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Energy bands and acceptor binding energies of GaN
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~Received 7 July 1998!

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 theab 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 material.@S0163-1829~99!15915-0#
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I. INTRODUCTION

In the past several years GaN of either hexagonal or cu
structures has created increasing interest due to the wide
plication in blue light emitting diodes and lasers. Many o
tical measurement results have been published,1–5 and vari-
ous photoluminescence~PL! peaks have been identified, fo
example, free exciton, donor bound exciton, acceptor bo
exciton, and donor-acceptor transition, etc. For the cu
GaN, which has a crystal structure and energy band sim
to those of general III-V compound semiconductors w
zinc-blende structure, the binding energies of exciton, don
and acceptor estimated from the optical experiments are
in the reasonable range. On the other hand, for the wur
GaN the binding energy of acceptor obtained from the o
cal data is not definite. Previous experimental works2,3 as-
signed the 3.26-eV PL peak as the donor-acceptor~DA! tran-
sition, so the binding energy of the acceptor state will
about 200 meV. Orton6 replaced the static dielectric consta
by the high-frequency dielectric constant in order to expl
the large binding energy of acceptor. Po¨dör7 established a
correlation between the acceptor ionization energies and
chemical nature of the acceptor atoms by considering
electronegativity differences between the acceptor atoms
the host atom they substitute. Based on this, the effect
mass acceptor ionization energy in GaN is estimated to
8568 meV. In a recent optical experiment5 Ren et al. ob-
served a new line at approximately 3.40 eV, which is acco
panied by complex fine structure, and interpreted it as du
a DA transition. Assuming a donor binding energy of
meV, they derived an acceptor binding energy of appro
mately 80 meV. They also assigned the 3.265-eV pe
which often assigned as a DA transition, as aD0X transition
PRB 590163-1829/99/59~15!/10119~6!/$15.00
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from cubic GaN inclusions occurring randomly within th
predominantly hexagonal material. McGillet al.8 obtained
the polaron mass 0.75m0 instead of the band effective mas
0.5– 0.6m0 , leading to a predicted thermal binding energy
the effective-mass limit of;100–125 meV. There have bee
many theoretical calculations of GaN energy bands, es
cially the wurtzite structure. These theories based on the
pirical pseudopotential method9–12 and the first-principle
pseudopotential or other methods,13–17 where Suzuki, Ue-
noyama, and Yanase17 derived the effective-mass paramete
of conduction and valence bands.

In this paper we first calculate the energy bands of GaN
both structures by the empirical pseudopotential meth
Based on the calculated energy bands of GaN, we derive
effective-mass parameters for both structures, and calcu
the binding energies of donors, acceptors and excitons u
the effective-mass theory. To correlate our theoretical ca
lations we grew two GaN thin films on sapphire substr
and measured their photoluminescence characteristic.
tion II is the empirical pseudopotential calculations of ener
bands for zinc-blende and wurtzite GaN, and Sec. III giv
the calculation of the binding energies of acceptors and
citons by the effective-mass theory for the degenerate ba
Section IV is the experimental details and results, and Se
is the summary.

II. EMPIRICAL PSEUDOPOTENTIAL CALCULATION
OF GaN ENERGY BANDS

First we fit the from factors of the atomic pseudopotent
of Ga and N with the Cohen’s formula18

V~G!5
n1~G22n2!

en3~G22n4!11
, ~1!
10 119 ©1999 The American Physical Society
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wheren1 , n2 , n3 , and n4 are empirical parameters dete
mined by the experimental energy values at some spe
points in the Brillouin zone or more precise energy ba
calculation results. Table I gives the fittedn1-n4 values for
the Ga and N atomic pseudopotentials, where the unit ofG is
a.u.21, the unit of V(G) is Ry, which is normalized to the
atomic volume in the zinc-blend GaN (4.5 Å)3/8. The cutoff
wave vector in the calculating energy band is taken as
a.u.21. Using the same atomic pseudopotentials we ca
lated the energy bands of zinc-blende and wurtzite GaN.
lattice constants for the two GaN structures are taken aa
54.50 Å ~cubic!, and a53.189, c55.185 Å ~hexagonal!,
and the calculated energy gaps are 3.389 and 3.500 eV
spectively. The valence bands near the valence-band to
the wurtzite structure are shown in Fig. 1, where theG6
energy level is higher than theG1 energy level by 0.02 eV
The calculated energy bands for the wurtzite structure ar
agreement with those calculated by the first-princip
pseudopotential method,16 especially the energy gap and th

TABLE I. Fitting parameters of Ga and N atomic pseudopote
tials.

n1 n2 n3 n4

Ga 0.176 825 1.833 41 1.600 00 1.819 52
N 0.326 847 4.282 26 0.700 00 2.605 61
e
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crystal-field splitting energy. In this paper the symme
symbols are according to Slater19 for the C6v ~Ref. 4! space
group and itsk group.

III. EFFECTIVE-MASS THEORY

The effective-mass theory of acceptor states for the se
conductors of diamond or zinc-blende structures has b
derived earlier.20 Because the spin-orbital splitting of the va
lence band of GaN is very small21 ~10 meV!, so in the fol-
lowing we use the effective-mass equation in the zero sp
orbital splitting limits. For the zinc-blende GaN th
effective-mass Hamiltonian of the acceptor state is

-

FIG. 1. Valence bands of wurtzite GaN near theG point.
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whereL,M,N are Luttinger effective-mass parameters,20 and
«0 is the static dielectric constant. The Luttinger paramet
L,M,N of the zinc-blende GaN have been determined fr
the highest threefold degenerate valence bands near tG
point atk50.028 (2p/a), which together with the electron
effective massme* are listed in Table II.

Baldereschi and Lipari22 have proved that the Hamil
tonian~2! can be written as the following form in the sphe
cal symmetric approximation:

Hsph5
g1

2m0
Fp22

m

3
P~2!

•I ~2!G2
e2

«0r
, ~3!
rs
where P(2) and I (2) are the second-rank (l 52) irreducible
tensor of the momentum operator and the angular mom
tum operatorI 51; g1 ,m are also the Luttinger effective
mass parameters, which are related toL,M,N by

g15
L12M

3
, m5

2~ l 2M !13N

5~L12M !
. ~4!

The nonspherical cubic term in the Hamiltonian has be
neglected. As shown in Ref. 22, the effective-mass equa
has the form of a 232 matrix, which couples theL state and
L12 states, whereL is the angular momentum quantu
number. The acceptor state has the total angular momen
751
TABLE II. Effective-mass parameters of zinc-blende and wurtzite GaN.

me* L M N g1 m

Zinc blende 0.1388 6.09 1.045 6.95 2.7267 0.7565
me* L M N R S T Q A

Wurtzite 0.1441(x) 6.3055 0.1956 0.3813 6.1227 0.4355 7.3308 4.0200 0.6
0.1395(z)
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J5L1I with I 51, for example, S1 ,P0 ,P1,P2 ,D1 ,...
states, where the subscript represents the total angular
mentum quantum number. Using the nonorthogonal Ga
ian functions as basic functions to expand the wave func
~Ref. 22!, we solve the effective-mass equation and obt
the binding energies of acceptors listed in Table III, whern
is the ‘‘main’’ quantum number of the impurity states. Fro
Table III we see that the ground acceptor state (n51) in the
zinc-blende GaN has large binding energy, 142 meV,
hole effective mass derived from the simple hydrogenl

TABLE III. Binding energies of donors and acceptors of Ga
~in units of MeV, related to the valence-band top!.

n 1 2 3 4 5

Donor s 23.8 6.0
S1 142.2 42.7 21.4 12.9 8.7

Zinc blende P0 6.3
P1 64.7 28.7 16.2 10.3
P2 40.2 19.6 11.9 8.1
Donor s 20.2 5.0

Wurtzite G1S 97.5 42.3 27.0 21.9 13.9
78.0 9.6 24.8 210.8 214.4

G6S 130.7 41.6 34.3 21.9 14.5
130.2 41.1 21.7 10.2 5.1
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model is 0.83m0 («058.9). While the electron effective
mass is 0.14m0 , the corresponding binding energy of don
state is 24 meV. In their cathodluminescence~CL! experi-
ment of cubic GaN, Mennigeret al.4 assigned the lines a
3.234 and 3.208 eV tentatively as free to bound transiti
involving the neutral donor and acceptor level, respective
This in turns yield donor and acceptor binding energies of
and 94 meV, respectively. The sum of the binding energ
of donor and acceptor from our theoretical calculation is 1
meV, which is in good agreement with the experimental
sults 162 meV. It seems impossible that the electron has
effective mass as large as that of hole, so our theoret
result is more reasonable, and also gives the 3.15-eV pea
(D0,A0) transition.4

In order to derive the effective-mass equation of wurtz
GaN we use thek–p perturbation theory.20 The valence-band
top states belong to the representationsG6 ~twofold degener-
ate! andG1 ~onefold degenerate! of thek groupC6v at theG
point,19 which are separated by a crystal-field splitting e
ergy E0 of approximately 0.02 eV. The component of m
mentum operatorpz belongs to theG1 representation, and th
px andpy belong to theG6 representation. Through thek–p
perturbation operator the states of the valence-band top a
G point can interact with other states at theG point or each
other, then we obtain the effective-mass Hamiltonian as
lows:
H52
1

2m0
ULpx

21Mpy
21Npz

2 Rpxpy Ap0px1Qpxpz

Rpxpy Lpy
21Mpx

21Npz
2 Ap0py1Qpypz

Ap0px1Qpxpz Ap0py1pypz S~px
21py

2!1Tpz
21E0

U , ~5!
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-
di-
ple,
l
-
n by
ffi-

The
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where the basic functions areX like, Y like (G6), andZ like
(G1) functions, respectively, andL,M ,...,S,T are all
effective-mass parameters. It is noticed that the existenc
the linear term ofpx andpy results in the anticrossing ofG6

andG1 energy bands as shown in Fig. 1, where the high
valence band in the@100# and@001# directions near 2G point
are given. The effective-mass Hamiltonian~5! is different
from that derived in previous works,17,24 where they ne-
glected thep-linear terms. Thep-linear terms are importan
for the case of small crystal-field splitting energy, becau
they cannot be replaced by thep-quadratic terms with the
second-order perturbation theory. Thisp(k)-linear term has
been verified experimentally for the wurtzite CdS,25 which
has the similar crystal-field splitting energy as GaN~27
meV!. To make the coefficientA of the linear term dimen-
sionless we introducep05(2m0E0)1/2. The effective-mass
parameters are determined by fitting the calculated ene
bands at small wave vectors, they are given in Table II.
calculate the binding energy of acceptors, we should solv
set of three coupled equations given by the Hamiltonian~5!.
The wave function of acceptor state is composed of th
components, each component is expanded as a linear co
nation of Gaussian orbitals with different exponents in thex,
of

st

e

gy
o
a

e
bi-

y, andz directions.23 From Table II we see that for the diag
onal terms in the Hamiltonian~5! there is always one direc
tion with large effective-mass parameters, and other two
rections with small effective-mass parameters. For exam
L@M , N and T@S for the first two and the third diagona
terms in the Hamiltonian~5!, respectively. Therefore we ex
pand the each component of acceptor state wave functio
the Gaussians functions with different exponential coe
cients in one direction and other two directions.23 For ex-
ample, for thes-like state of the third component we take

c5(
i , j

Ci j S 2a i

p D 1/4

e2a i z
2S 2b j

p D 1/2

e2b j ~x21y2!, ~6!

where the coefficients are the normalization constants.
Gaussian functions of thep- ~z-! like and p- ~x-! like states
are given in Ref. 23.

For the first and second components, we only need
exchange the corresponding coordinates in Gaussian f
tions ~6!. The exponentiala i and b j are taken to make the
spatial distribution of Gaussian orbitals consistent with
wave function. Generally they are inversely proportional
the corresponding effective-mass parameters.23 In the fol-
lowing we use an average effective-mass parameter ins
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10 122 PRB 59XIA, CHEAH, WANG, SUN, AND KONG
of the effective-mass parametersM and N. The matrix ele-
ments of Hamiltonian, especially that of Coulomb interacti
term, can all be calculated analytically.23 Because the spac
ing between theG6 andG1 energy levels is small~20 meV!,
there is strong coupling between these two states.

In this way we obtain the binding energies of accep
G6S and G1S states, shown in Table III, where the bindin
energies of donor state are also given. TheG6S and G1S
states are composed mainly ofS states ofG6 band orG1

band, respectively. The second line in Table III gives
binding energies of the acceptor states calculated in
single-band approximation. Comparing the binding energ
with and without coupling~second line! we found that the
binding energy of theG6S ground state changes slightly aft
taking into account the interband coupling, but the bind
energies ofG1S states change significantly. From Table
the binding energies of the groundG1S state are 97.5 and
78.0 meV for with and without inter-band coupling, respe
tively, so the binding energy of the ground state increases
19.5 meV by taking into account the inter-band couplin
From the Hamiltonian~5! we see that theG1S state couples
mainly with G6X andG6Y states~in our case we neglect th
higher-order coupling termsQpxpz and Qpypz), and the
coupling is stronger. TheG6S states are twofold degenerat
one of them couples with theG1X andG6XY states, and the
other couples with theG1Y and G6XY states, respectively
Because the effective Bohr radius is proportional to the
lated effective-mass parameter, the wave function extend
the direction with larger effective-mass parameter, a
shrinks in the direction with smaller effective-mass para
eter. From Table II and Hamiltonian~5! we see that the wave
function of G1S state extends in thez direction, while those
of two degenerateG6S states extend in thex andy directions,
respectively. The binding energies for theG6S and G1S
ground acceptor states are 131 and 97 meV, respecti
(«059.8). The binding energy of theG1S state~97 meV!
associated with that of the donor state~20 meV! is in agree-
ment with recent optical experimental result, 80 meV5

which was derived by assuming that the binding energy
donor state is 30 meV, and the extrapolated theoretical re
was 8568 meV.7 The polarization characteristic of PL pea
is easily derived from our theoretical results, it is in thez
direction for theD-G1S transition, and in thex,y directions
for the D-G6S transitions.

The above theory is easily applied to calculate the bind
energies of excitons. For the zinc-blende case it only ne
to replace the parametersg1 andm by g185g11m0 /me* and
mg1 /g18 , respectively in the effective-mass equation of a
ceptor states Eq.~3!.22 For the wurtzite case it needs to ad
m0 /me* to the effective-mass parameters in the moment
terms of the diagonal parts in Hamiltonian~5!. The calcu-
lated binding energies of excitons for the two cases are lis
in Table IV. From Table IV we see that the binding energ
of excitons are determined mainly by the effective mass
electron, no matter how complicated the valence band st
ture is.

The binding energies of acceptor states calculated in
paper has some indefinite factors, first the spacing betw
the G6 andG1 bands, 20 meV, is taken from the theoretic
result,16 which has not been verified by the experiment. T
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amplitude of the spacing between theG6 andG1 bands will
affect the binding energies of the acceptor state. Second
effective-mass parameters are derived from the energy b
calculated by the empirical pseudopotential method. Th
we took the average effective-mass parameters ofM andN.
Nevertheless we think the effective-mass theory and the
culation method offer a reasonable result.

IV. EXPERIMENTAL DETAILS AND RESULTS

Gas source molecular-beam epitaxy~GSMBE! system
used in this work is a modified homemade MBE system w
three vacuum chambers. The base pressure in the gro
chamber is in the low part of 1029 torr. During growth, a
turbomolecular pump was used to keep the pressure in
growth chamber in the range of 531024;531026 torr.
Ammonia was employed as nitrogen source. High-pur
solid gallium was used as gallium source. Sapphire s
strates with~0001! orientations were degreased ultraso
cally in organic solvents then etched in a hot solution
H2SO4 and H3PO4 (H2SO4:H3PO451:3) mixture for about
20 min. They were then rinsed in deionized water. Af
spinning dry, the substrates were mounted on molybden
substrate holders with indium, and loaded into the load lo

Prior to the growth GaN epilayer, the sapphire substr
was thermally treated in the growth chamber at a tempera
as high as 800 °C for about 30 min. Then the ammonia w
introduced into the growth chamber to nitridize the sapph
substrate surface at this temperature. Subsequently, the
strate temperature was reduced to about 500 °C and a
buffer layer with a thickness of approximately 30 nm w
grown. After the low-temperature GaN buffer layer w
grown, the substrate temperature was increased to a gro
temperature of approximately 750 °C in the presence of a
monia and the gallium was supplied to grow the GaN e
taxial layer. The growth rate was about 0.5mm/h, and the
thickness of the GaN epilayers was approximately 1mm.

For the PL measurement, the samples were excited by
325-nm line of a He-Cd laser with a power of 4 mW. PL w
taken with a 250-mm double monochromator that has
cooled photomultiplier tube~PMT! as detector. The PMT ha
a flat response from 300 to 900 nm, and the sample
cooled in a closed-cycle cryostat. The PL spectra of o
sample at 10 K are shown in Fig. 2. From Fig. 2 we see t
main peaks located at 3.40 and 3.21 eV, respectively.
former has fine structure, while the latter shows no fine str
ture. The PL is similar to the results of Ref. 5. The multipe
structure for the 3.38–3.40 PL peak is assigned to the t
sitions from donor state toG6S andG1S acceptor states. We

TABLE IV. Binding energies of excitons in GaN~in units of
meV!.

n 1 2

S1 18.4 4.4
Zinc blende P0 3.1

P1 5.5
P2 4.5

Wurtzite G1S 13.9 3.9
G6S 15.9 4.1
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FIG. 2. Photoluminescence spectrum of GaN thin film grown on a sapphire substrate at 10 K.
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believe that there are two kinds of acceptor in wurtzite Ga
one is general acceptor such asC, which substitutesN, and
the difference of electronegativity between C and N is sm
This kind of acceptor satisfies the effective-mass theory.
other kind of acceptor includes Mg, Zn, Cd, etc., the diffe
ence of electronegativity between these atoms and su
tuted atom Ga is large, so the binding energy of these ac
tors will be deviated from that given by the effective-ma
theory.7 Therefore we assign the 3.38–3.40 eV peak to
DA transition caused by general acceptor such as C, and
3.21 eV peak to some transition from cubic GaN inclusio
occurring randomly within the predominantly hexagonal m
terial. The 3.25–3.26 eV peak is assigned to the DA tran
tion by the second kind of acceptor such as Mg. The ot
peaks may be caused by some defects due to lattice
match.

V. SUMMARY

In this paper we calculated the energy bands of zi
blende and wurtzite GaN with the empirical pseudopoten
method, and the pseudopotential parameters for Ga an
atoms are given. The calculated energy bands are in ag
ment with those obtained by theab initio method. We estab
lished the effective-mass theory for the semiconductors
wurtzite structure, and gave the effective-mass paramete
l.
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GaN for both structures. The binding energies of accep
states are calculated by solving strictly the effective-m
equations. The binding energies of donor and acceptor ar
and 142 meV for the zinc-blende structure, 20 and 131,
meV for the wurtzite structure, respectively, which are co
sistent with recent experimental results. We proposed
there are two kinds of acceptor in wurtzite GaN. One kind
the general acceptor such as C, which substitutes N, and
difference in electronegativity between C and N is sma
This kind of acceptor satisfies the effective-mass theory. A
other kind of acceptor includes Mg, Zn, Cd, etc., the diffe
ence in electronegativity between these atoms and su
tuted atom Ga is large, so the binding energy of the
acceptors will be deviated from that given by the effectiv
mass theory. The wurtzite GaN is grown by the GSMB
method, and the PL spectra were measured. Three m
peaks are assigned to the DA transitions by the two kinds
acceptors, and some transition from cubic GaN inclusio
occurring randomly within the predominantly hexagonal m
terial.
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