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We present a full band calculation of the doping-induced energy shifts of the conduction-band
minimum and the valence-band maximum forn- and p-type GaN and AlN. Both wurtzite and
zinc-blende structures have been considered. The resulting optical and reduced band-gap energies
are presented as functions of the ionized impurity concentration in the heavily doped regime. The
computational method is based on a zero-temperature Green’s function formalism within the
random phase approximation and with the local-field correction of Hubbard. The calculation goes
beyond the spherical approximation of the energy bands by using energy dispersions and overlap
integrals from a first-principle, full-potential band-structure calculation. Inclusion of the spin-orbit
interaction is crucial for describing the uppermost valence bands properly, and we show that the
nonparabolicity of the valence bands influences the energy shifts strongly, especially the shift of the
optical band gap. With the full band structure, we can explain the results of photoluminescence
measurements by Yoshikawaet al. @J. Appl. Phys.86, 4400~1999!#. © 2002 American Institute of
Physics. @DOI: 10.1063/1.1504499#
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I. INTRODUCTION

The III nitrides are wide-band-gap semiconductor ma
rials with low compressibility, good thermal stability, an
with chemical and radiation inertness.1,2 The comprehensive
investigations of the wurtzite~wz! structures have led to
commercial optoelectronic devices like GaN-based lig
emitting diodes and detectors working in the visible
ultraviolet region,1–3 as well as metal–semiconductor fiel
effect transistors.4 As a result of the recent progress in crys
growth, one can also produce thin films of zinc-blende~zb!
crystals,5–7 which opens up for further technological app
cations involving III-nitride alloys. In order to design sem
conductor devices properly, the effects on the semicondu
properties due to doping have to be made clear since do
can modify the band structure strongly.8,9

First, consider an undoped semiconductor where
HamiltonianĤ0 describes the interactions between the io
and the electrons of the intrinsic crystal. The eigenva
problem ofĤ0 results in the single-electron energiesEj

0(k)
for the electron states with wave vectork in the j th band.

a!Electronic mail: clas.persson@fysik.uu.se
3200021-8979/2002/92(6)/3207/10/$19.00
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The fundamental band gapEg
0 is the lowest energy needed t

promote one electron from the valence band to the cond
tion band~not considering the excitons!. In an n-type semi-
conductor, the crystal also consists of shallow donors wh
can be ionized thermally. However, also in the ze
temperature limit the donors are fully ionized if the dopa
concentration is above the critical concentrationNc for the
metal–nonmetal~MNM ! Mott transition.10 The electrons as-
sociated with the ionized donors give rise to a ‘‘gas’’ of fre
electrons in the conduction band. The crystal electrons in
act with the electron gas and the ionized donors stron
Since the III nitrides are polar materials, these interactio
are screened by the optical phonons. The additional inte

tions can be treated as a perturbation toĤ0 , that is,Ĥ5Ĥ0

1Ĥ1 where Ĥ1 is the perturbation Hamiltonian describin

the additional interactions. The eigenvalue problem ofĤ
yields the single-electron energiesEj (k). The energy shift
Ej (k)2Ej

0(k)5DEj (k)5Re@\Sj(k,Ej
0(k)/\)# is the real

part of the self-energy of the electron state. Electron state
both the conduction and the valence bands~one needs at
least one hole in the valence band to measure the band!
are affected by the additional screening of the electron g
7 © 2002 American Institute of Physics
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Normally, the self-energy of a conduction-band state is ne
tive and the self-energy of a valence-band state is posit
thereby yielding a smaller band gap:Eg,Eg

0. The descrip-
tion for n-type materials has a direct analogue forp-type
materials.

In the present work, the energy shifts of the conductio
band minimum and of the valence-band maximum have b
calculated as functions of ionized impurity concentration
n- and p-type wz-GaN, wz-AlN, zb-GaN, and zb-AlN. Th
self-energies have been worked out within the random ph
approximation ~RPA! with a local-field correction of
Hubbard.11–13 A simple approach to incorporate the ele
tronic structure of the intrinsic crystal@i.e., Ej

0(k)# would be
to use spherical energy dispersions. Also the overlap i
grals, contained in the description of the electron–elect
and electron-impurity ion interactions, can be parametri
within the spherical approximation. However, in this wor
we have used the full energy dispersions and the ove
integrals obtained from a relativistic, full-potential ban
structure calculation. We show that the nonparabolicity of
valence bands affects the calculated self-energies of
valence-band maximum. Moreover, in order to calculate
curately the optical band gap for semiconductors with dir
band gap, it is crucial to include a full description of th
uppermost valence bands. With the complete band struc
we can give a reliable explanation of the photoluminesce
~PL! results of wz-GaN:Si, presented by Yoshikawaet al.,14

as zero-phonon-induced recombinations of electrons in
conduction band and nonthermalized holes in the three
permost valence bands.

Throughout the article CGS units have been employ
We have taken into account the lowest conduction band (c1)
and the three uppermost valence bands~v1, v2, and v3,
wherev1 is the uppermost band!. In cubic materials,v1, v2,
and v3 correspond to heavy-hole, light-hole, and spin-or
split-off bands, respectively.

II. COMPUTATIONAL METHOD

The employed method for calculating the self-energy
by means of the RPA11,12 with a local-field correction of
Hubbard.13 We have considered interactions caused by
electron–electron exchange–correlation interaction,
electron-ionized impurity attraction, and the optical-phon
screening. A zero-temperature formalism has been used
the temperature enters our model only through its capab
to ionize the shallow impurities below the critical concent
tion for the Mott transition. Above the critical concentratio
the impurities are fully ionized even at zero absolute te
perature. The concentration for the Mott transition has b
estimated to be (1.0– 1.2)31018 cm23 and (3.3– 7.1)
31018 cm23 in zb-GaN:Si and zb-AlN:Si, respectively.15

The distribution of the impurity ions has been shown to be
major importance for the results,9,16 and the present calcula
tions are assuming a random distribution of impurities. Int
actions with the nonionized impurity atoms are neglect
Since we are treating only the ionized impurities, the cal
lation does not depend on the choice of type of dopant at
Downloaded 12 Dec 2012 to 200.128.60.106. Redistribution subject to AIP 
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The Coulomb potentialv(q)54pe2/q2 of the electrons
and the ionized impurities is screened by virtual transitio
across the fundamental band gap, resulting in the scree
Coulomb potentialv(q)/k(v), wherek~v! is the dielectric
function of the intrinsic crystal~the lattice dielectric func-
tion!. By including the Fro¨hlich’s electron-optical-phonon
coupling of large polarons and interpret the interaction as
additional screening ofv(q), the dielectric function is be-
coming frequency dependent also in the low-frequen
regime.12,17 The screened Coulomb potential compris
thereby not only the virtual transitions across the band g
but also the electron-optical phonon scattering.

A. Self-energies

The self-energy\S j (k,v) is expressed in terms of th
unperturbed electron Green’s function and of t
testparticle–particle dielectric functionẽ(q,v) of the elec-
tron gas ~given in Sec. II C!. We use the Rayleigh–
Schrödinger approximation,12 yielding \S j (k,v)
'\S j„k,z j

0(k)…, wherez j
0(k)5Ej

0(k)/\.
The self-energies below are derived forn-type materials,

but the corresponding expressions forp-type materials can
be obtained easily by treating the holes as particles and
electrons as antiparticles. This means the self-ene
\S j„k,z j

0(k)… should be replaced by2\S j„k,2z j
0(k)….

The unperturbed Green’s function describes the propa
tion of a noninteracting electron in the crystal andẽ(q,v)
describes the response of the electron gas due to a pert
tion of the electron distribution. The unperturbed, tim
ordered Green’s function is defined as

Gj
0~k,v!5

h j~k!

v2z j
0~k!2 id

1
12h j~k!

v2z j
0~k!1 id

, ~1!

whered is an infinitesimal, positive number andh j (k) is the
occupation number. If the cell-periodic partsuj s

0 (k,r ) of the
Bloch functions are assumed to be slowly varying functio
of r , then scattering due to the electron–electron interac
V̂ee can be approximated by

^k, j ;k8, j 8uV̂eeuk8, j 8;k, j &'
v~q!

k~v!
L j , j 8~k,k8! ~2!

L j , j 8~k,k8!5
1

2 (
s,s85↑,↓

U E druj s
0 ~k,r !uj 8s8

0
~k8,r !U2

,

~3!

where q5k82k and L j , j 8(k,k8) is the spin-independen
overlap integral.

The Hartree–Fock exchange interaction of the elect
gas is defined as the electron–electron interaction cause
the Pauli principle. Using the approximation of Eq.~2!, the
exchange part of the electron self-energy is given by8,9,12,18
license or copyright; see http://jap.aip.org/about/rights_and_permissions
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\S j
x
„k,z j

0~k!…5E dq

~2p!3 E dv

2p i

v~q!

k~v! (j 8
L j , j 8~k,k8!

3H Gj 8
0
„k8,v1z j

0~k!…

1
1

2 S 1

v1@z j 8
0

~k8!2z j
0~k!#2 id

2
1

v2@z j 8
0

~k8!2z j
0~k!#1 id D J ~4!

where the electrostatic self-interaction of the electron~the
second term! has been subtracted.

In the Hartree–Fock equation, the direct Coulomb te
of the electron repulsion is cancelled by treating the impu
ions as a uniform distribution of positive charges. The
maining Coulomb repulsion of the electrons is ascribed
the correlation interaction. The correlation self-energy can
written as8,9,12,18

\S j
c
„k,z j

0~k!…5E dq

~2p!3 E dv

2p i

v~q!

k~v! S 1

ẽ~q,v!
21D

3(
j 8

L j , j 8~k,k8!Gj 8
0
„k8,v1z j

0~k!…. ~5!

Finally, the self-energy from the electron-ionized don
interaction, assuming a random distribution of the ions w
infinitely large masses, is given by8,9,17

\S j
ion
„k,z j

0~k!…52
ND

1

\ E dq

~2p!3 S v~q!

k~0!ẽ~q,0! D
2

3(
j 8

L j , j 8~k,k8!Gj 8
0
„k8,z j

0~k!…. ~6!

The electron–donor ion interaction describes the relaxa
of the electrons around the ionized donorsND

1 and the result-
ing inhomogeneity of the electron gas is thus compris
here. Since the cancellation of the direct Coulomb term
ready has been taken into account in the correlation ene
Eq. ~6! describes the self-energy from the difference in
electron density between a system with uniform distribut
of the ion charges and a system of point-like ions.

B. Electronic band structure of the intrinsic crystal

The energy dispersionsEj
0(k) of the intrinsic crystals

have been calculated using a full-potential linearized a
mented plane wave~FPLAPW! method, within the general
ized gradient approximation~GGA! to the density functiona
theory ~DFT!. A software program19 with a fully relativistic
Hamiltonian and with the correlation potential of Perdew a
Wang20 and the exchange potential of Engel and Vosko21 was
used. This exchange-correlation potential has been show
give good energy dispersions for semiconductors with dir
band gap, like InN and GaAs.22,23We have employed experi
mental values of the lattice constants and the internal lat
Downloaded 12 Dec 2012 to 200.128.60.106. Redistribution subject to AIP 
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parameter: a53.190 Å, c55.189 Å, and u50.377 for
wz-GaN,24 a53.110 Å, c54.980 Å, and u50.3821 for
wz-AlN,24 a54.49 Å for zb-GaN,25 and a54.38 Å for
zb-AlN.26

Since the III nitrides lack inversion symmetry, the ave
age spin-independent eigenvalues were obtained asEj

0(k)
5@Ej↑

0 (k)1Ej↓
0 (k)#/2 where↑ and ↓ are the spin-up and

spin-down-like states. More information of the electron
structure calculation of intrinsic GaN and AlN can be fou
in Refs. 27 and 28.

The DFT/GGA is well known to underestimate the fu
damental band gap~see Table I!.7,27,29–38However, one nor-
mally believes that the band curvatures can be described
curately by the GGA, at least for wide-band-ga
semiconductors. The band curvatures of the lowest cond
tion band of all four crystals were found to be essentia
parabolic in all direction ink space and in the energy regim
of interest here. We, therefore, use ellipsoidal energy dis
sions for these materials, described by the three princ
effective electron masses~Table I!. Our calculated effective
masses are in good agreement with calculations perfor
by Stampfl and Van de Walle;39 Städele et al.;40 Vogel,
Krüger, and Pollmann;41 Park and Chuang;42 Suzuki,
Venoyama, and Yanase;43 Ramoset al.;44 Kim, Lambrecht,
and Segall;45 and Vurgaftman, Meyer, and Ram-Mohan.30 In
Table I we also show the corresponding measured values~in
brackets!.

The overlap integrals related to scattering within one a
the same minimum of the lowest conduction ba

TABLE I. Calculated and experimental~in brackets! band-gap energiesEg
0,

position of the conduction-band minimum, crystal-field splittingDcf , spin-
orbit split-off energyDso, and effective electron masses of the intrins
crystals.

Minimum

GaN AlN

wz zb wz zb

G G G X

Eg
0 ~eV! 2.50 2.41 5.04 4.23

3.55a 3.44a 6.05a 5.17a

~3.50,b 3.51c! ~3.3,d 3.2e! ~6.28f! ~5.34g!

Dcf ~meV! 24.5 213
~29,h 39i!

Dso ~meV! 4.7 10.4 12.5 18.4
~8,h 8i! ~17c!

mc1,' (m0) 0.21 0.20 0.34 0.36
~0.22,j 0.222,k 0.23l!

mc1,i (m0) 0.19 0.20 0.32 0.54

aReference 27, LDA calculation with a quasiparticle band-gap correctio
bReference 29.
cReference 30.
dReference 31.
eReference 32.
fReference 33.
gReference 7.
hReference 34.
iReference 35.
jReference 36.
kReference 37.
lReference 38.
license or copyright; see http://jap.aip.org/about/rights_and_permissions
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Lc1,c1(k,k8) were found to be close to 1 for a set ofk andk8
near theG point. Furthermore, it has been shown16 that in-
tervalley scattering between stats in different equival
minima gives only a minor contribution to the self-energ
for crystals with random distribution of impurities compar
to the intravalley scattering. Intervalley scattering is, the
fore, neglected in zb-AlN, which has three equivale
conduction-band minima located at theX points.

The energy dispersion of the valence-band maximum
in general very nonparabolic mainly because of the sp
orbit interaction. Also, thep-like valence bands have differ
ent curvatures in differentk-space directions. In Fig. 1, th
electronic structure near the valence-band maximum
shown along two symmetry directions. Moreover, due to
symmetry of thep-like eigenfunctions at the valence-ban
maximum, the energy bands of zb structures cannot be
scribed by ellipsoidal functions even at the vicinity of theG
point. In fact, the values of the effective hole masses at thG
point depend very strongly on thek direction. In wz-GaN the
nonparabolicity in theS direction is obvious for energie
about 4 meV below the valence-band maximum. The upp
most valence band in wz-AlN~which is the crystal-field
split-off band, in contrast to wz-GaN! is almost unaffected
by the spin-orbit interaction, and therefore an ellipsoidal
scription of this band is sufficient. Noticeably, the valenc
band maximum in zb-AlN is not at theG point if the spin-
orbit interaction is excluded, whereas the fully relativis
calculation yields a maximum at theG point.

The energy dispersions of the three uppermost vale
bands@i.e., Ej

0(k), j 5v1, v2, andv3# have been calculate
and the energy bands are represented on a mesh of a
23 000k points in the first Brillouin zone, mainly concen
trated about theG point. For calculating the doping-induce

FIG. 1. Energy dispersions of the valence-band maximum in wz and
GaN and AlN, obtained from a relativistic, full-potential LAPW calculatio
The dotted lines represent the results in the absence of the spin-orbit
pling.
Downloaded 12 Dec 2012 to 200.128.60.106. Redistribution subject to AIP 
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energy shift of the valence-band maximum the relevant ov
lap integrals areLv1,j (0,q) with j 5v1, v2, and v3. The
overlap integrals are represented on the same meshk
points as the energy bands.

C. Dielectric functions

The frequency-dependent lattice dielectric functionk~v!
is expressed in terms of the statick~0! and high-frequency
k~`! limits. The phonons involved in the screening are t
longitudinal optical ~LO! phonons with long
wavelengths,12,17 approximated to have constant phonon d
persion\vLO . The lattice dielectric function for isotropic
materials is then given by12,17

1

k~v!
5

1

k~`!
2

@k~0!2k~`!#vLO

2k~0!k~`! S 1

v1vLO2 id

2
1

v2vLO1 id D . ~7!

We have employed experimental values1 for the lattice di-
electric function: \vLO592 meV, k(0)59.98, andk(`)
55.60 for wz-GaN and\vLO5110 meV, k(0)59.14, and
k(`)54.84 for wz-AlN. Calculations of the phonon fre
quencies by Kim, Lambrecht, and Segall46 are in close agree
ment with the measured values.1,47–51

The anisotropy of the dielectric function of the wz stru
tures has been shown to be small in the materials consid
here @k'(0)59.44, k i(0)59.62, k'(`)55.76, andk i(`)
55.88 in GaN, andk'(0)57.91, k i(0)58.22, k'(`)
54.53, andk i(`)54.72 in AlN#,27,47 and we therefore use
the isotropic lattice dielectric functions. Moreover, we a
sume that the zb structures have the same lattice diele
function as the corresponding wz structures. This assump
is supported by calculations of the optical properties of
and zb III nitrides in Refs. 42, 46, and 52–54, and by sp
troscopic ellipsometry measurements of Logothetidiset al.50

Within the RPA,11,12 and with the local-field correction
f̄ (q), the testparticle–particle dielectric function of the ele
tron gas~the hole gas, in the case ofp-type doping! is related
to the polarizabilitya0(q,v) by8,9,11

ẽ~q,v!511@12 f̄ ~q!#a0~q,v!, ~8!

a0~q,v!52
2

\

v~q!

k~v!
E dk

~2p!3 E dv8

2p i (
j , j 8

L j , j 8~k,k8!

3Gj
0~k,v8!Gj 8

0
~k8,v81v!, ~9!

where the summation runs over all conduction~valence!
bands, which are populated by the electron~hole! gas. The
free-electron~hole! concentrationn5ND

1 (p5NA
2) fills the

conduction band~valence bands! up ~down! to the Fermi
energyEF

c (EF
v ). Forp-type doping, the number of populate

valence bandslv depends on the hole concentration.
In order to evaluate the integral for the polarizability a

thereby get an analytic expression fora0(q,v),8,18 the en-
ergy dispersions of the Green’s functions in Eq.~9! are ap-
proximated using ellipsoidal energy dispersions and set
the overlap integrals to unity. In this approximation the e

b

u-
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ergy bands are represented by the density-of-states effe
masses.8 This is a very reasonable approximation forn-type
doping. However, forp-type doping one needs to includ
some effects from the nonparabolic behavior of the valen
band maximum. We have, therefore, used concentrat
dependent density-of-states effective massesmv1(p),
mv2(p), and mv3(p). These masses are chosen in suc
way that the resulting Fermi energy of the hole gasEF

v co-
incides with the Fermi energy obtained using the numer
energy dispersion from the full band-structure calculati
This way of treating the valence bands has been found
give accurate results.8,55 The reason for that is directly re
lated to the occupation number and of the poles of
Green’s functions. An accurate description of the Fermi
ergy is more important for calculating the polarizability th
having the exact description of the curvature of the ene
bands. However, an accurate description of the energy b
is important for calculating the self-energies via Eqs.~4!–
~6!. The calculated carrier concentration density-of-states
fective masses are presented in Fig. 2.

In wz-GaN the energy difference between the upperm
and the second uppermost valence band isEv1

0 (0)2Ev2
0 (0)

54.7 meV ~see Fig. 1!, and for p-type doping the second
uppermost valence band starts to be populated at abop
5331018 cm23. The third uppermost valence ban
@Ev1

0 (0)2Ev3
0 (0)526.9 meV# starts to be populated at abo

p5131020 cm23. Since the corresponding energy diffe
ences in wz-AlN are large@Ev1

0 (0)2Ev2
0 (0)5207 meV and

Ev1
0 (0)2Ev3

0 (0)5219 meV#, neither the second nor the thir
band will be populated for any concentration conside
here. In zb-GaN and zb-AlN, the energy difference betwe
the doubly degenerate uppermost valence bands at thG
point and the third uppermost valence band is calculate
beEv1,v2

0 (0)2Ev3
0 (0)510 and 18 meV, respectively. The on

set of populating the third uppermost valence band in
GaN is at about 131020 cm23. However, the uppermost va
lence band in zb-AlN is very flat~see Fig. 1!, yielding a large
onset for populating the third band~about 431020 cm23!.
These differences in the energy dispersions between the
crystals are reflected in the self-energies~see Sec. III!.

The local-field correction is calculated according
Hubbard,13 which mainly takes account of the exchange h

FIG. 2. Concentration-dependent density-of-states effective hole ma
mv1(p) ~solid lines!, mv2(p) ~dashed lines!, andmv3(p) ~dotted lines! used
for calculating the polarizabilitya0(q,v).
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around the electron. Forn-type materials the averaged loca
field correction is8

f̄ ~q!5
1

2lc
2 (

i

Ec1
0 ~Dk i1q!

Ec1
0 ~Dk i1q!1EF

c , i 51,2,...,lc , ~10!

where Dk i5k i1km is the vector between thelc different
equivalent minima and one chosen conduction-band m
mum atkm . Analogously, forp-type materials the average
local-field correction is8

f̄ ~q!5
1

2lv
2 (

j

Ej
0~q!•u„Ej

0~0!2EF
v
…

Ej
0~q!1EF

v , j 5v1, v2, v3,

~11!

whereu(x) is the unit step function.

III. RESULTS

A. n-type GaN and AlN

The doping-induced energy shifts of the conductio
band minimumDEc1 and of the valence-band maximum
DEv1 in n-type materials are obtained as

DEc15Re@\Sc1
x
„km ,zc1

0 ~km!…1\Sc1
c
„km ,zc1

0 ~km!…

1\Sc1
ion@„km ,zc1

0 ~km!…#, ~12!

DEv15Re@\Sv1
c
„0,zv1

0 ~0!…1\Sv1
ion
„0,zv1

0 ~0!…#. ~13!

The shift of the valence band does not contain an excha
contribution since the band is fully occupied by electro
~apart from a few empty states needed for measuring
band gap and normally induced through excitation!, and the
exchange interaction is, therefore, already contained in
intrinsic valence-band structure. In Fig. 3, the energy sh
DEc1 andDEv1 as functions of the ionized donor concentr
tion ND

1 are presented~solid lines!. The numerical error is
below 1 meV. Comparison between the present RPA ca
lation and similar methods~the Hartree–Fock method
Thomas–Fermi method, etc.! has been discussed by, for in
stance, Mahan,12 Berggren and Sernelius,9 and Abram, Rees
and Wilson.56

The dashed lines in Fig. 3 represent the correspond
calculation with the approximation of using spherical ener
dispersions of the valence bands, described by the cons
density-of-states hole massesmj (p50) with j 5v1, v2, and
v3. Furthermore, in this spherical approximation the over
integrals of the valence bands are given byLv1,j 8(0,q)
5dv1,j 8 for wz structures and Lv1,v1(0,q)5@1
13 cos2 (u)#/4, Lv1,v2(0,q)53 sin2 (u)/4, and Lv1,v3(0,q)
50 for zb structures whereu is the angle betweenq and the
kx axis. The overlap integrals for the cubic crystals we
derived by assuming spherical energy dispersions of the
lence bands.57

The resulting reduced band-gap energy is obtained
Eg5Eg

01DEg5Eg
01DEc12DEv1 . The optical band gap is

defined as the energy of zero-phonon-induced recomb
tions. For semiconductors with a direct band gap the opt
band gap is given byEg

opt5Eg1DEBM , whereDEBM is the
Burstein–Moss shift,58,59 which arises from the band filling
that is, the vertical transitions from the conduction-ba

es
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states atEF
c with the Fermi wave vectorkF to the corre-

spondingk states of nonthermalized holes in the valen
bands. Thus, for direct band-gap materials the Burste
Moss shift is given by

DEBM, j~kF!5@„Ec1~kF!2Ec1~0!!] 1@Ev1~0!2Ej~kF!#

~direct band gap!, ~14!

where j 5v1, v2, v3, andEc1(kF)5EF
c . One needs the ful

k dependence of the energy dispersion of the valence b
in order to calculate the Burstein–Moss shift properly. F
semiconductors with indirect band gap, there are no ze
phonon-induced recombinations since there are free elect
only at the conduction-band minimum.~The probability for
vertical transitions is very small.! One, therefore, refers to
the ‘‘optical band gap’’ as the nonvertical transitions from t
Fermi energy to the thermalized hole state at the valen
band maximum. The Burstein–Moss shift is thus giv
by58,59

DEBM5EF
c 2Ec1~0! ~ indirect band gap!. ~15!

FIG. 3. Energy shift of the lowest conduction-band minimumDEc1 and of
the uppermost valence-band maximumDEv1 in n-type wz-GaN, wz-AlN,
zb-GaN, and zb-AlN. The solid lines represent the full band calculatio
whereas dashed lines are corresponding calculations within the sph
approximation.
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In Fig. 4, we present the reduced band gap and the
ergy differences which correspond to transitions to the th
uppermost valence bands~v1, v2, andv3! in two symmetry
directions ~' and i for wz structures andD and S for zb
structures!. The inset in Fig. 4~a! shows schematically the
different transitions. We assume no band distortion due to
doping.

The energy of the optical transitions in wz-GaN@Fig.
4~a!# depends strongly on thek vector of the recombining
electron–hole pair. This is a result of the valence bands h
ing a different energy dispersion along the transverse and
longitudinal directions, which is reflected in the Burstein
Moss shift, and thereby also in the optical band gap. Fig
4~a! shows only transitions in the two main symmetry dire
tions, and, thus, a recombination in an arbitrary direction c
have a recombination energy between the energy for
transverse and the longitudinal directions. In Fig. 4~a!, we
also present the nonvertical~nv! transition to the valence
band maximum~dashed line!. The circles and squares are th
low-energy and the high-energy cutoff PL results
Yoshikawaet al.,14 obtained from a 1–2.5mm Si-doped GaN
layer on an undoped buffer GaN layer, using metal–orga
chemical vapor deposition. In Ref. 14, an estimate ofDEg

,7 meV due to strain is reported. It has been shown60 that
using constant hole masses for describing the energy dis
sion, the PL results cannot be fully explained. However, w
the full band structure, we can identify the PL results
Yoshikawaet al. as different vertical transitions to the thre
uppermost valence bands in different directions of thek
space.

,
cal

FIG. 4. Reduced band gapEg , the k-dependent optical band gap~to the
three valence bandsv1, v2, andv3; cf. Fig. 1!, and the nonvertical energy
gap ~nv, dashed line! in ~a! wz-GaN, ~b! zb-GaN, ~c! wz-AlN, and ~d!
zb-AlN, obtained from the full band-structure calculation. The inset in~a!
shows schematically the different transitions. The circles and squares i~a!
represent the PL measurements of wz-GaN:Si by Yoshikawaet al. ~Ref. 14!,
and the squares in~b! represent the PL measurements of wz-GaN:Si done
Fernandezet al. ~Ref. 15!.
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Yoshikawaet al.14 interpreted their results as originatin
from the reduced band-gap and nonvertical transitions to
valence-band maximum, thus without conservation of m
mentum. First, our calculated reduced band gap is m
smaller than the energy of the low-energy PL edge. ForND

1

5131019 cm23, the calculated shift is about twice as larg
as the corresponding measured low-energy edge. Second
phonon-induced nonvertical transitions are normally mu
less probable than the corresponding vertical transition
semiconductors with direct band gap. According to Fig. 4~a!,
both the low-energy edge and the high-energy cutoff of
PL spectra can be explained as the zero-phonon-induce
combinations.

In order to strengthen the arguments that the PL res
could come from vertical transitions, we have simulated
PL spectra of Yoshikawaet al.14 by calculating the joint
density-of-states weighted by the Fermi–Dirac distribut
function f FD(x) for the electrons and a chosen distributi
function for the holes f v„Ej (k)…5exp@2uEj(k)1EF

c

2Egu/a#:

I ~v!5(
j

1

~2p!3 E d„v2@Ec1~k!2Ej~k!#…

3 f v„Ej~k!…f FD„Ec1~k!…dk,
~16!

j 5v1,v2,v3

Thus, f v favors a distribution of holes with wave vecto
nearkF in order to simulate a transition probability whic
favors direct transitions. By fitting the parametera to 0.008
eV we can reproduce the PL spectra fairly accurately for b
ND

153.831018 and 8.231018 cm23 ~see Fig. 5!. Thus, our
calculations suggest that the PL spectra of Yoshikawaet al.
describe zero-phonon-induced recombinations between e
trons at the Fermi level and nonthermalized holes in the
ferent valence bands. We hope this result will motivate f
ther investigations of band-gap shifts in wz-GaN:Si.

The calculated optical band gap of zb-GaN@Fig. 4~b!# is
not in agreement with the PL measurements of Fernan

FIG. 5. Estimate~dashed lines! of the zero-phonon-induced transition pro
ability @Eq. ~17!# of wz-GaN:Si using the full band structure. The solid lin
are the PL result of Yoshikawaet al. ~Ref. 14! at the absolute temperatur
T52 K.
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et al.15 of zb-GaN:Si@squares in Fig. 4~b!#. Their results of
Eg

opt53.290, 3.3208, and 3.343 eV forND
151.731019, 3.9

31019, and 6.231019 cm23, respectively, are close to th
band gap of intrinsic zb-GaN@Eg

053.2– 3.3 eV~Refs. 31 and
32!#. Also, for zb-GaN, we hope our calculations will mot
vate further investigations.

The differences in the optical band-gap energies betw
wz-GaN and wz-AlN arise from the different valence-ba
maxima of the two crystals. In contrast to wz-GaN, the u
permost band in wz-AlN is the crystal-field split-off ban
with a band maximum more than 200 meV above the sec
and the third uppermost bands. One can, therefore, ex
that only the uppermost band is important for low elect
field transport properties in wz-AlN. However, the shift
the reduced band gap is quite comparable in the two
crystals.

The differences in both the reduced and the optical b
gap between zb-GaN and zb-AlN arise mainly from the co
duction band. wz-GaN has only one minimum, whereas
AlN has three equivalent minima that affect the band fillin
Furthermore, the effective electron masses are larger in
AlN than in zb-GaN~see Table I!. This makes the band-ga
shift and the Burstein–Moss shift much smaller in zb-AlN

B. p-type GaN and AlN

The doping-induced energy shifts of the conductio
band minimumDEc1 and of the valence-band maximum
DEv1 in p-type materials are, according to the discussion
the previous sections, given by

DEc152Re@\Sc1
c
„km ,2zc1

0 ~km!…

1\Sc1
ion
„km ,2zc1

0 ~km…!#, ~17!

DEv152Re@\Sv1
x
„0,2zv1

0 ~0!…1\Sv1
c
„0,2zv1

0 ~0!…

1\Sv1
ion
„0,2zv1

0 ~0!…#. ~18!

In Fig. 6, the energy shiftsDEc1 and DEv1 as functions of
ionized acceptor concentrationNA

2 are presented~solid
lines!. The dashed lines in Fig. 6 represent the spherical
proximation of the energy dispersion and the overlap in
grals. For low ionized acceptor concentrations the spher
approximation gives a fairly good description of the ener
shifts. This is what could be expected, since the emplo
crystal parameters within the spherical approximation w
chosen in order to describe the energy dispersion at the
top of the valence bands. For large hole concentrations, h
ever, the spherical approximation of the valence bands f
to describe the true Fermi energy, and the resulting ene
shifts differ from the results obtained using the numeri
energy dispersions. The details in the curvatures ofDEc1 and
DEv1 , especially for the hexagonal crystals, can be
plained directly from the energy dispersion of the three
lence bands~cf. Sect. II C and Figs. 1 and 2!. For different
hole concentrations, the number of populated valence ba
differs. This will have a direct consequence on the polar
ability of the hole gas, and thus also affects the self-energ
Increasing the number of populated bands tends to reduce
band-gap shift.
license or copyright; see http://jap.aip.org/about/rights_and_permissions
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The resulting reduced band gapEg5Eg
01DEc12DEv1

and optical band gapEg
opt in p-type doped GaN and AlN are

shown in Fig. 7. The optical band gap is obtained as
zero-phonon-induced recombinations, except in the cas
zb-AlN where the indirect recombinations are assumed
occur between the states atkF in the valence bands to th
conduction-band minimum at theX point ~cf. Sec. III A!. The
inset in Fig. 7~d! shows schematically the different trans
tions. There are no experimental results for the dopi
induced band-gap narrowing inp-type GaN or AlN.

The effects on the optical band gap due to the nonp
bolicity can be seen in Figs. 7~b! and 4~b! for zb-GaN. The
spherical approximation would result in the same transit
energies in theS direction as in theD direction ~v1S
5v1D and v2S5v2D! since the effective mass tensor
considered to be constant~i.e., spherical mass!. The full
band-structure calculations yield, however, completely d
ferent results. Moreover, in the calculations of Ref. 6
spherical energy dispersion is used also for the hexag
structures. That resulted inv1'5v1i and v2'5v2i ,
which can be compared to the corresponding results in F
7~a!, 7~c!, 4~a!, and 4~c!.

FIG. 6. Same as Fig. 3, but forp-type doping.
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By comparing Figs. 7 and Fig. 4, one notices that t
shift of the reduced band gap is much smaller inp-type
doped GaN and AlN~for both zb and wz structures! than in
correspondingn-type doped materials. Moreover, from Fig
6, it is clear that the nonparabolicity reduces the energy s
We have seen this effect also inp-type Si and inp-type
GaAs.23,55 Like in the case ofn-type doping, the differences
in the optical band gap between GaN and AlN~for both zb
and wz structures! arise mainly from the different valence
band maxima of the crystals. Since we now also have b
filling of the valence bands~which yields a screening cause
by the hole gas!, the differences are more pronounced f
p-type doping than for correspondingn-type doping.

In wz-AlN, neither the second nor the third uppermo
valence band contribute to the hole-gas polarizability. Sin
there are no empty states in these valence bands, we do
expect optical transitions from these bands. In wz-GaN,
tical recombinations between states in the conduction b
states in the uppermost valence band~in both the@100# and
the @001# directions! as well as in the second uppermost v
lence band~in the @001# direction! result in large photon
energies. Thus, the nonparabolicity has a strong effect on
reduced band gap inp-type materials, and on the optica
band gap in bothn- andp-type materials, except in the cas
of wz-AlN which has a parabolic valence-band maximum

The very flat curvature~i.e., the large density of states!
of the uppermost valence band in zb-AlN results in a ve
low Fermi energy, and thus the optical band gap~here, the
nonvertical transitions! is close to the reduced band gap.
zb-GaN, it is the uppermost valence band in the@110# direc-
tion that yields the largest shift of the optical band gap.

IV. SUMMARY AND DISCUSSION

The doping-induced energy shifts of the lowe
conduction-band minimum and the uppermost valence-b

FIG. 7. Same as Fig. 4, but forp-type doping.
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maximum have been calculated forn- and p-type wz-GaN,
wz-AlN, zb-GaN, and zb-AlN using the RPA with the Hub
bard local-field correction. The spin-orbit interaction affec
the energy dispersion of the uppermost valence bands,
we have shown that the nonparabolicity of the bands ha
strong impact on the resulting self-energies. Similar res
have been reported forp-type Si and GaAs,23,55 where better
agreement between calculations and measurements wa
tained with a full description of the valence bands.

With the full band-structure calculation of the reduc
and the optical band-gap energies, we have identified the
spectra of Yoshikawaet al.14 as zero-phonon-induced recom
binations of electrons in the conduction band and nonth
malized holes in the three uppermost valence bands.

In the calculations of the optical band gap, we assum
that the band curvatures, for describing the band filling,
not modified by the doping. However, it has been show28

that for very high-impurity concentration there will be a ba
tailing in GaN and AlN, mainly due to the polaron couplin
This band distortion will increase the optical band-gap
ergy slightly. From Ref. 28, we can estimate this effect
n-type GaN to be less than 8 and 25 meV forND

15131018

and 131019 cm23, respectively.
Strain has an important role in the growth of the nitride

Strain is also technologically interesting since it can suppr
Auger recombinations. In the present work, we have inv
tigated the band-gap narrowing of unstrained materials o
In the PL measurements on wz-GaN of Yoshikawaet al.,14

the affect on the band gap due to strain is estimated to
smaller than 7 meV.

The method of calculating the band-gap shifts was ba
on a zero-temperature formalism and the results are in a s
sense valid only for impurity concentration above the co
centration for the MNM transition, which is abou
(1.0– 1.2)31018 cm23 in zb-GaN:Si and (3.3– 7.1)
31018 cm23 in zb-AlN:Si.15 For n-type Si, a finite-
temperature RPA calculation has been performed
Sernelius61 and by Thuselt and Ro¨sler,62 showing that the
zero-temperature calculation is a good approximation for
culations ofDEc1 even at finite temperatures, mainly due
compensating effects between the correlation and the
change interactions. However, inn-type ~p-type! materials
DEv1 (DEc1) does not depend on the exchange energy
this shift might, therefore, be more affected by the tempe
ture. Nevertheless, it is believed that the zero-tempera
calculations presented here can, with reasonable accurac
applied for finite temperatures for concentrations below
Mott transition where the impurities are partly or fully ion
ized thermally.
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Bristol, 1988!.

62F. Thuselt and M. Ro¨sler, Phys. Status Solidi B130, 661 ~1985!.
license or copyright; see http://jap.aip.org/about/rights_and_permissions


