted in Fig. 4 involves the Be ato
moving along thec axis. The configuration in which BeGa

0

moves along the direction of one of the other Be-N bonds
very close in energy~within 0.03 eV!, with very similar re-
laxations around the Be atom. This tendency of Be to fo
stronger bonds withthree of its nitrogen neighbors is no
unexpected. Consider, for instance, the atomic structure
the hexagonal modification of Be3N2 @Ref. 39#: some of the
Be atoms are surrounded by a deformed tetrahedron o
atoms, while others are surrounded by atriangle of nitrogen
atoms. It thus seems to be energetically quite acceptable
Be to form strong bonds with only three of its four N neig
bors. This tendency will also emerge when we inspect bo
ing configurations for interstitial Be.

Since the equilibrium configuration for the neutral acce
tor is so different from that for the negative charge state,
expect the relaxation energyErel ~as defined in Sec. II F and
Fig. 2! to be quite sizable.Erel is the energy difference, fo
BeGa

2 , between the atomic configuration that yields the mi
mum energy for the neutral charge state~i.e., with large lat-
tice relaxation! and the atomic configuration that yields th
minimum energy for the negative charge state~i.e., with Be
on the ideal lattice site!; this yieldsErel50.10 eV. Following
the discussion in Sec. II F, we thus expect the ionizat
energy of the acceptor as determined optically to be sign
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cantly higher than the thermal ionization energy. Con
quences of this result for experimental observations will
discussed in Sec. V B.

The large off-center relaxation of the Be acceptor~at least
in the neutral charge state! is reminiscent of the large lattic
relaxations experienced by donor atoms in the so-calledDX
centers;40 in this process, the shallow donor (d1) is con-
verted into a deep acceptor (DX2). A similar mechanism for
acceptors would involve placing the acceptor in apositive
charge state (AX1) and letting it undergo a large lattice re
laxation. We have carefully examined whether such
mechanism can occur for Be, but have found no evidence
stability of a BeGa

1 configuration.
We have examined the stability of BeGa by displacing the

Be atom from the substitutional site; such a displacem
would be the first step in a process where the Be would m
away from the substitutional site, forming a Be interstit
and leaving a Ga vacancy behind. We investigated vari
configurations in which a Be interstitial was placed in t
vicinity of a Ga vacancy. When the overall system w
placed in a negative charge state~corresponding to the BeGa

2

reference state!, the system immediately relaxed back, wit
out any barrier, to the BeGa configuration. For other charg
states, we found it impossible to obtain converged calcu
tions for the system with Be moved off the substitution
site, indicating the instability of such configurations. A
though it is relatively easy to form Be interstitials~see Sec.
III C !, the energy cost to create a Ga vacancy is prohibitiv
high, particularly inp-type GaN;41 it is therefore exceedingly
unlikely that substitutional Be would leave the Ga site.

B. Interstitial Be „Beint… in zinc-blende GaN

The formation energy of the interstitial species Beint
21 in

zinc-blende GaN is listed in Table I. This formation ener
is negative. One should keep in mind, however, that the
mation energy depends on the Fermi-level position@see Eq.
~2!#; the value given in Table I is forEF50, i.e.,EF posi-
tioned at the valence-band maximum. The formation ene
increases~and becomes positive! when the Fermi level is
higher in the band gap~see Fig. 3!. As described in Sec. II E
the final Fermi-level position is determined by charge n
trality, and this position will always correspond to positiv
formation energies. Table I shows that the formation ene
is higher in the wurtzite structure, though still low enough
be a concern for compensation, as discussed in Sec. III C
Sec. V.

The global minimum for Beint
21 in ZB GaN is at the tetra-

hedral interstitial site surrounded by nitrogen atoms (Td
N).

The Be atom is essentially at the center of the cage, and
relaxation of the N atoms is such that the Be-N distance
approximately 1.73 Å; the N atoms thus move toward Be
more than 0.20 Å. Interstitial diffusion in the zinc-blend
structure proceeds via a path through hexagonal rings,
an intermediate position at the tetrahedral interstitial site s
rounded by Ga atoms (Td

Ga). The energy difference betwee
Td

Ga and Td
N can thus serve as an estimate for the diffus
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activation energy; this value is equal to 3.74 eV. We co
clude that interstitial diffusion of Be has a high barrier
zinc-blende GaN.

C. Interstitial Be „Beint… in wurtzite GaN

The formation energy of the interstitial species Beint
21 is

shown in Fig. 3 and listed in Table I. Figure 3 indicates th
the formation energy of the interstitial donor is low enou
to be a serious concern for compensation. We alre
pointed out that this concern is even more severe in the z
blende structure, where the formation energy of the inter
tial is 0.61 eV lower.

When trying to growp-type GaN doped with Be accep
tors, one should thus be aware of potential compensation
Be interstitials. The extent to which interstitials form a pro
lem, as well as the extent to which their incorporation can
controlled, depend sensitively on their diffusivity. The fa
that Be interstitials can be readily incorporated is due to
small atomic size of the Be atom; one might therefore s
pect that this small atom could also diffuse readily throu
the lattice.

1. Total-energy surfaces

To study the behavior of the Be interstitial in GaN, w
have calculated the total energy of Beint at various locations
in GaN. For each position of Be, the surrounding host ato
are allowed to relax. The resulting energy values as a fu
tion of the coordinates of the Be position,RBe, define the
energy surface:E5E(RBe). The energy surface is therefor
a function of three spatial dimensions. In order to obta
accurate results, a large data base of energy values~for a
large number of spatial coordinates! is needed. In order to
render the computational effort tractable, we carried
these calculations in 32-atom wurtzite cells with onek point.
As discussed in Sec. II C, this affects energy differences
tween different Be sites by less than 0.4 eV. This accurac
sufficient not to affect the qualitative shape of the ene
surface. Local minima and saddle points identified in t
investigation were subsequently also calculated using the
atom supercell.

We calculated 59 different locations in the irreducib
portion of the wurtzite unit cell. These locations were n
equally spaced in the crystal, because we chose to calcu
more points near the important locations~the local minima
and saddle points!. For each local minimum, we also allowe
Beint to relax to ensure that the actual minimum energy a
lattice structure were obtained.

In order to analyze and visualize the total-energy surfa
we want to make optimal use of symmetry information42

Since the energy surface is a function ofRBe, it possesses
the full symmetry of the crystal. To make effective use
these symmetries, an analytic description of the surfac
essential. We achieve this through expansion in a basis
with the appropriate symmetry. We then perform a fitting
the total-energy results to this set of basis functions usin
least-squares method. As basis functions, we use sym
trized plane waves that reflect the full symmetry of t
wurtzite crystal.42 We also make use of the physical fact th
5-7
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the Be impurity can never approach any host atom
closely~exchange processes, which would carry a very h
energy cost, are not included in the total-energy surface!. To
this end, we add somead hochigh-energy values near th
host atoms to the calculated data set. This addition does
affect the shape of the energy surface in the relevant reg
away from the atoms.

Since the energy surface is a function of three spa
dimensions, it is difficult to present the results in a sing
plot. For visualization purposes, we need to show a cut of
energy surface, restricting the Be coordinates to a sin
plane. Judicious choice of such planes ensures that we
vey all the essential information, i.e., stable and metasta
sites as well as barriers between them. For the system

sidered here, the (1120̄) plane~see Fig. 5! and the~0001!
plane ~perpendicular to thec axis! are the relevant planes
The energy surface can then be displayed as a contour pl
as a perspective plot of the energy~along thez axis! as a
function of coordinates in the plane.

In the wurtzite structure, there are two distinct types
interstitial open space, as shown in Fig 5.T is the tetrahedra
interstititial site ~or cage site!. This site is equidistant from
four Ga and four N atoms.O is the octahedral interstitial sit
~or tunnel site!. This site is in the ‘‘interstitial channel’’
along thec axis. TheO site is equidistant from six Ga an
six N atoms. Both sites are obvious candidates for lo
minima ~or, more generally, extrema! for Beint .

2. Beint near the O site

Placing the Be interstitial at theO site and allowing all
atoms to relax results in a position~which we call theO8
site! where Be optimizes its distance to its N neighbors. T
position constitutes the global minimum in the total-ener
surface for Beint

21 in GaN. As can be seen in Fig. 6~a!, the Be
atom stays along the axis of the open channel, and mo
close to the plane of the N atoms. The resulting Be-N d

FIG. 5. Schematic representation of atomic positions in

(112̄0) plane of wurtzite GaN. The large circles represent Ga
oms, medium circles N atoms. The high-symmetry interstitial s
are indicated:O is the octahedral interstitial site andT the tetrahe-
dral interstitial site.O8 indicates the position of the global min
mum for Beint

21 .
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tance~1.59 Å! is close to the optimum Be-N bond length a
observed in, say, Be3N2. In the process, the N atoms mov
toward Be by 0.22 Å.

The formation energy at this global minimum is 0.61 e
higher than for Be in ZB GaN~see Table I!. One might think
that the cause for the higher formation energy in wurtzite
the smaller size of the interstitial cage. However, the fact t
for Beint at theO8 site the nitrogen neighbors actually mov
toward the interstitial indicates that available volume is n
an issue. The Be atom clearly likes to bind to the N atoms
the open channel of the WZ structure, it can only effective
form bonds withthreeN atoms. At theTd

N site in ZB, on the
other hand, it can strongly bind tofour N neighbors. We
suggest that this is the reason for the lower formation ene
in zinc-blende GaN. We also find that the bonding betwe
the Be and N atoms exhibits a significant covalent com
nent, in addition to the ionic component; this emerges fr
an inspection of the charge density corresponding to vari
eigenstates throughout the valence band.

For this global minimum, we have also examined oth
charge states. The Be interstitial does not introduce
Kohn-Sham states within the LDA band gap, indicating th
it behaves as a shallow donor. We can calculate the for
tion energy of the11 and 0 charge states by placing one
two electrons in the lowest unoccupied level. As for the ca
of shallow acceptors, the formation energies need to be
rected with a termEcorr reflecting the energy difference be
tween electrons at the special point and at theG point, as
discussed in Sec. II D. In addition, these formation energ
suffer from the LDA band gap error; however, if we focus o
energydifferencesbetween charge states, as appropriate
the calculation of ionization energies, then the results do
directly depend on the LDA error if we express the ioniz
tion level with respect to the conduction-band minimum.

Following this procedure, we find the1/0 transition to
correspond to an effective-mass state, while the11/1 level
is slightly deeper, namely, 0.09 eV below the conducti
band. We will revisit this result in Sec. V B.

Coming back to Beint
21 , the features of the energy surfac

in the neighborhood of theO8 site can be obtained from Fig
7. This figure includes a contour plot@Fig. 7~a!# and a per-
spective plot @Fig. 7~b!# for the (112̄0) plane that cuts
through the hexagonal channel. We discuss these plot
more detail in the following sections.

3. Beint at the T site

We place Beint at the idealT site and allow the host atom
to relax. If we allow Beint to relax along@0001#, we find that
it stays almost at the ideal position of theT site; we therefore
do not need to introduce a separate notation for
minimum-energy site, as we did in the case of theO8 site.
TheT site is thus a local minimum for displacements para
to @0001#. However, when we allow displacements perpe
dicular to@0001# ~and move Be slightly off this axis, in orde
to break the symmetry!, we find that theT site is a local
maximum in the plane perpendicular to@0001#. We conclude
that T is actually a saddle point. A contour plot and a pe
spective plot for the (1120̄) plane that cuts through theT site

e

t-
s
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FIG. 6. Schematic representation of atomic positions in the (1120̄) plane for Beint
21 at various interstitial sites in wurtzite GaN. Larg

circles represent Ga atoms, medium circles N atoms, and the hatched circle represents Be. Dashed circles indicate ideal atomic
dashed lines bonds in the ideal lattice. Distances between Be and its neighbors are given in Å and changes in Ga-N bond length
as the percentage change from the bulk Ga-N bond lengths. The panels correspond to a Be interstitial in the following configuration~a! O8
site; ~b! T site; ~c! A site; and~d! the BeGa-Beint

1 complex.
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are shown in Figs. 7~a! and 7~b!, respectively. The corre
sponding plots for the~0001! plane that cuts through theT
site are shown in Figs. 7~c! and 7~d!. Figure 7~d! clearly
shows thatT is a local maximum in the~0001! plane. In the
(112̄0) plane, theT site is a local minimum in the@0001#
direction and a local maximum in the@21100# direction.

The position of the Be atom and the relaxations of
host atoms are shown in Fig. 6~b!. Although the host atoms
undergo quite large relaxations, the Be atom is squee
rather tightly between the Ga and N atoms along thec axis,
with a Be-Ga distance of 1.92 Å and a Be-N distance of 1
Å. In spite of this tight fit, theT site is only 1.18 eV higher
24520
e

ed

4

in energy than the global minimum at theO8 site ~as calcu-
lated in the 96-atom supercell; in the 32-atom cell, the
ergy difference is 0.90 eV!. The energy atT is probably
lowered due to the fact that the Be atom can now bond w
four N neighbors; but the size constraints, in particular
repulsion with the Ga atom along thec axis, raise the energy

4. Beint at the A site

In the process of exploring the total-energy surface
Beint , we discovered an additional local minimum. Figur
7~a! and 7~b! show a contour plot and a perspective plot f
5-9
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FIG. 7. ~Color! Calculated total-energy surfaces for Be interstitials in GaN.~a! Contour plot and~b! perspective plot of the total-energ

surface for Beint
21 in a (112̄0) plane through the host atoms~as defined in Fig. 5!. In the contour plot, the interval is 0.5 eV and the real-spa

dimensions along both directions are in Å.~c! Contour plot and~d! perspective plot of the total-energy surface for Beint
21 in a ~0001! plane

through theT site. This~0001! plane thus also cuts through the middle of Ga-N bonds along thec axis. In the contour plot, the interval i
0.25 eV and the real-space dimensions along both directions are in Å. Dashed circles show the projections of the atomic positions
atoms and dashed lines show the projections of Ga-N bonds.
e
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es
the (112̄0) plane that cuts through bothT site andO site. We
notice that there is a local minimum located between thT
site and theO8 site; we will call this site theA site. The
atomic positions for Beint at theA site are shown in Fig. 6~c!.
This local minimum has a formation energy only 0.70 e
higher than the global minimum~as calculated in the 96
24520
atom supercell; in the 32-atom cell, the energy difference
0.30 eV!. Again, the driving force seems to be the formati
of Be-N bonds; two of the N atoms move toward Be
0.19Å, while a third moves by 0.08 Å. This results in thr
Be-N bonds with bond lengths of 1.60 Å. Simultaneously
Ga atom that would prevent Be from approaching N mov
5-10
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away, undergoing a displacement of almost 20% of the G
bond length. Still, the resulting Be-Ga distance of 2.02 Å
probably the determining factor limiting the stability of th
site.

5. Diffusion path for Beint

The total-energy surfaces allow us to study the diffus
path of the Be interstitial along different directions. We f
cused on the12 charge state, which is the relevant char
state for Beint at its global minimum~see Sec. III C 2!. In-
spection of the electronic structure for various positions
Be along its migration path indicates that there is no t
dency for localized electronic levels to move into the ba
gap, and hence no possibility for charge-state change
occur.

To study the diffusion path along the@0001# direction, we
first calculated the formation energies for Beint at several
positions along a@0001# direction through anO site ~i.e.,
along the center of the open channel!. The results are shown
in Fig. 8. This diffusion path yields a diffusion barrier of 3
eV ~in the 32-atom cell, very close to the 3.0 eV obtained
a 96-atom cell!. Inspection of the full total-energy surface,
shown in Fig. 7, indicates that the lowest-energy path d
not run exactly along the center of the channel. The das
line shows the diffusion path along the center of the chan
while the dotted line shows the actual path; the barrier al
the latter path is only slightly lower, at 2.90 eV.

For diffusion in a direction perpendicular to thec axis, the
interstitial travels betweenO8 sites in adjacent channels via
path that has a saddle point at theT site. The diffusion barrier
is thus equal to the energy difference between theT andO8
sites, which is 1.18 eV~in the 96-atom cell; 0.90 eV in the
32-atom cell!.

FIG. 8. Total energy of Beint
21 at positions along the center of th

open channel in WZ GaN, measured from theO site, and referenced
to the energy at the global minimum (O8). Solid circles: the results
from 13131 k-mesh calculations; open circles: 23232 k-mesh
calculations; solid line: interpolation curve.
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We thus find a very large difference in barrier heights
diffusion parallel to@0001# vs perpendicular to@0001#. A
rough estimate of the temperature at which the interstit
would be mobile can be obtained by taking the usual defi
tion of an activation temperature, i.e., the temperature
which the jump rate is one per second, and assuming a
factor of 1013 s21, i.e., a typical phonon frequency. With
1.18 eV barrier, the Be interstitial should be mobile in dire
tions perpendicular to thec axis at temperatures of abou
180 °C. Diffusion along thec axis, on the other hand, with
barrier of 2.90 eV, would require temperatures of abo
850 °C.

The large anisotropy of the diffusion barriers can be
tributed to the features of Be bonding with the host ato
that we described above: Beint

21 prefers to be close to at leas
three N atoms, with a bond length comparable to that
Be3N2. At the same time, Beint

21 tries to stay as far away a
possible from the Ga atoms, with which it has a repuls
interaction. As can be seen from Fig. 8, the saddle point
migration along@0001# occurs close to the plane of the G
atoms. These atoms form part of a hexagonal ring in
‘‘chair’’ configuration; in this configuration, the center of th
triangle formed by the three N atoms is displaced from
center of the triangle formed by the Ga atoms by;0.6 Å
along thec axis. Because of the Be-Ga repulsion, squeez
through the triangle of Ga atoms carries a large energy c
Simultaneously, the Be atom is far away from the N ato
with which it prefers to bond. These features conspire
create a large barrier for Be motion along thec axis.

For motion perpendicular to thec axis, the Be atom also
has to squeeze through hexagonal rings, but this time th
rings have the ‘‘boat’’ configuration. In this configuration
the center of the triangle formed by the N atoms coincid
with the center of the triangle formed by the Ga atoms. T
configuration thus allows the Be to stay more closely bond
to the N atoms, even while squeezing through the triangle
Ga atoms, resulting in a lower barrier.

IV. RESULTS FOR COMPLEXES

A. Complexes between interstitial Be and substitutional Be
„Beint-BeGa… in wurtzite GaN

Since interstitial Be is a donor (Beint
21), we expect it will

bind with substitutional Be, which is an acceptor (BeGa
2 ). We

explored various possible atomic configurations for the co
plex; the final stable geometry is illustrated in Fig. 6~d!. We
notice a similarity with theA site configuration of the Be
interstitial, ilustrated in Fig. 6~c!. Indeed, although this meta
stable site for Beint

21 was somewhat higher in energy than t
O8 site, the Be interstitial is quite close to a substitutional
site in thisA site configuration. This offers the possibility fo
forming a strong bond to a BeGa substituting on this site.

The relaxation can be described as follows. Beint moves
toward BeGa while BeGa moves away slightly in the opposit
direction. The two Be atoms form a bond with a bond leng
of 1.94 Å. An alternative way of looking at this configuratio
is as a split interstitial, with the two Be atoms sharing t
substitutional Ga site; the center of the Be-Be bond is d
placed 0.46 Å from the ideal Ga position. Both Be atom
5-11
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actually succeed in forming strong bonds with N atoms:
Be atom closest to the substitutional site binds with two
atoms, one at 1.54 Å, the other at 1.61 Å, while the Be clo
to the interstitial site binds with one N at 1.65 Å and two
@out of the plane in Fig. 6~d!# at 1.61 Å. The Be-Be bond lie
in the (112̄0) plane at an angle of 27° from thec axis.

The formation energy of this complex atEF50, calcu-
lated using Eq.~5!, is 0.37 eV for N-rich conditions~see
Table I!. The binding energy between Beint

21 and BeGa
2 is thus

calculated to be 1.35 eV. The formation energy of the co
plex as a function ofEF is also included in Fig. 3.

We have also investigated the neutral charge state of
complex. No Kohn-Sham states were introduced within
LDA band gap, indicating a shallow donor. We followed t
same procedure as for Beint ~see Sec. III C 2! to derive the
donor ionization energy, resulting in a level about 0.02
below the conduction-band minimum.

If Beint-BeGa are incorporated in bulk GaN, one may wo
der whether it is possible to subsequently dissociate th
An estimate for the dissociation energy can be obtained
adding the activation energy for interstitial diffusion to th
binding energy of the complex. We are allowed to use
lower of the calculated interstitial diffusion barriers, since f

FIG. 9. Schematic illustration of the atomic structure of t
Be-H complex. The H atom is located in a bond-center site al
the c axis. The BeGa

2 is relaxed outward by a very large amoun
moving it into the plane of its three N neighbors.

TABLE III. Calculated binding energiesEb @Eq. ~13!# and lat-
tice relaxations for various Be-H complexes in wurtzite~WZ! and
zinc-blende~ZB! GaN. AB stands for antibonding, BC for bond
center sites. For wurtzite, the symboli denotes configurations with
the H-N bond parallel to thec axis ~@0001#!; the other bond direc-
tions are denoted by the symbol'. DdBe(N) denotes the displace
ment of the Be~N! atom from its nominal lattice site, expressed a
percentage of the bond length.dN-H denotes the N-H distance.

Configuration Eb ~eV! DdBe DdN dN-H ~Å!

WZ, BCi 1.81 35.3% 10.8% 1.028
WZ, BC' 1.68 31.3% 10.6% 1.027
WZ, AB' 0.95 21.2% 12.8% 1.031
WZ, ABi 0.69 23.3% 11.3% 1.030
ZB, BC 1.64 30.4% 13.1% 1.026
ZB, AB 0.90 21.8% 13.9% 1.032
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purposes of breaking the complex the Be interstitial wo
presumably choose to move in the direction that offers
lowest dissociation barrier. This yields a dissociation ene
of 1.3511.1852.53 eV. We will discuss in Sec. V wha
choice of annealing temperatures would result in dissocia
of these complexes.

B. Beryllium-hydrogen complexes

Hydrogen is known to passivate dopant impurities
semiconductors, and hydrogen passivation of Mg accep
in GaN has been well documented.21–23 In the case of Mg,
the ~electrically neutral! Mg-H complex was found to have
binding energy of 0.7 eV, with the H atom located in a
antibonding~AB! site behind a N neighbor of the acceptor22

We have carried out comprehensive calculations of
Be-H complex, the results of which are summarized in Ta
III. The binding energy of the complex is defined with r
spect to an isolated Be acceptor in the negative charge s
and an isolated interstitial H atom in the positive charge s
~its lowest-energy state inp-type GaN! far away from the Be
acceptor:

Eb~Be-H!52Ef@Be-H0#1Ef@BeGa
2 #1Ef@H1#, ~13!

where the signs have been chosen such that a positive b
ing energy corresponds to a stable complex.

In the wurtzite structure, the BCi configuration, in which
the H atom is located in the bond-center~BC! site between
the Be acceptor and its N neighbor along thec axis, is most
favorable~highest binding energy!. This configuration is il-
lustrated in Fig. 9. The other possible BC configuratio
BC' , in which the Be-H-N bond is pointing along a direc
tion other than@0001#, is only 0.1 eV higher in energy. Note
that the AB configurations are significantly higher in ener
than the BC structures~by more than 0.8 eV!. This result is
markedly different from the case of Mg-H, where the A
configuration was the more favorable one. Our calcula
binding energy for the global minimum of the Be-H comple
is in good agreement with that reported by Bernardiniet al.6

We also draw attention to the extremely large atomic
laxations in this complex: the N atom moves outward
about 10% of the Ga-N bond length, and the Be by as m
as 35%. Such large relaxations were actually also calcula
for the Mg-H complex.

g

TABLE IV. Calculated formation energies for complexes b
tween Be substitutional acceptors (BeGa) and oxygen substitutiona
donors (ON) in wurtzite ~WZ! and zinc-blende~ZB! GaN.
Nitrogen-rich conditions are assumed, as well as equilibrium w
Be3N2 and BeO. The formation energies are given forEF50, i.e.,
EF located at the top of the valence band.

Formation energies~eV!

WZ ZB

(ON)1 0.24 0.22
(BeGa-ON)0 0.59 0.66
(BeGa-ON-BeGa)

2 1.97 1.93
(BeGa-ON-BeGa)

0 1.83 1.78
5-12
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For all the complexes listed in Table III, the N-H distan
is approximately 1.03 Å. Also note that the behavior of t
complexes in the zinc-blende phase is qualitatively v
similar to that in the wurtzite phase: The BC configuration
significantly more stable than the AB configuration, and
atomic relaxations~particularly of the Be impurity! are very
large.

Experimental identification of acceptor-hydrogen co
plexes often relies on vibrational spectroscopy. We h
therefore also calculated the vibrational modes of the B
complex, for the most favorable geometry of the comp
~i.e., BCi). In the harmonic approximation we find a stret
mode at 3460 cm21, and a wag mode at 570 cm21. As
expected, the stretch mode is representative of a N-H b
which dominates the bonding in this complex, while the w
modes are low in frequency because the potential ene
surface perpendicular to the bond is quite shallow for the
configuration.42 More details about the vibrational mode ca
culation will be published elsewhere.43

C. Beryllium-oxygen and Be-O-Be complexes

Complex formation between BeGa and oxygen has bee
suggested as an explanation for the high hole conductiv
observed in codoping experiments.18–20We have carried ou
calculations for a variety of complexes between oxygen
one or two Be atoms. The results are summarized in Ta
IV and Fig. 10. In Fig. 10 we focus on zinc blende, which
the phase for which experimental results were reporte18

however, we notice from Table IV that the results for wur
ite are very similar. The choice of chemical potentials was
follows. We chose N-rich conditions, to allow easy compa
son with results presented elsewhere in this paper. For
we again assumed its chemical potential to be limited
equilibrium with Be3N2. For oxygen, finally, we assume
equilibrium with BeO~for which we used the experimenta
heat of formation26.3 eV; Ref. 37!. These specific choice
are not critical for the qualitative conclusions that we w
derive. Note, however, that if we did not include equilibriu
with BeO the formation energies of any of the oxyge
containing complexes would be much lower; indeed,
high binding energy of the Be-O bond favors formation
such complexes.

FIG. 10. Calculated defect formation energies as a function
Fermi level for complexes between oxygen and beryllium in zi
blende GaN, under N-rich conditions.
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First we examine the (BeGa-ON)0 complex, which is neu-
tral because the ON

1 donor passivates the BeGa
2 acceptor. The

binding energy of the complex is defined with respect to
isolated Be acceptor in the negative charge state, and
isolated O donor in the positive charge state far away fr
the Be acceptor:

Eb~BeGa-ON!52Ef@BeGa-ON#1Ef@BeGa
2 #1Ef@ON

1#,
~14!

where the signs have been chosen such that a positive b
ing energy corresponds to a stable complex. From the ca
lated formation energies, we obtain a binding energy
(BeGa-ON) of 1.33 eV in WZ and 1.23 eV in ZB. This is
quite a large value, and indicates that these complexes
likely to form.

Interestingly, in this Be-O complex the Be and O atom
move away from their substitutional lattice sites, in oppos
directions. Be moves by a distance equal to 22% of the G
bond length, and oxygen moves by 12% of the bond leng
The final distance between the Be and O atoms is such
only a very weak bond is present between the impurities.
propose the following tentative explanation for the observ
tendency for Be and O to move away from one another. T
natural Be-O bond length is very short; for instance, the bo
distance in BeO distance is 1.65 Å.44 In order to maintain
this preferred Be-O distance for Be and O nearest neighb
in GaN, a large displacement of Be away from its N neig
bors ~and/or of O away from its Ga neighbors! would be
required, in turn leading to significant relaxations of those
and Ga atoms. Such large relaxations are energetic
costly. Our result indicates that it is actually preferable
Be and O to both optimize their bond lengths to their s
rounding N and Ga neighbors, and essentially ‘‘give up’’
forming a Be-O bond. Indeed, both Be and O seem to
comfortable when bonded to only three neighbors in Ga
for Be, this tendency has been discussed above in Sec. I
for O it has been observed in the context ofDX-center
formation.45

Turning now to (BeGa-ON-BeGa) complexes, we note from
Table IV and Fig. 10 that these have formation energies
are slightly higher than those of isolated BeGa acceptors. We
therefore do not expect a higher solubility of Be based up
formation of such complexes. Our calculated ionization e
ergy of the Be-O-Be complex is 0.14 eV in WZ and 0.15 e
in ZB; within our error bars, this is comparable to that of t
isolated substitutional Be. As to the structure of t
(BeGa-ON-BeGa) complex, we again find that one Be-O bon
is effectively broken. In the WZ structure, the configurati
with no Be-O bonds along thec axis was found to be fa-
vored. It is informative to calculate the binding energy f
the process whereby an additional BeGa

2 is attached to a
(BeGa-ON) complex, resulting in a (BeGa-ON-BeGa)

2 com-
plex. Using the tabulated formation energies we find a bi
ing energy of 0.30 eV in WZ and 0.40 eV in ZB. This bind
ing energy is significantly smaller than the binding ener
found above for the Be-O complex. This indicates that on
a Be-O complex is formed the driving force for attaching
second Be atom is quite small.

f
-
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V. DISCUSSION

A. Incorporation of Be in GaN

Our calculated formation energy for BeGa in GaN is
slightly lower than that of MgGa, which is the most widely
used acceptor.5,35 Comparing our results for formation ene
gies ~which determine solubilities! with previous calcula-
tions by Bernardiniet al.,6 we find reasonable agreement f
the formation energy of the substitutional acceptor~allowing
for differences relating to the choice of atomic chemical p
tentials, etc.!. The formation energies obtained in Ref. 6 f
interstitial Be are significantly larger than those found in t
present work~by more than 2.0 eV!. We are unable to pro
vide an explanation for this discrepancy.

In Sec. III A we pointed out that by moving from N-ric
to Ga-rich conditions the formation energy of BeGa increases;
indeed, we chose to list results for N-rich conditions p
cisely because that leads to the highest possible solubility
BeGa. It turns out that moving toward Ga-rich condition
alsodecreasesthe formation energy of Beint ~because we are
assuming equilibrium with Be3N2). Optimizing Be incorpo-
ration ~and suppressing Be interstitial formation! would thus
require N-rich conditions. Unfortunately, growing high
quality GaN usually requires Ga-rich growth conditions46

which are less favorable for Be incorporation.
The large binding energies found for Be-H complex

~see Table III! are in agreement with the results of Ref. 6.
H is incorporated during growth, Be-H complexes are sure
form. Incorporation of H may happen unintentionally, su
as during MOCVD~metal-organic chemical vapor depos
tion! growth or when NH3 is used as a source gas in MBE
Intentional exposure to hydrogen may also be obtained
introducing atomic hydrogen in the chamber during grow
The large binding energy of the Be-H complex results in
low formation energy, which would promote incorporatio
of Be and effectively increase the solubility. We previous
discussed this mechanism in the case of Mg doping.23

As in the case of Mg doping, the resulting accept
hydrogen complexes need to be broken and the hydro
removed from the vicinity of the acceptors before electri
activation of thep-type layer can be achieved. The bindin
energy of 1.81 eV may seem to make it difficult to bre
Be-H complexes. An estimate for the dissociation energy
these complexes can be obtained by adding the activa
energy for H1 diffusion, 0.7 eV,22 to the binding energy of
the Be-H complex. This yields a dissociation barrier of ab
2.51 eV. Although this is a high value, it should not be
problem to dissociate the complexes at the temperatures
cally used for activation of thep-type layers. Indeed, it is
well known that hydrogen-acceptor complexes in Si, wh
have a dissociation energy of about 1.2 eV, can be broke
at temperatures of about 150 °C. Assuming similar disso
tion kinetics, complexes with a barrier twice as high sho
therefore dissociate at a temperature of 23(1501273) K, or
573 °C. This conclusion is in agreement with the assessm
of Bernardiniet al.6

Experimentson Be incorporation in GaN are still scarc
Incorporation of Be in GaN has so far been performed dur
MBE growth7–15and using ion implantation.16,17The earliest
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report of Be doping was by Ilegems and Dingle,47 who in-
corporated Be during vapor growth of GaN. The introducti
of Be resulted in a deep yellow-green luminescence b
centered around 2.2, which is most likely defect relat
Sánchez et al.7–9 incorporated Be in WZ GaN grown by
MBE on Si substrates. SIMS~secondary ion mass spectro
copy! showed the presence of Be, but due to a lack of c
bration no concentrations could be inferred. Conductiv
measurements of the Be-doped layer were impossible, du
the electrical activity of Ga diffused into the underlying
substrate. Finally, Chenget al.10,11reported Be incorporation
in ZB and WZ GaN grown by MBE on GaAs substrate
SIMS indicated Be incorporation, but again no calibrati
was available. For high Be concentrations, the SIMS profi
showed evidence of Be diffusion through an undoped G
buffer layer and into the underlying GaAs substrate.

Ion implantation was used by Ronninget al.16,17 to incor-
porate Be in MOCVD-grown GaN, followed by annealing
1100 °C for at least one hour under an atomic nitrogen fl
Beryllium concentrations of more than 1017 cm23 were ob-
tained as measured by SIMS. No long-range diffusion of
was observed, but this result could merely reflect the pr
ence of implantation damage.

B. Ionization energies

Our calculated ionization energy for the Be acceptor
WZ GaN is 170 meV. This value is slightly lower~by about
30 meV! than our previously calculated value for Mg i
GaN.23 We emphasize that the error bar on these val
~which we estimate to be at least 100 meV! does not allow us
to draw firm conclusions about the magnitude of the ioni
tion energy. Still, the similarity of the values for Be and M
is in line with the expectation that the ionization energy f
these shallow acceptors is largely determined by intrin
properties of the semiconductor, such as effective mas
and dielectric constants. Indeed, predictions from effecti
mass theory48 for ionization energies of substitutional acce
tors in WZ GaN produce a value for Be between 185 a
233 meV—only slightly lower than the calculated value f
Mg.

Our result for the ionization energy is larger than the
meV reported by Bernardiniet al.6 for Be in WZ GaN. Their
value for Be in ZB GaN was even lower, the acceptor le
being resonant with the valence band. One potential ex
nation for the discrepancy is the smaller unit cell~32 atoms!
used in their calculations—although our own results for 3
atom cells produce ionization energies quite close to the c
verged values. It is also possible that the correction te
Ecorr , discussed in Sec. II D, was not taken into accou
This correction lowers the formation energy of the neut
charge state, and hence increases the ionization energy
glect of the correction would thus result in artificially low
acceptor ionization energies.

In Sec. III A we reported that the large lattice relaxatio
for BeGa

0 would result in a Franck-Condon shift of about 10
meV, this being the energy difference between BeGa

2 with a
configuration fixed to be equal to that of the BeGa

0 neutral
acceptor, and BeGa

2 in its lowest-energy, relaxed configura
5-14
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tion ~see Fig. 2!. We thus expect the optical ionization e
ergy to be higher than the thermal ionization energy by 1
meV ~see Sec. II F!. Thermal ionization energies for Be ac
ceptors in GaN have not yet been reported, due to a lac
electrical conductivity data for Be-doped samples. Photo
minescence spectroscopy has been performed by se
groups, however, and various estimates for the optical
ization energy have been published.

Sánchezet al.7,8 observed a PL line at 3.384 eV, whic
they attributed to a donor-acceptor transition. This led to
estimate for the optical ionization energy of 90 meV. Th
result agrees with the work of Dewsnipet al.,13 who reported
a PL line at 3.376 eV; again assuming this to be a don
acceptor transition, they calculated an ionization energy
90–100 meV.

Other groups, however, have reached different con
sions regarding the optical ionization energy. Chenget al.11

observed a PL line at 2.90 eV in their zinc-blende mater
and estimated an acceptor ionization energy of 200 m
Salvadoret al.14 observed a PL peak at 390 nm~3.187 eV!,
and inferred from this an acceptor ionization energy of 2
meV. They also reported that hot-probe measurements i
cated the presence ofp-type conductivity. Ronninget al.16

observed a PL line at 3.35 eV in their Be-implanted mater
They attributed the line to band-to-acceptor (eA) transitions,
and extracted an ionization energy of 150610 meV.

The reported values for the optical ionization energy th
cover a wide range, from 90 meV up to 250 meV. Based
our calculated Franck-Condon shift of 100 meV, we think
is very unlikely that the optical ionization energy of the su
stitutional acceptor could be as low as 90 meV, or even
meV. Indeed, this would result in a thermal ionization ene
smaller than 50 meV, which conflicts with theoretical pred
tions and for which there is currently no experimental e
dence. We suggest that the photoluminescence data pro
ing optical ionization energies below 150 meV b
reexamined, in terms of their attribution to an isolated
substitutional acceptor and/or the interpretation of the tra
tion responsible for the emission. One could speculate
the observed transition may involve Be interstitials, f
which we calculated a11/1 ionization level about 90 meV
below the conduction band~Sec. III C 2!.

C. Codoping with oxygen

Brandtet al.18,19 reported high levels of Be incorporatio
in cubic GaN grown by MBE on semi-insulating GaN su
strates. Oxygen was introduced as a codopant. SIMS i
cated concentrations around 531020 cm23 for both Be and
O. No significant diffusion of Be into the GaN buffer laye
was observed; formation of Be-O complexes was mentio
as a potential reason for the lack of diffusion. Roo
temperature conductivities as high as 50/V cm were re-
ported. Hall measurements~performed after removal of the
substrate! produced hole concentrations of up to 531018

cm23, and mobilities of up to 150 cm2/V s.
Yamamoto and Katayama-Yoshida proposed an expla

tion for these codoping results in terms of BeGa-ON-BeGa
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complexes.20 They performed first-principles calculation
but their arguments were mainly based on trends in the e
trostatic~Madelung! energy.

We reported our full energy-minimization calculations f
the Be-O-Be complexes in Sec. IV C. We found that t
formation energy of these complexes is not lower than t
of isolated Be acceptors~at least if equilibrium with the
proper solubility-limiting phases is taken into account!. For-
mation of Be-O complexes~which are electrically neutral! is
energetically quite favorable, but attaching a second Be a
to such a complex is only marginally favored. Finally, ev
if Be-O-Be complexes form, their ionization energy does n
seem to be noticeably lower than that of isolated Be acc
tors ~within the error bars of our calculations!. We therefore
doubt that formation of Be-O-Be complexes is a viable a
proach to increasingp-type doping of GaN, or provides a
explanation for the experimentally observedp-type conduc-
tivity in codoped samples.

D. Compensation and how to avoid it

Our calculated formation energies for Be interstitia
clearly indicate that they would easily incorporate as co
pensating centers. In WZ GaN, our calculated formation
ergy of Beint

21 is 0.04 eV12EF . To put this into perspective
this formation energy is lower than that of the nitrogen v
cancy ~which is the dominating intrinsic defect inp-type
GaN!, at least for Fermi-level positions within 1 eV of th
top of the valence band.

We note that codoping with hydrogen during growth o
fers a very effective means of avoiding compensation.
deed, hydrogen itself is a donor with a very low formatio
energy,22,23and hence is more likely to incorporate as a co
pensating center than the Be interstitial—especially when
large binding energy~and hence low formation energy! of
the Be-H complex is taken into account. Compensation
Be interstitials would thus be effectively suppressed in
presence of hydrogen. The hydrogen would need to be
moved in a postgrowth annealing process before activa
of the acceptors could be achieved, but as discussed in
V A that should not pose any problems. We emphasize
the success of codoping crucially depends on the ability
remove the codopant after the layers have been grown.
is possible in the case of hydrogen, but not in the case
other elements~such as oxygen! that have been suggested
codopants. This issue has been discussed in Ref. 23.

If, for any reason, Be interstitials are not incorporat
during growth, they might still diffuse into the bulkafter
growth. Our calculated diffusion barrier for motion along th
c axis is 2.90 eV; we estimated in Sec. III C 5 that this wou
result in significant diffusion at temperatures above 850 °

Any Be interstitials that are incorporated are likely to bin
to BeGa acceptors; indeed, their diffusion barrier~at least
perpendicular toc) is quite low, and Beint

21 is electrostatically
attracted to BeGa

2 . We found the binding energy of such com
plexes to be 1.35 eV, and in Sec. IV A we estimated
dissociation energy to be 2.53 eV. This is very similar to t
dissociation energy of Be-H complexes, and thus by
same arguments as used in Sec. V A annealing tempera
5-15
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of 600 °C or higher should be adequate to break such c
plexes. The resulting isolated Be interstitials still need to
‘‘neutralized’’ in order to achieve activation of the Be acce
tors. This can be achieved either by completely removing
Be interstitials from thep-type layer, or by neutralizing th
interstitial donors, for example at extended defects. If lat
diffusion suffices to achieve this neutralization, then
same temperatures as required for breaking of the comp
should suffice to activate thep-type layer. However, if dif-
fusion parallel toc is necessary~for instance, to remove th
Be interstitials through the surface of the wurtzite laye!,
then higher temperatures may be required due to the h
diffusion barrier for interstitials in that direction.

VI. SUMMARY AND OUTLOOK

We have reported comprehensive first-principles res
for Be in GaN. The formation energy of Be acceptors
slightly lower than that of Mg, indicating that Be would e
hibit a higher solubility. We also predict a slightly low
thermal ionization energy for Be. The optical ionization e
ergy is calculated to be higher than the thermal ioniza
energy by 100 meV, due to a large lattice relaxation of
Be acceptor in its neutral charge state.

The calculations show that Be interstitials have a low f
mation energy, and are hence likely to incorporate du
growth. Be interstitials are double donors and hence c
compensation. We mapped out the total-energy surface
diffusion of Be interstitials, finding a highly anisotropic b
havior, with diffusion along thec axis having a much large
barrier~2.9 eV! than diffusion in planes perpendicular to t
c axis ~1.2 eV!. The interstitials may bind to substitution
acceptors, with a binding energy of 1.35 eV and a disso
tion energy of 2.53 eV.

In the presence of hydrogen, beryllium-hydrogen co
plexes may form with a binding energy of 1.81 eV and
dissociation energy of 2.51 eV. Formation of such co
plexes would result in a higher solubility of substitutional
acceptors, and suppression of compensation by Be inters
donors. A postgrowth activation anneal is then required
remove the hydrogen from the vicinity of the Be accepto

Based on our results and analysis, we can suggest se
experiments that could shed further light on the behavio
Be in GaN. Obviously, an experimental determination of
thermal ionization energy would be very valuable. Furt
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investigations of the optical ionization energy, particularly
light of the predicted large Franck-Condon shift, are a
desired.

To study the diffusion of interstitial Be, diffusion of B
into GaN from a Be source on the surface could be
tempted. For WZ GaN, this would probably mainly involv
diffusion along thec axis, which we predicted to have a hig
barrier. If diffusion along extended defects could be e
cluded, we would therefore expect only very slow Be diff
sion for this experimental configuration. It would be high
interesting if an experimental geometry could be concei
in which interstitial diffusion perpendicular to thec axis
could be studied, which we predict to have a relatively lo
barrier.

If Be interstitials are incorporated during growth, the
postgrowth annealing experiments would be very inform
tive. Indeed, we estimated that typical annealing tempe
tures of 600 °C or higher would result in dissociation
Beint-BeGa complexes and rapid in-plane diffusion of Be i
terstitials. Diffusion parallel toc may require higher tem
peratures.

Finally, the role of hydrogen is likely to be a very bene
cial one: its intentional or unintentional incorporation shou
be monitored, formation of Be-H complexes may be detec
~for instance by using vibrational spectroscopy and comp
ing with our predicted vibrational modes!, and dissociation
of such complexes by thermal annealing should be
tempted.

In conclusion, our first-principles studies have elucida
the attractive aspects of beryllium as an acceptor in GaN,
also the potential problems, which are mainly related to
incorporation of Be interstitials. We hope that our comp
hensive investigation of the properties of the Be dopant w
prove useful in guiding and interpreting experiments.

ACKNOWLEDGMENTS

This work was supported by the Office of Naval R
search, Contract No. N00014-99-C-0161 and by the
Force Office of Scientific Research, Contract No. F4920-
C-0019. We thank J. E. Northrup, L. Romano, N. Johns
M. Kneissl, P. Kiesel, and T. H. Myers for useful discu
sions. C.V.d.W. is grateful to the Fritz-Haber-Institut a
Paul-Drude-Institut, Berlin, for their hospitality, and to th
Alexander von Humboldt Foundation for financial suppor
of

.

*Email address: vandewalle@parc.xerox.com
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