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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 for and p-type GaN and AIN. 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 Yoshikawaal.[J. Appl. Phys86, 4400(1999]. © 2002 American Institute of
Physics. [DOI: 10.1063/1.1504499

I. INTRODUCTION The fundamental band geﬁg is the lowest energy needed to

The Il nitrides are wide-band-gap semiconductor ma,[e_promote one electron from the valence band to the conduc-

rials with low compressibility, good thermal stability, and tion band(not considering the e>.<C|tohsIn ann-type semi- )
with chemical and radiation inertnes8The comprehensive conductor, the crystal also consists of shallow donors which
investigations of the wurtzitéwz) structures have led to Can be ionized thermally. However, also in the zero-
commercial optoelectronic devices like GaN-based lightlemperature limit the donors are fully ionized if the dopant
emitting diodes and detectors working in the visible— concentration is above the critical concentratiép for the

it~ 210
ultraviolet region'~3 as well as metal—semiconductor field- Metal-nonmetalMNM) Mott transition:™ The electrons as-
effect transistor$ As a result of the recent progress in crystal Sociated with the ionized donors give rise to a “gas” of free
growth, one can also produce thin films of zinc-bleride) electrons in the conduction band. The crystal electrons inter-
crystals®™’ which opens up for further technological appli- act with the electron gas and the ionized donors strongly.
cations involving llI-nitride alloys. In order to design semi- Since the Il nitrides are polar materials, these interactions
conductor devices properly, the effects on the semiconductdire screened by the optical phonons. The additional interac-
properties due to doping have to be made clear since dopingbns can be treated as a perturbatiorHtg, that is,H=H,
can modify the band structure strony. +H, whereH, is the perturbation Hamiltonian describing

F.|rst,. co[13|der a.n undopfad semlconductor where. th(?he additional interactions. The eigenvalue problemfFbf
HamiltonianH, describes the interactions between the I0NSje|ds the single-electron energigs(k). The energy shift
and the elgctrons of_the |ntr_|n5|c crystal. The e'genvaluan(k)—E?(k)=AEj(k)=Re[ﬁEj(k,E?(k)/ﬁ)] is the real
problem ofH, results in the single-electron engrgE&(k) part of the self-energy of the electron state. Electron states in
for the electron states with wave vectorin the jth band.  poih the conduction and the valence baridee needs at
least one hole in the valence band to measure the band gap
¥Electronic mail: clas.persson@fysik.uu.se are affected by the additional screening of the electron gas.

0021-8979/2002/92(6)/3207/10/$19.00 3207 © 2002 American Institute of Physics
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Normally, the self-energy of a conduction-band state is nega- The Coulomb potentiab (q) =4me?/q? of the electrons
tive and the self-energy of a valence-band state is positiveand the ionized impurities is screened by virtual transitions
thereby yielding a smaller band gagg< Eg. The descrip- across the fundamental band gap, resulting in the screened
tion for n-type materials has a direct analogue fetype  Coulomb potentiab (q)/«(w), wherek(w) is the dielectric
materials. function of the intrinsic crystalthe lattice dielectric func-

In the present work, the energy shifts of the conductiontion). By including the Fralich’'s electron-optical-phonon
band minimum and of the valence-band maximum have beeooupling of large polarons and interpret the interaction as an
calculated as functions of ionized impurity concentration foradditional screening of (q), the dielectric function is be-

n- and p-type wz-GaN, wz-AIN, zb-GaN, and zb-AIN. The coming frequency dependent also in the low-frequency
self-energies have been worked out within the random phasegime!®!’ The screened Coulomb potential comprises
approximation (RPA) with a local-field correction of thereby not only the virtual transitions across the band gap,
Hubbard' =13 A simple approach to incorporate the elec- but also the electron-optical phonon scattering.

tronic structure of the intrinsic crystéile., E?(k)] would be

to use spherical energy dispersions. Also the overlap inte-

grals, contained in the description of the electron—electron

and electron-impurity ion interactions, can be parametrized

within the spherical approximation. However, in this work, A. Self-energies

we have used the full energy dispersions and the overlap The self-energyiS (k) is expressed in terms of the
integrals obtained from a relativistic, full-potential band- unperturbed electronj Green's function and of the
structure calculation. We show that the nonparabolicity of thetestparticle—particle dielectric functicé(q,®) of the elec-

valence bands affects the calculated self-energies of tht‘?on gas (given in Sec. 11G. We use the Rayleigh—
valence-band maximum. Moreover, in order to calculate aCSchr"cdinger approxim;altioﬁé yielding 53 (K, o)
1 ] 1

curately the optical band gap for semiconductors with direct%ﬁzl(k 2(k)), whereZ%(k)=E°(K)/4
NN ’ j i :

band gap,t I ||s cructl)al ;o IT/?I!'l[Jhd(taha full dlestcrlé)tlog C;f thte The self-energies below are derived fetype materials,
Uppermost valence bands. Wi € complete band Sructulig 4 e corresponding expressions fetype materials can

we can give a reliable explanation of the photoluminescencBe obtained easilv b : :
o ) 14 y by treating the holes as particles and the
(PL) results of wz-GaN:Si, presented by Yoshikaetzal, electrons as antiparticles. This means the self-energy

as zero-phonon-induced recombinations of electrons in th%zj(k,g?(k)) should be replaced byﬁEj(k,—ng(k)).

conduction band and nonthermalized holes in the three up- "4, 2 unperturbed Green’s function describes the propaga-
permost valence bands. tion of a noninteracting electron in the crystal da@), )

W 'rll'hrougrllout_the article Cﬁslumts haved begn %mployeddescribes the response of the electron gas due to a perturba-
e have taken into account the lowest conduction band ( tion of the electron distribution. The unperturbed, time-

and the t_hree uppermost valence bgmals, 0.2’ ando3, ordered Green'’s function is defined as
wherev 1 is the uppermost bandn cubic materialsy 1, v 2,

andv3 correspond to heavy-hole, light-hole, and spin-orbit
split-off bands, respectively. 7;(K) 1—7;(k)

0 —
Gitko)= =15 T w- ) Ti6

@

Il. COMPUTATIONAL METHOD whered is an infinitesimal, positive number ang(k) is the
_ ~occupation number. If the cell-periodic paa%,(k,r) of the
The employed method for calculating the self-energy isBloch functions are assumed to be slowly varying functions

by means of the RPA' with a local-field correction of of r, then scattering due to the electron—electron interaction
Hubbard.” We have considered interactions caused by thes;‘/ee can be approximated by

electron—electron exchange—correlation interaction, the
electron-ionized impurity attraction, and the optical-phonon )
. . . v

tsrg:reenmg. A zero-temperature formalism has bgen used.gnd (K,j ;k’,j’|Vee]k’,j’;k,j>~ﬂ/\“—,(k,k’) @)

e temperature enters our model only through its capability Kk(w)
to ionize the shallow impurities below the critical concentra-
tion for the Mott transition. Above the critical concentration 1
the impurities are fully ionized even at zero absolute tem- Ajj(kk)=5 2 fdru?a(k:r)u?rgr(k'ﬁ)
perature. The concentration for the Mott transition has been o0’ =1,1
estimated to be (1.0-1.2)10¥cm 3 and (3.3-7.1) 3)
x 10 cm™2 in zb-GaN:Si and zb-AIN:Si, respectively.
The distribution of the impurity ions has been shown to be ofwhere g=k’—k and A; ;,(k,k") is the spin-independent
major importance for the resuf$® and the present calcula- overlap integral.
tions are assuming a random distribution of impurities. Inter-  The Hartree—Fock exchange interaction of the electron
actions with the nonionized impurity atoms are neglectedgas is defined as the electron—electron interaction caused by
Since we are treating only the ionized impurities, the calcuthe Pauli principle. Using the approximation of E@), the
lation does not depend on the choice of type of dopant atormexchange part of the electron self-energy is givefi®dy!8

2
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dq dow v(q TABLE |. Calculated and experimentéh bracket$ band-gap energieEg,
ﬁEX(k,é"Q(k)):J’ 3j E A] i (k,k") position of the conduction-band minimum, crystal-field splittihg, spin-
! ! (2m) 27 k(w) 4 orbit split-off energyAg,, and effective electron masses of the intrinsic
crystals.
0
X{Gj/(k’,w+§?(k)) GaN AN
wz zb wz zb
1 1 o
= 0 5 - Minimum r r r X
2\ 0+ [4(K)=Lk)]-is
! E (eV) 2.50 2.41 5.04 4.23
1 3.55° 3.44 6.08% 517
— 5 o - 4) (3.50° 3.519 (33932 (6.28) (5.3%8)
w_[gjr(k’)_gj(k)]+|5
A (meV) 245 213
where the electrostatic self-interaction of the electftive (29/39)
second termhas been subtract_ed. _ Ay, (MeV) 4.7 10.4 125 18.4
In the Hartree—Fock equation, the direct Coulomb term (8"8) a7
of the eIectror:c repu(ljsuint;stcanceflled bty treart]mg the [rrr;]purlty e, (M) 021 0.20 0.34 0.36
|on_s as a uniform distribution of positive charges. The re- (0.221 0.222 0.23)
maining Coulomb repulsion of the electrons is ascribed to
the correlation interaction. The correlation self-energy can b&%u (o) 0.19 0.20 0.32 0.54
written a§,9,12,18 ®Reference 27, LDA calculation with a quasiparticle band-gap correction.

PReference 29.
do v(Qq) ( 1 ) ‘Reference 30.

c el d
hZi(k, {l(k )= f(Z*n')sf 2 w(w) Q) Reference 31.
'Reference 33.

*Reference 32.

0 0 9Reference 7.
Xz Ajyi’(k'kl)Gj’(k,’w_'—gJ(k))' S "Reference 34.
I Reference 35.

. L IReference 36.
Finally, the self-energy from the electron-ionized donorl<Reference 37,

interaction, assuming a random distribution of the ions withireference 38.
infinitely large masses, is given by’

. N dq o(g) |2 parameter:a=3.190 A, ¢=5.189 A, and u=0.377 for
A3k, (k)= — 5 )3( ) 0)) wz-GaN?* a=3.110A, c=4.980 A, andu=0.3821 for
(2m)™\ x(O)E(a, wz-AIN,** a=4.49 A for zb-GaN?® and a=4.38 A for
0 s 0 zb-AIN.?°
X,Z Ajy(kik )Gj’(k £ (k). (6) Since the Il nitrides lack inversion symmetry, the aver-

age spin-independent eigenvalues were obtaineé; ak)

The electron—donor ion interaction describes the relaxatlom[EOT(k)+E°l(k)]/2 where1 and | are the spin- up and
of the electrons around the ionized donbi§ and the result-  spin-down-like states. More information of the electronic
ing inhomogeneity of the electron gas is thus comprisedtructure calculation of intrinsic GaN and AIN can be found
here. Since the cancellation of the direct Coulomb term alin Refs. 27 and 28.
ready has been taken into account in the correlation energy, The DFT/GGA is well known to underestimate the fun-
Eq. (6) describes the self-energy from the difference in thedamental band gafsee Table)L”*"?°~3However, one nor-
electron density between a system with uniform distributionmally believes that the band curvatures can be described ac-
of the ion charges and a system of point-like ions. curately by the GGA, at least for wide-band-gap
semiconductors. The band curvatures of the lowest conduc-
tion band of all four crystals were found to be essentially
parabolic in all direction irk space and in the energy regime
of interest here. We, therefore, use ellipsoidal energy disper-

The energy dispersioné?(k) of the intrinsic crystals sions for these materials, described by the three principal
have been calculated using a full-potential linearized augeffective electron massd3able ). Our calculated effective
mented plane wavé~PLAPW) method, within the general- masses are in good agreement with calculations performed
ized gradient approximatiofGGA) to the density functional by Stampfl and Van de Wal& Staele et al;*° Vogel,
theory (DFT). A software prograr? with a fully relativistic ~ Kriiger, and Pollmanf* Park and Chuané? Suzuki,
Hamiltonian and with the correlation potential of Perdew andvenoyama, and Yana$d;Ramoset al;** Kim, Lambrecht,
Wang® and the exchange potential of Engel and V33keas  and Segalf*® and Vurgaftman, Meyer, and Ram-Moh#Hn
used. This exchange-correlation potential has been shown fable | we also show the corresponding measured vdloes
give good energy dispersions for semiconductors with direcbracket$.
band gap, like InN and GaAZ:>*We have employed experi- The overlap integrals related to scattering within one and
mental values of the lattice constants and the internal lattiche same minimum of the lowest conduction band

B. Electronic band structure of the intrinsic crystal
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oo T energy shift of the valence-band maximum the relevant over-
lap integrals areA,;;(0,q) with j=v1, v2, andv3. The
< = overlap integrals are represented on the same medh of
*0; ‘”; 002 points as the energy bands.
1 ]
004 C. Dielectric functions
01 0 0.1 o1 0 o1 The frequency-dependent lattice dielectric functigmw)
o ro A a T z is expressed in terms of the stati(0) and high-frequenc
(a) Wave vector (A'l) b Wave vector (Afl) p . . . 9 . d y
k(%) limits. The phonons involved in the screening are the
. T . T longitudinal  optical _ (LO) phonons  with Iong_
o — I~ 1 N wavelengths?1” approximated to have constant phonon dis-
= T} wz-AIN S persionfiw . The lattice dielectric function for isotropic
2 2 o0 materials is then given B’
E‘S‘OIS E;,
& 02 2 1 1 [k(0)=«(®)]w o 1
025 / r ~0.04 k(w) k() 2k(0) k() wtwo—id
Y ) 01 0.1 o 0.1 02 1
b r A TaT T 7 - )
© Wave vector (A™) (@ Wave vector (A™") w—wotid

FIG. 1. Energy dispersions of the valence-band maximum in wz and zt}Ne h‘?we employed experimental valtider the lattice di-

GaN and AIN, obtained from a relativistic, full-potential LAPW calculation. €l€ctric function:fiw =92 meV, «(0)=9.98, andx(x)

The dotted lines represent the results in the absence of the spin-orbit cou=5.60 for wz-GaN andi w =110 meV, x(0)=9.14, and

pling. k(*)=4.84 for wz-AIN. Calculations of the phonon fre-
quencies by Kim, Lambrecht, and Se§%#re in close agree-
ment with the measured valug$’~5?

Ac1c1(k, k") were found to be close to 1 for a setloandk’ The anisotropy of the dielectric function of the wz struc-

near thel’ point. Furthermore, it has been shdWithat in-  tures has been shown to be small in the materials considered

tervalley scattering between stats in different equivalenhere[«, (0)=9.44, «,(0)=9.62, , (*)=5.76, andk (=)

minima gives only a minor contribution to the self-energies=5.88 in GaN, andk, (0)=7.91, x,(0)=8.22, k(=)

for crystals with random distribution of impurities compared =4.53, andk, () =4.72 in AIN],"*" and we therefore use

to the intravalley scattering. Intervalley scattering is, therethe isotropic lattice dielectric functions. Moreover, we as-

fore, neglected in zb-AIN, which has three equivalentsume that the zb structures have the same lattice dielectric

conduction-band minima located at tKepoints. function as the corresponding wz structures. This assumption

The energy dispersion of the valence-band maximum iss supported by calculations of the optical properties of wz

in general very nonparabolic mainly because of the spinand zb Il nitrides in Refs. 42, 46, and 52-54, and by spec-

orbit interaction. Also, the-like valence bands have differ- troscopic ellipsometry measurements of Logothetidisl >

ent curvatures in differerk-space directions. In Fig. 1, the Within the RPA!2 and with the local-field correction

electronic structure near the valence-band maximum i§(q), the testparticle—particle dielectric function of the elec-

shown along two symmetry directions. Moreover, due to thQron gas(the hole gas, in the case p:[type dopmg is related
symmetry of thep-like eigenfunctions at the valence-band to the polarizabilitya®(q, w) by®®*

maximum, the energy bands of zb structures cannot be de-

scribed by ellipsoidal functions even at the vicinity of the #Hq,0)=1+[1-f(9)]e’(q,0), (8)
point. In fact, the values of the effective hole masses at'the 2 v(q) dk de’

oint depend very strongly on ttedirection. In wz-GaN the 0 =—_ . ’
p p y gly a%(g,w)=—+ (o) )| @) 2 > Ak

nonparabolicity in theX direction is obvious for energies i’
about 4 meV below the valence-band maximum. The upper-
most valence band in wz-AlNwhich is the crystal-field
split-off band, in contrast to wz-GaNs almost unaffected where the summation runs over all conductioralence

by the spin-orbit interaction, and therefore an ellipsoidal de-bands, which are populated by the electfbnle) gas. The
scription of this band is sufficient. Noticeably, the valence-free-electron(hole) concentratiom=Ng (p=N,) fills the
band maximum in zb-AIN is not at thE point if the spin-  conduction bandvalence bandsup (down) to the Fermi
orbit interaction is excluded, whereas the fully relativistic energyEg (E}). For p-type doping, the number of populated
calculation yields a maximum at tHé point. valence band&, depends on the hole concentration.

The energy dispersions of the three uppermost valence In order to evaluate the integral for the polarizability and
bandg[i.e., EJQ(k), j=v1, v2, andv3] have been calculated thereby get an analytic expression fef(q,»),*® the en-
and the energy bands are represented on a mesh of abargy dispersions of the Green’s functions in Eg). are ap-
23000k points in the first Brillouin zone, mainly concen- proximated using ellipsoidal energy dispersions and setting
trated about thd" point. For calculating the doping-induced the overlap integrals to unity. In this approximation the en-

X G{(k,0")G}, (k"0 + ), (9)
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25F 5 . around the electron. Faortype materials the averaged local-
2t 20 1  field correction i§
= g 4 L
2 2[ wzAIN g 0
e E f_(q)ziz Ealbkita) i=1,2,..\., (10
g1st g3 2024 EY (AKi+q)+EE’ ormter
E T wz-GaN T . :
2 gt ;. S 2} where Ak;=k;+k,, is the vector between thg, different
2 wz-GaN 2 equivalent minima and one chosen conduction-band mini-
Sos5p —— 1 mum atk,,. Analogously, forp-type materials the averaged
i - local-field correction %
0 al al d. n "
17 18 19 20 17 18 19 20 0 0 =)
IOHo]e cole)centratii;?p (cm_13()) ° Hole clcglcentratlif?np (cnig) f_(Q) = i2 2 Ej (q) .00(Ej (O)U EF) ) ] =0 1, U2; 03,
279 ElQ+E;
FIG. 2. Concentration-dependent density-of-states effective hole masses (11)

m,1(p) (solid lineg, m,,(p) (dashed linegs andm,3(p) (dotted line$ used

for calculating the polarizabilityr°(q, w). where§(x) is the unit step function.

lll. RESULTS

ergy bands' are represented by the density-of-'states effective p-type GaN and AIN

masse$.This is a very reasonable approximation fetype o ) ]
doping. However, fop-type doping one needs to include  The doping-induced energy shifts of the conduction-
some effects from the nonparabolic behavior of the valence?@nd minimumAE.; and of the valence-band maximum
band maximum. We have, therefore, used concentratior Ev1 in N-type materials are obtained as

dependent density-of-states effective masses (p), AE =R /3% (K, 22 (Kn)) + 73S (K2 2% ()
m,»(p), and m,3(p). These masses are chosen in such a _ o
way that the resulting Fermi energy of the hole g4sco- +AZ T K, Lea(Km)], (12

incides with the Fermi energy obtained using the numerical _ c 0 ion/m +0
energy dispersion from the full band-structure calculation. AR, =REAZ,1(0,4,1(0)+£2,1(0.,1(0)]. (13

This way of treating the valence bands has been found t@he shift of the valence band does not contain an exchange
give accurate resulfs® The reason for that is directly re- contribution since the band is fully occupied by electrons
lated to the occupation number and of the poles of thdapart from a few empty states needed for measuring the
Green’s functions. An accurate description of the Fermi enband gap and normally induced through excitati@nd the
ergy is more important for calculating the polarizability than exchange interaction is, therefore, already contained in the
having the exact description of the curvature of the energyntrinsic valence-band structure. In Fig. 3, the energy shifts
bands. However, an accurate description of the energy bandsE.; andAE,; as functions of the ionized donor concentra-

is important for calculating the self-energies via E¢®—  tion N are presentedsolid lines. The numerical error is
(6). The calculated carrier concentration density-of-states efbelow 1 meV. Comparison between the present RPA calcu-
fective masses are presented in Fig. 2. lation and similar methodgthe Hartree—Fock method,

In wz-GaN the energy difference between the uppermosthomas—Fermi method, etdas been discussed by, for in-
and the second uppermost valence banEﬂf(O)— ESZ(O) stance, Mahart Berggren and Serneli'sand Abram, Rees,
=4.7 meV (see Fig. 1, and for p-type doping the second and Wilson>®
uppermost valence band starts to be populated at gbout The dashed lines in Fig. 3 represent the corresponding
=3x10¥cm 3. The third uppermost valence band calculation with the approximation of using spherical energy
[531(0)— E‘U’3(0)=26.9 me\] starts to be populated at about dispersions of the valence bands, described by the constant
p=1x107cm 2. Since the corresponding energy differ- density-of-states hole masses(p=0) with j=v1,v2, and
ences in wz-AIN are larggE?, (0) —E?,(0)=207 meV and v 3. Furthermore, in this spherical approximation the overlap
521(0)—533(0)=219 me\, neither the second nor the third integrals of the valence bands are given Ny, ;/(0,q)
band will be populated for any concentration considered=4,,;» for wz structures and A,;,:(0,q)=[1
here. In zb-GaN and zb-AIN, the energy difference betweent 3 cog (6)]/4, A,1,,(0,q)=3 sir?(6)/4, and A,1,3(0,q)
the doubly degenerate uppermost valence bands af'the =0 for zb structures wheré is the angle betweeg and the
point and the third uppermost valence band is calculated t&, axis. The overlap integrals for the cubic crystals were
be 521,02(0) - ES3(0) =10 and 18 meV, respectively. The on- derived by assuming spherical energy dispersions of the va-
set of populating the third uppermost valence band in zblence bands’

GaN is at about X 10°° cm™3. However, the uppermost va- The resulting reduced band-gap energy is obtained as
lence band in zb-AIN is very flasee Fig. ], yielding a large  Ey= E8+AEg= E8+AEC1—AEU1. The optical band gap is
onset for populating the third ban@bout 4x 10°° cm™3). defined as the energy of zero-phonon-induced recombina-
These differences in the energy dispersions between the fotions. For semiconductors with a direct band gap the optical
crystals are reflected in the self-energisse Sec. Il band gap is given b= Eq+AEgw, whereAEgy is the

The local-field correction is calculated according to Burstein—Moss shiﬁ?'ggwhich arises from the band filling,
Hubbard!® which mainly takes account of the exchange holethat is, the vertical transitions from the conduction-band

Downloaded 12 Dec 2012 to 200.128.60.106. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



3212 J. Appl. Phys., Vol. 92, No. 6, 15 September 2002 Persson et al.

3.6 Gall 34
] i wz- zb- o
400 35 g i 33 zb-GaN o o
. 300 . 34 vil 32
N2ZL
_ 1 . 233 E NN
z ] 2™ ] 832 z 3 & 3
E £ . g AT PR AN g
o 1 j
& 1 = i A3t S| v N o 29
g & 100
@ ﬁ Vl A}
& S 3 vzfﬂ/\F Es 2.8
g 1 &° ]
G ] & @64 ®s,
-100 E - J
100 6.3 51
=200 i ~200 i %6.2 %\ 5
] . ~ 6.1 .49
o0 o0
-300 . . : -300 5 5
10" 1018 10" 102 10" 101 10° 10° & 6 5 4.8
Ionized donor concentration (cm73) Tonized donor concentration (cm_3) 5.9 4.7
58 4.6
57 17 18 19 20 45 17 13 19 20
. . ; . © 10 10 10 107 (g 10 10 10 10
1 Tonized donor concentration (cm™>) Tonized donor concentration (cm™)
1 FIG. 4. Reduced band gdp,, the k-dependent optical band gdf the
_ . three valence bandsl, v2, andv3; cf. Fig. 1, and the nonvertical energy
= E 2 gap (nv, dashed lingin (a) wz-GaN, (b) zb-GaN, (c) wz-AIN, and (d)
E E zb-AIN, obtained from the full band-structure calculation. The insetain
% { < shows schematically the different transitions. The circles and squaftas in
@ | E represent the PL measurements of wz-GaN:Si by Yoshileved. (Ref. 14,
g ol ] 2 of ] and the squares ifb) represent the PL measurements of wz-GaN:Si done by
5 | & Fernandezt al. (Ref. 15.
-100 b -100
-200 8 200} .
1 ] 1 In Fig. 4, we present the reduced band gap and the en-
“3010017 TR R —30(1)0,7 1(“),8 1(’),9 1(;20 ergy differences which correspond to transitions to the three
Tonized donor concentration (cm™) Tonized donor concentration (cm™) uppermost valence bandsj" v2, ando 3) In two symmetry

directions(L and|l for wz structures and\ and 2, for zb
FIG. 3. Energy shift of the lowest conduction-band minimaf;; and of  structures The inset in Fig. 4a) shows schematically the

the uppermost valence-band maximurk,, in n-type wz-GaN, wz-AIN,  djfferent transitions. We assume no band distortion due to the
zb-GaN, and zb-AIN. The solid lines represent the full band calculations,

whereas dashed lines are corresponding calculations within the sphericQIOpmg' . . . .
approximation. The energy of the optical transitions in wz-GdRig.

4(a)] depends strongly on thle vector of the recombining

electron—hole pair. This is a result of the valence bands hav-
states atEg with the Fermi wave vectokg to the corre- ing a different energy dispersion along the transverse and the
spondingk states of nonthermalized holes in the valencelongitudinal directions, which is reflected in the Burstein—
bands. Thus, for direct band-gap materials the Burstein-Moss shift, and thereby also in the optical band gap. Figure

Moss shift is given by 4(a) shows only transitions in the two main symmetry direc-
_ tions, and, thus, a recombination in an arbitrary direction can
AEBM,j(kF)—[(Fcl(kF)—Ecl(o))]+[Eu1(0)_EJ'(kF)] have a recombination energy between the energy for the
(direct band gap (14 transverse and the longitudinal directions. In Figg)4we

wherej=v1,v2,v3, andEg(kg)=ES. One needs the full also present the nonverticahv) transition to the valence-

k dependence of the energy dispersion of the valence bandénd maximunidashed ling The circles and squares are the
in order to calculate the Burstein—Moss shift properly. ForlOW-energy a”‘h the high-energy cutoff PL results of
semiconductors with indirect band gap, there are no zeroYoshikawaet al,™ obtained from a 1-2.jm Si-doped GaN
phonon-induced recombinations since there are free electrof@/€r on an undoped buffer GaN layer, using metal—-organic

only at the conduction-band minimurtThe probability for ~ chemical vapor deposition. In Ref. 14, an estimateAd,
vertical transitions is very smailOne, therefore, refers to <7 MeV due to strain is reported. It has been shié\that

the “optical band gap” as the nonvertical transitions from theUSing constant hole masses for describing the energy disper-

Fermi energy to the thermalized hole state at the valencesion, the PL results cannot be fully explained. However, with
band maximum. The Burstein—Moss shift is thus giventh® full band structure, we can identify the PL results of

y®859 Yoshikawaet al. as different vertical transitions to the three
o uppermost valence bands in different directions of ke
AEgy=Ef—E¢(0) (indirect band gap (159  space.
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et al® of zb-GaN:Si[squares in Fig. &)]. Their results of

wz-GaN:Si ESP'=3.290, 3.3208, and 3.343 eV foi; =1.7x10', 3.9
8.9510%crn™ // X 10, and 6.2<10" cm™3, respectively, are close to the
3.8%10%cm= / band gap of intrinsic zb—Ga[\E8=3.2—3.3 eV(Refs. 31 and

32)]. Also, for zb-GaN, we hope our calculations will moti-
vate further investigations.

The differences in the optical band-gap energies between
wz-GaN and wz-AIN arise from the different valence-band
maxima of the two crystals. In contrast to wz-GaN, the up-
permost band in wz-AIN is the crystal-field split-off band,
with a band maximum more than 200 meV above the second
and the third uppermost bands. One can, therefore, expect
that only the uppermost band is important for low electric
field transport properties in wz-AIN. However, the shift of
Photon energy © (eV) the reduced band gap is quite comparable in the two wz

Intensity I(®) (arb. units)

33 335 34 345 35

FIG. 5. Estimatgdashed linesof the zero-phonon-induced transition prob- CryStaIS- ) ) )
ability [Eq. (17)] of wz-GaN:Si using the full band structure. The solid lines The differences in both the reduced and the optical band

are the PL result of Yoshikawet al. (Ref. 14 at the absolute temperature gap between zb-GaN and zb-AIN arise mainly from the con-

T=2k. duction band. wz-GaN has only one minimum, whereas zb-
AIN has three equivalent minima that affect the band filling.
Furthermore, the effective electron masses are larger in zb-

Yoshikawaet al.™” interpreted their results as originating AIN than in zb-GaN(see Table)l This makes the band-gap

from the reduced band-gap and nonvertical transitions to thehift and the Burstein—Moss shift much smaller in zb-AIN.

valence-band maximum, thus without conservation of mo-

mentum. First, our calculated reduced band gap is much

smaller than the energy of the low-energy PL edge. Ngr  B. p-type GaN and AIN

=1x10"cm 3, the calculated shift is about twice as large 4 doping-induced energy shifts of the conduction-

as the cqrrespondmg megsured on\{-energy edge. Second, tB’a:nd minimumAE.; and of the valence-band maximum

phonon-induced nonvertical transitions are normally much, - L in p-type materials are, according to the discussion in

less probable than the corresponding vertical transitions i'f'hevprevious sections given’by

semiconductors with direct band gap. According to Figy 4 '

both the low-energy edge and the high-energy cutoff of the AE ;= —Re[higl(km,—g(c’l(km))

PL spectra can be explained as the zero-phonon-induced re- ;

Comginations' P P +ﬁ2|(?1n(kmi_§gl(km))]1 (17)

In order to strengthen the arguments that the PL results AE,, = — Rqﬁzﬁl(O,—Zgl(O)H ﬁzz?l(O’_gSl(O))

could come from vertical transitions, we have simulated the _

PL spectra of Yoshikawat all* by calculating the joint +A3N0,— £°,(0)]. (18)

density-of-states weighted by the Fermi—Dirac distribution

function fp(x) for the electrons and a chosen distribution

function for the holes f,(E;(k))=exd—|E(k)+Eg

|14

In Fig. 6, the energy shiffAE;; andAE,; as functions of
ionized acceptor concentratioNl, are presentedsolid
lines). The dashed lines in Fig. 6 represent the spherical ap-

_E9|/a]‘ proximation of the energy dispersion and the overlap inte-
1 grals. For low ionized acceptor concentrations the spherical

|(w):2. WJ S(w—[Eci(k)—Ej(K)]) approximation gives a fairly good description of the energy

: shifts. This is what could be expected, since the employed

X, (Ej(K)fep(Eci(k))dK, crystal parameters within the spherical approximation were
i=v10203 (16 chosen in order to describe the energy dispersion at the very

top of the valence bands. For large hole concentrations, how-
Thus, f, favors a distribution of holes with wave vectors ever, the spherical approximation of the valence bands fails
nearkg in order to simulate a transition probability which to describe the true Fermi energy, and the resulting energy
favors direct transitions. By fitting the parameteto 0.008  shifts differ from the results obtained using the numerical
eV we can reproduce the PL spectra fairly accurately for botlenergy dispersions. The details in the curvatureS©f; and
NS =3.8x 10" and 8.2<10'"® cm™3 (see Fig. 5. Thus, our AE,;, especially for the hexagonal crystals, can be ex-
calculations suggest that the PL spectra of Yoshikatval.  plained directly from the energy dispersion of the three va-
describe zero-phonon-induced recombinations between eletence bandgcf. Sect. 11 C and Figs. 1 and)2For different
trons at the Fermi level and nonthermalized holes in the difhole concentrations, the number of populated valence bands
ferent valence bands. We hope this result will motivate fur-differs. This will have a direct consequence on the polariz-
ther investigations of band-gap shifts in wz-GaN:Si. ability of the hole gas, and thus also affects the self-energies.
The calculated optical band gap of zb-GHRg. 4b)]is  Increasing the number of populated bands tends to reduce the
not in agreement with the PL measurements of Fernandezand-gap shift.
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> L %L
E E I
=z 0r £ 01 By comparing Figs. 7 and Fig. 4, one notices that the
& g [ shift of the reduced band gap is much smallerpitype
o B Q o .
G of 5 of 1 doped GaN and AlNfor both zb and wz structurgshan in
L AE - correspondingi-type doped materials. Moreover, from Fig.
_sof “l 6, it is clear that the nonparabolicity reduces the energy shift.
1 N We have seen this effect also mtype Si and inp-type
00 h s . A\ Z GaAs?>*°Like in the case ofr-type doping, the differences
Y T Ta—T ‘10‘1)0.7 o 0t o in the optical band gap between GaN and Alisr both zb
Ionized acceptor concentration (cm_3) lonized acceptor concentration (cm_3) and wz structuresarise mainly from the different valence-
band maxima of the crystals. Since we now also have band
FIG. 6. Same as Fig. 3, but fertype doping. filling of the valence bandévhich yields a screening caused

by the hole gas the differences are more pronounced for
p-type doping than for correspondimgtype doping.
In wz-AIN, neither the second nor the third uppermost
The resulting reduced band g&g=Eg+AE.;~AE,;  valence band contribute to the hole-gas polarizability. Since
and optical band gafig™ in p-type doped GaN and AN are there are no empty states in these valence bands, we do not
shown in Fig. 7. The optical band gap is obtained as thexpect optical transitions from these bands. In wz-GaN, op-
zero-phonon-induced recombinations, except in the case @fcal recombinations between states in the conduction band
zb-AIN where the indirect recombinations are assumed t@tates in the uppermost valence bdimdboth the[100] and
occur between the states kgt in the valence bands to the the[001] directions as well as in the second uppermost va-
conduction-band minimum at thepoint (cf. Sec. Il A). The  |ence band(in the [001] direction result in large photon
inset in Fig. 7d) shows schematically the different transi- energies. Thus, the nonparabolicity has a strong effect on the
tions. There are no experimental results for the dopingreduced band gap ip-type materials, and on the optical

induced band-gap narrowing mtype GaN or AIN. band gap in botm- andp-type materials, except in the case
‘The effects on the optical band gap due to the nonparaof wz-AIN which has a parabolic valence-band maximum.
bolicity can be seen in Figs(3) and 4b) for zb-GaN. The The very flat curvaturéi.e., the large density of states

spherical approximation would result in the same transitiornsf the uppermost valence band in zb-AIN results in a very
energies in theX direction as in theA direction (v1X low Fermi energy, and thus the optical band dghpre, the
=v1A andv2X=v2A) since the effective mass tensor is nonvertical transitionsis close to the reduced band gap. In
considered to be constarite., spherical mags The full  zb-GaN, it is the uppermost valence band in [th&0] direc-

band-structure calculations yield, however, completely diftion that yields the largest shift of the optical band gap.
ferent results. Moreover, in the calculations of Ref. 60,

spherical energy dispersion is used also for the hexagonal
structures. That resulted i1l =vlll and v2Ll =v2l, V. SUMMARY AND DISCUSSION

which can be compared to the corresponding results in Figs. The doping-induced energy shifts of the Ilowest
7(a), 7(c), 4(a), and 4c). conduction-band minimum and the uppermost valence-band
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