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The results of first-principles full-potential linear muffin-tin orbital calculations of the elastic constants and
related structural and electronic properties of BN, AIN, GaN, and InN in both the zinc-blende and wurtzite
structures are presented. The results include all of the equilibrium lattice constants, the bulk moduli, the
TO-phonon frequencies dt, their mode Grneisen parameters, the full set of cubic elastic constants, and
deformation potentials. The elastic constants for the wurtzite crystals are first obtained from those calculated
for zinc blende by Martin’s transformation method. The components related to strains alaraxibéC,; and
C3y) are found to be less accurate than the others. An elaboration of Martin's approach utilizing first-principles
calculation for distortions which maintains hexagonal symmetry but allows for a noritesdtio is imple-
mented. As a byproduct of the relaxation calculations of the wurtzite internal parameteralso obtain the
A; and an estimate of the; TO-phonon frequencies in the hexagonal materials. Good agreement is obtained
with recent experimental results for the elastic constants of wurtzite AIN and GaN and zinc-blende BN as well
as for the other properties mentioned above for all materials. Our results provide predictions for the remaining
crystal structure materials combinations for which no direct experimental data are presently available. From
these results and experimental LO-TO splittings, we determine the bond-stretching and bond-bending param-
etersa and B of Keating's semiempirical valence-force-field model. We use this model to rationalize some of
the observed trends in the behavior with the cation. The shift and splittings of the energy bands due to strains
are used to obtain a complete set of deformation potentials for the zinc-blende crystals at symmetry points for
several of the important eigenvalues. We also define deformation potentials for the valence-band maximum of
the wurtzite structure and relate them to the correspondifd] strain deformation and optical mode defor-
mation potentials in zinc blendgS0163-182@06)00324-4

I. INTRODUCTION other. One can use interpolated elastic constants for the al-
loys to deal with this situation. Above the critical thickness,
The group Il nitrides are currently being actively inves- misfit dislocations occur at the interface and relax the strain.
tigated in view of the promising potentialities of AIN, GaN, Even in that case, the elastic constants may be needed to
and InN for short-wavelength electroluminescent devicesalculate the residual strain that may result from thermal ex-
and the extreme hardness and high thermal conductivity gbansion coefficient mismatch. In other words, films may be
c-BN. All these materials also have potential for high- free of strain at the growth temperature but have a residual
temperature, high-power, and high-frequency electronicsstrain after cooling down. Once the strain state is determined,
These properties are closely related to their wide band gapbe deformation potentials determine the changes in the band
and strongmixed ionic and covalenpbonding. An overview  structure resulting from the strain in the materials. Likewise,
of the recent interest in wide-band-gap semiconductors anfibr the applications of-BN in hard coatings and other ap-
the particular role of the group Il nitrides can be found in plications related to its hardness, its elastic constants are ob-
several recent conference proceedingwhile general infor-  viously important.
mation on the properties of group Il nitrides is available ina Nevertheless, these properties are at present poorly known
recent compilation. for all these materials. Although several total energy and
In order to model the behavior of the thin film hetero- band-structure calculations of the group Il nitrides have re-
structures on which many electroluminescent devjtight-  cently been publishe(see, e.g., Ref. 7 for an overvigna
emitting diodegLED) and laser dioddsare based, a knowl- systematic study of their elastic constants and behavior under
edge of their elastic constants and strain deformatiormydrostatic and uniaxial stress has been lacking.
potentials is indispensable. For example, the elastic constants Until recently there were only a few fairly old experimen-
allow one to determine by continuum elasticity théotiye  tal studies of the wurtzite nitride®N, GaN, and InN (Ref.
precise strain state of a pseudomorphic epitaxial thin film8) which determined the elastic constants from rather indi-
(which is under biaxial stress because it has to adapt to theect x-ray measurements on powders or crystals of rather
substrate on which it is grownor of a free standing super- poor quality. The values for cubic GaN and InN reported by
lattice of alternating thin layers of two of these binary mate-Sherwin and Drummorfdwere obtained from these values
rials. The pseudomorphic state is only expected to occur bédy an appropriate rotation of the elasticity tensor for the hex-
low the critical thickness, which is likely to be very small for agonal system. This procedure will be discussed below. Only
any pair of these materials because of their sizable latticeecently have accurate values based on sound velocity or
mismatches, but may be relevant for interfaces between atelated measurements been reported for Kt GaN1? and
loys among these materials with compositions close to eact-BN.!® Accurate measurements are still lacking for InN. In
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good part this situation is due to the lack of good qualitysimple rotation of the elastic constant tensor for the cubic
bulk single crystals of sufficient size. This situation may notphase to a new coordinate system with #ais along/111]
be remedied very soon because most of the present reseamhd thex axis along[ 101] already provides a first approxi-
activity focuses on epitaxial films. Also, the nitrides are no-mation to the elastic constant tensor for the hexagonal mate-
toriously difficult to grow as single crystals from a melt be- rial. The difference between the trigonal and the hexagonal
cause of the high partial pressure of Kequired to prevent Systems is that in the hexagonal syst€f=0 while in the
decomposition into N and the group Ill metal¥! This en-  trigonal system it does not vanish. In addition, Martin took
hances the relevance of a theoretical determination of thedgto account the fact that the tetrahedral building blocks in
important quantities. wurtzite are twinned with respect to those in the zinc-blende
Virtually no knowledge is available on the deformation Structure and hence they can undergo an internal distortion
potentials aside from a few calculated values for the changfPr certain strains. By minimizing the energy with respect to
of band gap under hydrostatic strain. A critical review of this internal strain, h_e obtamed a correction term to the ten-
previous band-structure calculations including values for the?©" componentshwhlch 1S small for most components and
hydrostatic band-gap deformation potentials can be found i§X@ctly zero foiCi; andCs;. The resultant transformation is

Ref. 7. summarized by

In this paper we present a systematic study of the elastic ; ~n —h
constants and related properties in both the zinc-blende and/ 1! 3 3 6 D/Cﬁ
wurtzite polytypes. Results for zinc-blende GaN were re- C?z 1 5 -2 c —D/CE‘14
ported earliett> Although the natural polytype of AIN, GaN, ch 1|2 a4 -4 11 0
and InN is wurtzite, the zinc-blende phase has been epitaxi- f’ == - ,
ally stabilized for GaN and InN and has been observed for| Cz| 6| 2 4 8 . 0
AIN in the form of precipitates resulting from ion implanta- 024 2 —2 2 Caa D /C_g6
tion in fcc Al. BN in its tetrahedrally bonded form normally h 1 -1 4 —
has the zinc-blende structur@sually calledc-BN). The Ces D/Cy4

wurtzitic form appears to have been observed only in shock —h . .
compression experiments. Besides these two structures, B\Nhedre tf;e Cij a(re the va:jges ob:amed ;N'tt.hom thgl Se-
also has a layered hexagonal phésalled h-BN) which is EOEZ e erénc égrrzespogclgg_ Cho Chro/g 'on ony
similar to graphite. That form will not be considered here. =5(C1;=C1,-Cu))®, andCee=(C1y—Cy))/2.

(See Ref. 5, Chaps. 2 and 4 for further information and origi- Our calculations show that several of the elastic constants
nal referenées for each materjal. of wurtzite obtained in this manner are in quite good agree-

Our approach is to first calculate the elastic constants o'infnt with experiment. However, there are two components,

h . . . .
the cubic phasézinc blendé. This is done by calculating the C3a3 @nd Cy3, for which the discrepancies are appreciable.
total energy as a function of strain for hydrostatic and traceBoth of these components are closely related to distortions
less tetragonal and trigonal distortions. These calculationlong thec axis. Since the ideat/a ratio is implied in Mar-
respectively, provideB=(CS,+2CS,)/3, CE=(CS,—CS,)/ tin's approach, we surmised that deviations from it would
[ 4 S

2, andCS,. To avoid confusion with the hexagonal tensorplay a significant role. We thus performed calculations of the
components to be discussed later, a superscriiar cubic elastic constants of the wurtzite structure involved in the dis-

and h for hexagonal is added. The total energies and théortion along thec axis which maintain the hexagonal sym-

band structures are obtained from the density functionarlnftry’ after flrs_t relaxing the structure with respect 1o
=c/a and the internal parameter

. . . E 7]
';Bﬁ?p)rgt:ar;]ttigle Iocl?r: : aernSItymatjr;ﬁrr](_);i(;]rzﬁoarLl’(ii;liy TES?LSMO;(;?e The trgcelesifixed volume c/a distortion provides the
method!’8 For the trigonal distortioré,rg)the internal param- combination
eter(the so-called Kleinmag parameter’) is relaxed. In the h_~h __5~h h h
unstrained state, the relatgcgJ calculation of the energy as a C7=Cam 2C5H (Clt C1)/2. @)
function of the relative position of the two fcc sublattices of On the other hand, varying with constanta yields C23 by
the zinc-blende structure provides information on thejtself. From these two calculations and the assumption that
transverse-optical-phonon frequencylaf wto). Repeating " and C!, are given correctly by the transformation, we
this calculation for a few volumes provides information on gptain Ch,. The explicit calculation of the wurtzite bulk
the pressure dependence of this important Raman observalig,qulusB with the structure relaxed as a functionast and

phonon, which, for small volume changes, can be describe| at each volume provides a further relation between the
by the usual mode Gneisen parametengy). The calcula-  \yyrizite elastic constants.

tions provide values for these properties in addition to those

for the elastic constants. o . chych+cl)—2(chy?
For the wurtzite elastic constants, we use a combination = ch rchroch_ach.

of first-principles calculations and the tensor transformation o2 33 13

method of Marti’® As is well known, the two crystal struc- which is used as an internal check of the calculation’s accu-

tures are closely related with tH€001) plane of wurtzite racy.

being similar to the(111) plane of zinc blende and the e will show that the above procedure gives good agree-

[101] direction in that plane in zinc blende being equivalentment with the recently measured values for wurtzite AIN and

to the[1120] direction in the wurtzite. As a consequence, aGaN. Excellent agreement was also obtained for the full set

@
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of cubic elastic constants @fBN. For the remaining cases, postponed to a future work. Here, we only present the values
wurtzite BN, zinc-blende GaN and AIN, and both structuresobtained within a simple orientation independent treatment
of InN, our calculations provide predictions. of the band lineup problem between the compressed and ex-
In the course of performing the relaxation calculations ofpanded regions of the crystal provided by the so-called di-
the wurtzite with respect to the internal paramatewhich  electric midpoint energy modéDME).?
determines the position of the anion relative to the cation In order to allow for an easy comparison of the various
sublattice, we obtain the TO-phonon frequency of symmetryproperties among the different materials in the class of the
A;. TheC" elastic constant, given in Eql), is obtained as group Il nitrides, the results are organized by materials
a byproduct of the relaxation with respectuandc/a. We  property. A brief description of some of the relevant compu-
find thatu and c/a are strongly correlated. A relation is tational details is given in Sec. Il followed by a discussion of
derived between the slop&)(of u as a function ot/a, the the relationship between th®; TO-phonon and hexagonal
A, phonon frequency, and the elastic constadfisand CB elastic constants for wurtzite in Sec. Ill. We present our re-
defined in Eq.(1), respectively, in the presence and in thesults for the lattice constants in Sec. IV A, the bulk moduli in
absence of internal relaxation. This generalizes a well-knowfsec. IV B, the TO-phonon frequencies and their pressure de-
relation for cubic materials between tf§, elastic constant, Pendencies in Sec. IV C, the internal strain parametérs (
the To_phonon frequency at, and the K|einmar§ param- and f) in Sec. IV D, and the elastic constants in Sec. IV E.
eter. Values are presented both for the zinc-blende and wurtzite
By using the approximate relation between TO phonongtructures. We then discuss the trend of these elastic proper-
in the cubic structur¢of symmetryT,) and hexagonal struc- ties by first extracting the bond-stretching and bond-bending

ture (of symmetryA, andE,), parameters of the well-known Keating model in Secs. IV F
and IV G. The essential ingredients parametrizing the Keat-
w$2: (wi1+2wél)/3, 3) ing model are indeed the cubic elastic constants and the TO-

phonon—-LO-phonon splittings which provide information on

the long-range Coulomb effects. The splittings, which as yet
have not been calculated, are taken from experiment. The
phonon. Keating model in fact presumes certain relations between the

By analyzing the band structures for the materials in equi-C“biC elastic constants. We_discuss the de_gree of validity_ of
librium and subject to the small strain distortions used in thdn€se for the present materials. We also discuss the applica-

calculation of the elastic constants, we obtain the so-callefOn Of the Keating model to the wurtzite form. Although itis
deformation potentials. These describe the shifts and spli@PVviously not capable of reproducing the nonidela ratios,
tings of the band-structure eigenvalues to linear order in th& does a fair job at reproducing the relation between the
strain. A systematic group-theoretical analysis was provide§/@ and internal parameter of the wurtzite. After this dis-
for cubic materials by Kan#- As for any tensor, an arbitrary CUSSIOn, we turn to the electronic properties. We present a
strain can be reduced into irreducible components. Usingl‘:‘th_er complete set of deformation potentials for several of
these and the irreducible representation of the specific eigef€ iImportant band states in zinc blende in Sec. V B. For the
state under study, one obtains the complete set of deform&onvenience of_the reade_r, we prowd_e explicit d_eflnltlo_ns of
tion potentials for that state. From those, the behavior of th&ll the deformation potentials in question and their relation to
state under any arbitrary strain state can be deduced. Thi9Me other frequently used notations in Sec. V A. We also
information is perhaps most important for the band edgeéjef'ne deform.anon potentials for the va!encg-band maximum
since these determine the band gaps and the band offsets®t the wurtzite structure undec/a distortion and the
heterojunctions. However, it is also of some relevance fotransverse-opticaA; mode and relate them to thi@11]
other eigenstates such as those involved in important criticaitr@n and optical mode deformation potentials in zinc
point optical transitions. In fact, these deformation potentiald/ende.
describe essentially the elasto-optic behavior of such transi-
tions. The strain deformati_on_ potentials described here are Il. COMPUTATIONAL METHOD
also the long-wavelength limit of the electron-phonon cou-
pling parameters for acoustic phonons and as such are rel- The calculations were performed initio within the local
evant to transport theory for the states near the band edgedensity approximation(LDA) to the density functional
We emphasize that for all traceless strains, i.e., uniaxiatheory’® using the Hedin-Lundqvist parametrization of ex-
and volume conserving strains, the deformation potentials ofthange correlatiol and the full-potential linear muffin-tin-
individual eigenvalues can be directly obtained from bulkorbital method."*®
calculations. However, for the hydrostatic strain, only rela- A multiple-x muffin-tin-orbital (MTO) basis set is used,
tive deformation potentials, i.e., differences between thosahere «? is the kinetic energy of the MTO envelope func-
for different eigenstates, are meaningful. Because the eledion. A MTO consists of a linear combination of the radial
trostatic reference level of an infinite periodic solid is ill Schralinger equation solution and its energy derivative
defined, the absolute deformation potentials under hydromatched continuously and differentially onto the envelope
static strain only obtain meaning as the long-wavelengttiunction at the muffin-tin-sphere radii. Three augmented
limit of acoustic phonons. They are thus direction dependentdankel functions with decay energie of —0.01, —1.0,
And, an interface calculation is required to take into accounaind — 2.3 Ry were used. The charge density and potential in
the effects of charge transfer between compressed and etlie interstitial region are expressed as expansions in a sepa-
panded regions of the crystal. A detailed study of this israte set of Hankel functions centered on all sphétesor

and our calculated values for the cubig and hexagonal
A; modes, we also obtain approximate values for Eye
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TABLE I. Basis vectors and inequivalent atomic and empty that sphere to change size so as to remain nearly touching.
sphere positions in zinc blende and wurtzite, in units of the cubicThis was found to be the case primarily for InN, where the
Iattlce constant for zinc b.lendac, and the hexagonal. In-p|ane lat- relaxatlon W|” be shown to be mostly a bond angle Varlatlon
tice constantay,. In wurtzite a second set of atoms is obtained by Thg |eads to a largkocal variation in the interstitial volume
applying a sixfold screw rotation. near that sphere. On the other hand, the energy is not very
sensitive to the choice of the radius of the sphere in the open

Zinc blende Wurtzite o .

channel &,). We conclude that it is more important to keep
a; 0, 1/2, 1/2 1,0,0 the volume of the interstitial region constant in the regions of
a, 1/2, 0, 1/2 12,312, 0 high charge density rather than overall interstitial volume.
as 1/2, 1/2, 0 0, 0 For GaN the results were also slightly improved by adopting
cation 0,0,0 0,0,0 a variable size; sphere, while for AIN and BN there was no
anion 1/4, 1/4, 1/4 0, Q7 change. . _
e 1/2, 1/2, 1/2 0, 0, ¢+1)7/2 The basis set used for all the zinc-blende calculations has
e, 3/4. 3/4, 3/4 0, 143 , upl2 MTO'’s centered only on the real atonisot on the empty

spherey implying a total of 27 orbitals per atom for the
ddd basis set used. The notatiddd means the inclusion of
angular momenta up tb=2 for eachx. This basis set was
previously found to be accurate for most zinc-blende crys-
tals. For wurtzite, because of the demanding accuracy for the
c/a andu relaxation, a separate convergence study was un-

. d(;rtaken. The basis set used for the final calculations is de-
spheres are added to these open structures. The positions Ql.p byfdp on the atoms and on the large empty sphere
the empty spheres for zinc blende and wurtzite are given i

b, . Even if no basis functions were centered on all empt
Table |, which contains the structural information. The pOSi's;z)heres the MTO orbitals were of course augmented inpaB(II
tions of the atomic and empty spheres in wurtzite are Showrémpty s’pheres, i.e. the Hankel function tail of a function

in Fig. 1. The radii of the muffin-tin spheres were usuanycentered on one site is expanded in spherical harmonics

chosen so that they stay fixed and nonoverlapping under th& - - -
) . . I, ound other sites and replaced by an appropriate linear com-
imposed distortions(Radii were chosen as 95-97% of bination of the solutions of the radial Sckiinger equation

tou?h('jn%\)lit# r;ﬁervh?/dr;]ostq;r]: vrolumi ;:hrar;gesir:hey r\:v?i nd their energy derivatives. An angular momentum cutoff
scale € volume. Ihe reason for keeping constanke | _ 4 iy zinc blende and=5 in wurtzite, equal to the

sphere radii during distortions is that there are small numeriéutoﬁ for the interstitial expansion set, was used for these
cal errors related to the fitting of the quantities in the inter-expansions '

stitial region. These errors scale with the interstitial volume. Due to tHe dispersion of Gad3states and their hybridiza-
By keeping the latter constant, those errors are expected Eo

' X : . jon with N 2s it is necessary to treat the former as
cancel in the energy differences related to the distortion. W 026 i
. . . ands:*~ <" Similarly, the In 4 are treated as bands for InN.
allowed one exception to this rule. For the wurtzite re-

The results were obtained nonrelativistically except for InN

laxation, we found that keeping the sphere'rad|us of th(?/vhere the scalar relativistic version of the FP-LMTO method
small empty sphere; fixed was not always satisfactory. An

improvement in the results faz/a resulted from allowing was used. For the properties considere.d3 the reIativi;tic cor-
rections for BN, AIN, and GaN are negligible. The Brillouin
zone summations were performed with an adequately con-
verged set of ten special poiffsfor zinc blende and 36
points for wurtzite. For the calculations of zinc blende under

@ @

ox for the structural distortion under consideration. The total
energy at two displaced configurations §x) is then calcu-

FIG. 1. Atomic and empty sphere positions in wurtzite: projec-lated non-self-consistently via the Harris functional, and the

tion on a (1.00) plane. force (or rather gradient with respect to parametgris ob-

these, two decay energiesi=— 1.0 and— 3.0 Ry) are cho-
sen and an angular momentum cutofflef4(5) wasfound
to be adequate for zinc blendeurtzite).

In order to keep the interstitial volume small, empty

uniaxial distortions, a correspondingly larger set of inequiva-
lent k points was used as required by the lower symmetry.
To calculate the cubic elastic constants, the total energies
under hydrostatic, tetragonal, and trigonal strains were cal-
E1 culated using strains up to 6%. For each strain the total en-
ergy differences between the strained and the unstrained
states were fitted to a parabola. In effect, this means that the
elastic constants were obtained from numerical second de-
rivatives of the total energy differences. For theelaxation,
we used the Harris approaét® to calculate forces. In this
approach the self-consistent charge density at the structure
from which the force is to be calculated is decomposed into
a superposition of overlapping atom-centefkedt not neces-
sarily spherically symmetrjccharge densities. Those are
then displaced rigidly and appropriately by a small amount

0
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tained numerically gs&_E/axz[E(onr_éx) —_E(xo— ox) ]/ o= 577(C77’0—Q‘1¢)c2§2) =69C,, (8)
256x. Once we are within the harmonic region, the force at

one point and the knowledge of the equilibrium point imme-defining the true elastic consta@t,, including the effects of
diately give the force constant or the second derivative. Théhe internal relaxation. Noting that the force consténtie-
fully self-consistent numerical and Harris gradient ap-termines theA; tranverse-optical-phonon frequency through
proaches were found to be in good agreement. In principle® = x(w45)?, with u the reduced mass, we obtain

the latter approach could be used for i@ relaxation as

well. However, because of the difficulties encountered for it, C,=C,0—Q 'u(wfséc)? 9
we preferred to use the fully self-consistently calculated total _ . L . .
energies. This equation is the equivalent for the wurtzite of the well-

known equation for zinc blende relating t8§, shear elastic

constant for trigonal distortions to its unrelaxed value
- RELA_XSS SI;5ELV8/EENFEEAVSVEgTCZIOT’\éSTANTS Cja,0, the transverse-optical-phonon frequensy,, and the
Kleinman ¢ parameter,
The wurtzite structure is fully determined by two lattice
constantsa andc, or, equivalently, the volume of the unit C5=Chuo— QO tu[w$ol(ald)]?. (10
cell V= \3/2a?%c and »=c/a ratio, and one internal param- . .
eter u defined such that the cation-anion nearest neighbo?quat'qn(g) shows that plays the same role for wurtzite as
bond length along the axis is given byd=uc. Thus the the Kleinman{ parameter does for zinc blende.
total energy must be minimized as a function of three param- 1©_conclude this section, we note that for a traceless
eters. For a given cell volumé, consider the expansion of uniaxial distortion along the hexagomahxis (i.e., a change

the energyE(#,u) in a Taylor series around the equilibrium of » for fixed volume, the strain tensor using the usual

values 7, andu, matrix notation for elasticity theo?$ is specified by
1_,0E €1= €= —€l2,
= + —
E(7,u)=E(7,Ug)+ 5 0U"— >
€3=E€,
+6us 7E V2o I
YN 5007 " 2°7 9.7 €,=€5= €5=0. (12)
1 1 This leads to the stress tensor with components,
=Eot 5 8u2c?® + sudncQD + > 87*QC, .
01= 027 [ng— (Cr111+ C?z)/z]f,
4
where the second form introduces a force constant matrix 03=[C23— ng]e,
@, an internal strain matrio, and an “unrelaxed” elastic
constantC, 5. The volume of the unit ceN) andc is intro- o4=05=0g=0. (12

duced so as to givé andC, , the correct physical dimen-

sions. Indeed, the second derivative with respect to the inteSince,  furthermore, we havey'=(1+e€)c/(1-e€/2)a
nal parameter basically defines an “atomic force,” while ~(1+3€)7, we obtainsz/ 7= 3e, or

the second derivative with respect to the external cell param- N 1 5

eter » defines an elastic constant in the absence of internal C'=Q""(°El 9€%)

relaxation. The off-diagonal partial second derivative deter- =C§3— 2C'{3+(C*{1+ ng)/z

mines the coupling between the strain and the internal pa-

rameter and is thus related to internal strain. We can also 9

rewrite it asD = ® &c/(Q, introducing a new parametér the =7 QN PEIIn)y,

physical meaning of which will become clear in a moment.

The first derivatives of Eq4) with respect tocu and » 9 ,

define, respectively, a “force,” a7 Cy (13
—F=coud+ 570D, (5)  which provides a derivation of Eq1) and establishes its

and a “stress.” relation to the second derivative &f with respect to.

’ Similarly, if we fix a and varyc=(1+ €) 502, the strain

o=87C, o+ couD. (6) tensor is (0,050,0,0), the stress tensor s

(Chye,Chle,Che,0,0,0), and the elastic energy becomes
10Ch.€?, so the curvature oE as function ofc for fixed
a yields directlyCl},.
As an example, we show in Fig. 2 the total energy and
SUmin=~(QDIeP)on=—£om, @ Upin @S A functign ofy for InN at th% experimental eqSi)I/ib—
which makes clear that s the slope ofi,,,;, as a function of  rium valueV,, from which C"(V,) and £(V,) are derived.
7. Substituting Eq(7) in Eq. (6), we obtain We find that the variation of with volume can be ignored.

Minimizing the energy with respect to for each value of
7 requireskF =0, or
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calculation§’ to within a few percent. The deviations from
the experimental values are as large as 15% but the various
4d as band, In +N fdp Es, V=V, experiments differ among themselves by at least that much.

wurtzite InN

0.0020 . . C

The LDA generally overestimates bulk moduli. That this is
00018 | s ] not obvious here suggests that the experimental values
0.0010 - should be considered to be somewhat uncertain. This is not
: - d°E/dn’=1.072 Ry 1

surprising given that large single crystals are presently un-
available for these materials.

The differences between zinc-blende and wurtzite bulk
moduli are smaller than the estimated error due to LDA and
-0.0005 1 # t ‘ uncertainties associated with the computational differences
between the two crystal structur@sg., a different interstitial
volume and thus not considered to be significant. We em-
phasize that th& (V) used here for wurtzite were fully re-
laxed values with respect to bottla andu.

The present bulk moduli were obtained by fittiB§V) to

0.0005

E,, (Ry/cell)

0.0000

0.390

£ 0385 du, , /dn=-1.455

0380 I the equation of state curve of Roseal % This fit also pro-
0475 , , ‘ , vides the pressure derivatiB. However, the fitting is not
T 154 1.56 1.58 1.60 1.62 very sensitive toB' over the range of volumes considered.

n=c/a The resulting error bar foB' is estimated to be about 0.5.
Within this error bar there are no systematic changes with

FIG. 2. Total energy(with respect to minimumand U, in . . -
ox P n phe crystal structure nor with cation and a valueBi#4-+0.5 is

wurtzite InN as a function ot/a at the experimental equilibrium

volume. deduced for all nitrides. This is in agreement with experi-
ment forc-BN and for GaN, while somewhat larger values
V. TOTAL ENERGY RELATED RESULTS have appea_red in the literature fo_r AIN and InN._Smce fitting

of an equation of state to experiment#]V) relations may

A. Lattice constants introduce a correlated error in both and B’ values and a

Table Il shows our calculated equilibrium lattice con- fairly large range of pressures is needed to determife B
stants and compares them with experimértai?and other confidently, t_hese values &' should be considered some-
computational result®33-53As usual, the LDA calculations What uncertain. _ _
slightly underestimate the lattice constants. The cubic and AS for the trend with materials, we may note that GaN
hexagonal lattice constands anda,, are underestimated by and AIN have very similar bulk modqh while tha.t OiBN Is
about 1%. Thec lattice constants are underestimated bysubstantlally higher and that of InN is substantially lower.
2-3% and hence the volumes by 3-5%, tiia by 0.1-
3%. The worst case fot/a occurs for InN. For that com-
pound we noted above that tliéda relaxation is quite de- The transverse-optical-phonon frequencie¥ are given
manding because of the very small energy differencesn Table IV for the two polytypes. For wurtzite, we only
involved (because of the lower elastic constants, see belowcalculated theA; phonon directly, thee; phonon being de-
and because of the predominance of bond-angle variatioiermined from Eq(3). Our calculated values appear to over-
Also, there is a considerable spread in experimental valuesestimate the experimental values by about 1-5%. For zinc-

Because there are a large number of computational resultdende GaN our value is slightly larger than that from the
for the zinc-blende lattice constants, we indicate only theeP-LMTO calculation by Gorczyceaet al®® and slightly
range of values that have been reported in Table Il. Fosmaller than that from the FP-LMTO calculation by Fioren-
wurtzite, only a few calculations include a complete structurdini, Methfessel, and Scheffléf.in the course of understand-
determination. We thus compare our results with two well-ing the cause of the differences, we found that for relative
converged pseudopotential calculations, by Wright andlisplacements of 4% or larger anharmonic effects tend to
Nelsorf” and by Yehet al,*® the first one including thel  increase the phonon frequency. Also, values obtained using
states of Ga and In as bands, the second one treating themtas forces or the energies are found to differ from each other
core states. We note that the latter slightly overestimates they about 20 cm*. We thus consider this number to be a
lattice constants in contrast to ours which obtain the moreonservative estimate of the numerical error bar on the re-
usual underestimate for the LDA. Our calculated wurtzitesults. With this in mind, the agreement of our calculation
lattice constants for AIN is nearly identical to those obtainedboth with experiment and with the other calculations is seen
earlier by Christensen and Gorcz§tasing the FP-LMTO to be quite good. In our calculations, we consider both
method. stretched and compressed bonds. Using only stretched bonds
would lead to lower values of the force constants and hence
lower phonon frequencies. Our basis set is also slightly dif-
ferent from that used in Ref. 63.

The bulk moduli are listed in Table Ill. Unfortunately, the ~ Only one value is given for the mode Grisen param-
ranges of values obtained in other calculations for the zinceter for each material, because we find the differences be-
blende crystals and from experiments are quite large. Outween the values for the various TO modes discussed here to
values are in agreement with well-converged pseudopotentidde insignificant.

C. Phonons

B. Bulk moduli
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TABLE Il. Lattice constants of zinc blende and wurtzite IIl nitridés A).

BN AIN GaN INN
Zinc blende
Present 3.59 4.32 4.46 4.92
Other calculations 3.56-3.97 4.33-4.43 4.30-4.50 4.93-4.98
Experiment 3.615 4.37 4.50 4,99
Wurtzite
Present a 2.54 3.06 3.17 3.53
c 4.17 491 5.13 5.54
cla 1.64 1.60 1.62 1.57
u 0.375 0.383 0.379 0.388
Other calculatiorls a 3.084 3.162 3.501
c 4.948 5.142 5.669
cla 1.604 1.626 1.619
u 0.3814 0.3770 0.3784
Other calculatiors a 3.099 3.095 3.536
c 4.997 5.000 5.709
cla 1.612 1.633 1.615
u 0.381 0.378 0.380
Experimerft a 3.11 3.189 3.54-3.60
c 4.98 5.185 5.69-5.76
cla 1.60 1.626 1.59-1.62

%References 33-43.

bReferences 43—-48.

‘References 15, 43, and 46-52.

YReferences 43, 46, 47, and 53.

®From Ref. 5, Chaps. 1, 4. Because of the unavailability of data for zinc-blende AIN, the tabulated value
corresponds to the volume per atom in the wurtzite form.

fLei et al. (Ref. 31).

9Strite et al. (Ref. 32.

hpseudopotential with Gad3and In 41 by Wright and Nelsor(Ref. 47.
iPseudopotential without Gad3and In 4 by Yeh et al.(Ref. 46.
IFrom Ref. 5, Chaps. 1, 4.

D. Internal strain parameters E. Elastic constants

) . The results for the elastic constants of the nitrides in the

The well-known Kleinman, parameter for zinc blende inc plende structure are given in Table VI. Experimental
and the£ parameter for wurtzite introduced in Sec. Ill de- gata are only available for-BN.'® The agreement with ex-
scribe the relative positions of the cation and anion sublatperiment and with the only other first-principles calculatfon
tices under volume conserving strain distortions in which thes very good.
positions are not fixed by symmetry. These are trigonal dis- Our results for the elastic constants of the nitrides in the
tortions along[111] for zinc blende and hexagonal distor- wurtzite structure are given in Table VII. Good agreement is
tions for wurtzite. The calculated values for these parametersbtained with the recent experimental data for AIN and GaN,
are given in Table V. the only two materials for which direct experimental data are

We recall that a low value of or || implies that there is  available up to now.
a large resistance against bond-angle distortions while the It should be noted that otheZ;; data for wurtzite BN,
reverse is true for a high value. The values for AIN and GaNGaN, and InN were reported earlfeiThese were obtained
which are almost the same, are much larger than those fdrom analyses of temperature-dependent broadening of x-ray
BN and smaller than those for InN. The importance of bond-diffraction spectra from powdefsThese values, obtained
angle forces in BN is similar to that in diamond. rather indirectly® differ markedly from those obtained from
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TABLE Ill. Bulk moduli for zinc blende and wurtzite Il nitrides.
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BN AIN GaN InN
Zinc blende
Present B 400 203 201 139
B’ 41 3.2 3.9 4.4
Other calculations B 353-41% 195-228 173-206 137-161
B’ 3.1-3.6 3.94.6 2.66-4.6 3.9-4.8
Experiment B 369-382
B’ 4.0-4.5
Waurtzite
Present B 397 202 207 146
B 3.7 3.8 45 3.4
Other calculatiorfs B 205 202 139
B/
Experiment B 185-21% 188—24% 125
B’ 57-6.3 3.2-4.3 12.7
% rom Refs. 33-43. fFrom Refs. 13, 38, 55, and 56.

bFrom Refs. 43—45, 47, 48, and 54.
°From Refs. 15, 43, 47-50, and 52.
YFrom Refs. 43, 47, and 53.

®From Refs. 43 and 44.

9Wright and Nelson(Ref. 47).
"From Refs. 57-59.
'From Refs. 57, 60, and 61.
IUenoet al. (Ref. 57.

the Brillouin scattering measurements and from the calcula- Finally, we show the bulk moduli as obtained from the
tions. This is evident from Fig. 3 which compares all experi-C;; . These values are in good agreement with those found
mental C;; with the corresponding calculated values. Thefrom the direct calculations and presented in Sec. IV B.
figure also displays the overall agreement between the calcu-
lations and the velocity of sound based measurements. Be-
cause of the apparent imprecision of the earlier 8atds . . ] -
excluded from the tables even though it contains the only The Keating modét is a frequently used semiempirical
data for InN7° potential for tetrahedrally bonded semiconductors because of
Figure 4 and the numbers in parentheses and squa?@ simplicity. It is thus_oyc interest to o_btain i_ts force constant
brackets in Table VIl provide some detail on how the resultsParameters for the nitrides and to investigate the model's
for the elastic constants for wurtzite crystals depend on th@pplicability to these materials. It was generalized for par-
computational model. The numbers in parentheses in Tabl#lly ionic zinc-blende crystals by Martiff. The elastic en-
Vil for €h,, ¢, andC!), are the results obtained by simply €9y in the model is described in terms of bond-stretching
rotating the cubic tensor to the coordinate system appropriat@nd Pond-bending force constant parameterand 8, by
for the hexagonal crystals without applying the internal
strain correction. We see that the internal strain term pro-
vides a sizable correction for the nitrides. The numbers in
square brackets fd2!, andC5, are the results obtained from
the tensor rotation method withoata and u relaxation.
These are unaffected by the internal strain correction. How-
ever, it is evident that the actudmeasuref values are
strongly affected by the relaxation. Figure 4 shows that asid@here the first sum is over all bonds, the second is over all
from C,3 andCg;, the Cj; obtained by Martin’s transforma- bond pairs centered on a given atamis the vector linking
tion method are in good accord with the experimental valuesan atom to one of its four neighbors, ands the equilibrium
It also shows that most of the discrepancies between theofdyond length. The parameters are determined by fitting the
and experiment fo€,; andC5; are removed by the structure elastic constants and some phonon data as described below.
relaxation. The long-range Coulomb force, which produces the LO-
At the bottom of Table VI we show the valuesqjﬁo, the  phonon-TO-phonon splitting, is characterized by the effec-
constant without the internal strain contribution. Similarly, in tive charge parameteér* (or, equivalentlyS) through
the bottom rows of Table VII, we give the values of the
wurtzite elastic constan" andC" defined by Eq(1) with
and without the internal strain relaxation. The comparisons
show that the coupling of these strain distortions to the optidMartin derived the following relations between the elastic
phonon are quite important for all nitrides except for BN, constants and the Keating parameters:
where the bond-angle forces are large, or, alternatively, the
values of¢ and|£| are extremely low.

F. Keating model parameters

1 (33
Ee.=§a(ﬁ)i21 [A(ri-r)]?

1 3
+§ﬁ<m)i§j [ACri-r) T2, (14

S=27*?/e=(Q/47e?) u(wi— w?). (15)

Cy1+2C1o=(\/3/4r)(3a+ B)—0.3555C,, (163
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TABLE IV. Transverse-optical-phonon frequencieslafor the group Il nitrides(in cm™! with our values rounded to the nearest 10
cm™! because of the estimated error baFo the precision of the calculations, the mode i@isen parametey is identical for the
zinc-blende and wurtzite forms. It is thus only tabulated for the zinc-blende structures.

Symmetry BN AIN GaN InN
Zinc blende
T, present 1070 680 580 540
other calculations 1060070 648,652 55&, 5519, 60C°
experiment 1055 105" 556
Wurtzite
A present 1040 610 570 450
other calculations 601629, 668! 534, 537
experiment 1090 607%,614",659,660 532 400"
E, present 1080 710 585 580
other calculations 650649, 734 556,555
experiment 1120 673,672 560" 490"
y present 1.2 15 1.8 15
other calculations 1.42-1.%0 1.48-1.59
experiment 1.%9 1.5¢ 1.6 1.53

3Pseudopotential LDA, Lam, Wentzcovitch, and ColiBef. 37).

®Pseudopotential LDA, Rodriguez-Hémuez, Gonzez-Diaz, and Minz (Ref. 49.

‘Pseudopotential LDA, Miwa and FukumotRef. 48.
dEP-LMTO LDA, Gorczycaet al. (Ref. 63.

®FP-LMTO LDA, Fiorentini, Methfessel, and ScheffléRef. 26.
fRaman data, Sanjurjet al. (Ref. 64.

9Raman data, Alvarenga, Grimsditch, and PoliRef. 56.
"From Ref. 5, Chap. 8.

iRaman data, Murugkaet al. (Ref. 65.

IHartree-Fock, Ruiz, Alvarez, and Alemaligef. 54.
KRaman data foA; mode, Perlin, Polian, and Sustef. 66.
'Raman data, Hayaskt al. (Ref. 67.

MRaman data, Inushimet al. (Ref. 68.

"Raman data foA; mode, Perliret al. (Ref. 61).

C11— Cyo=(/3/r)B+0.055C,, (16b)
Cas=(\3/4r)(a+B)—0.1368C,—CZ%, (160

where
C=(/3/4r)(a+B)—0.266C,, (179
{=CU(\3/4r)(a—B)-0298C],  (17b
Co=€?/r*, (170

Here, « and B are obtained from Eqg16a and (16b)
using our calculate@,; andC,, andS from Eg.(15) and the
measured LO-phonon—TO-phonon splittifgsEquations

TABLE V. Internal strain parameters and ¢ for zinc blende
and wurtzite, respectively.

BN AIN GaN InN
14 0.1 0.6 0.5 0.7
—¢ 0.00 0.12 0.11 0.14

(160 and (17b) then give Keating model predictions for
C,4 and{. These are compared with the directly calculated
values to gauge the validity of the Keating model for the
nitrides. The relevant data, resulting parameters, and consis-
tency checks are given in Table VIII. We note that the qual-
ity of the Keating model predictions fat,, deteriorates as
we go down the series. However, the model gives a fair
reproduction of the trend if values. In particular, a low
value of ¢ for BN is found. An important parameter for the
Keating model isB/«, which indicates the relative impor-
tance of bond-bending to bond-stretching forces. From the
discussions in Sec. IV D, we see that the relatively large
Bl a for BN is consistent with its low value of.

Although the Keating model is unable to predict the non-
ideal c/a andu values for wurtzite, it can be used to find
Umin @S a function ot/a for a given ratio/ «. From that the
model prediction for the& parameter can be found by Eq.
(7). Figure 5 shows how tha,,, varies withc/a for B/«
which correspond to those obtained for BN, AIN, GaN, and
INN as well as the pure bond-stretching lini=0 and the
(unrealistig pure bond-bending limiw=0. The values ob-
tained for¢ are 0.06 for BN, 0.11 for AIN and GaN, 0.12 for
InN, and 0.15 for8=0. These values are in fair agreement
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TABLE VI. Elastic constants of zinc blende Il nitrides.

BN AIN GaN InN
Present Experimeft Other calculations Present Other calculatbn®resent Present
C{, (GPa 837 820 836 844 304 348 296 184
¢, (GPa 182 190 426, 19¢! 152 168 154 116
CS, (GPa 493 480 456, 483 199 135 206 177
CY (GPa 495 230 225 209
B 400 203 201 139

8Grimsditch, Zouboulis, and PoliaiRef. 13.

bHartree-Fock, Ruiz, Alvarez, and AlemaiiRef. 59.

°Semiempirical, SokolovskiiRef. 69.

dpseudopotential, Rodriguez-Hémiez, Gonzez-Diaz, and Miinz (Ref. 42.

with the values given in Table V. V. ELECTRONIC PROPERTIES

G. Trends A. Definition of deformation potentials

Here, we summarize the trends obtained for the various The splitting of the bands as a result of a “pure” uniaxial
properties presented above. For most of these, we find thatrain and the relative shift of the weighted average, e.g.,
GaN and AIN are very similar to each other, while BN is with respect to the valence-band maximum, for hydrostatic
considerably “harder” and InN considerably “softer.” The strain can be expressed in terms of linear deformation poten-
bulk moduli and elastic constants in particular exhibit thistials for small strains. In this section we provide the defini-
trend. Also, the lattice constants and bond lengths of AlNtion of the deformation potentials for specific strains and
and GaN are close to each other while those of INN argome eigenstates for zinc-blende crystals using the system-
substantially larger10%) and those for BN substantially atic group-theoretical approach of Kaffawithin this frame-
smaller(20%) than the first two. The internal strain param- work a hydrostatic strain is described by
eters and the Keating parameters derived from our calculated
elastic constants show that BN is strongly resistant to bond- (¢, ,e,,e3,€4,€5,€6)=(71/\3,71/v3,71/1/3,0,0,0,
angle distortions while InN is close to the pure bond-
stretching limit. The phonon frequencies show a somewhaa volume conservingtetragonal strain along thg001] di-
larger difference between AIN and GaN than other propertiegection by
and decrease monotonically with increasing cation atomic

number. (—n3/\/6,— 13/\6,273/1/6,0,0,0,

TABLE VII. Elastic constants of wurtzite Il nitrides. Numbers in parentheses were obtained without
internal strain correction and those in square brackets were obtained without relaxati@nawfd u.

BN AIN GaN InN
Present Present Experimént Experimerﬁ! Present Experiment  Present
ch 987 398 345 411 396 391 271
(1003 (427 (431D (327
C'l‘2 143 140 125 149 144 143 124
a2v (111 (109 (68)
C*l‘3 70 127 120 99 100 108 94
[72] [70] [64] [21]
cg3 1020 382 395 389 392 399 200
[1058 [468] [476] [375]
CE‘M 369 96 118 125 91 103 46
(383 (117 (116 (82
chs 422 129 110 131 126 124 74
(438 (158 (161 (129
ch 1445 397 462 209
cho 1445 458 519 259
B 395 218 207 147

&Tsubouchi and MikoshibéRef. 10.
bMcNeil, Grimsditch, and FrenctRef. 11.
°Polian, Grimsditch, and GrzegofiRef. 12.
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FIG. 3. Elastic constants of wurtzite Il nitrides: comparison FIG. 5. Keating model predictions faumi, as a function of

between theory and experiment. Open symbols from x-ray analys,ig/a for various values of/a.

by Sheleg and Savastenk®Ref. 8, closed symbols from sound . . . .
velocity measurements by Polian, Grimsditch, and GrzegogG  thek state along thgl11] direction parallel to the strain axis

(Ref. 12, Grimsditch, Zouboulis, and PoliafGzP) (Ref. 13  While the second to the oth¢t11) directions whose equiva-
(transformed fromc-BN), McNeil, Grimsditch, and FrenctMGF)  lence to the[111] is lifted by the strain. Similarly for the
(Ref. 11, and Tsubouchi and Mikoshibd@M) (Ref. 10. doubly degeneratk; state, the splitting depends on whether
we have arl ; along[111] or along one of the nonequivalent
and a volume conservin@rigona) strain along thg111]  directions[111], [111], and[111]. For the nondegenerate
direction by X, state, the first value is for the state along f861] direc-
tion (the strain axisand the second for the states along the
(0,0,0,75, 75, 75). (18  inequivalent[100] and[010] directions. For the doubly de-

generateX; state undef001] strain, there are again different

An arbitrary strain tensor can be decomposed into the abovgitiings depending on the location of tg state along the
irreducible components with magnitudes determined7By  girection of the strain or in orthogonal directions. Under hy-

73, and s, where the labels 1, 3, and 5 correspond tOqrsstatic strain, all states are only subject to a shify; but
'y, Ty, andT g5, respectl'vely, in t.he more Cqmmonly U§Ed not to any splittings. Alsol'; is left unaffected by either
Bouckaert, Smoluchowski, and Wigner notation for the IMe-1111] or [001] strain andL, and X, are unaffected by001]

ducible representations of the tetrahedral group. and[111] strains, respectively. For the valence-band maxi-
The splittings of the most relevant statésghest valence  ,um (C,5) deformation potentials, the Pikus-Bimotation

and lowest conduction bandstT', L, andX are summarized js more commonly used and it corresponds to the Rane
in Table IX. For the splittings of thd'5 states, the first yefinition as follows:

column refers to the singldt,, the second to the doublet
I's. For the nondegeneratg state, the first corresponds to a=d1/\/§ b=d3/\/§ d=d5/\/§ and do:dSO/\/E-

Some other relations between definitions of deformation po-

500 . : . .
tentials used by different authors are given in K&h&able
XI.
T 400 For the splitting of thd,5 state by a trigonal strain, one
% introducedd;, the deformation potential corresponding to no
£ 300 internal displacement ands, corresponding to the optical
I mode deformation potential. The unprimdg is related to
S 200 | them by
L
k: 1
w100 ds=dg— ngso- (19
N N N AN GaN N A similar decomposition is used faf;, d3, andd,.

The calculation of deformation potentials by the present
FIG. 4. Elastic constants of the wurtzite Il nitrides in various Method was tested for silicon. Our results are found to be in
approximationsx denotesC;; transformed from the cubic elastic 900d agreement with the available experimental data and
constants using coordinate rotation, filled circles include Martin’swill be given elsewhere.
internal strain correction fo€;;, Cq,, and C,, and direct first- The ds deformation potential for th& ;5 state is closely
principles values folC,;; and C,3, and open circles are from ex- related to the wurtzite deformation potential for the uniaxial
periment. strain along thec axis. An important difference is that in
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TABLE VIIl. Keating model parameters: experimental LQ»,§ and TO- (w,) phonon frequencies from
Ref. 5; effective charge paramete8sand Z* ; force constant parametess 8, and 8/ «, directly calculated
(2) and its Keating model predictiof‘; and Keating model predictioﬁﬁf4 for Cyy.

o w, S z* @ B Bla L K CXJ/Cus
em™)  (emh (N/m)  (N/m)
BN 1304 1056 0.858 2.0 1396 576 041 0.1 0.28 0.94
AN 908 654 1551 3.2 98.0 150 015 06 0.58 0.79
GaN 731 551 1246 25 96.3 148 015 05 0.63 0.69
InN 694 478 1.983 3.1 79.2 7.1 009 07 0.70 0.49

wurtzite there is in effect a splitting into & doublet and a  where the AEr _ is the splitting of theT';s state and
I'; singlet in the absence of strain, i.e., for the equilibrium s=dInr with r the nearest neighbor bond length, we define
value of c/a and u. Let us definedp’=dEr /d In7ly,, @ the A, optical mode deformation potentielft by

deformation potential for the eigenvaldig for a distortion

along the sixfold axisz=c, at equilibrium volume. Now

consider the traceless strain tensor alftil] in zinc blende d(Ep —Ep.)=d"ud Inu. (22)
given by (0,0,095,75,7s) as in Eq.(18) transformed to a et

newz axis along[111], x axis alond 110], andy axis along  Here, d Inu is the relative change of the parameter which
[112]. It becomes precisely the strain tensor of Efjl)  equals that of the bond length along theaxis. Hence we
with  €=2%s, ie., (=75,—7527950,0,0). Hence expect

d Inp=37%s, and using the results of Table IX fdt;5 and

[111] strain we expect

1/3 3/2
2 dh1= 1 ( E) ds, - (23

G V6
) ] ) o . The spin-orbit coupling produces a further splitting of the
Sinceds is negative, this implies that under expansion of ¢ state into d'y andI'; state. The latter then couples to the

6z _ 6z _
dr = ds anddp =+

c/a, theEr, —Er, splitting increases. I', state derived from th&,. These couplings lead to non-
In analogy with the definition of thels, optical mode linear behavior as a function of strain and optical mode dis-
deformation potential, given by tortion which need further study.
3/2
AEFlSZ g) §d501 (22) B. Results for deformation potentials

The deformation potential results for zinc blende are
given in Table X. To identify the state for which deformation
potentials are given, its eigenvalue relative to that of the
valence-band maximum is also presented. To our knowledge,
no experimental data or other calculations for the uniaxial

TABLE IX. Splittings of energy bands in terms of deformation
potentials and irreducible strain components.

Fis oo +2ds s - id3,73 deformation potentials are presently available for these ni-
V2 trides. We note that only fa-BN is thel'§; state the lowest
[111] +/6d5 75 J3 conduction-band state &t In the other compounds, it is the
- ﬁdsﬂs I’y state, which is only subject to hydrostatic strain shifts.
The tendency of thg states to lie relatively low in BN is
Ly [111] +13d37s 1 also reflected in the fact that the state is located just above

d3 .

J3 175 the lowestL ] state. That the small separation between these

states, roughly 0.2 eV, is smaller than splittings of tte

encountered in the computations leads to strong interactions

between the states. The resultant nonlinear splittings under

5

[111] +3dins — idfﬂsi&dgns [001] and[111]] strains are shown in Fig. 6. Since the latter
V3 V3 does not reduce th€,, symmetry of theL point along

Ls [001] +d3ns —d3ns

X, [001] +d3ps —Id3p, [_111], there are no interactions fqr this point. The interac-
tions occur at the other threle points. The treatment for
these two cases, from which the deformation potentials and

Xs [001] +d3p, Ls 3 ; . wion pote :

—20175% - das the interaction parameters can be determined, is discussed in
the Appendix.
[111] +d,7s —d,s The calculation of the absolute values of the hydrostatic

shifts differs in a significant way from the ones reported
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TABLE X. Deformation potentialsl for the high-lying valence- and low-lying conduction-band states in
the cubic Il nitrides forf001] and[111] strains and optical-phonon distortion in eV. The eneggf each
state and its relative hydrostatic deformation potential with respect to the valence-band maximum is also

given.
State Strain E andd (eV) BN AIN GaN InN
b E 0 0 0 0
[001] ds -5.9 -25 -2.8 -2.3
[111] ds -3.3 —-4.7 —-3.4 -2.7
ds —-4.7 -75 -53 -338
optic dso 54.0 19.4 14.6 6.3
r$ E 10.9 4.6 2.0 -0.2
d,” -8.2 -15.9 -11.1 -52
IS, E 8.8 12.8 10.3 9.5
d,° —-28.7 -17.4 -11.2 -9.6
[001] ds 41 0.5 15 1.3
[111] d; -21.1 —-22.2 -20.7 -19.0
ds -20.1 -22.0 -19.2 -17.6
optic dso —-42.8 -1.3 -11.3 -76
LY E -2.0 -05 -1.0 -0.9
diP 33 0.1 2.2 2.5
[001] d3 9.6 5.3 4.8 3.4
[1171] d}’ 13.6 7.0 8.1 6.9
d3 14.0 8.9 8.1 5.6
d3’ 1.4 2.2 1.0 0.9
d3 0.2 4.5 4.4 4.8
optic d3, —-14.6 -13.3 0.4 6.9
d3, 56.3 -16.7 —-27.0 —-215
LS E 10.5 7.7 4.8 3.3
diP -23.0 -15.9 -12.2 -7.7
[111] d5’ 16.1 16.4 14.4 8.2
d3 16.1 14.7 15.9 10.9
optic d3, —-24.0 12.1 -11.0 -15.0
LS E 10.7
X4 E -5.0 -1.8 -2.8 -25
diP 8.7 1.8 6.1 6.4
[001] d3 11.3 7.0 6.4 4.8
ds 0.2 0.2 0.3 0.5
[111] d; 19.1 12.8 12.7 10.7
d, 19.8 15.1 14.3 11.9
optic dso -32.0 -16.7 -12.6 -6.8
X§ E 4.4 3.2 3.3 2.9
diP -20 -0.7 -05 0.8
[001] d3 14.6 4.0 5.6 3.7

3An identical value is calculated by Chow, Wright, and NelsBef. 74.

®Note that the hydrostatic deformation potentidisand di are measured with respect to the valence-band
maximum, i.e., the values listed aﬂ@—dl,rgS anddi—dly%, respectively.

“The L§ is very close to I§ only in BN. (See texi.

here, which correspond to traceldss., volume preserving Of particular interest is the hydrostatic shift of
shear strains. The reason for this was explained in the Intra¢he conduction-band minimum with respect to the valence-
duction. The hydrostatic deformation potentials given inband maximum. This is the band-gap deformation
Table X are defined relative to the valence-band maximumpotential. Commonly, one gives the value of
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charge’® In a variant of this model, called the dielectric mid-
point energy modet? this CNP is identified with the average
of the highest valence and lowest conduction band over the
Brillouin zone. By calculating this level and the valence-
band maximum at two different lattice constants and assum-
ing the DME’s to align, we obtain the absolute hydrostatic
deformation potentiah,=dE, /d In{} for the valence-band
maximum. We have carried out this calculation for the zinc-
blende form, using the Baldereschi-point Brillouin zone
100 | . $ 100 averagé’ to define the dielectric midgap point. The resulting
values fora, are 0.9 eV for BN, 1.6 eV for AIN, 0.8 eV for
GaN, and 0.5 eV for InN. We note that the uncertainty in this
DME calculation on the deformation potential is at least 2
FIG. 6. The behavior of the close-lyirig andL$ states in BN eV, which for the present value_s implies that the sign can be
(a) under a purd001] strain and(b) under[111] strain for anL  reversed. From previous experience, we expect that the DME
point not along the strain axis. The points are the energies obtaine@ives an underestimaté.At this point, we can thus only
from the first-principles calculation while the solid curves are theconclude that the,, for the nitrides are of the order of 1 eV,
analytical energies from Eq$A2) and (A3) of the Appendix for  which is small compared to some of the relative deformation
d;=16.1 for L§, d3=10.6, d7=6.90, andd3=7.96 for L§,  potentials, given in Table X. For wurtzite, one may assume
|l1ed =27.0, and I | =13.0. that the above applies to the weighted average of'thand
I';y crystal field split states. By taking into account the rela-
tive hydrostatic deformation potentid}, one can obtain an
ag=dEy/d InQ=d, /3, or dEs/dp=a4/B, estimate of the absolute hydrostatic deformation potential of
any state of interest, e.g., the conduction-band minimum. For
example, one would obtain that.=dE;/d InQ~-9 eV,

(a) (b)

-0.02 -0.01 0.00 0.01 -0.02 -0.01 0.00 0.01 0.02
Etet Errig

whereB is the bulk modulus. Our values for these param- "\ d—3 eV for the conduction-band minimum. at
eters are compared with those in the literature in Table XI. ' .

As mentioned in the Introduction, the calculation of theF for AN, GaN, and In.N, respectively. These values ShO,U|d
absolute hydrostatic deformation potentials requires an inte/2PPly €qually to wurtzite as well as to zinc blende to first
face calculation between compressed and expanded regiof8Proximation.
of the crystal, in order to determine their band lineup. As a
result they are generally orientation dependent. However,
within a simple treatment of the band-offset problem, based VI. CONCLUSIONS
on the idea of aligning a suitable internal reference level in
each part of the solid, one can obtain a first approximation of In this paper we have presented a theoretical study of the
these important deformation potentials. In the charge neutraklastic constants and the related vibrational and electronic
ity point (CNP) model of Flores and Tejeddr,one assumes properties for the group Il nitride$BN, AIN, GaN, and
that a certain energy level in the middle of the geglled the  InN) using the full-potential LMTO method. Fully relaxed
CNP) should be aligned across the interface. The idea behintttice constants and bulk moduli were obtained for both the
this is that the states above this level will lead to an accumuzinc-blende and wurtzite structures and shown to be in good
lation of negative charge when they are filled while the stateggreement with other calculations and experimental data
below it when empty will tend to produce a positive where they were available. A relation of the TQQ phonon

TABLE Xl. Band-gap deformation potential and pressure coefficients.

BN? AINP GaN InN
a, (eV) zinc blende present -1.2 —-0.38 —-6.4 -3.0
othef -1.1 -0.37 —-7.4 —-2.2
wurtzite present 15 -9.0 -6.9 —-2.8
othef 14 —-7.1t0-95 —-7.8-9.8 -4.1-4.25
dEy/dp (meV/IGPa zinc blende present 3.0 1.9 32 22
othef 2.8 17 40 16
wurtzite present 3.8 44 33 19
othef 3.7 36 to 43 39 to 47 25,33

& or X, conduction-band minimum in zinc blende and oy conduction-band minimim in wurtzite structures.
bFor X1 conduction-band minimum in zinc blende.

‘Theory from Ref. 43.

YExperiment and theory from Ref. 5, Chap. 4 and Ref. 43.
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to thec/a relaxation in wurtzite and the elastic constant as-of the valence-band maximum using the dielectric midgap
sociated with the uniaxial strain along thexis was derived. approach.

The calculated TO phonons in wurtzite and zinc blende were

found to be in agreement with experimental data and other ACKNOWLEDGMENTS

recent calculations within a few percent. The mode )

Grineisen parameters of these phonons were also obtained. e thank M. van Schilfgaarde and M. Methfessel for pro-
The elastic constants of the zinc-blende structure were opiding their FP-LMTO program and A. G. Petukhov for use-
tained directly from first-principles calculations of the total ful discussions. This work was supported by the NSF under
energy under appropriate strain distortions and were found t§rant No. DMR92-22387. K.K. acknowledges support from
be in good agreement with experiment ®BN. The elastic ~the Korean Ministry of Education.

constantC!!;, C,, andCY, of wurtzite obtained from those

of zinc blende merely by the transformation to the coordi- APPENDIX

nates adapted to the hexagonal symmetry were found to be | i apnendix we discuss the behavior of nearly degen-
quite close to the exper!mental valugs. A smqll mproygmenératel_l andL; levels, as occurs in the conduction band of
resulted from Martin's internal strain correctihExplicit  C_an under strain. In the presence ofa01] strain the sym-
calculations for Fhe \./vurtzllte crystals under hhexagonall,netry of the point_ is reduced to the group containing only
symmetry-preserving distortions show t@lf; and C3; are e igentity and a reflection plane. The same is true under a
significantly affected by the nonideela ratios. Very good  [111] strain for theL points not on thg111] axis. For the
agreement was shown for AIN and GaN with recent experiy o that axis the symmetry is unaffected. Thus testate
mental data_l obtained from SOl.md velocity measurements, o under the reflection interacts with thgstate. The odd
The older literature values derived from x-ray diffraction Ftate does not and hence undergoes a linear shift. The inter-

data, however, were found to be rather inaccurate. Our cal- . . ) :
: . action between the two even states for both situations is
culations for InN, the zinc-blende forms of AIN and GaN, . . i
given by the simple secular equation

and wurtzite BN contain predictions yet to be verified by
experiment.
The force constant parameters of the well-known Keating —d(Ly)e—E le
model were derived from our calculated elastic constants and _
exer ) _To. i I* A-d(Lg)e—E[=0,  (AD)
perimental LO-phonon—-TO-phonon splittings. We found 3e
that the Keating model does not describe the shear elastic _ _ _
constantC§, very well for these materials and becomesWhere A is the L;—L, separation ake=0 andle¢ is the
poorer as we proceed from BN to InN. The Keating modelcoupling strength. The energies for the two states relative to
shows that the ratio of bond-bending to bond-stretchingE(L]) at zero strain are
forcesp/ «a is significantly larger in BN than in AIN and GaN
which in turn are larger than that in InN. This behavior also
explains the t_rend in the values of t_he internal strain param- E, 2=E{[A—d(L1)e—d(L3e) €]
eters: the Kleinmag parameter for zinc blende and a similar <2
arameteg = —dupi,/d(c/a) for wurtzite introduced in the
Sresent Wﬁrk mn ( ) * \/[A_d(Ll)E_d(L3e) 6]2+4| I |262}1 (Az)
The strain and optical-phonon induced changes in thyhile that for the odd state is
band structure were determined for small strains and ex-
pressed in terms of uniaxial deformation potentials for the
I', L, and X eigenvalues of zinc-blende crystals near the E;=A+d(Lgy)e. (A3)
band gap. These provide values for these parameters whir?\ .
to date have neither been measured nor calculated. The barlg®’ e tetgagc?”a' strain, d(Ll),:o anq
gap hydrostatic deformation potentials and pressure coeff@(L3e) =0d(L30) :5d3 with e=7s. For tr;e trigonal str?m,
cients were also obtained and compared to experimental daf{L1)= (1/v3)d?,  d(Lse)= (1/y3)d7+ (2V2/3)d3,
and previous calculations. The deformation potentials of thé@nd d(Lgo)=— (1/y3) d3+ (22/y3)d3 with e=17s. In
valence-band maximum fofl111] strain and for the accordance with EqA3), one of theL§ levels is found to
transverse-optical mode can be used to obtain estimates wéry linearly with strain, allowing a simple determination of
those in wurtzite structure, respectively, fofa distortion  the deformation potential(L 3,). A fit of the behavior of the
and for theA, tranverse optical mode. A rough estimate is other two levels as a function efwith |I|=13.0 for trigonal
provided for the absolute hydrostatic deformation potentialsind|l|=27.0 for tetragonal strains is shown in Fig. 6.
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