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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 thexis of 1.2 eV, while the barrier for motion along tb@xis
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. Consequencespidype doping using Be acceptors are discussed.
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[. INTRODUCTION ditions. Another technique for Be incorporation that has been
attempted is ion implantatiotf:’ No electrical conductivity
Nitride semiconductors are currently being used in a wideesults were reported; characterization was mostly by optical
variety of electronic and optoelectronic devices. Controllablespectroscopy. A photoluminescen@d.) peak just below the
doping is essential for all of these devices. Rdype doping band edge of GaN was found and attributed to Be. Assuming
of nitrides, a number of elemente.g., S) can be success- that this PL line results from a Be substitutional acceptor, an
fully used as dopants, and carrier concentrations exceedirgcceptor ionization energy can be extracted—but this has
5x10%° cm 2 can routinely be achievedThe situation is resulted in a wide range of values, ranging from 90 to 250
less favorable fop-type doping. Magnesium is the acceptor meV, depending on the assumptions made in the analysis.
of choice; it can be incorporated in concentrations up toBrandtet al. reported that using oxygen as a codopant along
about 16° cm™3, but because of its large ionization energy with Be results in highp-type conductivity:®1° Yamamoto
(210 meV, Ref. 1the resulting room-temperature hole con- and Katayama-Yoshida proposed an expanation for these
centration is only about ¥ cm™3, i.e., only about 1% of codoping results in terms of BgOy-Beg, complexes.
Mg atoms are ionized at room temperature. Increasing the The purpose of the present study is to investigate the be-
Mg concentration beyond #cm 2 leads to a saturation havior of Be in GaN in detail, with particular focus on the
and decrease in the hole concentrafidn. previous work,  diffusion properties of interstitial Be. Indeed, a thorough un-
we have proposed that the Mg solubility limit is the main derstanding of the stability and diffusivity of interstitial Be
cause of this behavidrThe limited conductivity ofp-type  will allow us to assess the likelihood that interstitial Be will
doped layers constitutes an impediment for progress in dese incorporated during growth—and if it is, whether it might
vice applications. be removed during a subsequent annealing procedure. To
It would be desirable to identify an alternative acceptoraddress this issue, we have mapped out the total-energy sur-
that would exhibit higher solubility and/or lower ionization face for an interstitial Be atom moving through the GaN
energy. Previous computational studidshave addressed a lattice; this enables us to extract the barriers for Be diffusion.
variety of candidate acceptors, including Li, Na, K, Be, Zn,In addition, we have studied the interaction between intersti-
Ca, and Cd. Only Be emerged as a viable acceptor, exhibitial Be donors (Bg:;) and substitutional Be acceptors
ing higher solubility and lower ionization energy than Mg. (Beg,). Coulomb attraction leads to formation of a complex
However, it also emerged that self-compensation may occuwith a large binding energyl.35 e\j. Because hydrogen is
due to incorporation of Be on interstitial sites, where it actsknown to play an important role irp-type doping of
as a donoP.The conclusions of the previous theoretical work GaN?'~?* we have also investigated its interaction with Be
seem promising enough, however, to warrant a more comacceptors, leading to the formation of Be-H complexes with
prehensive investigation, which is the subject of the preserd binding energy of 1.81 eV.
paper. We have also performed additional investigations in order
Experimentally, Be doping of GaN in MBEmolecular to make contact with the above-mentioned experimental
beam epitaxy has been reported by various groupst®  studies. Because the experimental studies have involved both
These experimental studies have involved both wurtzite andvurtzite and cubic phases of GaN, we have performed most
cubic phases of GaN; the cubic phase can be obtained kof our calculations for both phases. The PL results prompted
growth on cubic substrates, under appropriately tailored conds to examine the optical ionization energy of the Be accep-
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tor in detail, and we found a large Franck-Condon shift due
to an unusual atomic relaxation of the acceptor in its neutral
charge state. Because of the interest in codoping with oxy-
gen, finally, we have performed comprehensive calculations
for Beg;Oy and Be,;On-Beg, complexes.

The organization of this paper is as follows. In Sec. I, we
discuss the computational approach and methods. Section Il
lists our results for isolated impurities, and Sec. IV contains
results for complexes. Section V, finally, contains a discus-
sion and comparison with existing experiments. Section VI
summarizes the paper and contains suggestions for future
experimental work. FIG. 1. Top view(along[0001] direction of the GaN wurtzite
structure: small circles represent nitrogen, large circles gallium. The
shaded area corresponds to the primitive unit cell. The translation
vectors for the primitive unit cell and for the 32-, 72-, and 96-atom
A. Pseudopotential density-functional theory supercells are also shown.

Il. THEORETICAL APPROACH

We use the density-functional thedfyn the local density for the problem under investigation. We have performed cal-

approximation (LDA) and ab initio norm-conserving lati ¢ | diff ; I si i th
pseudopotentials, with a plane-wave basi€6ince the Ga  cU'ations for several different SUpercell Sizes, in the process
checking convergence.

3d electrons play an important role for the chemical bonding -
in GaN, they cannot simply be treated as core electrons. Exéng%rGEZfzor\:]VUSraz'§C§|12C$;2’ %?;;gifg?égleg ng 7023-e, d
plicitly taking Ga 3 as valence electrons is one way to P ’ P P

obtain more realistic results, as discussed in detail in Ref. 2 'of u?'gg%urstﬁ'éﬁ t(?]:{\leggrﬂ:gr?s;ja\?ilgﬁ?/iicetgfgfctﬁgtzhmggcell
However, the localized nature of the Gal 3tates signifi- ' P

cantly increases the computational demand, requiring an et doubled from that of the basic unit cell. If we choose the

ergy cutoff of at least 60 Ry. We have therefore used théatt'ce translation vectors for wurizite GaN to bsy

so-called “nonlinear core correctior?” with an energy cut- — (2:0:0), a2=_(—a/2,\/§a/2,0), andag=(0,0£) (see Fig.
off of 40 Ry. We have tested this approximation by compar-l,)' the tre(lgglatlon vectorg for the 32-atom supercell are de-
ing formation energies for interstitial Be with results ob- fined asa™"=2a;, where|=1,2,?2.) For thegzz)-atom Super-
tained using explicit inclusion of Gad3electrons as valence Cell, the translation vectors am'?=3a;, a)?=3a,, and
electrons; the values agree to within 0.1 eV. al/?=2a,. As can be noted from Fig. 1, both 32- and 72-
atom supercells suffer from the problem that the separation
between impurities in neighboring supercéitmagined to be
located at the center of the supertél quite different when
The wurtzite(WZ2) structure is the lowest-energy structure measured along different directions. We have therefore con-
of GaN, but the zinc-blendéZB) structure is only slightly  sidered a 96-atom supercell that has translation vectors that
higher in energy £10 meV per two-atom unit; Ref. 2&nd  are mutually perpendicular, leading to a cell with orthorhom-
can be obtained by epitaxial growth on a zinc-blende subbic symmetry. The translation vectors of this 96-atom super-
strate. We have therefore performed calculations for Be irge| area(196)=4a1+ 2ay, a(96)=3a2, anda§96)=2a3.

2
both the zinc-blende and the wurtzite structures. As we will For the zinc-blende structure, we have used 32- and 64-

see, results for substitutional Be are very similar in bothatom supercells, which have been extensively discussed in
phases, but the properties of interstitial Be are quite differenthe context of point-defect calculations in zinc-blende semi-

All impurity calculations are carried out at the theoretical conductors. The 32-atom supercell has bcc symmetry, while
lattice constant, in order to avoid any spurious relaxationsthe 64-atom cell is cubic, consisting of the conventional
For wurtzite GaN, we finda""=3.089 A (compared with ejght-atom cubic unit cell of the zinc-blende structure
a®*P'=3.19 A). The calculated/a ratio is 1.633(experi-  doubled in each direction.

B. Supercells

ment 1.627, very close to the ideat/a ratio of \/8/3. For Within the supercell, we allow relaxation of several shells
zinc-blende GaN, we find™=4.370 A, which is(to within  of host atoms around the impurity. For wurtzite, 24 host
0.001 A 2 larger than the wurtzite lattice constant. atoms were relaxed in the 32-atom cells. In the 96-atom cell,

In order to study the atomic and electronic structure of arat least 46 host atom@lus the impurity were allowed to
impurity in the GaN crystal, we construct an artificial unit relax, including all atoms within 4.8 A of any impurity. For
cell (supercell composed of several primitive GaN unit cells a substitutional impurity, this corresponds to seven shells of
and containing one impurity. The larger the supercell sizeatoms. In the zinc-blende 64-atom cell, the same relaxation
the closer our results will be to the case of a single, isolatedadius leads to at least 44 atoms being relaffae shells.
impurity, because interactions between impurities in neigh- Results of our convergence tests will be discussed in Sec.
boring supercells are suppressed. The computation timéll A. The tests indicate that, for zinc blende, 32-atom and
however, increases a¥2InN where N is the number of 64-atom supercells yield very similar results, indicating con-
atoms in the supercell. It is therefore imperative to chooserergence. For wurtzite, thebsolutevalues of formation en-
the smallest possible cell size that produces reliable resul&rgies are not yet converged in a 32-atom cell. The 96-atom
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cell results are expected to be converdgéat substitional As we will see in the next section, the formation energy of
impurities, these results are very close to those for the ZEBon-neutral impurities takes into account that electrons are
64-atom cells However, 32-atom wurtzite cell calculations exchanged with the Fermi level. The Fermi le®l is ref-
are very useful to obtain energy differences between differerenced to the valence-band maximum in the bulk, Eg.,
ent positions of the impurity in the lattice; we found these=( at the top of the valence bané&) in bulk GaN. We
energy differences to be W|th|_n 0.3 eV of those calculated inyptain E, by calculating the position of the valence-band
the 96-atom cell. Since mapping out the total-energy surfacg,aximum in GaN with respect to the average electrostatic
desc.r|b|ng the motion of interstitial Be through the lattice potential. We need to bear in mind, however, that the aver-
requires a large number of calculations, we have used thgge electrostatic potential in our defect supercells is not the
32-atom cell for that purpose. same as that in bulk GaN; indeed, our first-principles calcu-
lations for periodic structureéwhich fill all space do not
C. Special k points provide an absolute reference for the electrostatic potential,

Brillouin-zone integrations were carried out following the du€ t0 the long-range nature of the Coulomb potential. An
Monkhorst-Pack scherf2with a regularly spaced mesh of explicit ahgnment _pro_cedure is thus needed between the
nxnxn points in the reciprocal unit cell shifted from the €lectrostatic potential in the defect supercell and the electro-
origin (to avoid picking up the™ point as one of the sam- Static potential in the bulk. This problem is similar to that of
pling pointy. Symmetry reduces this set to a set of points incalculating heterojunction band offsets, and similar tech-
the irreducible part of the Brillouin zone. Convergence testdliques can be used to address these isSuesre we have
indicate that for zinc blende thex22x2 sampling yields chosen to align the electrostatic potentials by inspecting the
total energies that are converged to better than 0.1 eV in botBotential in the supercell far from the impurity and aligning
32-atom and 64-atom supercells. For the 32-atom wurtzité With the electrostatic potential in bulk GaN. This leads to a
supercell with BR:, a 2x2x2 set does not yield fully shiftin the reference leveAV, which needs to be added to
converged results; energifferencesare obtained reliably, E, in order to obtain the correct alignment. The resulting
however. We also compared the total energies calculated ughifts are taken into account in our expressions for formation
ing 1X1x 1 and 2<2x 2 sets. The former leads to only one €nergies in the next section. .
irreduciblek point while the latter leads to three irreducible ~ Interstitial Be atoms in GaN are double donors. In this
k points. Although the absolute value of the total energywork we have focused on the2 charge state (Eg), but
differs significantly between the two calculations, the energyve make some comments about other charge states in Sec.
differencesbetween different Bg, locations change by less 11 C 2.
than 0.1 eV. The calculations required to explore the total- Finally, we have also studied the (BeBe,;) complex;

energy surface were therefore carried out using only one spéom the charge states of the interstitial and substitutional
cial k point. In the 96-atom wurtzite cell, finally, thex22 ~ Species, it can be inferred that this complex has a charge state

X 2 k-point mesh produces fully converged results. of +1. The neutral charge state is discussed in Sec. IV A.

D. Charge states E. Formation energies

Beryllium substituting on the Ga site in GaN is a single  The formation energje’ determines the concentratian
acceptor; we therefore study two charge states;,B®d  of the impurity in the semiconductor, through the expression
BeOGa. In the case of a shallow acceptor such ag; Bhe
level introduced in the Kohn-Sham band structure due to the
presence of the impurity is merely a perturbation of the host c=NgieseXp( —E/KT), (1)
band structure. This “acceptor level” therefore exhibits es-
sentially the same dispersion as the uppermost valence band.

In the negative charge state, the acceptor level is filled—butvhere Ng;es IS the number of sites in the lattioger unit

in the neutral charge state, one electron is removed from thigolume) where the impurity can be incorporatddis Boltz-
level. For a true, isolated accept@orresponding to a calcu- mann’s constant, and is the temperature. Equatigd) in
lation in a very large supercgllithe electron would be re- principle holds only in thermodynamic equilibrium. Growth
moved from the top of the valence band, at Th@oint. But ~ of a semiconductor is obviously a nonequilibrium process;
in our finite-size supercells the electron is actually taken ouhowever, many growth environments involve high enough
of the highest occupied Kohn-Sham lewal the specialkk  temperatures to ensure reasonable mobility of impurities and
points where the band energy is lower than atThpoint. A defects at or near the surface, establishing conditions that
correction is therefore needed, obtained from the energy difapproximate equilibrium. Furthermore, even in nonequilib-
ferences between the highest occupied state al'tipwint  rium conditions the formation energy of an impuriyr de-

and the speciak points. The magnitude of this correction fect) is a useful concept, since configurations with high for-
ranges from~0.2 eV in the 96-atom cell te-0.5 eV in the ~ mation energies will obviously be difficult to incorporater
32-atom cells. This correction term, which we dall,,, and Wil attempt to evolve to a lower-energy state

which has been defined as a positive number, has been taken The formation energies of Bg, Bel, Bes, and

into account in all our results for neutral acceptdts. (BegsBen) ' are defined as
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E'[Beft 1= Erod Befi 1~ Eqod GaN, bulk — uge Bupet 2un=3upeppui T 2NN, T AH ([ BeN],  (9)
+2[Er+E,+AV(Be,)], (2)  whereAH[BesN,] is the calculated enthalpy of formation
of BesN,, which is —5.5 eV The experimental value of
E[Bed,]=E ol Be2— Eof GaN, bulk — sget aa AH{[BeN,] is —6.11 eV3* Equation(9) allows us to relate
Mee O uy, assuming equilibrium with B&l,. Combining
~Ecorr» () this information with the expression for the formation energy
A B of Beg, [EQ. (3)], we find that thdlowestformation energy
E'[Begal = Etotl Begal — Etol GaN, bulk — pget 1ca (and hence théighestconcentration of Bg,, i.e., the solu-
—[Ef+E,+AV(Begy)], 4) bility |Im|'[_) will o%(éur under nitrogen-rich conditions, i.e.,
when un= MNIN,] -
E'[(BegsBent) " 1=Eol (BessBent) "1 . Ultimately, one Wantg to calculate concentrations of na-
tive defects or impurities. For that purpose, one would
—Eo GaN, buld—2upget pca choose a particular set of atomic chemical potentietsre-

sponding to the growth conditiojsand substitute the forma-
tion energies from Eqs2)—(5) in the expression for concen-
E.od X] is the total energy derived from a supercell calcula-trations, Eq.(1). This still leaves the Fermi level as a free
tion with one impurityX in the cell, andg;,[ GaN, bulk is  parameter. This remaining variable is fixed by imposing the
the total energy for the equivalent supercell containing onlycondition of charge neutrality: the total charge resulting from
bulk GaN.ug,anduge are the chemical potentials of Ga and charged defects or impurities, along with the charge due to
Be, respectivelyEr is the Fermi level, referenced to the any free carriers in valence and conduction bands, needs to
valence-band maximum in the bulk. Due to the choice of thi9e equal to zero. This leads to a unique position for the
reference, we need to explicitly include the energy of theFermi level.

bulk valence-band maximurk, , in our expressions for for- It turns out to be very informative to explicitly plot the
mation energies of charged states. As discussed in Sec. Il Dlependence of formation energies on Fermi levels: this im-
we also need to add a correction tef¥ to align the refer- mediately provides insight into the electrical activigfonor
ence potential in our defect supercell with that in the bulk.or acceptor charactgrand shows whether certain defects
Finally, the correction tern.,,, that appears in the forma- Wwill act as compensating centers. We will therefore present

+[Er+E,+AV(BegsBen)]. (5

tion energy of B, was discussed in Sec. Il D. our results in this format.
The chemical potentials depend on the experimental o .
growth conditions, which can be either Ga rich or N rich. For F. Thermal and optical ionization energies

the Ga-rich case, we US€ga= fcappuiq 10 place an upper The thermal ionization energi, of the Bes, substitu-
limit on ug,; this places a lower limit onuy, calculated tional acceptor is defined as the transition energy between
from the neutral and negative charge states of the dojsmmhe-

. times the notatior(0/—) is also used for this quantityThis

N"=E o GaN]—- (6) . ; : ; i+
MN tot HMaas transition energy is defined as the Fermi-level position where

where E,,[GaN] is the total energy of a two-atom unit of f[he formation energies of these two charge states are equal,
bulk GaN, calculated for the structurally optimized wurtzite '€+
structure. For the N-rich case, the upper limit@g is given Ef[Bes|(Eg=E) =EBe (10)
by BN= N[N, » i.e., the energy of N in a Nmolecule at [Becal(Er=Ea [Becal

T=0; this yields a lower limit onug, calculated from From Egs.(3) and(4), it then follows that

. E,=EfBe..](Er=0)—E[Bel (11
K&a = Ero GaNl— uy . (7) A [Begal(Er [Becal
— —7_ 0
The total energy of GaN can also be expressed as = Etoll Bégal — Etol B€gal
+ Ecorr_ Ev - AV( BeGa)- (12)

Etoll GaN|= pgappuigt unpn, +AH{ GaN], 8 . < .

For purposes of defining the thermal ionization energy, it is
where AH{[GaN] is the enthalpy of formation, which is implied that for each charge state the atomic structure is
negative for a stable compound. Our calculated value forelaxed to its equilibrium configuration. The atomic positions
AH[GaN] is —0.48 eV(expt.— 1.17 eV; Ref. 32 By com-  in these equilibrium configurations are not necessarily the
bining Eq. (6) or Eqg. (7) with Eqg. (8), we observe that the same for both charge states. Indeed, we will see that they are
host chemical potentials vary over a range corresponding tquite different for the neutral and negative charge states of
the magnitude of the enthalpy of formation of GaN. Bega.

For Be, the upper bound on the chemical potential arises This difference leads to an interesting and sizable effect
from the solubility-limiting phase, which is Bbl,. There is  when the ionization energy of the dopant is determined op-
no lower bound ornuge, Minus infinity corresponding to the tically. Assume the following simplified picture of a photo-
total absence of Be from the growth environment. Equilib-luminescence experiment. The exciting light creates
rium with Be;N, implies electron-hole pairs. The holes can be trapped at,Benters,
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FIG. 2. Schematic configuration coordinate diagram illustrating 3 T T T
the difference between thermal and optical ionization energies. The
curve for B&, is vertically displaced from that for Bg assuming
the presence of an electron in the conduction bdahgd, is the
Franck-Condon shift, i.e., the relaxation energy that can be gained,
in the negative charge state, by relaxing from configuratign
(equilibrium configuration for the neutral charge siate configu-
rationg_ (equilibrium configuration for the negative charge state

turning them into Bg,. Using our definition of the thermal
ionization energyE,, the equilibrium configuration of the . L

Bel+e state(wheree is an electron at the bottom of the 0.0 0.3 L0 LS 2.0
conduction banis Eq— E, higher than the equilibrium con- Fermi energy (eV)

figuration of Bg;,, whereE, is the band gap. Electrons in
the conduction band can then recombine with the hole on thEe
acceptor, as illustrated in Fig. 2. This leads to emission of
photon with energyEp, . During this emission process, the
atomic configuration of the acceptor remains fixed—i.e., in _ )

the final state, the acceptor is in the negative charge state, bigined, of course, by referring to the expressions for forma-
with a structure(configuration coordinateg,) that is the tion energies in Eqs(2)—(5). In particular, by combining
same as that for the neutral charge state. The difference bi1€s€ expressions with the information on chemical poten-
tween the energy of this configuration and that of the equifials in Egs.(8) and(9), we find that by moving from N-rich
librium configurationq_ is the relaxation energg, (the to Gla-rlch COﬂdItIOI’]S'the format|on'energy of Béncreases
Franck-Condon shift From Fig. 2 it is clear thaEp =E, DY s|AH{[GaN]|, while the formation energy of Bg de-
—Ep—E,q . If the optical ionization energE,‘ipt is defined creases by |AH[ GaN]|. Consequences of these results for

as the energy difference between the band gap and the pptimizing gro_wth condi.tions will be discussgd in Sec. V.
line, we find thatESP'= Ey—Ep =Ep+Ee. This simpli- The formation energies are also summarized in Table I;

fied picture ignores excitonic effects, etc., but it does sho Ee numt;erhs glv?n theLe azsume thg Ferhm| I(?velr:s Iocgte_d at
that the ionization energy extracted from an optical measure- & top of the valence band. We notice that, for the substitu-
ment should be larger than the thermal ionization ené&rgy

by an amountE,,,. If the atomic configuration in the two TABLE I. Calculated formation energies for Be substitutional
charge states is significantly differefats will turn out to be acceptors (Bg,), Be interstitial donors (Bg), and BegBen,

Formation Energy (eV)

FIG. 3. Calculated defect formation energies as a function of
rmi level for various configurations of Be impurities in wurtzite
%aN, under(a) Ga-rich conditions andb) N-rich conditions.

the case for Bg), E, can be sizable. complexes in wurtzitdWZ) and zinc-blend€ZB) GaN. The for-
mation energiegsee Eqs(2)—(5)] are given forEg=0, i.e., E¢
Il RESULTS FOR ISOLATED IMPURITIES I(_)cated at the top of the valence bgnd, and fpr nltrogen—rlph cond_l-
tions. The dependence of formation energies on Fermi level is
A. The substitutional Beg, acceptor in zinc-blende and shown in Fig. 3.

wurtzite GaN

. . . . Formation energie&eV)
The formation energies as a function®f are shown in 9

Fig. 3 for Ga-rich and N-rich conditions. As discussed in Wz 2B

Sec. Il E, N-rich conditions favor the incorporation of Be on Bega 1.68 1.67
Ga sites, leading to the largest possible;Beoncentration Bel, 1.51 1.47
(the solubility limit). Moving toward Ga-rich conditions does BE! 0.04 ~0.57
not alter our qualitative conclusions; numerical results for  (Be;;Be,,)" 0.37 —001

any choice of the chemical potentials can always be ob
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TABLE Il. Relaxations around Be substitutional acceptorswe would expect a contraction of the Be-N bond length by
(Begy) in wurtzite (WZ) and zincblend€ZB) GaN. Adge denotes  18% compared to the Ga-N bond length. This is indeed ob-
the displacement of the Be atom from its nominal lattice site, exserved in the compound B, where the bond lengths are
pressed as a percentage of the bulk Ga-N bond leAgthandAd, 1 50_1 64 A 16-23% shorter than in GaN. Using ionic
denote the percentage of change in the Be-N bond length, aga%diiw (0.27 A for B&" and 0.47 A for G?f) we would

expressed referenced to the bulk Ga-N bond length. For wurtzite . o .
the symboll denotes the direction parallel to thexis ([0001)); the expect a contraction of about 10%. The actual magnitude of

other bond directions are denoted by the symhol For zinc the contraction of the Be-N bond length as calculated for a

blende, the symmetry around the impurity is loweredtg , with ~ Begaimpurity in GaN is less than 6%. The Be-N bond length
| denoting the particulaf111] direction in which the impurity is IS thus somewhat longer than is optimal for Be-N, reflecting

displaced, and. denoting the othe¢111) directions. the fact that the energy cost associated with moving the sur-
rounding N atomgas well as further shells of atommis quite
Bega Bela large. As discussed in Ref. 5, this makes substitutional Be in
wz ZB wz ZB GaN less energetically favorably than could be hoped based
Adg, 0.3% 0% 10.7% 11.4% on the large Be-N bond strength. In spite of thi_s unfavorable
Ad, _4.6% _4.9% 12.2% 14.5% size match, it was observeq that the formation e_ner.gy of
Ad, _5.4% _4.9% _8.7% _9.3% Beg, compares favorably with that of other substitutional

acceptors. These observations about size mismatch do show,
however, that strategies aimed at relieving the lattice strain
tional acceptor Bg,, the results for wurtzite and zinc-blende _associateo_l with ir;corporating substitutional Be could have an
structures are remarkably similar, the differences beingMPortant 'mp"_iCﬁ _
smaller than the calculational error bars. The ionization en- N thenegativecharge state, the Be atom is located essen-
ergies, as defined in Eq11), are 0.17 eV for the wurtzite tially on the substitutional lattice site. In theeutral charge
structure and 0.20 eV for zinc blende. state the situation is very different. Here the Be atom under-
Table Il summarizes our results for the atomic configura-90€s a sizable relaxation off the nominal lattice site, by more
tion of substitutional Be in wurtzite and zinc-blende GaN.than 10% of the bond length. We also note thatdhéond
The atomic configurations of Bgand B&, in wurtzite GaN  ength becomes very large, indicating that the bond with one
are also schematically illustrated in Fig. 4. This figure, as®! the N neighbors is significantly weakened. Simulta-
well as all subsequent schematic representations of atom[iECUSly, the bonds with the other three N neighbors contract

structures, is based on calculated atomic coordinates offy &most 10%. , _
tained from a 96-atom supercell calculation. The substitu- '€ large off-center displacement of &ewas found in

tional Be atom is surrounded by four N neighbors. A con-Calculations for supercells of different sizes and shapes, and
traction of the Be-N bond length is expected since the atomi@ccurs in both the wurtzite and the zinc-blende structures
radius of Be is smaller than that of Ga: the covalent radius ofS€e Table I In the wurtzite structure, the configuration
Be is 0.90 A, while that of Ga is 1.26 % Based on this listed in Table Il and depicted in Fig. 4 involves the Be atom

difference, and using a bond length of 1.95 A for bulk GaN,Moving along thec axis. The configuration in which Bg
moves along the direction of one of the other Be-N bonds is

very close in energywithin 0.03 eV}, with very similar re-
laxations around the Be atom. This tendency of Be to form
stronger bonds withthree of its nitrogen neighbors is not
unexpected. Consider, for instance, the atomic structure of
the hexagonal modification of BN, [Ref. 39: some of the

Be atoms are surrounded by a deformed tetrahedron of N
atoms, while others are surrounded biriangle of nitrogen
atoms. It thus seems to be energetically quite acceptable for

(@) (b

g g Be to form strong bonds with only three of its four N neigh-
=3 = bors. This tendency will also emerge when we inspect bond-
1100 7% [-1100] ing configurations for interstitial Be.

Ga Since the equilibrium configuration for the neutral accep-
tor is so different from that for the negative charge state, we
expect the relaxation ener@y,, (as defined in Sec. Il F and
Fig. 2 to be quite sizableE,,, is the energy difference, for
FIG. 4. Schematic representation of atomic positions in theB€ga, Detween the atomic configuration that yields the mini-
(1120) plane for(a) Beg, and (b) Be), in wurtzite GaN. Large Mum energy for the neutral charge stéte., with large lat-
circles represent Ga atoms, medium circles N atoms, and thice relaxation and the atomic configuration that yields the
hatched circle represents Be. Dashed circles indicate ideal atom/@inimum energy for the negative charge state., with Be
positions, dashed lines bonds in the ideal lattice. The numbers dé&n the ideal lattice sitethis yieldsE,.;=0.10 eV. Following
note the percentage of change in the bond lengths, referenced to tHee discussion in Sec. Il F, we thus expect the ionization
bulk Ga-N bond lengtiias in Table I). energy of the acceptor as determined optically to be signifi-
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cantly higher than the thermal ionization energy. Conseactivation energy; this value is equal to 3.74 eV. We con-
guences of this result for experimental observations will beclude that interstitial diffusion of Be has a high barrier in

discussed in Sec. V B. zinc-blende GaN.
The large off-center relaxation of the Be accefairleast
in the neutral charge states reminiscent of the large lattice C. Interstitial Be (Be,,) in wurtzite GaN

relaxations experienced by donor atoms in the so-caixd
centers®® in this process, the shallow donod ) is con-
verted into a deep acceptdd¥K ™). A similar mechanism for

The formation energy of the interstitial speciesﬁﬁe’s
shown in Fig. 3 and listed in Table I. Figure 3 indicates that

1 d invol lacing th tor | i the formation energy of the interstitial donor is low enough
acceptors would involve placing the acceplor lip@sitive o0 be a serious concern for compensation. We already

" g )
charge stateAX") and letting it undergo a large lattice re- ninseqd out that this concern is even more severe in the zinc-

laxation. We have carefully examined whether such genge structure, where the formation energy of the intersti-
mechanism can occur for Be, but have found no evidence fof5 is 0.61 eV lower.
stability of a Be, configuration. When trying to growp-type GaN doped with Be accep-
We have examined the stability of Bgby displacing the  tors, one should thus be aware of potential compensation by
Be atom from the substitutional site; such a displacemenBe interstitials. The extent to which interstitials form a prob-
would be the first step in a process where the Be would movéem, as well as the extent to which their incorporation can be
away from the substitutional site, forming a Be interstitial controlled, depend sensitively on their diffusivity. The fact
and leaving a Ga vacancy behind. We investigated variouthat Be interstitials can be readily incorporated is due to the
configurations in which a Be interstitial was placed in thesmall atomic size of the Be atom; one might therefore sus-
vicinity of a Ga vacancy. When the overall system waspect that this small atom could also diffuse readily through
placed in a negative charge stat®rresponding to the Bg  the lattice.
reference stajethe system immediately relaxed back, with-
out any barrier, to the Bg configuration. For other charge
states, we found it impossible to obtain converged calcula- To study the behavior of the Be interstitial in GaN, we
tions for the system with Be moved off the substitutionalhave calculated the total energy of;Reat various locations
site, indicating the instability of such configurations. Al- in GaN. For each position of Be, the surrounding host atoms
though it is relatively easy to form Be interstitiglsee Sec. are allowed to relax. The resulting energy values as a func-
Il C), the energy cost to create a Ga vacancy is prohibitivelyiion of the coordinates of the Be positioRg,, define the
high, particularly inp-type GaN*! it is therefore exceedingly ~€nergy surfaceE=E(Rge). The energy surface is therefore

unlikely that substitutional Be would leave the Ga site. a function of three spatial dimensions. In order to obtain
accurate results, a large data base of energy vdfoesa

large number of spatial coordinajes needed. In order to
B. Interstitial Be (Be,,) in zinc-blende GaN render the computational effort tractable, we carried out
. . " L o these calculations in 32-atom wurtzite cells with dgoint.
_ The formation energy of the interstitial speciesf8én g giscussed in Sec. Il C, this affects energy differences be-
zinc-blende GaN is listed in Table 1. This formation energyyyeen different Be sites by less than 0.4 eV. This accuracy is

is negative. One should keep in mind, however, that the forgficient not to affect the qualitative shape of the energy
mation energy depends on the Fermi-level posifisee Eq.  gyrface. Local minima and saddle points identified in this

1. Total-energy surfaces

(2)]; the value given in Table | is foEr=0, i.e.,Er posi-  jhyestigation were subsequently also calculated using the 96-
tioned at the valence-band maximum. The formation energyiom supercell.
increases(and becomes positiyevhen the Fermi level is  \ye calculated 59 different locations in the irreducible

higher in the band gafsee Fig. 3 As described in Sec. Il E, portion of the wurtzite unit cell. These locations were not
the final Fermi-level position is determined by charge neupqgually spaced in the crystal, because we chose to calculate
trality, and this position will always correspond to positive y,qre points near the important locatiofibe local minima
formation energies. Table | shows that the formation energynq saddle poinisFor each local minimum, we also allowed

is higher in the wurtzite structure, though still low enough to Be,, to relax to ensure that the actual minimum energy and
be a concern for compensation, as discussed in Sec. Il C angkice structure were obtained.

Sec. V. o L _ In order to analyze and visualize the total-energy surface,
The global minimum for B} in ZB GaN is at the tetra- e want to make optimal use of symmetry informatfén.
hedral interstitial site surrounded by nitrogen atorli§)(  Since the energy surface is a functionR,, it possesses
The Be atom is essentially at the center of the cage, and th@e full symmetry of the crystal. To make effective use of
relaxation of the N atoms is such that the Be-N distance ishese symmetries, an analytic description of the surface is
approximately 1.73 A; the N atoms thus move toward Be byessential. We achieve this through expansion in a basis set
more than 0.20 A. Interstitial diffusion in the zinc-blende with the appropriate symmetry. We then perform a fitting of
structure proceeds via a path through hexagonal rings, witthe total-energy results to this set of basis functions using a
an intermediate position at the tetrahedral interstitial site sureast-squares method. As basis functions, we use symme-
rounded by Ga atomsT{?. The energy difference between trized plane waves that reflect the full symmetry of the
Tga and TQ can thus serve as an estimate for the diffusionwurtzite crystal> We also make use of the physical fact that
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i [-1100] tance(1.59 A) is close to the optimum Be-N bond length as

E observed in, say, B&l,. In the process, the N atoms move

! toward Be by 0.22 A.

: The formation energy at this global minimum is 0.61 eV
| higher than for Be in ZB GaNsee Table)l One might think
that the cause for the higher formation energy in wurtzite is
! the smaller size of the interstitial cage. However, the fact that
('p for Be,,; at theO’ site the nitrogen neighbors actually move

1 Osite o toward the interstitial indicates that available volume is not
C.)o-site an issue. The Be atom clearly likes to bind to the N atoms; in

[0001]

Ga

the open channel of the WZ structure, it can only effectively
form bonds withthreeN atoms. At theT}) site in ZB, on the
other hand, it can strongly bind tfour N neighbors. We
, ) , » , suggest that this is the reason for the lower formation energy
FIG. 5. Schematic representation of atomic positions in thé, 7inc plende GaN. We also find that the bonding between
(1120) plane of wurtzite GaN. The large circles represent Ga atthe Be and N atoms exhibits a significant covalent compo-
oms, medium circles N atoms. The high-symmetry interstitial sittyant in addition to the ionic component; this emerges from
are |pd|catgq0 is the,o_cta_hedral |nterst|t!a_1l site affdthe tetrahc_e-_ an inspection of the charge density corresponding to various
dral |nterst|t|fll site.O’ indicates the position of the global mini- eigenstates throughout the valence band.
mum for Bé - For this global minimum, we have also examined other
charge states. The Be interstitial does not introduce any
the Be impurity can never approach any host atom todohn-Sham states within the LDA band gap, indicating that
closely (exchange processes, which would carry a very higtit behaves as a shallow donor. We can calculate the forma-
energy cost, are not included in the total-energy sujfabe  tion energy of the+1 and O charge states by placing one or
this end, we add somad hochigh-energy values near the two electrons in the lowest unoccupied level. As for the case
host atoms to the calculated data set. This addition does néf shallow acceptors, the formation energies need to be cor-
affect the shape of the energy surface in the relevant regiorf§cted with a ternE.,,, reflecting the energy difference be-
away from the atoms. tween electrons at the special point and at kheoint, as

Since the energy surface is a function of three spatiafiiscussed in Sec. Il D. In addition, these formation energies
dimensions, it is difficult to present the results in a singleSuffer from the LDA band gap error; however, if we focus on

plot. For visualization purposes, we need to show a cut of th&nerdydifferencesbetween charge states, as appropriate for

energy surface, restricting the Be coordinates to a singlgq_e calcglaﬂondof |o?r|]za£|(l))nAenerg|_efs, then the re;:;lts_ d(.) not
plane. Judicious choice of such planes ensures that we coﬁlrec y depend on the error It we express he 1oniza-

vey all the essential information, i.e., stable and metastable” level with respect to the conduction-band minimum.

) . Following this procedure, we find the /0 transition to
sites as well as barriers between them. For the system COyrrespond to an effective-mass state, while the/+ level

sidered here, the (109 plane(see Fig. 5 and the(000D s slightly deeper, namely, 0.09 eV below the conduction
plane (perpendicular to the axis) are the relevant planes. pand. We will revisit this result in Sec. V B.

The energy su_rface can then be displayed as a cqntour plot or Coming back to Bﬁ , the features of the energy surface
as a perspective plot O_f the energplong thez axis) as @  in the neighborhood of th®’ site can be obtained from Fig.
function of coordinates in the plane. 7. This figure includes a contour plffig. 7(a)] and a per-

In the wurtzite structure, there are two distinct types Ofspective plot[Fig. 7(b)] for the (11_20) plane that cuts

interstititial site (or cage sitg This site is equidistant from  more detail in the following sections.

four Ga and four N atom<© is the octahedral interstitial site
(or tunnel site. This site is in the “interstitial channel” 3. Be,, at the T site

along thec axis. TheO site is equidistant from six Ga and ) )
six N atoms. Both sites are obvious candidates for local e place Bg, at the ideall site and allow the host atoms

minima (or, more generally, extremdor Be,, . to relax. If we allow Bey to relapf anng{OOQl], we find that
it stays almost at the ideal position of thesite; we therefore

do not need to introduce a separate notation for the
minimum-energy site, as we did in the case of @k site.
Placing the Be interstitial at th® site and allowing all TheT site is thus a local minimum for displacements parallel
atoms to relax results in a positigwhich we call theO’  to [0001]. However, when we allow displacements perpen-
site) where Be optimizes its distance to its N neighbors. Thisdicular to[0001] (and move Be slightly off this axis, in order
position constitutes the global minimum in the total-energyto break the symmetjy we find that theT site is a local
surface for B in GaN. As can be seen in Fig(®, the Be =~ maximum in the plane perpendicular[@001]. We conclude
atom stays along the axis of the open channel, and movd§at T is actually a saddle point. A contour plot and a per-
close to the plane of the N atoms. The resulting Be-N disspective plot for the (11@) plane that cuts through tfesite

2. Be, near the O site
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[0001]

[0001]

FIG. 6. Schematic representation of atomic positions in the @1i#ane for Béf{ at various interstitial sites in wurtzite GaN. Large
circles represent Ga atoms, medium circles N atoms, and the hatched circle represents Be. Dashed circles indicate ideal atomic positions,
dashed lines bonds in the ideal lattice. Distances between Be and its neighbors are given in A and changes in Ga-N bond lengths are given
as the percentage change from the bulk Ga-N bond lengths. The panels correspond to a Be interstitial in the following configyi@tions:
site; (b) T site; (c) A site; and(d) the Bey;Be’, complex.

are shown in Figs. (8 and 7b), respectively. The corre- in energy than the global minimum at ti¥ site (as calcu-
sponding plots for th&0001) plane that cuts through the  lated in the 96-atom supercell; in the 32-atom cell, the en-
site are shown in Figs.(@) and 7d). Figure 7d) clearly  ergy difference is 0.90 eV The energy afl is probably
shows thaf is a local maximum in th¢0001) plane. In the  jowered due to the fact that the Be atom can now bond with
(1120) plane, theT site is a local minimum in th¢0001]  four N neighbors; but the size constraints, in particular the
direction and a local maximum in ttje- 1100] direction. repulsion with the Ga atom along theaxis, raise the energy.
The position of the Be atom and the relaxations of the
host atoms are shown in Fig(l8. Although the host atoms
undergo quite large relaxations, the Be atom is squeezed
rather tightly between the Ga and N atoms alongdfais, In the process of exploring the total-energy surface for
with a Be-Ga distance of 1.92 A and a Be-N distance of 1.58€,,;, we discovered an additional local minimum. Figures
A. In spite of this tight fit, theT site is only 1.18 eV higher 7(a) and qb) show a contour plot and a perspective plot for

4. Be,; at the A site
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FIG. 7. (Color) Calculated total-energy surfaces for Be interstitials in G@NContour plot andb) perspective plot of the total-energy
surface for Béf{ in a (1120) plane through the host atortes defined in Fig. b In the contour plot, the interval is 0.5 eV and the real-space
dimensions along both directions are in (8) Contour plot andd) perspective plot of the total-energy surface forianén a (000)) plane
through theT site. This(000)) plane thus also cuts through the middle of Ga-N bonds along thes. In the contour plot, the interval is
0.25 eV and the real-space dimensions along both directions are in A. Dashed circles show the projections of the atomic positions of the host
atoms and dashed lines show the projections of Ga-N bonds.

the (112) plane that cuts through bothsite andO site. We  atom supercell; in the 32-atom cell, the energy difference is
notice that there is a local minimum located betweenThe 0.30 e\j. Again, the driving force seems to be the formation
site and theQ’ site; we will call this site theA site. The of Be-N bonds; two of the N atoms move toward Be by
atomic positions for Bg, at theA site are shown in Fig.(6). 0.19A, while a third moves by 0.08 A. This results in three
This local minimum has a formation energy only 0.70 eV Be-N bonds with bond lengths of 1.60 A. Simultaneously, a
higher than the global minimunas calculated in the 96- Ga atom that would prevent Be from approaching N moves
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4 T

We thus find a very large difference in barrier heights for
diffusion parallel to[0001] vs perpendicular t0001]. A
rough estimate of the temperature at which the interstitials
would be mobile can be obtained by taking the usual defini-
tion of an activation temperature, i.e., the temperature at
which the jump rate is one per second, and assuming a pre-
factor of 133 s, i.e., a typical phonon frequency. With a
1.18 eV barrier, the Be interstitial should be mobile in direc-
tions perpendicular to the axis at temperatures of about
180 °C. Diffusion along the axis, on the other hand, with a
barrier of 2.90 eV, would require temperatures of about
. 850°C.
The large anisotropy of the diffusion barriers can be at-
tributed to the features of Be bonding with the host atoms
that we described above: B prefers to be close to at least

0 0 ] 5 3 4 three N atoms, with a bond length comparable to that in
Position of Be along [0001] (angstrom) Be;N,. At the same time, B?ﬁ tries to stay as far away as

possible from the Ga atoms, with which it has a repulsive

FIG. 8. Total energy of B, at positions along the center of the jnteraction. As can be seen from Fig. 8, the saddle point for
open channel in WZ GaN, measured from @site, and referenced migration along[0001] occurs close to the plane of the Ga
to the energy at the global min_imurm(). So_lid circles: the results  5:0ms. These atoms form part of a hexagonal ring in the
from 1x1x1 k-mesh calculations; open circlesx2x2 k-mesh  «cpair configuration; in this configuration, the center of the
calculations; solid line: interpolation curve. triangle formed by the three N atoms is displaced from the

center of the triangle formed by the Ga atoms 9.6 A

along thec axis. Because of the Be-Ga repulsion, squeezing
away, undergoing a displacement of almost 20% of the Ga-Nhrough the triangle of Ga atoms carries a large energy cost.
bond length. Still, the resulting Be-Ga distance of 2.02 A isSimultaneously, the Be atom is far away from the N atoms
probably the determining factor limiting the stability of this with which it prefers to bond. These features conspire to
site. create a large barrier for Be motion along thaxis.

For motion perpendicular to theaxis, the Be atom also
has to squeeze through hexagonal rings, but this time these
rings have the “boat” configuration. In this configuration,

The total-energy surfaces allow us to study the diffusionthe center of the triangle formed by the N atoms coincides
path of the Be interstitial along different directions. We fo- with the center of the triangle formed by the Ga atoms. This
cused on thet+2 charge state, which is the relevant chargeconfiguration thus allows the Be to stay more closely bonded
state for Bg, at its global minimum(see Sec. IlIC 2 In-  to the N atoms, even while squeezing through the triangle of
spection of the electronic structure for various positions ofGa atoms, resulting in a lower barrier.

Be along its migration path indicates that there is no ten-
dency for localized electronic levels to move into the band IV. RESULTS FOR COMPLEXES

gap, and hence no possibility for charge-state changes N Complexes between interstitial Be and substitutional Be

p
N-plane
Ga-plane ]
N-plane

Energy (eV)
n

5. Diffusion path for Be,,,

occur. o ) ) (Ben-Begy) in wurtzite GaN
To study the diffusion path along tf6001] direction, we i . n , Lo
first calculated the formation energies for;Beat several Since interstitial Be is a donor (B§), we expect it will

positions along §0001] direction through arO site (i.e., bind with substitutional Be, which is an acceptor (Be We

along the center of the open channdlhe results are shown explored various possible atomic configurations for the com-

in Fig. 8. This diffusion path yields a diffusion barrier of 3.1 plex; the final stable geometry is illustrated in Figdp We

eV (in the 32-atom cell, very close to the 3.0 eV obtained innotice a similarity with theA site configuration of the Be

a 96-atom cejl Inspection of the full total-energy surface, as interstitial, ilustrated in Fig. @). Indeed, although this meta-

shown in Fig. 7, indicates that the lowest-energy path doestable site for B&; was somewhat higher in energy than the

not run exactly along the center of the channel. The dashe@’ site, the Be interstitial is quite close to a substitutional Ga

line shows the diffusion path along the center of the channekite in thisA site configuration. This offers the possibility for

while the dotted line shows the actual path; the barrier alongorming a strong bond to a Bg substituting on this site.

the latter path is only slightly lower, at 2.90 eV. The relaxation can be described as follows;,Benoves
For diffusion in a direction perpendicular to thexis, the  toward Bey, while Beg, moves away slightly in the opposite

interstitial travels betwee®' sites in adjacent channels via a direction. The two Be atoms form a bond with a bond length

path that has a saddle point at fhsite. The diffusion barrier of 1.94 A. An alternative way of looking at this configuration

is thus equal to the energy difference betweenTladO’ is as a split interstitial, with the two Be atoms sharing the
sites, which is 1.18 eVin the 96-atom cell; 0.90 eV in the substitutional Ga site; the center of the Be-Be bond is dis-
32-atom cell. placed 0.46 A from the ideal Ga position. Both Be atoms
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TABLE Ill. Calculated binding energieB® [Eq. (13)] and lat- TABLE IV. Calculated formation energies for complexes be-
tice relaxations for various Be-H complexes in wurtZ@¢Z) and  tween Be substitutional acceptors @eand oxygen substitutional
zinc-blende(ZB) GaN. AB stands for antibonding, BC for bond- donors (Q) in wurtzite (WZ) and zinc-blende(ZB) GaN.
center sites. For wurtzite, the symbiodlenotes configurations with  Nitrogen-rich conditions are assumed, as well as equilibrium with
the H-N bond parallel to the axis ([0001]); the other bond direc- Be;N, and BeO. The formation energies are givenEgr=0, i.e.,
tions are denoted by the symhol Adgeyy denotes the displace- Eg located at the top of the valence band.
ment of the BE&N) atom from its nominal lattice site, expressed as a

percentage of the bond lengtth,_; denotes the N-H distance. Formation energie&V)
wz ZB
Configuration E® (eV) Adge Ady dyy (A)
Ow* 0.24 0.22
W2z, BC, 181 35.3% 10.8% 1.028 (BegsOn)° 0.59 0.66
Wz, BC, 1.68 31.3% 10.6% 1.027 (BegsOn-Bess) ™ 1.97 1.93
Wz, AB, 0.95 21.2% 12.8% 1.031 (Bes-On-Besy)° 1.83 1.78
Wz, AB, 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 purposes of breaking the complex the Be interstitial would

presumably choose to move in the direction that offers the
lowest dissociation barrier. This yields a dissociation energy
actually succeed in forming strong bonds with N atoms: theof 1.35+1.18=2.53 eV. We will discuss in Sec. V what
Be atom closest to the substitutional site binds with two Nchoice of annealing temperatures would result in dissociation
atoms, one at 1.54 A, the other at 1.61 A, while the Be closeof these complexes.

to the interstitial site binds with one N at 1.65 A and two N
[out of the plane in Fig. @l)] at 1.61 A. The Be-Be bond lies

in the (11_20) plane at an angle of 27° from tleeaxis.
The formation energy of this complex &-=0, calcu-

B. Beryllium-hydrogen complexes

Hydrogen is known to passivate dopant impurities in

) . . o semiconductors, and hydrogen passivation of Mg acceptors
lated using Eq.(5), is 0.37 eV for N-rich conditiongsee in GaN has been well document®d? In the case of Mg,

Table ). The binding energy between feand B, s thus the (electrically neutral Mg-H complex was found to have a
calculated to be 1.35 eV. The formation energy of the Combinding energy of 0.7 eV, with the H atom located in an

plex as a function oEg is also included in Fig. 3. antibonding(AB) site behind a N neighbor of the acceptbr.
We have also investigated the neutral charge state of this \ye have carried out comprehensive calculations of the

complex. No Kohn-Sham states were introduced within thezg_ 1y complex, the results of which are summarized in Table
LDA band gap, indicating a shallow donor. We foII.owed the ;. The binding energy of the complex is defined with re-
same procedure as for Be(see Sec. Ill C 2to derive the  gnect to an isolated Be acceptor in the negative charge state,
donor ionization energy, resulting in a level about 0.02 €Vanq an isolated interstitial H atom in the positive charge state

below the conduction-band minimum. (its lowest-energy state intype GaN far away from the Be
If Be;-Bega are incorporated in bulk GaN, one may won- acceptor:

der whether it is possible to subsequently dissociate them.

An _estimate fo_r th_e dissociation energy can _be qbtained by Ep(Be-H)=—E[Be-H]+ Ef[Bega]Jr E[H"], (13
adding the activation energy for interstitial diffusion to the

binding energy of the complex. We are allowed to use thevhere the signs have been chosen such that a positive bind-
lower of the calculated interstitial diffusion barriers, since foring energy corresponds to a stable complex.

In the wurtzite structure, the BQonfiguration, in which
the H atom is located in the bond-cent&C) site between
the Be acceptor and its N neighbor along thaxis, is most
favorable(highest binding energy This configuration is il-
lustrated in Fig. 9. The other possible BC configuration,
BC, , in which the Be-H-N bond is pointing along a direc-
tion other tharf0001], is only 0.1 eV higher in energy. Note
that the AB configurations are significantly higher in energy
than the BC structurey more than 0.8 e\ This result is
markedly different from the case of Mg-H, where the AB
configuration was the more favorable one. Our calculated
binding energy for the global minimum of the Be-H complex
is in good agreement with that reported by Bernardinal®

We also draw attention to the extremely large atomic re-

FIG. 9. Schematic illustration of the atomic structure of the laxations in this complex: the N atom moves outward by
Be-H complex. The H atom is located in a bond-center site alongabout 10% of the Ga-N bond length, and the Be by as much
the ¢ axis. The Bg, is relaxed outward by a very large amount, as 35%. Such large relaxations were actually also calculated
moving it into the plane of its three N neighbors. for the Mg-H complex.
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3 T T T First we examine the (Bg-Oy)° complex, which is neu-

tral because the donor passivates the Bgacceptor. The
binding energy of the complex is defined with respect to an
isolated Be acceptor in the negative charge state, and an
isolated O donor in the positive charge state far away from
the Be acceptor:

L T Eo(Beos On) = — E'[Beg O] + E'[Beg + ETOY],

(Be-O-Be )"

Formation Energy (eV)

ot (14
0.0 0.5 LO L5 20 where the signs have been chosen such that a positive bind-
Fermi energy (eV) ing energy corresponds to a stable complex. From the calcu-

lated formation energies, we obtain a binding energy for
FIG. 10. Calculated defect formation energies as a function o(BeGa.oN) of 1.33 eV in WZ and 1.23 eV in ZB. This is
Fermi level for complexes between oxygen and beryllium in zinc-quite a large value, and indicates that these complexes are
blende GaN, under N-rich conditions. likely to form.
Interestingly, in this Be-O complex the Be and O atoms
. : . move away from their substitutional lattice sites, in opposite
IS approxmately 1'0.3 A. Also note that.the beha\{lor of thedirections. Be moves by a distance equal to 22% of the Ga-N
complexes in the zinc-blende phase is qualitatively very length, and oxygen moves by 12% of the bond length.
similar to that in the wurtzite phase: The BC configuration iSThe final diétance between the Be and O atoms is such that
3|gn|f_|cantly more stab_le than the AB co_nflgur_anon, and theonIy a very weak bond is present between the impurities. We
latom|c relaxationgparticularly of the Be impurityare very propose the following tentative explanation for the observed
arglgze. . tal identificat ¢ tor-hvd tendency for Be and O to move away from one another. The
xpermental identfication ot acceptor-nydrogeén com-p,y, a| Be-0 bond length is very short; for instance, the bond
plexes often relies on V|brat|qnal 'spectroscopy. We hav istance in BeO distance is 1.65*AIn order to maintain
therefore also calculated the vibrational modes of the Be- his preferred Be-O distance for Be and O nearest neighbors
qomplex, for the most fayorable Qeome”y of.the complexin GaN, a large displacement of Be away from its N neigh-
(i.e., BG). In the harmonic approximation we find a stretch bors (and/or of O away from its Ga neighbora/ould be

_l —
mode at 3460 cm’, and a wag mode at 570 cth As required, in turn leading to significant relaxations of those N
expected, the stretch mode is representative of a N-H bondy,y G5 atoms. Such large relaxations are energetically

which dominates the bonding in this complex, while the wage sy - our result indicates that it is actually preferable for

modes are low .in frequency becguse. the potential ENerg¢e and O to both optimize their bond lengths to their sur-
surface perpendicular to the bond is quite shallow for the BGing N and Ga neighbors, and essentially “give up” on
confl_guratl_on. More_detans about the vibrational mode cal- forming a Be-O bond. Indeed, both Be and O seem to be
culation will be published elsewhefé. comfortable when bonded to only three neighbors in GaN;
for Be, this tendency has been discussed above in Sec. Il A;
for O it has been observed in the context BX-center
Complex formation between Bgand oxygen has been formation®
suggested as an explanation for the high hole conductivities Turning now to (Bg;-On-Begy) complexes, we note from
observed in codoping experimenfs?°We have carried out Table IV and Fig. 10 that these have formation energies that
calculations for a variety of complexes between oxygen andre slightly higher than those of isolated Z@cceptors. We
one or two Be atoms. The results are summarized in Tablgherefore do not expect a higher solubility of Be based upon
IV and Fig. 10. In Fig. 10 we focus on zinc blende, which is formation of such complexes. Our calculated ionization en-
the phase for which experimental results were repotted; ergy of the Be-O-Be complex is 0.14 eV in WZ and 0.15 eV
however, we notice from Table IV that the results for wurtz-in ZB; within our error bars, this is comparable to that of the
ite are very similar. The choice of chemical potentials was a¢solated substitutional Be. As to the structure of the
follows. We chose N-rich conditions, to allow easy compari-(BessOn-Bés) complex, we again find that one Be-O bond
son with results presented elsewhere in this paper. For Bés effectively broken. In the WZ structure, the configuration
we again assumed its chemical potential to be limited bywith no Be-O bonds along the axis was found to be fa-
equilibrium with BgN,. For oxygen, finally, we assumed Vored. It is informative to calculate the binding energy for
equilibrium with BeO(for which we used the experimental the process whereby an additional Bes attached to a
heat of formation— 6.3 eV; Ref. 37. These specific choices (Beg;sOy) complex, resulting in a (Bg Oy-Begy) ™ com-
are not critical for the qualitative conclusions that we will plex. Using the tabulated formation energies we find a bind-
derive. Note, however, that if we did not include equilibrium ing energy of 0.30 eV in WZ and 0.40 eV in ZB. This bind-
with BeO the formation energies of any of the oxygen-ing energy is significantly smaller than the binding energy
containing complexes would be much lower; indeed, thefound above for the Be-O complex. This indicates that once
high binding energy of the Be-O bond favors formation ofa Be-O complex is formed the driving force for attaching a
such complexes. second Be atom is quite small.

For all the complexes listed in Table 111, the N-H distance

C. Beryllium-oxygen and Be-O-Be complexes
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V. DISCUSSION report of Be doping was by llegems and Dingfewho in-
corporated Be during vapor growth of GaN. The introduction
of Be resulted in a deep yellow-green luminescence band

Our calculated formation energy for Bein GaN is  centered around 2.2, which is most likely defect related.
slightly lower than that of Mg,, which is the most widely ~Sanchez et al.’~° incorporated Be in WZ GaN grown by
used acceptor®® Comparing our results for formation ener- MBE on Si substrates. SIM&econdary ion mass spectros-
gies (which determine solubilitigswith previous calcula- copy) showed the presence of Be, but due to a lack of cali-
tions by Bernardinet al.® we find reasonable agreement for bration no concentrations could be inferred. Conductivity
the formation energy of the substitutional acceggilowing ~ measurements of the Be-doped layer were impossible, due to
for differences relating to the choice of atomic chemical po-the electrical activity of Ga diffused into the underlying Si
tentials, etd. The formation energies obtained in Ref. 6 for Substrate. Finally, Chengt al****reported Be incorporation
interstitial Be are significantly larger than those found in thein ZB and WZ GaN grown by MBE on GaAs substrates.
present Work(by more than 2.0 e)[ We are unable to pro- SIMS indicated Be inCOfporation, but again no calibration
Vide an exp|anation for th|s discrepancy_ was aVaiIable. For h|gh Be Concentl’ations, the SIMS profiles

In Sec. Il A we pointed out that by moving from N-rich showed evidence of Be diffusion through an undoped GaN
to Ga-rich conditions the formation energy of Réncreases; buffer layer and into the underlying GaAs substrate.
indeed, we chose to list results for N-rich conditions pre- 0n implantation was used by Ronniegal*®*’to incor-
cisely because that leads to the highest possible solubility faporate Be in MOCVD-grown GaN, followed by annealing at
BeGa. It turns out that moving toward Ga-rich conditions 1100 °C for at least one hour under an atomic nitrogen flux.
alsodecreaseshe formation energy of Bg (because we are Beryllium concentrations of more than Yam—® were ob-
assuming equilibrium with B@\,). Optimizing Be incorpo- tained as measured by SIMS. No long-range diffusion of Be
ration (and suppressing Be interstitial formatjomould thus ~ Was observed, but this result could merely reflect the pres-
require N-rich conditions. Unfortunately, growing high- €nce of implantation damage.
quality GaN usually requires Ga-rich growth conditidfis,
which are less favorable for Be incorporation.

The large binding energies found for Be-H complexes o .
(see Table I) are in agreement with the results of Ref. 6. If  Our calculated ionization energy for the Be acceptor in
H is incorporated during growth, Be-H complexes are sure t¢VZ GaN is 170 meV. This value is slightly lowgby about
form. Incorporation of H may happen unintentionally, such30 mzfgi\b than our previously calculated value for Mg in
as during MOCVD (metal-organic chemical vapor deposi- GaN. We emphasae that the error bar on these values
tion) growth or when NH is used as a source gas in MBE. (Which we estimate to be at least 100 meldes not allow us
Intentional exposure to hydrogen may also be obtained bif draw firm cqnclusmrjs 'abput the magnitude of the ioniza-
introducing atomic hydrogen in the chamber during growth.lion energy. Still, the similarity of the values for Be and Mg
The large binding energy of the Be-H complex results in aS in line with the expectat_|on that the |on|zz_it|on energy fo_r
low formation energy, which would promote incorporation these s_hallow accepto_rs is largely determined py intrinsic
of Be and effectively increase the solubility. We previously Properties of the semiconductor, such as effective masses
discussed this mechanism in the case of Mg doping. and dielectric co'nst.ant_s. Indeed', predlctlon_s frpm effective-

As in the case of Mg doping, the resulting acceptor-Mass theorf for ionization energies of substitutional accep-
hydrogen complexes need to be broken and the hydrogetﬁrs in WZ GaN produce a value for Be between 185 and
removed from the vicinity of the acceptors before electrical233 meV—only slightly lower than the calculated value for
activation of thep-type layer can be achieved. The binding Mg. o )
energy of 1.81 eV may seem to make it difficult to break Our result for the |on|z_at.|on 6energy is larger than thga 60
Be-H complexes. An estimate for the dissociation energy off€V reported by Bernardirt al.” for Be in WZ GaN. Their
these complexes can be obtained by adding the activatioy@!ue for Be in ZB GaN was even lower, the acceptor level
energy for H diffusion, 0.7 eV? to the binding energy of bemg resonant_wnh the va}lence band. Ong potential expla-
the Be-H complex. This yields a dissociation barrier of abouth@tion for the discrepancy is the smaller unit ¢82 atoms
2.51 eV. Although this is a high value, it should not be qused in their calculgtlo.nsfalthough our own results for 32-
problem to dissociate the complexes at the temperatures tygiiom cells produce ionization energies quite close to the con-
cally used for activation of the-type layers. Indeed, it is verged yalues. It_ls also possible that the cqrrectlon term
well known that hydrogen-acceptor complexes in Si, whichEcorr» discussed in Sec. I D, was not taken into account.
have a dissociation energy of about 1.2 eV, can be broken uphis correction lowers the formation energy of the neutral
at temperatures of about 150 °C. Assuming similar dissocacharge state, and hence increases the ionization energy. Ne-
tion kinetics, complexes with a barrier twice as high shoulddlect of the correction would thus result in artificially low
therefore dissociate at a temperature af(A50+273) K, or ~ acceptor ionization energies. , ,

573 °C. This conclusion is in agreement with the assessment N %ec. Il A we reported that the large lattice relaxation
of Bernardiniet al® for Beg, would result in a Franck-Condon shift of about 100

Experimentn Be incorporation in GaN are still scarce. MeV, this being the energy difference betweer;Beith a
Incorporation of Be in GaN has so far been performed duringonfiguration fixed to be equal to that of the Beneutral
MBE growth’"*®and using ion implantatiotf:*’ The earliest acceptor, and Bg, in its lowest-energy, relaxed configura-

A. Incorporation of Be in GaN

B. lonization energies
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tion (see Fig. 2 We thus expect the optical ionization en- complexes® They performed first-principles calculations,
ergy to be higher than the thermal ionization energy by 10(ut their arguments were mainly based on trends in the elec-
meV (see Sec. Il F Thermal ionization energies for Be ac- trostatic(Madelung energy.

ceptors in GaN have not yet been reported, due to a lack of We reported our full energy-minimization calculations for
electrical conductivity data for Be-doped samples. Photoluthe Be-O-Be complexes in Sec. IV C. We found that the
minescence spectroscopy has been performed by sevef@fmation energy of these complexes is not lower than that

groups, however, and various estimates for the optical ionof isolated Be acceptorgat least if equilibrium with the
ization energy have been published. proper solubility-limiting phases is taken into accouior-

Sachezet al”® observed a PL line at 3.384 eV, which mation of Be-O complexe@vhich are electrically neutrals

they attributed to a donor-acceptor transition. This led to arfnergetically quite favorable, but attaching a second Be atom

estimate for the optical ionization energy of 90 meV. This;[foBseug1 Secg(;nn?;)elgxleszsofglrymmtirgiIrniaolzzf:t\i/grzegﬁelzrgljlcli)geivr?c?t
H : 13 \Js ’
result agrees with the work of Dewsnipal, * who reported seem to be noticeably lower than that of isolated Be accep-

a PL Itmetat 3'.376 et?]/; aga||n ?stsudmmg.th{s t? be a donor-ors (within the error bars of our calculationdVe therefore
ggcel%gr ra\r/15| lon, they caiculated an ionization energy Of, pt that formation of Be-O-Be complexes is a viable ap-
- mev. proach to increasing-type doping of GaN, or provides an

~ Other groups, however, have reached different Clolnduéxplanation for the experimentally observedype conduc-
sions regarding the optical ionization energy. Chenel. tivity in codoped samples.

observed a PL line at 2.90 eV in their zinc-blende material,

and estimated an acceptor ionization energy of 200 meV. _ o

Salvadoret al* observed a PL peak at 390 n3.187 eV, D. Compensation and how to avoid it

and inferred from this an acceptor ionization energy of 250 Qur calculated formation energies for Be interstitials
meV. They also reported that hot-probe measurements indglearly indicate that they would easily incorporate as com-
cated the presence @ftype conductivity. Ronningt al: pensating centers. In WZ GaN, our calculated formation en-
They attributed the line to band-to-accepte® transitions,  this formation energy is lower than that of the nitrogen va-
and extracted an ionization energy of 500 meV. cancy (which is the dominating intrinsic defect ip-type

The reported values for the optical ionization energy thuszaN), at least for Fermi-level positions within 1 eV of the
cover a wide range, from 90 meV up to 250 meV. Based oRpp of the valence band.

our calculated Franck-Condon shift of 100 meV, we think it We note that Codoping with hydrogen during growth of-
is very unlikely that the optical ionization energy of the sub-fers a very effective means of avoiding compensation. In-
stitutional acceptor could be as low as 90 meV, or even 15@ee(, hydrogen itself is a donor with a very low formation
meV. Indeed, this would result in a thermal ionization energyenergy?>>*and hence is more likely to incorporate as a com-
Sma”er than 50 meV, Wh|Ch ConﬂiCtS W|th theoretical prediC- pensating center than the Be interstitia|_especia”y When the
tiOI’lS a.nd for Wh|Ch there iS Currently no experimental eVi'|arge b|nd|ng energ%and hence IOW formation enerppf
dence. We suggest that the photoluminescence data prodyge Be-H complex is taken into account. Compensation by
ing optical ionization energies below 150 meV be Be interstitials would thus be effectively suppressed in the
reexamined, in terms of their attribution to an isolated Bepresence of hydrogen. The hydrogen would need to be re-
substitutional acceptor and/or the interpretation of the transimgyed in a postgrowth annealing process before activation
tion responsible for the emission. One could speculate thaif the acceptors could be achieved, but as discussed in Sec
the observed transition may involve Be interstitials, fory A that should not pose any problems. We emphasize that
which we calculate_d & +/+ ionization level about 90 meV  the success of codoping crucially depends on the ability to
below the conduction banec. I C 2. remove the codopant after the layers have been grown. This
is possible in the case of hydrogen, but not in the case of
) ) other elementssuch as oxygernthat have been suggested as
C. Codoping with oxygen codopants. This issue has been discussed in Ref. 23.
Brandtet al!®'°reported high levels of Be incorporation  If, for any reason, Be interstitials are not incorporated
in cubic GaN grown by MBE on semi-insulating GaN sub- during growth, they might still diffuse into the bulkfter
strates. Oxygen was introduced as a codopant. SIMS indgrowth. Our calculated diffusion barrier for motion along the
cated concentrations around3.0?° cm™3 for both Be and ¢ axis is 2.90 eV; we estimated in Sec. Il C 5 that this would
0. No significant diffusion of Be into the GaN buffer layer result in significant diffusion at temperatures above 850 °C.
was observed; formation of Be-O complexes was mentioned Any Be interstitials that are incorporated are likely to bind
as a potential reason for the lack of diffusion. Room-to Beg, acceptors; indeed, their diffusion barriéat least
temperature conductivities as high as ®@m were re- perpendicular ta) is quite low, and Bg; is electrostatically
ported. Hall measurementperformed after removal of the attracted to Bg,. We found the binding energy of such com-
substratg produced hole concentrations of up to<$0% plexes to be 1.35 eV, and in Sec. IV A we estimated the
cm 3, and mobilities of up to 150 cAV s. dissociation energy to be 2.53 eV. This is very similar to the
Yamamoto and Katayama-Yoshida proposed an explanalissociation energy of Be-H complexes, and thus by the
tion for these codoping results in terms of B®O\-Beg,  same arguments as used in Sec. V A annealing temperatures
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of 600 °C or higher should be adequate to break such coninvestigations of the optical ionization energy, particularly in
plexes. The resulting isolated Be interstitials still need to bdight of the predicted large Franck-Condon shift, are also
“neutralized” in order to achieve activation of the Be accep- desired.

tors. This can be achieved either by completely removing the To study the diffusion of interstitial Be, diffusion of Be
Be interstitials from thep-type layer, or by neutralizing the into GaN from a Be source on the surface could be at-
interstitial donors, for example at extended defects. If lateralempted. For WZ GaN, this would probably mainly involve
diffusion suffices to achieve this neutralization, then thediffusion along thec axis, which we predicted to have a high
same temperatures as required for breaking of the complexdarrier. If diffusion along extended defects could be ex-
should suffice to activate the-type layer. However, if dif- cluded, we would therefore expect only very slow Be diffu-
fusion parallel toc is necessaryfor instance, to remove the sion for this experimental configuration. It would be highly
Be interstitials through the surface of the wurtzite layer interesting if an experimental geometry could be conceived
then higher temperatures may be required due to the highdé? which interstitial diffusion perpendicular to the axis

diffusion barrier for interstitials in that direction. could be studied, which we predict to have a relatively low
barrier.
VI. SUMMARY AND OUTLOOK If Be interstitials are incorporated during growth, then

postgrowth annealing experiments would be very informa-

We have reported comprehensive first-principles resultsive. Indeed, we estimated that typical annealing tempera-
for Be in GaN. The formation energy of Be acceptors istures of 600°C or higher would result in dissociation of
slightly lower than that of Mg, indicating that Be would ex- Be,,-Beg, complexes and rapid in-plane diffusion of Be in-
hibit a higher solubility. We also predict a slightly lower terstitials. Diffusion parallel tac may require higher tem-
thermal ionization energy for Be. The optical ionization en-peratures.
ergy is calculated to be higher than the thermal ionization Finally, the role of hydrogen is likely to be a very benefi-
energy by 100 meV, due to a large lattice relaxation of thesial one: its intentional or unintentional incorporation should
Be acceptor in its neutral charge state. be monitored, formation of Be-H complexes may be detected

The calculations show that Be interstitials have a low for-(for instance by using vibrational spectroscopy and compar-
mation energy, and are hence likely to incorporate duringng with our predicted vibrational modgsand dissociation
growth. Be interstitials are double donors and hence causgf such complexes by thermal annealing should be at-
compensation. We mapped out the total-energy surface faempted.
diffusion of Be interstitials, finding a highly anisotropic be-  In conclusion, our first-principles studies have elucidated
havior, with diffusion along the axis having a much larger the attractive aspects of beryllium as an acceptor in GaN, but
barrier(2.9 eV) than diffusion in planes perpendicular to the also the potential problems, which are mainly related to the
c axis (1.2 eV). The interstitials may bind to substitutional incorporation of Be interstitials. We hope that our compre-
acceptors, with a binding energy of 1.35 eV and a dissociahensive investigation of the properties of the Be dopant will

tion energy of 2.53 eV. prove useful in guiding and interpreting experiments.
In the presence of hydrogen, beryllium-hydrogen com-

plexes may form with a binding energy of 1.81 eV and a
dissociation energy of 2.51 eV. Formation of such com-
plexes would result in a higher solubility of substitutional Be ~ This work was supported by the Office of Naval Re-
acceptors, and suppression of compensation by Be interstitisearch, Contract No. N00014-99-C-0161 and by the Air
donors. A postgrowth activation anneal is then required td-orce Office of Scientific Research, Contract No. F4920-00-
remove the hydrogen from the vicinity of the Be acceptors.C-0019. We thank J. E. Northrup, L. Romano, N. Johnson,
Based on our results and analysis, we can suggest seveldl Kneissl, P. Kiesel, and T. H. Myers for useful discus-
experiments that could shed further light on the behavior okions. C.V.d.W. is grateful to the Fritz-Haber-Institut and
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