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First-principles electronic structure calculations on wurtzite AIN, GaN, and InN reveal crystal-field
splitting parameterd - of —217, 42, and 41 meV, respectively, and spin—orbit splitting parameters
Agof 19, 13, and 1 meV, respectively. In the zinc blende structige=0 andAq are 19, 15, and

6 meV, respectively. The unstrained AIN/GaN, GaN/InN, and AIN/InN valence band offsets for the
wurtzite (zinc blende materials are 0.810.84), 0.48(0.26), and 1.251.04) eV, respectively. The

trends in these spectroscopic quantities are discussed and recent experimental findings are analyzed
in light of these predictions. €1996 American Institute of PhysidsS0003-695(96)02044-X]

The valence band maximum of wurtzite semiconductorghe nitrides, the GadBand In 4 states participate in chemi-
is split both by spin—orbit interactioA, and by the noncu- cal bonding"’ thus, they are treated here dynamically in the
bic crystal-fieldAcr, giving rise to three states at the Bril- same way as the andp valence states are. The band struc-
louin zone centerly,, T, andT'{?). (In the absence of tures are calculated at the experimental lattice congtdiots
spin—orbit splitting, these levels become a doubly degenera@l but zinc blende AIN, for which experimental data are
I's, and a singly degenerat®,,). This letter addresses theo- unavailable, so the LAPW method is used to predict the lat-
retically the magnitude and trends&f andAgin group Il  tice constant. The cell-internal structural parametef the
nitrides AIN, GaN, and InN, and a related quantity, the va-wurtzite unit cell is obtained by minimizing the total energy
lence band offsets between these binary crystals. A numbeé&nd force'?
of interesting questions arise her€&irst, regarding the The crystal-field splitting parametets.g are calculated
crystal-field splitting parameters, previous band structurén the absence of spin—orbit interaction. The spin—orbit split-
calculation$ using the linearized muffin-tin orbital method ting parametera\, are obtained by fitting the fully relativis-
with atomic sphere approximatioLMTO-ASA) suggest tic LAPW calculated top three energy levelsIa(E,;, E,,
that A is negative in wurtzite AIN, GaN, and InK';, is  and E3, in decreasing ordgrto the quasicubic model of
abovel's,), but more recent calculatiofid and interpreta- Hopfield? [shifted by Ao+ Acg)/6]

tion of experimental measuremehtsclearly indicate that _

Acr (GaN) should be positiveSecond regarding the spin— E(Toy) =120+ Ace),

orbit parameterA,, experience from other column I E(TY)=+ 1/ (Ag+Acp?—8/30oAceY?, (N
pnictide$ shows thatA, increases with the atomic number @ ) 1o

of the cation, i.e.Ao (INX)>Ao(GaX)>Ay(AlX) for X=P, E(I'7)) = U2 (Ag+Acp)—8/3AoAce] ™

As, Sb, but in nitrides there is a substantial hybridizationNgte that the valence band splittingE,,=E,—E, and
with the cationd orbitals"’ that could reverse the order of AE,;=E,—E, are directly measurable quantities whereas

Ao when the cation changes in a column of the Periodighe crystal-field splittingAcg and the spin—orbit splitting
Table.Third, regarding the band offs&E, , previous core- A, are parameters of the theory, obtainable in experiment
level photoemission measuremétsand calculationd 13 only indirectly via fitting to Eq.(1).

suggest that the band offset for AIN/GaN is around 0.8 €V, The unstrained valence band offstE,(AN/BN) be-

but a recent core-level photoemission measuretfietg-  tween two nitrides AN and BN is calculated using the same

gested a much higher value of 1.36 eV. Furthermore, fohrocedure as in the photoemission core-level spectroscopy
GaN/InN and AIN/InN, the recently measured vafi@d  measuremerft®!* The valence band offset is given in this

AE,=1.05 and 1.81 eV, respectively, are considerablyyrocedure as

larger than the corresponding values in other IlI-V systems,

AE,(GaX/InX)~0.1 eV andAE,(AIX/InX)~0.6 eV for AE,(AN/BN)=(E, —Ecp)en—(E, —EcL)an+AEct.

X=P, As, Sh' In this letter, we will use the first-principles @

general potential linearized augmented plane wavwPW) Here, E,—Ec)an @nd E,—Ec)gn are the core-level to

method to study the crystal-field and spin—orbit parametersalence-band-maximurfVBM) energy separations for pure

as well as the unstrained valence band offsets of AIN, GaNAN and BN, respectively at their respectieguilibrium lat-

and InN in both the wurtzite(WZ) structure and the tice constants, hence, these quantities are characteristic of

metastabl¥ zinc blende(ZB) structure. Our results will be eachbulk material. The last term in Eq2) is the difference

analyzed and compared with previously published datain core-level binding energy between AN and BN at the

clearing up the three issues raised above. AN/BN heterojunction, thus, this quantity depends on the
The band structure calculations in the present study armterface orientation and on the strain at the heterojunction.

performed using the density functional thebnas imple- However, the dependence is usually sri&lin this study,

mented by the general potential, fully relativistic LAPW we calculateAE, using (001) superlattices for the zinc

method'®°We used the Ceperley—Alder exchange correlablende nitrides, an0001) superlattices for the wurtzite ni-

tion potentiaf® as parameterized by Perdew and Zurfdén trides. The superlattice substrate lattice consaasttaken as
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TABLE |. LAPW calculated cell-internal structural parametegrthe spin—

orbit parameter\, the crystal-field parametexc, and the valence band ; _ : -
used an ideal value afi=0.375, thus overestimating cr.
splittingsAE, andAE 5 of wurtzite AIN, GaN, and InN. For GaN and InN gCF

E,is al', state and=, is T, while for AIN E; is al'{}) state andE, is Ouru Ya'”es are. n gg)%q agregment with previous Pse”do'
Tg, . In all casesk; is I'?). The bottom part of the table gives results for potentl_al calculation$-*>*!and with the LMTO calculations

the zinc blendeforms (where A=0). All results are calculated at the Of Christensen and Gorczydabut the calculated values of
experimental lattice constants reviewed in Ref. 22 and given in the tablekim et al33 using a fuII-potentiaI LMTO metho@u=0.383,
except for zinc blende AIN for which our calculated value is used. 0.379, and 0.388, for AIN, GaN, and InN, respectiyelye
somewhat larger than the present results, especially for InN.

u. Unfortunately, most®2° previous calculations of\cp

Properties AIN GaN InN
— We find thatA g is large and negative for AIN but positive
aef) 3112 3.189 3544 :‘A(\)I:\ll:uizth G?Ndand Ir?N.IThe Iarglje and negativgr vallluelz ford
Con(A) 4982 5185 5718 partly due to its largel va ue[E_q.(3)]. Qur calculate
u 0.3819 0.3768 0.3790 Ac(GaN=42 meV is consistent with the interpretation of
AcHmeV) —217 42 41 recent experimental measuremeht<Correcting via Eq(3)
Ag(meV) 19 13 1 the calculated Acg value of Palummo etal® of
ing(meV) ;;‘11 42 423 AcHGaN)=80 meV and that of Suzuki and Uenoyahef

. (meV) AcHGaN=73 meV for their use 06=0.375 rather than the
;RC) blende: 436 450 408 relaxedu values(Table ), we find that theirA ¢ values are
Ag(meV) 19 15 6 consistent with ours. However, applying an analogous cor-

rection to the unrelaxed LMTO-ASA calculation of Lambre-
cht and Segall (which gaveAcg=—250, —20, and —10
meV for AIN, GaN, and InN produces even more negative

the average lattice constants of the constituents. The oth&@lues ofAc, in disagreement with our calculated values
structural parameters of the superlattices are fully relaxed bgnd with experimental observatioh$ Most likely, the error
minimizing the quantum mechanical fort&thus, interfacial " the LMTO-ASA calculation is due to the neglect of non-
effects on the band offsets are taken into account. OugPherical potential terms.
method has been demonstrated to be successful in predicting The magnitude of the spin—orbit splitting increases with
valence band offsets of numerous semiconductoftomic number. In genergp,states have a positive contribu-
system$>28 The uncertainty in our present calculation is tion to Ay, while d states have a negative contribution. In
estimated to be about 0.1 eV. phosphides, arsenides, and antimonides there is but a weak
Table | shows the calculated spectroscopic valence bangPupling of cationd character at the VBM, sd, reflects
parameters in wurtzite and zinc blende AIN, GaN, and InN,mostly p bonding and increases as the cation is hedvier.
while Table Il gives the calculated valence band offsets beAo(AlX) <Ag(GaX)<Ao(InX). In nitrides, on the other
tween AIN, GaN, and InN in the zinc blende structupeith ~ hand, the N2p orbital is so deep in energy as to effectively
(001) orientatior] or wurtzite structuregwith (0001 orien-  hybridize with the semicore catiod state, leading to a
tation]. We next discuss the salient features of these result§ignificant mixture of d character at the VBM. This
The crystal-field parametekq is proportional to the reverses the order tao(AIN) >Aq(GaN)>Aq(InN). This
deviation of the structural parametassand c/a from their ~ d-hybridization- induced reduction df, is more effective in
unrelaxed value 3/8 ang8/3, respectivelywhenu=3/8 and the heavier InN than in the lighter AIN. We, thus, find that

c/a=\/8/3, the two anion—cation bond lengths are eytfal  the former has almost zero spin—orbit splitting. Table I com-
paresj for wurtzite and zinc blende structures, showing the
ACFE E(FGU) - E(Flu)

latter to be larger. This is because in the wurtzite structure
=A%+ a(u—0.375+ B(c/a—1.633. 3)

the s orbital is mixed into the top of the valence band, thus,
displacingp character and reducind, (in the zinc blende
We finda=—17 eV andB=2 eV for GaN, suggesting that Structure this mixing is symmetry forbidderThis s—p mix-
accurate determination dfr requires careful calculation of ing is larger in InN than in AIN since the former has a
smaller band gap.
TABLE Il. Calculated and measured valence band offsets between AIN, The trends in the_ valence band offsets ',n Commo_n_amon
GaN, and InN inzinc blende[with (001) orientatio] or wurtzite [with II-VI and 11I-V semiconductor® reflect mainly the differ-
(0001) orientatior] structures. We use the convention that a positive valueence in their catiord to anion coupling: in Al compounds,
indicates that the compounds on the right-hand side have a higher valengga unoccupied catiod orbital is abovethe anionp so p—d

3Present calculation.

band. repulsion pushes the anignVBM downin energy. On the
AIN/GaN GaN/InN AIN/INN other hand, the energies of the occupied @afd the In 4

MTO 25" Py oo 100 orbitals arebe_low the aniqnp energy, sop—d repulsion

LAPW (ZB) 0.84 0.26 1.04 pushes the aniop VBM up in energy. The degree of VBM

LAPW (WZ) 0.81 0.48 1.25 shift ~V§d/ (€p— €q) reflects the energy separatieg— €4 of

Exptl (WZ)° 1.36+0.07 anion p and cationd orbitals and the matrix elemet,g,

Exptl (WZ)° 0.70+0.24 1.05-0.25 1.81-0.20 which increases as the nearest-neighbor bond length de-

aReference 11, fo(110) interface.
PReference 14.
‘Reference 9.
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creases. We find that the calculated valence band offsets for
the zinc blende nitrideg¢Table 1) are larger than the corre-
sponding values in other IlI-V systertsThis is because the

S.-H. Wei and A. Zunger



p—d repulsion is stronger in nitrides than in other IlI-V sys- trends associated with the nitrides and compared our results
tems, both due to the shorter anion—cation bond lengths andith previously published data. Agreements and discrepan-
the smaller energy differences— €4 between the catiod  cies between the present calculation and previous published
and the N2p orbitals. data are discussed. Future experiments are called for to test
The calculated valence band offsets for the lattice mis-our predictions.
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