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Band-structure pseudopotential calculation of zinc-blende and wurtzite AIN, GaN, and InN
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The electronic properties of the zinc-blende and wurtzite group-IIl nitride compound semiconductors AIN,
GaN, and InN are studied within the empirical pseudopotential approach. Using ionic model potentials and the
static dielectric screening function derived by Levine and Lddi¢i. Levine and St.G. Louie, Phys. Rev. B
25, 6310(1982)], the cationic and anionic model potential parameters were obtained from zinc-blende AIN,
GaN, and InN experimental data. Exploiting the concept of transferable model potentials, we calculated the
band structure of group-Ill nitrides in zinc-blende and wurtzite phase usingameionic model potential
parameters. Within this step we had to include the anisotropy of wurtzite crystals into the screening function.
From the empirical fits for the effective masses atlkhpoint, also a complete set of Luttinger and Luttinger-
like k-p parameters has been extracted for zinc-blende and wurtzite nitrides, respectively.
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[. INTRODUCTION review containing growth, characterization, and related prop-
erties was given by Jaiet al,'® whereas a recent compila-
The great interest in the group-I1I nitride material systemtion given by Vurgaftmaret al'®focuses on band parameters
can be attributed to the promising electrical and optical propof IlI-V zinc-blende and wurtzite compound semiconductors
erties of the binary compounds AIN, GaN, InN, and theirthereby including the nitrides as well.
alloys. These binary compounds usually crystallize in the Band-structure calculations ranging from phenomenologi-
wurtzite structure ¢-nitrides. While the low-temperature cal methods such as tHe p theory to atomisticab initio
direct band-gap energies afAIN (6.3 eV) (Refs. 1,2 and  methods, such as the self-consistent full-potential linear aug-
a-GaN (3.5 eV) (Refs. 3-5 are well known, various band mented plane-wave methgBPLAPW) within local-density
gaps for lower-qualitye-InN are projected in the broad en- approximation(LDA), first-principles total-energy calcula-
ergy range from 1.9 eV to 2.1 éV8 Measurements on tions, linear combination of atomic orbitald CAO) and
single-crystallinea-InNN samples recently obtained with an pseudopotential methods, or more empirical methods such as
improved crystal-growth technigligiield a smaller funda- the empirical pseudopotential methEPM) have been per-
mental band gap in the energy range from 0.7 eV to 1.Gormed. Being exactly in the description of the complete dis-
ev10-12 persion of the valence bands, first-principles methods have
While the hexagonal wurtzite structure is the thermody-some well-known disadvantag&s>* On the other hand, the
namically more stable modification, group-Ill nitrides can EPM yields the complete band dispersion of valence and
also be grown in the metastable cubic zinc-blende structureonduction bands and reliably provides necessary band-
(B-nitrides, which possesses technological advantages sucétructure parameters such as effective masses or equivalent
as easier doping, cleavir(fpr laser facets and contacting. k-p parameters of the zinc-blende and wurtzite phase ni-
With the band gaps of binary and ternary group-IIl ni- trides for device modeling.
trides spanning the whole visible region of the electromag- At present a majority of published works dealing with
netic spectrum and the contiguous part of the ultravioletheoretically determined technologically important param-
(UV), one can think of optoelectronic devices working in theeters of the nitride systems are based on the EB&¢ Sec.
entire region from 200 nm to 1200 nm. Here the main focudl).
is the short-wavelength laser diode for application in optical The aim of the present paper is to report about our de-
data storage systems and high-efficient light-emitting diodesailed theoretical study of the electronic band structure for
working in the blue spectral region as the third primary colorboth zinc-blende and wurtzite group-Ill nitrides by means of
in semiconductor-based full color displays. Results of thes¢he EPM approach. We make use of continuous ionic model
researches are already to be seen in the availability of conpotentials, which are screened by the model dielectric func-
mercial blue laser diodéSand the realization of lasers work- tion £(q) derived for semiconductors by Levine and Lotfe.
ing in the blue-violet spectral region for both pulé&tfand  We want to emphasize that this approach allows a continuous
continuous-wave operations. description in reciprocal space, the explicit inclusion of bond
A number of theoretical and experimental studies of ni-charges, and the exploitation of the ionic model potential
trides have been reported. In an early review Strite andransferability to other crystal structures, namely, the wurtz-
Morkoc!® discuss crystal-growth techniques as well as strucite crystal. Being capable of obtaining complete band disper-
tural, optical, and electrical properties of AIN, GaN, InN, and sions, EPM supported by the concept of transferable model
their alloys. The technological importance of the group-lll potentials is presently used to describe the electronic struc-
nitride material system for short-wavelength light-emitting ture of alloys, superlattices, and other complex systems, e.g.,
devices was reviewed by Orton and FoxXdm more recent quantum dot£? It should be noted that the transferability of
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pseudopotential form factors, i.e., in the end of atomic model A. Empirical pseudopotential method
potentials, has been successfully demonstrated by Berg- The starting point for any pseudopotential calculation is
stresser and Coh&hfor the more ionic ZnS. Also the most he pseudo-wave-equation
important conditions to be met by pseudopotentials, i.e., the
transferability of the model potential and a continuous de- h?
.. . . . o pseud —
scription in reciprocal spacé,are formulated with regard to 2m0A+V tr) (kD) =En(K) din(k,r), (1)

atomic model potentials without saying that the screening is | . . . )
different in var?ous environments ying g which follows from simplifying the many-particle Schro

. . pseud . . _
In this work we demonstrate the transferability of continu-dlnger equationV {r) is the pseudopotential that pos

1y pseud
ous, ionic model potentials taking into account the various e>5es the crystal symmetry and fulfilly )

— \/Pseudg - H H
environments by the dielectric screening function from Le- v {r+R), whereR is a lattice vector.

vine and Louie? Furthermore, we will show by way of an __ 1 1¢ Intuitive ansatz fol/Psex%r) involves a sum over
' ' y way spherically symmetric atomic model potentials:

example for wurtzite phase nitrides that crystal-specific
anisotropies can be taken into account via the screening

function (q). Within this method we calculated a set of V"S‘*“"?r)=Z Va, (r=r,), 2
effective masses or Luttinger and Luttinger-likep param- !

eters for zinc-blende nitrides and wurtzite nitrides, respecwherea represents different types of atoms located at the
tively. We find an overall agreement with other publishedatomic sites, . The valence electrons are assumed to move

results and show once more that the stated disadvantage @¢arly free in the weak one-electron potential. Therefore, the
the initial EPM calculations of giving poor effective pseudo-wave-function can be expanded in terms of a linear

masse® does not apply to the model potential parameter<EoMbination of plane waveis?W(k,r)]:

used in the present work.
This paper is organized as follows. In Sec. Il the concept w(k,r)=2 Ci(k)PW(k+G,r), 3
of transferable model potentials is exploited for two different !
crystal structures, namely, for the zinc-blende and wurtzitevhich satisfy Bloch’s theorem. Hei® denotes a reciprocal
modification and the results of EPM electronic band-lattice vector. The energy-band dispersiBp(k), and the
structure calculations are given at high-symmetry points. Irexpansion coefficientsi(k) in Eq. (3) are obtained from the
Sec. Il we review the use ok-p theory and extract the relevant secular equation:
k-p parameters from the calculated band structures. A sum-

a . . . #2 )
marizing conclusion will end this paper. 2_ ) -i(G-G")r, o
2m0|k+G| E|dce +%‘, e Va,(G—G')
=0

4

, . The Fourier transform of the atomic model potential,(G
Numerous results of band-structure calculations on zinc-_ G') in Eq. (4) only contains information on the constitu-

blende and wurtzite phase group-lll nitrides can be found inje atoms and is known as the pseudopotential form factor.
the literature. There are self-consistent FPLAPW calculatlonsi_he terme~1(6-6")1\ describes the structural arrangement of

on B-nitrides;® a-AIN,** and a-GaN’"* LCAO calcula- the atoms in the crystal and is known as the structure factor
tions ona-AIN and a-GaN’ as well as full-potential linear . Y . 0

L . . which can be found for different crystal structures, e.g., in
muffin-tin orbital (LMTO) calculations on thea- and Ref. 37

B-phases of AIN and GaRf The majority of published
works dealing with technologically important parameters of
the nitride systems are based on the EPM. For example,
pseudopotential calculations based on different model poten- Usually for the explicit form of the atomic model poten-
tials can be found for a-AIN,2°732 @-GaN?** tial adjustable parameters are used, either iralarinitio or
a-InN, 3073234 B_AIN, 202935 B.GaN2029333536 and for  atomic model potential approach.
B-InN.3® In this work we make use of ionic empty-core potentials
The present work will provide the EPM electronic band- for the local ionic cation i(=c) and the local ionic anion
structure as well as corresponding set& gf parameters for (i=a), which are given in atomic unitshf=e?%/2=2m,
AIN, GaN, and InN, in both crystal modifications. To the =1) by
best of our knowledge there exist no other EPM investiga-

Il. EPM CALCULATIONS

B. Electronic properties of B-nitrides

tions of group-Ill nitrides AIN, GaN, and InN where the Al, 0 for r<r
Ga, In, and N model potentials are tekeamefor both zinc- Vionic(1) = 2z, (5)
blende and wurtzite crystals. The employed EPM approxima- . for r>r;,

tions will be briefly discussed in Sec. Il A. In Secs. Il B and

I C we report on the crystal-specific implementations of thewhere the adjustable parametersandr; correspond to an
EPM and the results of our band-structure calculations foeffective charge and an effective core radius, respectively.
B-nitrides anda-nitrides, respectively. We obtain the expression for the atomic pseudopotential
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TABLE |. Experimental values of3-nitrides used in the fitting
procedure.

AIN GaN InN
a(nm) 0.438 0.452 0.498
&0 9.56¢' 9.55 12.45
Egap (6V) 5.34(X) 3.303(IN) 2.11(T)
Ag (MmeV) 19 17" 6

8Experimental value from Ref. 39.

PExperimental value from Ref. 42.

‘Experimental value from Ref. 45.

daveraged from the valuesg=9.0 andsﬂ)= 10.7 for a-AlIN from
Ref. 40.

®Averaged from the values; =9.28 andaﬂ)= 10.1 fora-GaN from
Ref. 43.

'Averaged from the valuess =9.82 ande,= 17.71 fora-InN from
Ref. 46.

9Experimental value from Ref. 41.

PExperimental value from Ref. 44.

iExperimental value from Ref. 8.

JRecommended value from Ref. 19.

V(q), whereq=|G—G’|, by screening the Fourier trans-
form of the ionic model potential:

_ Vionic( Q)

e ©

V(q)

wheree(q) is the static limit of the model dielectric func-
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TABLE Il. Fitting parameters of the ionic model potential as
defined in Eq(5). The small variation in th&l-potential parameters
r, andz, is attributed to the approximategtnitride ,-values and
the fixed bond charge position midway between the atoms.

AIN GaN InN
re 1.3143 1.0242 1.1009
a 0.6569 0.6729 0.6698
z, 3.5198 3.5582 3.8674
z, 6.0253 6.0015 5.9945
1 A Y+ y-
=1+ —{ —— — D) tan i 2=
e(q)=1 L2 [ 5~ 2z @ ) At
N1z A2+y?
——+———In ~t, @
1628 4z 16/ | \2+y?

with z=qg/kg andy..=z(2=*z). kg is the Fermi wave vector
and L2=7/4kg denotes the square of the Thomas-Fermi
screening length in atomic units. The parameter

2
V3L (go— 1)

fulfills the boundary conditiorz(q=0)=¢.

In order to obtain the adjustable parameterandr; of
the ionic model potentials for the Al, Ga, and In cations and
the N anion, we limited the expansion ¢f,(k,r) in plane
waves to reciprocal wave vectors WitIG|<\/X)(2w/a),
wherea is the lattice constant of the zinc-blende lattice. The
cationic model potential parameters for Al, Ga, and In were

®

tion, which has been derived for semiconductors by Levinelready known from an earlier wotkon arsenides and phos-

and Louié? as follows:

phides and served as start parameters in a Levenberg-

TABLE llI. Zinc-blende AIN, GaN, and InN energies at high-symmetry points in eV. All values refer to
the top of the valence band. The labeling of the energy-bands is given for calculations where spin-orbit

effects are neglecte@ncluded.

AIN GaN InN
Ref. This work a This work a b This work b

| ) 12.579 13.406 10.098 10.300 10.248 9.722 10.193
Fi (Fg) 5.840 5.936 3.308 3.383 3.213 2.112 1.939
I'ls (ry) 0.000 0.000 0.000 0.000 0.000 0.000 0.000
X5 (X9) 8.794 10.661 6.010 6.805 6.265 6.416 7.392
Xi (Xg) 5.346 5.102 4.428 4.571 4.585 5.187 2.509
Xg (X9) —2.315 —2.337 —2.459 —2.693 —2.086 —1.555 —1.408
X5 (X8) —5.388 5.262 —6.294 —6.149 —5.923 —4.303 —4.400

LS (Li5) 12.202 12.014 10.416 9.916 10.606 10.168 8.060
Li (Lg) 8.264 9.423 5.149 5.636 5.510 4.733 5.818
L% (L9 —-0.718 —-0.728 —-0.834 -0.931 -—-0.772 —0.480 —0.456

LY (Lg) —6.251 —6.179 —6.812 —6.743 —6.644 —4.667 —-5.200

#Empirical pseudopotential calculation from Ref. 20.
PEmpirical pseudopotential calculation from Ref. 36.
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FIG. 1. Band structure oB-AIN along high-symmetry lines in FIG. 3. Band structure oB-InN along high-symmetry lines in
the Brillouin zone. the Brillouin zone.

Marquardt fitting procedure where the cationic and anionicsymmetry points in comparison to other published results are
potential parameters were varied in order to obtain closeggiven in Table Ill. As can be seen, the fitted band-structures
agreement between the calculated band-structures and eell reproduce the known experimental band géfeble |)
perimental low-temperature transition energies of AIN, GaN Wwithin a few meV.

and InN. The experimental values used in the fitting proce- We compared our results with band-structure calculations
dure @,e0,EqapAo) and in the band-structure calculation Where the spin-orbit splitting was includddee Table |}
(a,£0,A0) are given in Table I. The, values forg-nitrides though the spm-prblt spl|t_t|ng energy is small f,@rnltnqles._

are approximated from well-known experimentally deter-11€ corresponding labeling of the energy bands is given

. o L~ within parenthesis in Table IIl. Besides some higher transi-
mined a-nitride £, values viag,=2(2s5 +¢l). The three P .

! - tion energies, our results compare well with the other pub-
sets of model parametezsandr; resulting from separate fits |ished results.

of the binary nitrides AIN, GaN, and InN are given in Table  The corresponding band-structures along the main sym-
Il. As can be seen, the variation in the N-potential parametergetry lines in the Brillouin zone are given in Figs. 1-3.

is very small (-1%). However, we attribute this to the fact

that we had to approximate thgnitride ¢4 values and that

we have kept the position of the bond charges fixed midway C. Electronic properties of a-nitrides

between the atoms in our band-structure calculations, i.e., the Making use of the model potential parameters obtained
different ionicities of g-nitrides have not been taken into from B-nitrides, we intend to determine the energy-band dis-

account by a shift of the bond charge position toward the Npersion of the wurtzite phase nitrides as well. For this we
anion in more ionicB-nitrides.

Making use of the fitted parameters we calculated the
energy-band dispersio&,(k) of AIN, GaN, and InN by 10
means of Eq(4). The resulting transition energies at high-

Y

Energy (eV)
[5,]
) |
- :
>< w

K, T, 2
1
rlS FIS
0fLs 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
X
5< Ky q (2n/a,,)
5L X, K N . .
— K, FIG. 4. Direction dependent screening functigft) calculated
L R - A X UK 5 T by means of Eq(7) using experimental data @f-GaN (e5=9.28

anda‘(',= 10.1) (Ref. 43. The smallest reciprocal lattice vectyy of
FIG. 2. Band structure o8-GaN along high-symmetry lines in «-GaN and B-GaN lies at q;’:(\/§/2)(27r/azb) and qf
the Brillouin zone. =/3(27/a,y), respectively.
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TABLE IV. Wurtzite AIN, GaN, and InN critical-point transition energies in eV. The mark aniso describes the values obtained by a
band-structure calculation using anisotropically screened model potentials, whereas the mark iso describes a comparative band-structure
calculation based on isotropically screened model potentials using an averagellie by taking the spur of the dielectric tensor.

AIN GaN InN

Ref. This work a b This work a c d This work e d

Aniso Iso Expt  Aniso Iso Expt Aniso Iso Expt
M5— Mi 9.56 9.54 10.0 7.67 7.67 8.26 7.05 7.30 7.23 6.65 7.314.95
My —M$ 7.88 7.87 8.3 6.07 6.07 6.61 7.0 5.94 5.88 5.05
My —M§ 8.81 8.83 8.5 7.68 7.68  7.69 7.05 6.71 6.70 5.80 7.3
ry-rs 6.11 6.11 6.0 6.29 3.47 3.47 3.50 3.0 36,83%6F¢ 258 2.59 2.04 2.11,2'¢
r-Tg 6.44 6.41 6.7 6.97 694 6.80 7.0 7.0 5.63 550 5.77
ri-rg 0.13 0.16 0.2 0.043 0.023 0.021 0.0 0.922 0.214 0.084 0.017
rg-T¢ 1.04 1.03 0.9 1.00 1.00 1.0 0.90 0.89 1.05
r{-T$§ 8.95 894 94 8.02 5.96 5.96 5.9 5.3 5.22 518 465 5.0,554.7
ri-rg 1299 1297 14.0 14.00 10.74 10.74 11.1 9.4 10.16 10.12 8.74 8f.8,8.9
H3—H$ 10.10 1091 105 10.39 8.06 8.07 9.0 7.9 7.34 7.36 6.51 5.4
K4—K$ 9.43 9.43 9.6 8.54 8.55 9.43 8.3 7.659.0 8.13 8.12 7.38 73,72
K4—KS$ 9.59 9.57 9.7 8.68 8.68 10.10 7.9 8.60 850 7.20

@Ab initio pseudopotential calculation within local-density approximation from Ref. 29.

bExperimental values taken from Ref. 2.

‘LCAO within local-density approximation from Ref. 47.

df not quoted otherwise, the experimental values are taken from Ref. 48.

®Empirical pseudopotential calculation from Ref. 34.

‘Experimental values taken from Ref. 8.

9Experimental values taken from Ref. 34.

AFor a detailed discussion of the calculatednN fundamental band gap in comparison to the recently measured experimental band gaps in
the energy range of 0.7—-1.0 €Refs. 10—12we refer to Sec. Il C.

exploit the concept of transferable model potentials. Thidiability of such model potentials could be strongly en-
concept traces back to the work by Bergstresser and Céhenhanced. In the present work we even go a step further by
They fitted the atomic potential form factok&(q) at dis- using continuous ionic model potentials that describe only
crete, allowed reciprocal lattice vectors to experimentally dethe core of the atoms. Within this concept, we take care of
termined excitation energies. Later on, by introducing convarious environments via a direction-dependent screening
tinuous atomic potentials and fitting the adjustable modefunction, e.g., we are able to incorporate the wurtzite-type
potential parameters to reproduce experimental data, the réattice anisotropies in our calculations.

AR TN {>
Z2 N
: -

~~

N0

&

3
NN =
= >
E 1.3 1/\1 2 L
& 5 )
g 2
w
] 0 Y 3
0t 4 5.6 3 1,3
Eﬁ 5 >4 5 3
2'4§2 Xi | L 12
5 F 1,2 5| \
’ —\134/\%\ \ 3 —
; 1.3
AR LUM = TaA S HPK T T A°- R LUM 3 TAA S HPK T T
FIG. 5. Band structure o&-AIN along high-symmetry lines in FIG. 6. Band structure of-GaN along high-symmetry lines in
the Brillouin zone. the Brillouin zone.
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5

screening of the ionic model potential now depends not only

N\ on the absolute valug but also on the direction-dependent
e o(0)
N2

142 2
_ e00; +eodf

® D 132%
T o)== ©

20

N

s < 7‘1 3
§’ d The resulting transition energies at high-symmetry points in
Yool . 8 |56 3 comparison to other published results are given in Table IV.
§ﬂ§ was Keeping in mind that we used the model potential parameters
Ls\s\ obtained from a fit to the scarce experimental data available
5 \_/, / [ for B-nitrides, the agreement between our band-structure cal-

culation and both, other theoretical as well as available ex-
UM = TAA S HPK T T perimental data for-nitrides is quite good.
One exception we would like to make in the case of
FIG. 7. Band structure o&-InN along high-symmetry lines in - ,_|nN. Making use of the model potential parameters ob-
the Brillouin zone. tained from theB-InN experimental data and calculating the
a-InN band-structure by exploiting the transferability of the
seudopotential form factors, we reproduce the experimental
alue of 2.11 eV, which is accepted as the InN fundamental
nergy gap. Recalling recent works that place thnN
and gap in the energy range below 1 8V and the
a-nitride band gaps being at most 20% larger than the cor-
respondingB-nitride band gaps, we predict that tigeInN
fundamental energy gap has to be corrected to an energy
o . ) Svalue below 0.8 eV. This assumption is supported by the fact
Q|re9tlon dep.erjden_ce enFes$q) via parametei,, which that the band-structures fat-AIN and «a-GaN calculated
|mpI|_es the finite d|eIec_tr|c constard, of the compomﬁnd using the same method give reliable results in agreement
semiconductor. In wurtzite crystals, two valugg and e, with other calculations and experimental data.
i.e., the static dielectric constant in thig (k,) plane perpen- The corresponding band-structures along the main sym-
dicular and parallel to the main crystal axisrespectively, metry fines in the Brillouin zone are given in Figs. 5—7. As
imply a small anisotropy of the wurtzite structure and, ac-yjj| he shown in Sec. Il B in detail, the anisotropy influ-
cordlr‘?g to Eq.(7), two different screening functions' (4)  ences the transition energies and the effective masses mainly
ande'(q). o _ at thel" point.
Achan_be seen in Fig. 4, the difference petweéloq) The explicit consideration of structural anisotropies via a
and&'(q) is the largest for smalfj values. This will be of  gjirection-dependent screening function is the great advan-
great importance for modeling the properties of crystals withage of the ionic model potential used in this work compared

large unit cells because the magnitude of the smallest aly plain atomic model potentials and will also be very useful
lowed reciprocal lattice vector decreases with increasingor modeling crystals with large unit cells.

unit-cell size.

To correctly screen the ionic model potential, we use the [1I. DERIVATION OF EFFECTIVE-MASS PARAMETERS
vector representation of the reciprocal lattice veci@nter-
ing Eq. (6). Taking the vector component in the (k,,ky)
plane andg; parallel to thec axis, we obtain a direction- As we are interested in extracting the Luttinger param-
dependent vector notation af (q=q, +q). With it, the  eters y; and the conduction- and valence-band effective

X

R

-

The transferability in the present work is assured becaus
the spherically symmetric model potentials used in th
present work are independent of structural influences. Th
arrangement of the atoms in the wurtzite crystal is reflecte
by the structure factors of the wurtzite latti¢eA closer look
at the model dielectric screening functieriq) reveals an
implicit direction dependence of(q) for screening ionic
model potentials, for example, in a wurtzite structure. Thi

A. Effective-mass approximation of B-nitrides

TABLE V. Luttinger parameters,, v,, andys for zinc-blende AIN, GaN, and InN obtained from a fit along fi€0] direction and
literature data.

AIN GaN InN
Ref. This work a b ¢ d This work a b ¢ d This work d
Y1 1.85 1.54 1.50 1.91 1.92 2.89 2.96 2.70 3.07 2.67 2.78 3.27
Vo 0.43 0.42 0.39 0.48 0.47 0.85 0.90 0.76 0.86 0.75 0.97 1.26
V3 0.74 0.64 0.62 0.74 0.85 1.20 1.20 1.07 1.26 1.10 1.22 1.63

aSelf-consistent FPLAPW method within local-density approximation from Ref. 25.
®First-principles band-structure calculations from Ref. 50.

‘Empirical pseudopotential calculation from Ref. 35.

9Recommended values taken from Ref. 19.
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masses of the zinc-blende nitrides, we have to couple thblende crystals. Taking into account the three highest-lying
results of our band-structure calculations with effective-masgalence bands, the basis of Bloch states for the correspond-
theory. Thes-like conduction-band effective mass can be ob-ing k- p model consists of the six angular momentum eigen-
tained through a simple parabolic fit using the definition ofstates|jm;), wherej=3, m==3,+3 corresponds to the
the effective mass as the second derivative of the energfylur I'g heavy- and light-hole valence-band states gnd

band with respect to wave vectkrvia =1 m==*1 corresponds to the twb, spin-orbit split-off
valence-band states. TH& and I'; eigenvalues are sepa-
mg mo\ [ 9°E rated byA., due to spin-orbit interaction. To describe the
F =\ T ? % . (10 valence-band-structure, we adopt the effective-mass Hamil-

tonian derived by Luttinger and Kohn usitig p theory*®
The valence-band states of tfie point are derived from The resultingk- p matrix with zinc-blende symmetry can be
p-bonding states due to the tetrahedral coordination in zincwritten a$®

i
Q S R 0 —S —i\/ER
V2
o T 0 R | (Q-T) '\FS
[ — | =
\/5 2
R* 0 T S '\Fs* | (Q-T)
— _I —_— - T = -
2 V2
. i , (11)
0 R* —s Q  -i2rR -5
2
s L1 i\ iR ORI °
[ — — | =
\/E \/E 5 o)
iV2R* - \[s* N s 0 2(Q+T)-a
i (Q \/E 2 Q =
[
where " ?
Ei=— 5 (717 72+ 3y9)k’,
h? O
Q== S [t 7 (KH G + (v1=272)KC],
ﬁ2
-~ Eo=— 5—(—y1+272)K2
== m[(h_}’z)(kz'i‘ k2)+(?’1+27’2)k 1, 2mo
0
n? . ﬁz
S=IF0\/§73(kx_'ky)ka Es=-— ( y1— 72— 3y3)K>. (13
ﬁZ
R=— 5 \Blyki—K)) ~2ivskik], (12 Caloulating th110] band dispersion near tiepoint with a

high k-point density, we are able to fit the Luttinger param-
my denotes the free electron mass, and v,, andy; are  €ters directly to the three valence bands. The results of these
the Luttinger parameters. fits by means of Eq(13) are given in Table V.

Solving for the eigenvalues of thle-p matrix without In order to obtain the valence-band effective masses, we
spin-orbit interaction 4,,=0) along the[110] direction have solved for the eigenvalues of tkep matrix taking
yields analytical expressions for the three highest spinspin-orbit interaction into account. We have obtained the fol-
degenerate valence bang, E,, andE; in dependence on lowing analytical expressions for direction-dependent effec-
the Luttinger parameters; : tive masses in dependence on the Luttinger parameters:
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TABLE VI. Effective masses for electrong), heavy-holeghh), light-holes(lh), and spin-orbit split-
off-holes(so) in units of the free electron masg, along the 100], [111], and[110] directions for zinc-blende
AIN, GaN, and InN.

Ref.  me R mped mfd Rl ef

AIN
This work 0.23 1.02 0.37 2.64 0.30 1.89 0.32 0.54
a 0.28 1.44 0.42 4.24 0.36 3.03 0.37 0.63
b 0.21 1.05 0.35 2.73 0.30 2.16 0.31 0.51
€ 0.30 1.39 0.44 3.85 0.36 2.67 0.38 0.67
d 0.25 1.02 0.35 4.55 0.28 2.44 0.29 0.47

GaN

This work 0.14 0.84 0.22 2.07 0.19 1.52 0.20 0.35
a 0.14 0.86 0.21 2.09 0.19 1.65 0.19 0.30
b 0.13 0.76 0.21 1.93 0.18 1.51 0.19 0.32
€ 0.17 0.85 0.24 1.79 0.21 1.40 0.21 0.37
d 0.15 0.85 0.24 2.13 0.21 1.55 0.21 0.29
€ 0.12 1.34 0.70 1.06 0.63 1.44 0.58 0.20

InN
This work 0.13 1.18 0.21 2.89 0.19 2.12 0.20 0.36
d 0.12 0.83 0.16 0.83 0.16 1.55 0.15 0.30
€ 0.10 2.18 0.89 2.29 0.93 3.10 0.79 0.30

aSelf-consistent FPLAPW method within local-density approximation from Ref. 25.
Empirical pseudopotential calculation from Ref. 35.

Calculated from Luttinger parameters from Ref. 50 using Etg). and (15).

dCalculated from recommended Luttinger parameters from Ref. 19 using Ejsand (15).
®Empirical pseudopotential calculation from Ref. 36.

Mo [100] B. Effective-mass approximation ofea-nitrides
(m* ) =71%272, To derive the Luttinger-like parameterd; and the
hh/ih valence- and conduction-band effective masses of wurtzite

phase nitrides, we make use of the effective-mass Hamil-

me | tonian in the cubic approximation as given by Suzuki
" =Y1+273, et al:?
m
hh/lh
F 0 —H* 0 K' 0
my | T y 0 A —H* 0 K*
-~ =5 (2717 727 373), (14 “H A \ 0 *
H= , (16)
o . 0O -H 0 A A I
where indices hh and |h denote the heavy-hole and light-hole K 0 | A G o

effective masses, respectively. The spin-orbit split-off-hole
(so effective mass is isotropically in the three directions and 0 K 0 I 0 F

is given b
9 Y whereF, G, H, |, K, A, \, and @ are defined as

F:A1+A2+)\+ 0,

Mo
— | =7 (15
mSO

GzAl_A2+)\+ 0,

The fitted hh, Ih, so, ane effective masses and published
results from other groups are given in Table VI.

As can be seen, the electron effective massgasaN is
in agreement with the experimental value of G-I&k01 as
given by Fanciulliet al>* The calculated electron effective

H=iAgk Kyt iky) — Ag(kytiky),

I =iAgk,(kyt+iky) +Az(k,+iky),

masses of3-AIN ( 8-InN) 0.23(0.13 are in agreement with K= Ag(kytiky)?,
the recommended values of 0.26.12 as given in the re-
view by Vurgaftmanet al® A=\2A,
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0.05 0.05
0.00 /
-0.05
=3 = o010
> >
g )
2 2 o015 |
w w
-0.20
—— E, E, E;with A, 20
A R E, with A; set to zero
-0.25 —-— E, with A; setto zero 0.25
-0.30 L L A -0.30 4
0.10 0.05 0.00 0.05 0.10 0.10 0.05 0.00 0.05 0.10
Ky Wave vector (A1) k, Ky Wave vector (A1) k,
FIG. 8. Valence-band structure afGaN near thd™ point cal- FIG. 9. Valence-band structure afGaN near thd" point cal-

culated by means of anisotropically screened model potentials. Theulated by means of isotropically screened model potentials. Note
valence band<€;, E,, andEj; in the k, and k, directions can the smaller crystal-field splitting in comparison to anisotropically
exactly be fitted using Eq18). screened model potentialBig. 8).

A 12 2,12 A,=As=1A,. k represents the wave vector ahdare the
A=Akt Ak, Luttinger-like parameters.
) 5 2 Without spin-orbit interaction, the energy-band dispersion
0=Agk; + Akt ky). (17 of thek-p Hamiltonian (A ,=A;=0,F=G,A=0) simplifies

' - to
Here A, corresponds to the crystal-field splitting energy,
A, and A; account for the spin-orbit interaction via E,=F'—-K’,

TABLE VII. Effective masses in units of free electron mass,, Luttinger-like parameters
A (i=1,...,6) inunits of #2/2m,, and A, in units of eV A for wurtzite phase AIN. The crystal-field
splitting energyA is given in units of meV.

Ref. This work a b c d e f
Aniso Iso
mﬂ 0.231 0.232 0.33 0.33 0.24 0.24 0.35 0.33
mé 0.242 0.242 0.25 0.25 0.25 0.25
mU,h 2.370 2.382 3.68 3.53 1.949 1.869 3.53 441
m'ﬂh 2.370 2.382 3.68 3.53 1.949 1.869 3.53 4.41
m, 0.209 0.209 0.25 0.25 0.229 0.212 0.26 0.27
mﬁh 3.058 3.040 6.33 10.42 2.584 2.421 11.14 2.18
mfh 0.285 0.287 0.25 0.24 0.350 0.252 0.33 0.29
méh 1.204 1.157 3.68 3.81 0.709 1.484 4.05 4.41
Aq —4.789 —4.794 -3.95 —4.06 —4.367 —4.711 —-3.86 —-3.74
A, —0.550 —-0.571 —-0.27 —-0.26 —0.518 —0.476 —-0.25 —-0.23
Aj 4.368 4.374 3.68 3.78 3.854 4.176 3.58 3.51
Ay —-1.511 —1.484 —-1.84 —1.86 —1.549 —1.816 —-1.32 —-1.76
Ag —-1.734 —-1.726 —-1.95 —2.02 —1.680 —1.879 1.47 1.52
Ag —1.816 —1.788 —-2.91 —2.103 —2.355 1.64 1.83
A 0.134 0.153 0 0 0.204 0.096 0
Ay —0.128 —0.160 —0.059 —0.059 —0.093 —0.093 —0.215

& PLAPW band-structure calculations from Ref. 50. Effective-mass parameters obtained through a 3D fitting
procedure within cubic approximation.

PEPLAPW band-structure calculations from Ref. 50. Effective-mass parameters obtained by a direct line fit.
€A; from Ref. 31 obtained through a Monte Carlo fitting procedure to the band structure and effective masses
calculated using Eq$20) and (21).

9Directk- p calculations forA; from Ref. 31 and effective masses obtained fildpusing Eqs(20) and(21).

®Direct fit of A, to first-principles band-structures from Ref. 28.

fA; and effective masses obtained in the quasicubic model from zinc-blende parameters from Ref. 28.
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TABLE VIII. Effective masses in units of free electron mass,, Luttinger-like parameters
A (i=1,...,6) inunits of #%/2my, and A, in units of eV A for wurtzite phase GaN. The crystal-field
splitting energyA; is given in units of meV.

Ref. This work a c d e f 9 h i i
aniso iso

m[‘3 0.138 0.138 0.20 0.20 0.14 0.14 0.19 0.19 0.19 0.19

mé 0.151 0.151 0.18 0.18 0.15 0.15 0.17 0.17 0.23 0.19

mj, 2000 2007 110 176 1479 1453 176 196 1.89 200 1.96
mj 2,000 2007 110 176 1479 1453 176 196 189 200 1.96
m,, 0130 0130 015 016 0130 0125 014 014 012 0.16 0.16
my, 2255 2249 165 1.61 1592 1595 1.69 1.87 200 2.04 1.20
mi, 0191 0261 015 014 0299 0236 014 014 015 018 0.16
ms 0567 0317 110 104 0252 0289 176 196 059 149 1.96
A, —7.692 —7.698 —6.56 —6.27 —7.706 —7.979 —7.14 —7.24 -721 -64 —6.36
A, —0575 —0.600 —0.91 —0.96 —0.597 —0581 —057 —0.51 -0.44 —0.50 —0.51
A; 7192 7200 565 570 7.030 7.291 657 673 668 59 585
A, —2855 —2.816 —2.83 —2.84 —3.076 —3.289 —3.30 —3.36 —3.46 —255 —292
As —2986 —2971 —3.13 —3.18 —3.045 —3.243 —328 —3.35 —340 256 2.60
As —3.360 —3.312 —4.86 —4.000 —4.281 -472 —-49 306 321
A, 0160 0171 P b 0.194  0.179 0 0 0.094 0.108 0
A, 0043 0023 0039 0038 0022 0.022 0.021 0.021 0.021 0.036

FPLAPW band-structure calculations from Ref. 21. Effective-mass parameters obtained through a 3D fitting
procedure within cubic approximation.

®A, in the range of 0.136 eV A has been set to zero.

°FPLAPW band-structure calculations from Ref. 21. Effective-mass parameters obtained by direct line fit.
da, from Ref. 31 obtained through a Monte Carlo fitting procedure to the band structure and effective masses
calculated using Eq$20) and (21).

Direct k- p calculations forA; from Ref. 31 and effective masses calculated using Exf3.and (21).
fEffective-masses and; from Ref. 34 obtained through a line fit to the band structure.

9Direct k- p calculation in a 3D fit from Ref. 34.

ha,; obtained through a direct fit from Ref. 52 and effective masses calculated usin¢2Bgand (21).

'Direct fit of A, to first-principles band-structure calculations from Ref. 28.

IA, and effective masses obtained in the quasicubic model from zinc-blende parameters from Ref. 28.

E,s=3(F +K'+N) =3 J(F +K' —\)Z+8H'2, (18  obtained via anisotropically screened model potentials,
’ which can only be correctly fitted by means of E§8) in-

where “+” and “ —” correspond to theE, andE; valence  cluding theA; parameter.
bands, respectivel\s’, K’, andH’ from Eq. (18) are de- The crystal-field splittingd; of GaN and InN is positive
fined by A, as follows: and therefore the effective masses of the three valence bands
E,, E,, and E; correspond to heavy-hole, light-hole, and
F’=A1+(A1+A3)k§+(A2+A4)(k§+ki), spin-orbit split-off-hole masses, respectively. On the other

hand, for AIN,A ;<0 and the effective massesBf andEg
correspond to the spin-orbit split-off-hole and light-hole

r_ 2
K'=As(k;+kj), mass, respectively. The hole mass#sandm® are given in
dependence on the Luttinger-like paramet@rsas follows.
H' = J(AZKZ+ AZ) (K2 + k)2/)_ (19 ml along thek-direction (k= ky=0):

As pointed out by Kinet al.,?® assuming thé\; parameter to Mo /M= — (A1 +Ag),

be zero leads to a crossing of the crystal-field split-off band
and the light-hole band near tfhepoint in wurtzite crystals.
However, the interaction of these two bands, which is de-
scribed by theA; parameter and lifts the degeneracy at the
crossing point, is allowed by symmetry and has absolutely to my/ mli‘;0= —A;. (20)
be included. Figure 8 shows the three highest-lying valence

bands exemplary for the-GaN band-structure calculation m* in the (k.ky) plane k,=0):

mo/m‘ﬂh= —(A1+Ay),
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TABLE IX. Effective-masses in units of free electron mass,, Luttinger-like parameters
A (i=1,...,6) inunits of #2/2my, and A, in units of eV A for wurtzite phase InN. The crystal-field
splitting energyA; is given in units of meV.

Ref. This work a b ¢ d
Aniso Iso
ml, 0.138 0.137 0.11 0.11 0.10 0.10
m 0.141 0.140 0.10 0.10 0.10 0.10
mi), 2.438 2.493 1.56 1.67 1.431 1.350
mi, 2.438 2.493 1.56 1.67 1.431 1.350
mi, 0.140 0.137 0.10 0.10 0.106 0.092
M 2.661 2.599 1.68 1.61 1.410 1.449
mi, 0.148 0.157 0.11 0.11 0.196 0.165
my, 3.422 1.446 1.39 1.67 0.209 0.202
Ay ~7.156 ~7.298 -9.62 -9.28 —9.470 —10.841
A, —0.244 —0.441 -0.72 —0.60 —0.641 —0.651
As 6.746 6.896 8.97 8.68 8.771 10.100
A, —3.340 —3.064 —-4.22 —4.34 —4.332 —4.864
As —3.208 —3.120 —4.35 ~4.32 —4.264 —4.825
As —4.303 —3.948 —6.08 —5.546 —6.556
A, 0.072 0.103 0 0 0.278 0.283
Ay 0.214 0.084 0.0375 0.0375

#ffective-masses andl; from Ref. 34 obtained through a line fit to the band structure.

®Direct k- p calculation in a 3D fit from Ref. 34.

‘A, from Ref. 31 obtained through a Monte Carlo fitting procedure to the band structure and effective masses
calculated using Eq$20) and(21).

dDirect k- p calculations forA; from Ref. 31 and effective masses calculated using Efi.and (21).

Mo/ Miy=— (A +As—Asg), tial parameters, these two screening approaches will be dealt
with in a further work where the model potential parameters
Mo /M= — (Ag+ Ay— Ag) — 2A§/|A1|, are directly extracted frona-nitride and not fromg-nitride

experimental data.
Mo /Ms,=— A+ 2A3/|A4|. (22)

The A; parameter strongly affects the effective masses. This V. CONCLUSIONS

can already be deduced from E@1) or from Fig. 8. The In the present work the electronic properties of the zinc-
influence of the different screening approaches is demorplende and wurtzite group-Iil nitride compound semiconduc-
strated in Figs. 8 and 9 that show the valence-band dispefors AIN, GaN, and InN were studied within the EPM ap-
sion near thd" point calculated by means of anisotropically/ proach. The adjustable parametefsand z of the ionic

isotropically screened model potentials. model potentials were obtained from zinc-blende experimen-
The results of the fitted effective masses using EBB)  tal data.

and (21) are given for AIN, GaN, and InN in Tables VI, The calculated band-structures and the obtained sets of

VIII, and IX, respectively. Luttinger parametersy; and direction-dependent effective

The results of our calculated electron effective masﬂas mMmasses of3-AIN, B-GaN, andB-InN are in agreement with
(mé) 0.23(0.24, 0.14(0.15, and 0.14(0.14 are in good other published results.
agreement with the values 0.28.32), 0.20(0.20, and 0.12 Exploiting the concept of transferable model potentials,
(0.12 recommended by Vurgaftmaet all® for «-AlIN, we calculated the band-structure of the corresponding group-
a-GaN, anda-InN, respectively. Also the crystal-field split- 11l nitrides in the wurtzite phase. It could be shown that the
ting energies-0.160, 0.023, and 0.084 obtained with isotro- transfer of ionic model potential parameters frgéa to
pically screened model potentials quite well agree with thex-nitrides gives reliable results for AIN and GaN. However,
values —0.164, 0.019, and 0.041 given by Vurgaftmanthere is no good agreement of the calculatedhN band
etall® for a-AIN, a-GaN, anda-InN, respectively. The structure with recently published experimental data of the
overestimation of crystal-field splitting energies obtained viafundamental transition energy. We, therefore, predict that the
band-structure calculations with anisotropically screenedand gap of higher-qualitg-InN samples will be at least 1.3
model potentials by at least a factor of 2 requires furthereV smaller than the experimental input data used for the fit
investigations. In order to compare the influence ofof the cationic In model potential. Furthermore, we have
isotropical/anisotropical screening on the fitted model potendemonstrated that the anisotropy of the wurtzite crystals can
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easily be included in band-structure calculations via aences thd -point properties of ther-nitrides including the
direction-dependent screening of the ionic model potentialseffective masses and the Luttinger-like parameters. We ex-
Its influence on the band structure is the largest atlthe pect that our approach to the construction of reliable, con-
point. For that reason the anisotropy of wurtzite group-llltinuous model potentials demonstrated here for the Ill-V-
nitrides must be included when determinifigooint effective  semiconductor constituents Al, Ga, In, and N, can also be
masses. Based on the calculated band-structures, we haygopted for constructing the model potentials for the con-
derived complete sets of Luttinger-like parametésand stituents of the more ionic I1-VI semiconductors. In addition
effective masses faw-AIN, a-GaN, anda-InN and demon-  to determining technologically relevant semiconductor bulk
strated that the Luttinger-like paramet®y is of importance  properties, the advantage of such transferable, continuous
for the determination of the effective masses. model potentials and an improved description of crystal spe-
Finally, we want to point out that the reliability of the cific anisotropies will become even more noticeable in de-
obtained results is baSica”y founded on two facts. On the Onﬁqanding band-structure calculations, as, for examp|e’ for
hand, we use one and the same analytical expression for tR@miconductor random alloy materials, superlattices or quan-
description of the ionic model potentials for bathand 5 tum dots which possess large unit cells.
nitride crystal structures. The continuous description of the
model potential in reciprocal space enables band-structure
calculations where the model potential is required at many
intermediate reciprocal lattice points. On the other hand we
also successfully apply an analytical expression for the We are grateful to G. Bum for providing the EPM
screening functiore(q) which allows the incorporation of pseudopotential parameter code. This work was supported by
the wurtzite lattice anisotropy. This anisotropy mostly influ- Deutsche Forschungsgemeinsclhigftant No. Gr1011/10J1
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