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Energy bands and acceptor binding energies of GaN
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The energy bands of zinc-blende and wurtzite GaN are calculated with the empirical pseudopotential
method, and the pseudopotential parameters for Ga and N atoms are given. The calculated energy bands are in
agreement with those obtained by thle initio method. The effective-mass theory for the semiconductors of
wurtzite structure is established, and the effective-mass parameters of GaN for both structures are given. The
binding energies of acceptor states are calculated by solving strictly the effective-mass equations. The binding
energies of donor and acceptor are 24 and 142 meV for the zinc-blende structure, 20 and 131, and 97 meV for
the wurtzite structure, respectively, which are consistent with recent experimental results. It is proposed that
there are two kinds of acceptor in wurtzite GaN. One kind is the general acceptor such as C, which substitutes
N, which satisfies the effective-mass theory. The other kind of acceptor includes Mg, Zn, Cd, etc., the binding
energy of these acceptors is deviated from that given by the effective-mass theory. In this report, wurtzite GaN
is grown by the molecular-beam epitaxy method, and the photoluminescence spectra were measured. Three
main peaks are assigned to the donor-acceptor transitions from two kinds of acceptors. Some of the transitions
were identified as coming from the cubic phase of GaN, which appears randomly within the predominantly
hexagonal materia[.S0163-18209)15915-0

I. INTRODUCTION from cubic GaN inclusions occurring randomly within the
predominantly hexagonal material. McG# al® obtained
In the past several years GaN of either hexagonal or cubithe polaron mass 0.7y, instead of the band effective mass
structures has created increasing interest due to the wide a-5— 0.8, leading to a predicted thermal binding energy in
plication in blue light emitting diodes and lasers. Many op-the effective-mass limit of-100-125 meV. There have been
tical measurement results have been publighédnd vari- many theoretical calculations of GaN energy bands, espe-
ous photoluminescend®L) peaks have been identified, for cially the wurtzite structure. These theories based on the em-

example, free exciton, donor bound exciton, acceptor bounBirica(; pS(taudt_oplotenti{ar: methf?;;ﬂgd rt]he fiést—prlipcilﬁ)le
exciton, and donor-acceptor transition, etc. For the cujdseudopotential or other me > where suzuki, Le-

7 . .
GaN, which has a crystal structure and energy band similap®yama, and YanaSederived the effective-mass parameters

to those of general IlI-V compound semiconductors withOf i:o?r?uctlon and \f/_alfncle blar:dst:h bands of GaN of
zinc-blende structure, the binding energies of exciton, donor, N this paper we nirst calcuiate the energy bands of :>a o

and acceptor estimated from the optical experiments are agztshe;tcr)lrjlctt#éecsalgylaﬂ]eed gwea'r'ciagggté’?()é’g&ent'zl drgftgotﬂé
in the reasonable range. On the other hand, for the wurtzit u gy » W WV

GaN the binding energy of acceptor obtained from the Oloti_effective—mass parameters for both structures, and calculate

cal data is not definite. Previous experimental workas- the binding energies of donors, acceptors and excitons using

signed the 3.26-eV PL peak as the donor-acce(@ié) tran- the effective-mass theory. To correlate our theoretical calcu-
sition, so the binding energy of the acceptor state will belat'cmS we grew two GaN thm. films on sapphire ;upstrate
about 200 meV. Ortdtreplaced the static dielectric constant and mear?ured thelrlphotodlummescelncel c?aracterlfs tic. Sec-
e ; ; . . tion Il is the empirical pseudopotential calculations of energy
by the high-frequency dielectric constant in order to explambands for zinc-blende and wurtzite GaN, and Sec. lll gives

the large binding energy of acceptor.déd established a the calculation of the binding enerdies of accentors and ex-
correlation between the acceptor ionization energies and thge ac N € g energies of acceplors N

chemical nature of the acceptor atoms by considering th%}fns by the effective-mass theory for the degenerate bands.

electronegativity differences between the acceptor atoms an ction IV is the experimental details and results, and Sec. v

the host atom they substitute. Based on this, the effective’™ the summary.

mafs acceptor ionization enerlg;y in Qal\lé is estim?te(z) to be Il EMPIRICAL PSEUDOPOTENTIAL CALCULATION

85+ 8 meV. In'a recent opt.|0a experimeériken gt al. ob- OF GaN ENERGY BANDS

served a new line at approximately 3.40 eV, which is accom-

panied by complex fine structure, and interpreted it as due to First we fit the from factors of the atomic pseudopotential
a DA transition. Assuming a donor binding energy of 300f Ga and N with the Cohen’s formufa

meV, they derived an acceptor bmdlng energy of approxi- (G2 1)

mately 80 meV. They also assigned the 3.265-eV peak, V(G)= 1 > 2 (1)
which often assigned as a DA transition, aB%X transition e3(G vy 1’
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TABLE I. Fitting parameters of Ga and N atomic pseudopoten- 0.02 . T T T T . .

tials.
0.00

V1 Vo V3 Vg 002

Ga 0.176 825 1.83341 1.60000 1.81952
N 0.326 847 4.282 26 0.700 00 2.60561

-0.04

Energy (eV)

-0.06

wherev,, v,, v3, andv, are empirical parameters deter- 0081
mined by the experimental energy values at some special [001] 1100] .
points in the Brillouin zone or more precise energy band %6 o wor oo oo ooz 003 oos 008
calculation results. Table | gives the fitted- v, values for k (2nfa)

the Ga and N atomic pseudopotentials, where the ur@ isf
a.u. %, the unit of V(G) is Ry, which is normalized to the

atomic volume in the zinc-blend GaN (4.5%8. The cutoff crystal-field spliting energy. In this paper the symmetry

wave vector in the calculating energy band i§ taken as 2'§ymbols are according to Slat&for the Cq, (Ref. 4 space
a.u L. Using the same atomic pseudopotentials we Calcugroup and itsk group.

lated the energy bands of zinc-blende and wurtzite GaN. Th
lattice constants for the two GaN structures are takea as
=4.50A (cubig, and a=3.189, c=5.185A (hexagonal
and the calculated energy gaps are 3.389 and 3.500 eV, re- The effective-mass theory of acceptor states for the semi-
spectively. The valence bands near the valence-band top febnductors of diamond or zinc-blende structures has been
the wurtzite structure are shown in Fig. 1, where fhg  derived earlief’ Because the spin-orbital splitting of the va-
energy level is higher than thHe, energy level by 0.02 eV. lence band of GaN is very small(10 meV}, so in the fol-

The calculated energy bands for the wurtzite structure are ifowing we use the effective-mass equation in the zero spin-
agreement with those calculated by the first-principlesorbital splitting limits. For the zinc-blende GaN the
pseudopotential methdf especially the energy gap and the effective-mass Hamiltonian of the acceptor state is

FIG. 1. Valence bands of wurtzite GaN near fh@oint.

Ill. EFFECTIVE-MASS THEORY

L | P My R NPy NP«p .
Ha=5me N PPy Lps+M(pZ+p?) Npyp, — o ?)
Npyp, Npyp, LpZ+M(p;+p))

whereL,M,N are Luttinger effective-mass parametétsnd  where P(® and 11? are the second-rank €2) irreducible

g¢ Is the static dielectric constant. The Luttinger parametersensor of the momentum operator and the angular momen-
L,M,N of the zinc-blende GaN have been determined fromum operatorl=1; y,,u are also the Luttinger effective-
the highest threefold degenerate valence bands neaf the mass parameters, which are related.fiol,N by

point atk=0.028 (2r/a), which together with the electron

effective massn; are listed in Table II. L+2M 2(1-M)+3N

Baldereschi and Lipat have proved that the Hamil- nTT3T o BT Tsr2m) 4
tonian(2) can be written as the following form in the spheri-
cal symmetric approximation: The nonspherical cubic term in the Hamiltonian has been

neglected. As shown in Ref. 22, the effective-mass equation
has the form of a X2 matrix, which couples the state and

2 .
g pz—ﬁP@H(z) _ & 3) L+2 states, wherd is the angular momentum quantum
SPh2m, 3 gor’ number. The acceptor state has the total angular momentum
TABLE Il. Effective-mass parameters of zinc-blende and wurtzite GaN.
mg L M N 2 m
Zinc blende  0.1388 6.09 1.045 6.95 2.7267 0.7565
mz L M N R S T Q A
Wurtzite 0.1441%) 6.3055 0.1956 0.3813 6.1227 0.4355 7.3308 4.0200 0.6751

0.1395¢)




PRB 59

ENERGY BANDS AND ACCEPTOR BINDING ENERGIES OF GaN

10121

TABLE IlI. Binding energies of donors and acceptors of GaN model is 0.881, (g¢,=8.9). While the electron effective
(in units of MeV, related to the valence-band Yop

mass is 0.1, the corresponding binding energy of donor
state is 24 meV. In their cathodluminescen@.) experi-

n ! 2 3 4 5 ment of cubic GaN, Mennigeet al? assigned the lines at
Donors 238 6.0 3.234 and 3.208 eV tentatively as free to bound transitions
S, 1422 427 214 12.9 g.7 Involving the neutral donor and acceptor level, respectively.
Zinc blende P, 6.3 This in turns yield donor and acceptor binding energies of 68
P, 64.7 28.7 16.2 10.3 and 94 meV, respectively. The sum of the binding energies
P, 402  19.6 11.9 g.1 of donor and acceptor from our theoretical calculation is 166
Donors 202 5.0 meV, which is in good agreement with the experimental re-
Wurtzite r,;S 97.5 423 27.0 21.9 13.9 Sults 162 meV. It seems impossible that the electron has the
780 96 —-48 -10.8 —14.4 effective mass as large as that of hole, so our theoretical
T'sS 130.7 416 343 21.9 145 resultis more reasonable, and also gives the 3.15-eV peak of
1302 411 217 102 51 (D%A) transition?

In order to derive the effective-mass equation of wurtzite
GaN we use thé&-p perturbation theory? The valence-band
J=L+1 with 1=1, for example,S;,Py,P;<P5,Dy,... top states belong to the representatibggtwofold degener-
states, where the subscript represents the total angular m8te® a{ldl“l_(onefold degenerat®f thek groupCe, at thel
mentum quantum number. Using the nonorthogonal Gaus$0int,”® which are separated by a crystal-field splitting en-
ian functions as basic functions to expand the wave functio®rgy Eo of approximately 0.02 eV. The component of mo-
(Ref. 22, we solve the effective-mass equation and obtainmentum operatop, belongs to thd"; representation, and the
the binding energies of acceptors listed in Table Ill, where py andp, belong to thel'g representation. Through thep
is the “main” quantum number of the impurity states. From perturbation operator the states of the valence-band top at the
Table Il we see that the ground acceptor state- () inthe  I' point can interact with other states at thigoint or each
zinc-blende GaN has large binding energy, 142 meV, thether, then we obtain the effective-mass Hamiltonian as fol-
hole effective mass derived from the simple hydrogenlikelows:

LpZ+Mpj+Np; Rp.py Apopx+ Qpyp,
H=—5— Rppy Lpj+Mpi+NpZ  Apopy+Qpyp, |, (5)
0
ApoPx+QpxP;  ApoPytpyp,  S(PZ+p2)+Tpi+Eg

where the basic functions akelike, Y like (I'), andZ like 'y, andz directions?® From Table Il we see that for the diag-
(T';) functions, respectively, and.,M,....S,T are all onal terms in the Hamiltonia(b) there is always one direc-
effective-mass parameters. It is noticed that the existence d¢fon with large effective-mass parameters, and other two di-
the linear term op, andp, results in the anticrossing s rections with small effective_—mass parameters. For example,
andT'; energy bands as shown in Fig. 1, where the highest>M, N andT>S for the first two and the third diagonal
valence band in thEL0O] and[001] directions near P point ~ (€rmsin the Hamiltoniais), respectively. Therefore we ex-
are given. The effective-mass Hamiltonig) is different ~Pand the each component of acceptor state wave function by
from that derived in previous workE:2* where they ne- the unssmns _funcpons with different .exp(_)nentlal coeffi-
glected thep-linear terms. Thep-linear terms are important cients in one dl_rectlon and other' two directidiisFor ex-

for the case of small crystal-field splitting energy, becauseample’ for thes-like state of the third component we take
they cannot be replaced by thpequadratic terms with the
second-order perturbation theory. Tiuék)-linear term has
been verified experimentally for the wurtzite C&#Syhich
has the similar crystal-field splitting energy as G&&F  \here the coefficients are the normalization constants. The
meV). To make the coefficiend of the linear term dimen-  Gaussian functions of the- (z-) like andp- (x-) like states
sionless we introduc@o=(2moEq)"2 The effective-mass are given in Ref. 23.

parameters are determined by fitting the calculated energy For the first and second components, we only need to
bands at small wave vectors, they are given in Table Il. Taexchange the corresponding coordinates in Gaussian func-
calculate the binding energy of acceptors, we should solve &ons (6). The exponentiak; and 8; are taken to make the
set of three coupled equations given by the Hamiltorign  spatial distribution of Gaussian orbitals consistent with the
The wave function of acceptor state is composed of threavave function. Generally they are inversely proportional to
components, each component is expanded as a linear combiie corresponding effective-mass parametérs the fol-
nation of Gaussian orbitals with different exponents inxhe lowing we use an average effective-mass parameter instead

2ai

3l

14 23\ 12
a2 2B g 2ey?
L (#) e Bty ()
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of the effective-mass parametdys and N. The matrix ele- TABLE IV. Binding energies of excitons in Galn units of
ments of Hamiltonian, especially that of Coulomb interactionmeV).
term, can all be calculated analyticaffyBecause the spac-

ing between thd'g andI'; energy levels is smalR20 me\), n 1 2
there is strong coupling between these two states. S, 18.4 4.4
In this way we obtain the binding energies of acceptorzine plende Po 31
I'sS andI';S states, shown in Table Ill, where the binding P, 55
energies of donor state are also given. TS and I';S P, 45
states are composed mainly Sfstates ofl's band orIT"; Wurtzite r,S 13.9 3.9
band, respectively. The second line in Table Il gives the TS 15.9 4.1

binding energies of the acceptor states calculated in the
single-band approximation. Comparing the binding energies

with and without coupling(second ling we found that the amplitude of the spacing between thig andI'; bands will
binding energy of thé S ground state changes slightly after affect the binding energies of the acceptor state. Second the
taking into account the interband coupling, but the bindingeffective-mass parameters are derived from the energy bands
energies ofl';S states change significantly. From Table 11 calculated by the empirical pseudopotential method. Third

the binding energies of the grourdS state are 97.5 and We 0ok the average effective-mass parametersl aind N.
78.0 meV for with and without inter-band coupling, r(_}SloeC_Nevertheless we think the effective-mass theory and the cal-

tively, so the binding energy of the ground state increases bulation method offer a reasonable result.
19.5 meV by taking into account the inter-band coupling.
From the Hamiltoniar(5) we see that th&';S state couples IV. EXPERIMENTAL DETAILS AND RESULTS

mainly with I'gX andI'gY states(in our case we neglect the Gas source molecular-beam epitat@SMBE) system

higher-order coupling term®p.p, and Qpyp,), and the 54 in this work is a modified homemade MBE system with
coupling is stronger. Th&S states are twofold degenerate, ,ree vacuum chambers. The base pressure in the growth
one of them couples with the; X andT'¢XY states, and the amber is in the low part of I0torr. During growth, a

other couples with thd',Y and I'¢XY states, respectively. rhomolecular pump was used to keep the pressure in the
Because the effective Bohr radius is proportional to the régrowth chamber in the range of>&l0~4~5x 10 torr.

lated effective-mass parameter, the wave function extends iR nmonia was employed as nitrogen source. High-purity

the direction with larger effective-mass parameter, andg)iq gallium was used as gallium source. Sapphire sub-
shrinks in the direction with_smgller effective-mass param-g,ates with(0001) orientations were degreased ultrasoni-
eter. From Table Il and Hamiltonia®) we see that the wave a1y in organic solvents then etched in a hot solution of
function of I'; S state extends in thE.dlrectlon, Whlle 'Fhose H,SO, and HPO, (H,SO,:H;PO,=1:3) mixture for about
of two degeneraté'¢S states extend in theandy directions, 50 min, They were then rinsed in deionized water. After
respectively. The binding energies for &S and I''S  gpinning dry, the substrates were mounted on molybdenum
ground acceptor states are 131 and 97 meV, respectivelypsirate holders with indium, and loaded into the load lock.
(80=9.8). The binding energy of thE,S state(97 meV) Prior to the growth GaN epilayer, the sapphire substrate
associated with that of the donor st420 me\) is in agree- a5 thermally treated in the growth chamber at a temperature
ment with recent optical experimental result, 80 eV, s high as 800 °C for about 30 min. Then the ammonia was
which was derived by assuming that the binding energy ofniroduced into the growth chamber to nitridize the sapphire
donor state is 30 meV, and the extrapolated theoretical resupsrate surface at this temperature. Subsequently, the sub-
was 85+ 8 meV." The polarization characteristic of PL peaks girate temperature was reduced to about 500 °C and a GaN
is easily derived from our theoretical results, it is in the pffer layer with a thickness of approximately 30 nm was
direction for theD-I"4S transition, and in the,y directions grown. After the low-temperature GaN buffer layer was
for the D-T'¢S transitions. _ ~ grown, the substrate temperature was increased to a growth
The above theory is easily applied to calculate the b'nd'”gemperature of approximately 750 °C in the presence of am-
energies of excitons. For the zinc-blende case it only needg,onia and the gallium was supplied to grow the GaN epi-
to replace the parameteg andu by y;=vy:+me/mg and  taxial layer. The growth rate was about Qun/h, and the
wy1lyy, respectively in the effective-mass equation of ac-thickness of the GaN epilayers was approximatelyn.
ceptor states Eq3).% For the wurtzite case it needs to add  For the PL measurement, the samples were excited by the
my/mjg to the effective-mass parameters in the momentun825-nm line of a He-Cd laser with a power of 4 mW. PL was
terms of the diagonal parts in Hamiltonid). The calcu- taken with a 250-mm double monochromator that has a
lated binding energies of excitons for the two cases are listedooled photomultiplier tubéPMT) as detector. The PMT has
in Table IV. From Table IV we see that the binding energiesa flat response from 300 to 900 nm, and the sample was
of excitons are determined mainly by the effective mass ofooled in a closed-cycle cryostat. The PL spectra of one
electron, no matter how complicated the valence band strucsample at 10 K are shown in Fig. 2. From Fig. 2 we see two
ture is. main peaks located at 3.40 and 3.21 eV, respectively. The
The binding energies of acceptor states calculated in thiformer has fine structure, while the latter shows no fine struc-
paper has some indefinite factors, first the spacing betwednre. The PL is similar to the results of Ref. 5. The multipeak
theI's andI'; bands, 20 meV, is taken from the theoretical structure for the 3.38-3.40 PL peak is assigned to the tran-
result!® which has not been verified by the experiment. Thesitions from donor state tb¢S andI';S acceptor states. We
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FIG. 2. Photoluminescence spectrum of GaN thin film grown on a sapphire substrate at 10 K.

believe that there are two kinds of acceptor in wurtzite GaNGaN for both structures. The binding energies of acceptor
one is general acceptor such @swhich substituteN, and  states are calculated by solving strictly the effective-mass
the difference of electronegativity between C and N is smallequations. The binding energies of donor and acceptor are 24
This kind of acceptor satisfies the effective-mass theory. Theand 142 meV for the zinc-blende structure, 20 and 131, 97
other kind of acceptor includes Mg, Zn, Cd, etc., the differ-meV for the wurtzite structure, respectively, which are con-
ence of electronegativity between these atoms and substistent with recent experimental results. We proposed that
tuted atom Ga is large, so the binding energy of these accephere are two kinds of acceptor in wurtzite GaN. One kind is
tors will be deviated from that given by the effective-massthe general acceptor such as C, which substitutes N, and the
theory’ Therefore we assign the 3.38—3.40 eV peak to thalifference in electronegativity between C and N is small.
DA transition caused by general acceptor such as C, and thEhis kind of acceptor satisfies the effective-mass theory. An-
3.21 eV peak to some transition from cubic GaN inclusionsother kind of acceptor includes Mg, Zn, Cd, etc., the differ-
occurring randomly within the predominantly hexagonal ma-ence in electronegativity between these atoms and substi-
terial. The 3.25-3.26 eV peak is assigned to the DA transituted atom Ga is large, so the binding energy of these
tion by the second kind of acceptor such as Mg. The otheacceptors will be deviated from that given by the effective-
peaks may be caused by some defects due to lattice migaass theory. The wurtzite GaN is grown by the GSMBE
match. method, and the PL spectra were measured. Three main
peaks are assigned to the DA transitions by the two kinds of
V. SUMMARY acceptors, and some transition from cubic GaN inclusions

) ~occurring randomly within the predominantly hexagonal ma-
In this paper we calculated the energy bands of zinctgrig].

blende and wurtzite GaN with the empirical pseudopotential

method, and the pseudopotential parameters for Ga and N

atoms are given. The calculated energy bands are in agree- ACKNOWLEDGMENTS

ment with those obtained by ttab initio method. We estab-
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