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We present a comprehensive study of the free-exciton and exciton-polariton photoluminescence in wurtzite
GaN. Using polarization-dependent measurements we were able to resolve the fine-structure energy splittings
in the n⫽1 state of the A exciton and to determine the energy separation between the 1S and 2 P ⫾1 states as
19.7⫾0.2 meV. For the n⫽1 state, the evolution of the emission from two transverse polariton branches ⌫ 5T1
and ⌫ 5T2 , the longitudinal exciton ⌫ 5L , and the dipole-forbidden exciton ⌫ 6 in magnetic fields up to 15 T have
been studied in Faraday configuration. We have estimated the value of the parallel effective g factor of the hole
储
mixed into the 1S state of the A exciton as g A,1S
⫽2.25⫾0.2. To describe these data a theory is developed for
the exciton energy structure in hexagonal semiconductors with wurtzite symmetry in zero and in weak external
magnetic fields which takes into account the effect of the hexagonal lattice anisotropy and the coupling of all
excitonic states belonging to different valence subbands. The effect of the exciton interaction with polar optical
phonons is considered. The theory is very successful in describing the free-exciton emission and magnetoluminescence in wurtzite GaN. The effective mass parameters and the magnetic Luttinger constant as well as the
effective Rydberg numbers and binding energies of the A, B, and C excitons are determined from a comparison
of the theory with experimental data.
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I. INTRODUCTION

In the past decade, much attention has been paid to the
physics and optical properties of the group-III nitrides, such
as GaN, InN, and AlN and their ternary alloys. This is because it is the basic material for blue lasers and light emitting
diodes 共LED’s兲.1 The determination of the energy structure
and effective mass parameters of wurtzite GaN has been the
focus of many experimental and theoretical studies.2–14
However, the values of the exciton effective Rydberg numbers, hole effective masses, and g values as well as the excitonic fine-structure splittings reported so far exhibit considerable scatter. This is caused both by experimental
difficulties and by the lack of an appropriate theoretical description of the exciton energy structure.
The main factor that makes the exciton structure in wurtzite GaN different and which requires a more complicated
theoretical analysis from those in the well-studied wide gap
II-VI semiconductors is that the energy separation between
the valence subbands A, B, and C is smaller than or of the
same order as the exciton binding energies 共see Fig. 1兲. The
coupling of the exciton states belonging to different subbands can strongly influence exciton transition energies15,16
and reflection properties.17 Exciton transition energies and
valence subband splittings are known to be influenced by the
biaxial strain always present in GaN films.10,18 –21 Therefore,
the effect of strain and the effect of intersubband coupling
0163-1829/2001/64共11兲/115204共19兲/$20.00

must be taken into account for a proper understanding of the
optical spectra and the extraction of the basic parameters in
wurtzite GaN.
Several reasons have prevented the observation of the exciton fine structure in GaN until now. First, hexagonal epitaxial GaN layers have their c axis parallel to the growth
direction, which is perpendicular to the layer surface. In normal optical–transmission experiments this allows the detection only of light with a polarization perpendicular to the c
axis and does not allow the detection of weak ‘‘forbidden’’
absorption lines which was possible in CdS.22,23 Second, reflection spectra in GaN are broadened significantly due to the
high defect concentration in the layers and do not allow one
to obtain much information on the energy fine structure.
Third, many optical investigations of GaN have been limited
in accuracy and detail due to large linewidths, more than 2
meV, which are caused by the extremely large mismatch between the GaN epilayer and the substrate, which leads to an
inhomogeneous biaxial strain and a large number of structural defects.
Most data on exciton effective Rydberg numbers published to date have been obtained from the experimentally
observed separation between the n⫽1 ground and the n⫽2
first excited exciton states,9,11–14,24,25 where the simplest hydrogenlike or anisotropic22,26 models of the three uncoupled
excitons have been used. However, the binding energies of
the n⫽1 exciton states in other semiconductors were shown

64 115204-1

©2001 The American Physical Society

A. V. RODINA et al.

PHYSICAL REVIEW B 64 115204

FIG. 1. A schematic of the energy band structure and exciton
energy levels in wurtzite GaN in
共a兲 an uncoupled hydrogenlike
isotropic model, 共b兲 including the
effect of anisotropy, 共c兲 including
the effects both of anisotropy and
intersubband coupling, and 共d兲 including anisotropy, intersubband
coupling, and polaron corrections.

to differ from the Rydberg energy by several meV.15 In addition, the interpretations given by different groups of the
observed emission lines in the region of the n⫽2 state of the
A and B excitons vary considerably, resulting in a large scatter of the determined exciton effective Rydberg numbers.
Thus, a careful identification of the emission lines observed
as well as a proper theoretical description of the exciton energy levels in wurtzite GaN is needed for the correct determination of the exciton effective Rydberg numbers.
A perturbational approach for calculating exciton energy
levels in zero and weak external magnetic fields for the case
of a degenerate valence band was developed some time ago,
and successfully applied to 1S and 2S states in diamond and
zinc-blende semiconductors.27–30 This approach was extended to treat exciton ground-state levels in zero magnetic
field in wurtzite-type semiconductors31,15 and revealed the
importance of the intersubband coupling corrections to the
ground-state energy in CdS.15
Moreover, the effect of polar interactions with optical
phonons must be considered because of the large ionicity of
GaN. A large lattice contribution to the screening dielectric
constant32,33 suggests that the screening of the effective interaction between electrons and holes in an exciton must be
described by a spatially dependent dielectric constant.34 –39
For a number of polar semiconductors, this results in large
polaron corrections to both the exciton binding energies and
the values of the exciton diamagnetic shifts in external magnetic fields. A full description of the exciton-optical phonon
system in anisotropic semiconductors having a small separation between valence subbands is very complicated, and an
appropriate model for the polaron corrections in wurtzite
GaN is yet to be developed.
In the present paper we study the exciton and exciton–
polariton fine structure in wurtzite GaN and its evolution in
an external magnetic field of strength up to H⫽15 T. We do
this for both H储 c and H⬜c in Faraday configuration. Our
high-quality samples allowed us to observe the zero–phonon
exciton emission line in the low-temperature photoluminescence 共PL兲 spectra from the surface and the side faces that
are thick enough for the separate detection of luminescence

polarized parallel or perpendicular to the c axis. To interpret
the data, we develop a theory of the ground and excited
exciton energy levels for hexagonal semiconductors having
wurtzite symmetry in zero and weak external magnetic
fields. Using model wurtzite GaN parameters, we investigate
the importance of the anisotropy and intersubband coupling
corrections, as well as the effect of biaxial strain on the exciton binding energies and hole effective g factors. To estimate the polaron corrections to the exciton energy levels in
GaN, we compare three effective polaron models that are
similar to those known for semiconductors with a simple
band structure.34 –38 This analysis allows us to determine a
range of appropriate band and polaron effective mass parameters and magnetic constants in wurtzite GaN.
The paper is organized in the following way. Section II is
devoted to the theory of free excitons in hexagonal semiconductors. It includes a description of the model 共Sec. II A兲 and
of the perturbation Hamiltonian 共Sec. II B兲, a calculation of
the exciton energy levels in zero 共Sec. II C兲 and weak 共Sec.
II D兲 magnetic fields, and, finally, a description of the A
exciton-polariton fine structure in zero and weak magnetic
fields 共Sec. II E兲. Section III describes the samples and the
experimental techniques we used. In Sec. IV we give an
overview of the complete unpolarized exciton PL spectrum
in GaN 共Sec. IV A兲 and present the measurements of the A
exciton polarized emission, revealing the complete fine
structure of the n⫽1 state in zero and weak magnetic fields
共Sec. IV B兲 and the position of the 2 P ⫾1 sublevel 共Sec.
IV C兲. In Sec. V we compare the experimental data with the
theory, discuss the effect of the interaction with optical
phonons 共Sec. V A兲, and evaluate the effective-mass and
magnetic parameters of GaN 共Sec. V B兲. In Sec. VI we compare our results with those already published.
II. THEORY OF FREE EXCITONS IN HEXAGONAL
SEMICONDUCTORS
A. Model of direct excitons

The Hamiltonian of the relative electron–hole motion in a
magnetic field in a hexagonal semiconductor is
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where k⫽⫺iⵜ is the wave vector of the relative motion,
(x,y,z)⫽(r) are the relative electron-hole coordinates 共the z
direction is chosen along the hexagonal c axis兲, e is the magnitude of the free-electron charge,  0储 and ⬜0 are the lowfrequency dielectric constants, and A⫽(1/2) 关 H⫻r兴 is the
vector potential of the magnetic field. We write the kinetic
energy parts of the electron, Ĥ e , and hole, Ĥ h , Hamiltonians
in a quasicubic approximation,40 neglecting relativistic terms
linear in k:
ប

2

ប

where m 0 and g 0 ⫽2 are the free electron mass and g factor,
respectively, m e储 (m⬜e ) and g e储 (g⬜e ) are the parallel 共perpendicular兲 values of the electron effective masses and g factors
respectively,  B ⫽eប/2m 0 c is the Bohr magneton, ˆ x,y,z are
the Pauli matrices, Î is the orbital angular momentum operator of the hole (I⫽1), 兵 ab 其 ⫽(ab⫹ba)/2, ␥ 1 and ␥ ⫽ ␥ 2
⫽ ␥ 3 are the effective mass Luttinger parameters,41 and  is
the magnetic Luttinger constant41 of the quasicubic approximation. The crystal field energy ⌬ cr and the spin-orbit cou储
and ⌬⬜so are connected with the zeropling parameters ⌬ so
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Ĥ e 共 k兲 ⫽
兲
共
z
x
y
2 e B z z
2m e储
2m⬜e
1
⫹ g⬜e  B 共 ˆ x H x ⫹ ˆ y H y 兲 ,
2
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where the upper sign (⫺) is used for the A-B separation and
the lower (⫹) for the A-C split. We note that Eq. 共3兲 takes
into account the hexagonal anisotropy of the spin-orbit interaction. This is essential for accurately describing the valence
band splittings at the ⌫ point in wurtzite GaN and their dependence on an external biaxial strain.18 The latter does not
change the wurtzite symmetry10,18 and can be taken into ac0
⫹ ␦ cr , E g
count within the model by writing21 ⌬ cr ⫽⌬ cr
0
⫽E g ⫹ ␦ g , where E g is the band gap, ␦ cr and ␦ g are each
0
and E 0g are the
proportional to the biaxial stress, and ⌬ cr
values of the respective parameters for zero stress.
We choose the 12 wurtzite-symmetry basis functions of
the A, B, and C exciton states as
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⫹ ⫹
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⫾
where u ⫾
e are the ⌫ –point Bloch functions of the electron in the conduction band, and u v ( v ⫽ A, B, and C) are those of the
hole in the valence subbands. Below we show the symmetry, energy, and the explicit form of the Bloch wave functions of
corresponding electron and hole states at k⫽0:
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B. Perturbation Hamiltonians

To adapt the perturbation method developed in Refs. 27 and 28 for cubic semiconductors, we first rescale the coordinates
x→x, y→y, and z→z 冑 , where  ⫽⬜0 / 0储 . The Coulomb interaction term then becomes spherically symmetric and equal to
⫺e 2 / 0 r, with  0 ⫽ 冑⬜0  0储 . The exciton Hamiltonian 共1兲 can then be written as Ĥ exc ⫽Ĥ s ⫹Ĥ d ⫹Ĥ l ⫹Ĥ q , where Ĥ s and Ĥ d
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are the s –like and d –like parts of the Hamiltonian describing the A, B, and C excitons in a zero magnetic field, and the
operators Ĥ l and Ĥ q describe the effect of a magnetic field and contain terms linear and quadratic in the magnetic field,
⫺
respectively. The operators Ĥ s and Ĥ d do not mix the exciton basis functions containing u ⫹
e and those containing u e and can
s
d
be written as Ĥ s ⫽Ĥ 0 ⫹Ĥ coup and Ĥ d ⫽Ĥ an ⫹Ĥ coup . The Hamiltonian Ĥ 0 describes uncoupled A, B, and C exciton states in
isotropic approximation, and Ĥ an describes the effect of anisotropy,
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The hole effective masses in the valence subbands m v储 ,⬜ ( v ⫽A,B,C) are given by40,10
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The values  v are the reduced masses averaged over the three directions in k space and the ratios p v ⫽  v /  an
v are a measure
s
d
of the anisotropy of the A, B, and C exciton reduced masses, respectively. The Hamiltonians Ĥ coup
and Ĥ coup
describe the
coupling between exciton states belonging to different subbands:
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The coupling parameter is p h ⫽ ␥ 0 /m 0 , where  0 is the
exciton reduced mass averaged over the three directions in k
space and over the A, B, and C excitons:
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For the small values of p v and p h , the anisotropy Ĥ an and
s
d
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Hamiltonians can be treated
coupling Ĥ coup ⫽Ĥ coup
perturbationally.

where the functions S n⫽1,2 共which were defined previously in
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are given in Appendix A.
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and ⌬E vcoup
,n,l,m contain the anisotropy and intersubband coupling corrections, respectively. For the S and P exciton states
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n⫽1,2. In Eqs. 共24兲 and 共25兲 we neglect the corrections to the B and C exciton states coming
s
because they are proportional to p 2h (1⫺  ) 2 and
from H coup
are numerically small.
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共 P ⫾1

P 0 共 l⫽1,m⫽0 兲 :
⌬E an
v ,n 共 P 0 兲 ⫽R v

共25兲

0
⌬ 1,2
⫽⌬ 1,2 /R 0 ,

coup
⌬E A,n⫽2
共 P 0 兲 ⫽R 0 ⫻3 p 2h 兵  b 2 关 3 P̃ 1n 共 ⌬ 01 兲 ⫹8 P 3n 共 ⌬ 01 兲兴

v ⫽A,B,C,

16 2
p S 共 0 兲,
5n v n

共24兲

48 2
p 关共  a 2 ⫹2b 2 兲 S n 共 ⫺⌬ 02 兲
5n h

⫹ 共  ⫹a 2 b 2 兲 S n 共 ⌬ 01 ⫺⌬ 02 兲兴 ,

共19兲

S 共 l⫽0 兲 :⌬E an
v ,n 共 S 兲 ⫽R v

共23兲

48 2
p 关共 2a 2 ⫹  b 2 兲 S n 共 ⫺⌬ 01 兲
5n h

⫹ 共  ⫹a 2 b 2 兲 S n 共 ⌬ 02 ⫺⌬ 01 兲兴 ,

v ⫽A,B,C,
共17兲

where the Y l,m are spherical harmonics and R [n,k],l are hydrogen radial wave functions for discrete (n⫽1,2,3 . . . ) and
continuous spectra42 with effective Bohr radii a v
⫽ប 2  0 /e 2  v . The remaining part of the Hamiltonian can be
considered as a perturbation. To second order in the perturbation one can find the energies of the A, B, and C exciton
states in zero magnetic field:

48 2
p 关共 2a 2 ⫹  b 2 兲 S n 共 ⌬ 01 兲
5n h

册

2
1
3
2
⌬E an
v ,n 共 P ⫾1 兲 ⫽R v ⫺ p v ⫹p v „P n 共 0 兲 ⫹6 P n 共 0 兲 … ,
5

共22兲

共28兲

1
1
where P̃ n⫽2
(x)⫽1/(25x)⫹ P n⫽2
(x) is defined for x⫽0.
The structure of the A, B, and C exciton ground states
(n⫽1) and of the excited (n⫽2) states of the A exciton,
obtained in the hydrogenlike isotropic model with corrections arising from anisotropy and intersubband coupling, is
shown in Fig. 1. In analyzing the significance of these effects
and their dependence on biaxial stress in wurtzite GaN, we
储
⫽18.5 meV and
used the spin–orbit coupling constants ⌬ so
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TABLE I. Energy corrections to the A, B, and C ground n⫽1 state exciton levels in zero magnetic field
储
for three sets of model GaN parameters. The parameters used are ⌬ so
⫽18.5 meV, ⌬⬜so ⫽17.1 meV, 
储
⬜
⫽0.92, m e ⫽m e ⫽0.22m 0 and R 0 ⫽26.0 meV for sets 共i兲–共iii兲 and 共i兲 p h ⫽0.05, ⌬ cr ⫽8.0 meV, 共ii兲 p h
⫽0.1, ⌬ cr ⫽8.0 meV, 共iii兲 p h ⫽0.1, ⌬ cr ⫽18.0 meV.
RA
RB
RC
共meV兲 共meV兲 共meV兲
共i兲
共ii兲
共iii兲

25.94
25.86
25.86

26.03
26.05
25.95

26.06
26.1
26.2

pA

pB

⌬E Aan ⌬E Ban ⌬E Can ⌬E Acou p ⌬E Bcou p ⌬E Ccou p
共meV兲 共meV兲 共meV兲 共meV兲 共meV兲 共meV兲

pC

0.075 0.01 0.075
0.12 0.004 0.16
0.12 0.07 0.12

⌬⬜so ⫽17.1 meV and took as the value of the average exciton
Rydberg number R 0 ⫽26.0 meV. As the exciton binding energies, ⬀R 0 , are smaller than those of optical phonons in
GaN, E lo ⫽91.5 meV,32,33 we replace the electron effective
6,43
masses by those for polarons, m e储 * ⫽m⬜e * ⫽m *
e ⫽0.22m 0 ,
and use static dielectric constants taken from Refs. 32 and 33
to obtain  ⬇0.92. We calculated the values of the anisotropy
parameters, the exciton Rydberg numbers, and the resulting
energy corrections for three different pairs of values of the
coupling parameters and crystal field energy: 共i兲 p h ⫽0.05,
⌬ cr ⫽8.0 meV, 共ii兲 p h ⫽0.1, ⌬ cr ⫽8.0 meV, and 共iii兲 p h
⫽0.1, ⌬ cr ⫽18.0 meV. The results are given in Tables I and
II. One can see that the coupling correction in GaN is more
significant than the effect of anisotropy. The same result has
been obtained for the ground states of the A and B excitons
in CdS.15 The stress dependence of the coupling corrections
is more pronounced for the ground state of the B and C
excitons and for the 2 P states of the A exciton.
The perturbation approach is valid if the energy correc3
an
tions satisfy (⌬E van,n⫽1 ⫹⌬E vcoup
,n⫽1 )⬍ 4 R v and (⌬E v ,n⫽2
5
⫹⌬E coup
v ,n⫽2 )⬍ 9 R v , for v ⫽A,B,C. These conditions hold
for the GaN parameters we used 共see Tables I and II兲. We can
compare our anisotropy energy corrections with those obtained numerically in Refs. 44 – 47. For a value of the anisotropy parameter p v ⫽0.25, our results agree with those of
Ref. 47 to within 1% for the ground state and 2% for the
excited exciton states. The intersubband coupling parameters
p h are defined in the same way and are of the same order of
magnitude as those in semiconductors with a degenerate
valence band.27,29,30 Therefore, the accuracy of a perturbation
treatment of the intersubband coupling in wurtzite
semiconductors48is expected to be the same as that found for
zinc–blende semiconductors.27

0.10
0.28
0.28

0.003
0.
0.08

0.10
0.29
0.30

0.36
1.52
1.71

0.68
2.86
2.46

pertubatively together with Ĥ an and Ĥ coup if the condition
␥ H ⫽  B H/  0 R 0 ⭐0.4 is satisfied.28 For GaN, a value of
␥ H ⬇0.2 corresponds to a magnetic field H⫽15 T. We consider a magnetic field with components perpendicular and
parallel to the hexagonal axis, H⫽(H x ,0,H z ), and restrict
ourselves to linear Zeeman effects only. We can write Ĥ l , in
the basis of Eq. 共5兲, as
1
1
Ĥ l ⫽  B 共 Ĝ e储 H z ⫹Ĝ⬜e H x 兲 ⫹  B 共 Ĝ h储 H z ⫹Ĝ⬜h H x 兲
2
2
储
储
⫹  B 共 Ĝ or
H z ⫹Ĝ⬜or H x 兲 ⫹  B Ĝ an H x ⫹  B 共 Ĝ coup
Hz

⫹Ĝ⬜coup H x 兲 ,

共29兲

where the electron operators Ĝ e储 ,⬜ are diagonal in the hole
basis functions u ⫾
v and, in the basis of the electron Bloch
储
储 ˆ
⬜
and
u⫺
functions u ⫹
e
e , are given by Ĝ e ⫽g e  z and Ĝ e
⫽ig⬜e ˆ x . All other operators in Eq. 共29兲 are diagonal in the
electron basis functions. The hole operators Ĝ h储 ,⬜ in the basis
⫹
⫾ ⫺
of the six exciton functions u ⫾
v u e 共or u v u e ) are

冏
冏

Ĝ h储 ⫽

g A储 ˆ z

0

0

g B储 ˆ z

0

储 ˆ
g BC
z

0

冏
冏

储 ˆ
g BC
z ,

g C储 ˆ z

g⬜A ˆ x

g⬜AB ˆ z

g⬜AC ˆ z

Ĝ⬜h ⫽i g⬜AB ˆ z

g⬜B ˆ x

g⬜BC ˆ x ,

ĝ⬜AC ˆ z

g⬜BC ˆ x

g⬜C ˆ x

D. Exciton energy levels in a weak magnetic field

We now consider the effect of a weak external magnetic
field H on the exciton energy structure. It can can be treated

0.34
1.42
1.37

where the parallel and perpendicular effective hole g factors
for the uncoupled A, B, and C subbands are

TABLE II. Energy corrections to the A-exciton energy levels in zero magnetic field. The GaN model
parameters used are the same as in Table I.

共i兲
共ii兲
共iii兲

RA
共meV兲

pA

25.94
25.86
25.86

0.075
0.12
0.12

(1S)

⌬E Aan (meV)
(2S) (2 P 0 )

(2 P ⫾ )

(1S)

⌬E Acou p (meV)
1/2
(2S) (2 P 0 ) (2 P ⫾1
)

0.10
0.28
0.28

0.16
0.44
0.44

⫺0.7
⫺1.08
⫺1.08

0.34
1.42
1.37

0.42
1.77
1.65

1.71
3.0
3.0

共30兲
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0.18
0.75
0.51

0.35
2.31
1.86

5/2
(2 P ⫾1
)

0.21
0.89
0.8
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g A储 ⫽⫺6  ,
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g B储 ⫽2 关 ⫺  ⫺ 共  ⫹1 兲共 3a 2 ⫺1 兲兴 ,

g C储 ⫽2 关 ⫺  ⫺ 共  ⫹1 兲共 3b 2 ⫺1 兲兴 ,

共31兲

g⬜B ⫽2 关 ⫺ 冑2ab 共 3  ⫹1 兲 ⫹b 2 兴 ,

g⬜A ⫽0,

g⬜C ⫽2 关 冑2ab 共 3  ⫹1 兲 ⫹a 2 兴 ,

共32兲

and the coupling effective g values are
储
g BC
⫽⫺6 共  ⫹1 兲 ab,

g⬜BC ⫽ 冑2 共 3  ⫹1 兲 ⫺4ab,

g⬜AB ⫽⫺ 冑2b 共 3  ⫹1 兲 ⫹2a,

g⬜AC ⫽ 冑2a 共 3  ⫹1 兲 ⫹2b.
共33兲

储 ,⬜
, anisotropic, Ĝ an , and couExpressions for the orbital, Ĝ or
储 ,⬜
pling, Ĝ coup , operators are given in Appendix B.
We assume in the following an additional condition on the
weak external magnetic field,  B HⰆ ⌬ 1 ,⌬ 2 . This will allow
us to the consider the effect of coupling to second order in
perturbation theory. The parallel (H 储 ⫽H z ) and perpendicular
(H⬜ ⫽H x ) magnetic field splits the S –state A, B, and C excitons into four lines with splitting energies,

1
⫾ 共  B H 储 ,⬜ 兲共 g e储 ,⬜ ⫾g v储 ,⬜
,n 兲 ,
2

共34兲

where g⬜v ,n ⫽g⬜v and independent of n, and g v储 ,n are the values
of the effective parallel g factors of the hole involved in the
corresponding exciton states:
储
⫽g A储 ⫹
g A,n

96 m 0 2
p 关共 4a 2 ⫹  b 2 兲 M n 共 ⌬ 01 兲
5n 2  0 h

⫹ 共 4b 2 ⫹  a 2 兲 M n 共 ⌬ 02 兲兴 ,
储
⫽g B储 ⫺
g B,n

储
2ab 共 1⫺  兲 p h g BC

n

2

共 ⌬ 02 ⫺⌬ 01 兲

⫹

96 m 0 2
p 关共 4a 2 ⫺  b 2 兲
5n 2  0 h

⫻M n 共 ⫺⌬ 01 兲 ⫹  M n 共 ⌬ 02 ⫺⌬ 01 兲兴 ,
储
⫽g C储 ⫺
g C,n

储
2ab 共 1⫺  兲 p h g BC

n 2 共 ⌬ 01 ⫺⌬ 02 兲

共35兲

⫹

共36兲

96 m 0
5n 2  0

⫻p 2h 关共 4b 2 ⫺  a 2 兲 M n 共 ⫺⌬ 02 兲 ⫹  M n 共 ⌬ 01 ⫺⌬ 02 兲兴 ,
共37兲
where the functions M n⫽1,2 are defined in Appendix A. The
corrections g v储 ,n ⫺g v储 come solely from the intersubband coupling and may depend on the external stress. For the model
parameter sets 共i兲, 共ii兲, and 共iii兲, the coupling corrections to
储
⫺g A储 are
the g factor of the A exciton ground state g A,n⫽1
0.30, 1.22, and 1.18, respectively.
E. Fine structure of the A exciton and selection rules for
optical transitions.

The symmetry of exciton states in wurtzite semiconductors and the selection rules for optical transitions have been

studied in detail 共see, for example, Refs. 49,22, and 26兲. For
the A exciton, the ground 1S and all excited n⫽2 substates
2S, 2 P 0 , and 2 P ⫾1 have components of ⌫ 5 symmetry and
are optically active for perpendicularly polarized light
(E⬜c). The excited 2 P ⫾1 states is the only one having a
component with ⌫ 1 symmetry that is optically active for parallel polarized light (E储 c). We note that both optically active
components of the 2 P ⫾1 state, ⌫ 5 and ⌫ 1 , arise from the
1/2
state defined in Sec. II C and are split from the dipole–
P ⫾1
forbidden states even in the absence of the electron–hole
exchange interaction 关which is not included in the exciton
Hamiltonian of Eq. 共1兲兴.
We shall briefly describe the fine structure of the
A-exciton ground state. At zero magnetic field the 1S state is
split by the short–range exchange term into a dipole–
forbidden ⌫ 6 state 共with energy E 6 ) and a dipole–active ⌫ 5
state 共with energy E 5 ⫽E 6 ⫹⌬ 56 , where ⌬ 56 is the energy of
the short–range exchange interaction兲. For an exciton with
wave vector parallel to the hexagonal axis K储 c, both ⌫ 5
components are transverse ⌫ 5T states. For K⬜c one of the
components is a longitudinal ⌫ 5L state and is shifted to
higher energy E 5 ⫹⌬ LT by the dipole-dipole interaction,49,15
where ⌬ LT is the longitudinal–transverse 共LT兲 splitting of
the exciton. The longitudinal exciton, ⌫ 5L and the forbidden
exciton ⌫ 6 have no oscillator strength unless they are mixed
with allowed states of the B exciton due to nonvanishing
components of K⬜c.49,22 Further interaction of the transverse excitons ⌫ 5T with the radiation field leads to the formation of lower, ⌫ 5T1 , and upper, ⌫ 5T2 , transverse–polariton
branches. Depending on the relaxation and scattering processes in the GaN layer, the excitation energy, and the excitation intensity, polaritons from both branches may contribute to the luminescence with energy peaks at about E 5 and
E 5 ⫹⌬ LT . 50–53,17
In a parallel external magnetic field H储 c, the magnitude
储
兩
of the linear Zeeman splitting is proportional to 兩 g e储 ⫺g A,1S
储
储
for ⌫ 5 and to 兩 g e ⫹g A,1S 兩 for ⌫ 6 states, respectively. A perpendicular magnetic field H⬜c mixes the ⌫ 5 and ⌫ 6 states
through the term proportional to g⬜e . In addition, the diamagnetic interaction causes a shift of all states to higher energy.
The energy levels of magnetoexcitons for different directions
of H and K can be found, for example, in Refs. 54,55,23,
and 56. A strong exciton–photon interaction in a magnetic
field leads to the formation of magnetopolariton branches.56
The calculated dependence of the allowed transition energies
of the A excitons and excitons and polaritons on magnetic
field is shown in Figs. 2共a兲–2共e兲. For these calculations, we
used model parameters of GaN, which are close to the values
observed experimentally in our samples 共see Sec. IV and
Ref. 11兲: ⌬ 56⫽0.1 meV, ⌬ LT ⫽1.0 meV, and g e储 ⫽g⬜e ⫽2.0.
The values of the hole-parallel g factors were taken to be
储
储
⫽0.5 in 共a兲 and 共c兲 and g A,1S
⫽2.3 in 共b兲 and 共d兲. The
g A,1S
energies are given with respect to E 6 and the diamagnetic
shifts D A储 and D⬜A are subtracted. For the case K储 c and H储 c
关Figs. 2共a兲 and 2共b兲兴 the projection of the total angular momentum on the c axis is a good quantum number. The allowed transitions for the right– and left–circularly polarized
light are marked in Figs. 2共a兲 and 2共b兲 as  ⫹ and  ⫺ , re-
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FIG. 2. Magnetic field dependence of the transition energies of the exciton polariton belonging to the A valence subband in low magnetic
fields for various directions of the magnetic field H and wave vector of translation motion K relative to the hexagonal axis c: H储 c, K储 c 共a兲
and 共b兲, H储 c, K⬜c 共c兲 and 共d兲, and H⬜c, K储 c or K⬜c 共e兲. The field dependence of ratios of the oscillator strengths of the lower ( f (⫺) ) and
upper ( f (⫹) ) mixed branches for perpendicularly polarized light for H⬜c, K储 c or K⬜c is shown in 共f兲. The GaN model parameters used in
储
储
⫽0.5 in 共a兲 and 共c兲 and g A,1S
⫽2.3 in 共b兲 and 共d兲.
our calculations are ⌬ 56⫽0.1 meV, ⌬ LT ⫽1.0 meV, g e储 ⫽g⬜e ⫽2.0; g A,1S

spectively. For the case K⬜c and H储 c 关Figs. 2共c兲 and 2共d兲兴
all ⌫ 5 states are mixed ⌫ 5L /⌫ 5T magnetopolariton states.
The dipole–forbidden ⌫ 6 states are shown in Figs. 2共a兲–2共d兲
as dashed lines. One can see that the field dependence and
the magnitude of the Zeeman splitting of the optically allowed transitions in a parallel magnetic field depend dramatically on the value of the parallel hole effective g factor.
The field dependence of the optical transition energies for
a perpendicular magnetic field H⬜c is the same as for K储 c
and K⬜c 关see Fig. 2共e兲兴. The resulting states are mixed
⌫ 5 /⌫ 6 magnetopolariton states 共in the case K⬜c, a mixed
⌫ 5L /⌫ 6 exciton state, not shown in the figure, is also
formed兲. For the case of perpendicularly polarized light, the
oscillator strength of the mixed states will be determined by
the contribution from the transverse polariton component,
depending on the magnetic field, and the values of ⌬ 56 and
⌬ LT . We have calculated oscillator strengths f of all states
allowed with perpendicularly polarized light as a function of
magnetic field using the model parameters for GaN mentioned above. The ratios of the oscillator strengths f (⫺) and
f (⫹) of the lower (⫺) and upper (⫹) branches of the mixed
⌫ 5T1 /⌫ 6 and ⌫ 5T2 /⌫ 6 states are shown in Fig. 2共f兲.
III. EXPERIMENT

The samples used for this study are high-quality GaN epilayers 300  m 共sample I兲 and 400  m 共sample II兲 thick,
grown on 共0001兲 sapphire by hydride vapor phase epitaxy
共HVPE兲. Additional studies were performed using epitaxial
laterally overgrown GaN layers 共sample III兲 grown on
共0001兲sapphire by HVPE and metallo-organic vapor phase
epitaxy. Details of the growth procedure were given in previous publications.57,58 It is known, and we see it in our

work, that high-quality HVPE GaN typically has very intense and spectrally narrow emission lines at low temperature in the near-band-gap region.2 Our HVPE samples were
characterized with high spatial resolution, to 1  m and 100
nm, by photo- and cathodoluminescence measurements,59 respectively. From these studies, we know that the values of
emission peak energies are sensitive to any inhomogeneous
local strain present in the sample. Due to the narrow linewidth, typically less than 1 meV, even very small strain
variations can cause peak shifts in the range of ⫾0.1 meV.
Despite the narrow linewidths and the high spectral resolution in our experiments, it is still not possible at present to
give bulk reference energies with an accuracy better than 0.1
meV, due to the unavoidable variation of the position of the
excitation spot in our experiments. Photoluminescence measurements were performed under continuous wave 共cw兲 excitation at 325 nm using a HeCd laser for samples I and II
and at 351 nm using an Ar laser for sample III. To distinguish
between luminescence polarized parallel and perpendicular
to the c axis, we detected the light from a side face of the
epilayers 共edge emission兲. The sample was mounted in an
immersion cryostat at 2 K for zero-field experiments. For
magnetoluminescence experiments in Faraday configuration
(k储 H), a 15-T split-coil magnet was employed. To obtain PL
spectral positions with as high an accuracy as possible, we
made line shape fits to the measured spectra, using symmetric Gaussian or Voigt line shapes for the individual peaks.
We always fit the complete free-exciton luminescence spectrum in order to obtain the highest possible accuracy in the
energy positions. This simple analysis does not use any
model of the polariton emission or of the physical processes
involved. It serves only to determine observed peak positions
to as high an accuracy as possible. On the other hand, it is
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FIG. 3. Direct photoluminescence from exciton states in GaN
using a 共a兲 linear intensity scale and 共b兲 a logarithmic scale. In 共b兲
the corresponding reflection spectrum is shown 共right axis兲. Sample
II.

known that the direct excitonic emission line shape has very
little asymmetry, since only polaritons with a vanishingly
small wave vector k can leave the crystal as photons.60 In
addition, our GaN samples exhibit only a relatively small
variation in reflection, and thus also transmission, from the
sample surface in the excitonic range due to a comparatively
high damping parameter, in the range of 0.7 meV.61 Therefore, the influence of surface transmission can be neglected,
and we can expect good agreement between measured spectra and the line shape fits.
IV. RESULTS
A. Overview of the unpolarized exciton PL spectrum in GaN

We first give an overview of the complete emission spectrum of GaN in the excitonic range. Figure 3 shows the unpolarized PL spectrum from the surface of a 400- m-thick
epilayer 共sample II兲. On a linear scale, only the very strong
and spectrally narrow donor-bound-exciton luminescence
(D 0 ,X A ) at 3.4728 eV can be seen in Fig. 3共a兲. The linewidth
of this emission is only 920  eV. This allows us to observe
a fine structure, labeled (D 0 ,X B ), on its high–energy shoulder at 3.476 eV, which we attribute to the emission of a
donor–bound B exciton. However, detailed discussion of the
nature of this luminescence line is beyond the scope of this
paper. The direct emission X A of the A exciton is also observed as a relatively weak line on the high–energy side of
the bound–exciton spectrum.

FIG. 4. Linearly polarized edge emission from the n⫽1 state of
the A exciton: 共a兲 E⬜c and 共b兲 E储 c. Symbols represent experimental data, dashed lines fitted individual peaks; the solid line is the fit
to the measured spectrum. Sample I.

On the logarithmic scale shown in Fig. 3共b兲, several narrow emission lines attributed to the A, B, and C excitons are
observed. The reflection spectrum, recorded for the same
sample with the same energy calibration, is shown for comparison. The splitting between the emission from the A exciton ground state 共the line labeled 1兲 and the emission from
the B and C exciton ground states, ⌬ AB and ⌬ AC , determined
for samples I and II are given in Table III. The lines labeled
from 2 to 5 in Fig. 3共b兲 are observed in all three samples.
From comparison with our reflection measurements, only the
lines labeled 4 and 5 are assigned to emission from the n
⫽2 excited states of the free A exciton. The origin of the
lines labeled 2 and 3 cannot be well established. They may
be attributed to the emission from an excited exciton bound
to a ground state of a neutral donor (D 0 ,X A,n⫽2 ), as was
suggested by Scromme,62 or to the donor–bound state of the
C exciton.24
B. nÄ1 ground state of the A exciton
1. Zero magnetic field

We now turn to a detailed investigation of the emission
line, labeled 1, which belongs to the n⫽1 state of the A
exciton. To study its fine structure, we examine the PL in
different geometries, i.e., for different directions of propagation and polarization of the emitted light. Figure 4 shows the

TABLE III. Exciton fine-structure splittings and effective g values in wurtzite GaN.

Sample I
Sample II

⌬ AB
共meV兲

⌬ AC
共meV兲

⌬ 56
共meV兲

⌬ LT
共meV兲

E A0 (2 P ⫾1 )⫺E A0 (1S)
共meV兲

g⬜e

储
g A,1S

5.5⫾0.1
6.0⫾0.1

22.0⫾0.1
22.2⫾0.1

0.12⫾0.1

1.0⫾0.1

19.7⫾0.2

2.0⫾0.5

2.25⫾0.2
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FIG. 5. Magnetoluminescence
spectra from the state n⫽1 of the
A exciton taken in Faraday configuration with circular polarization for perpendicular H⬜c 共a兲
and parallel H储 c 共b兲 directions of
magnetic field relative to the hexagonal axis c. In 共a兲 the results of
line shape analysis are shown:
symbols represent experimental
data, dashed lines fitted individual
peaks; the solid line is the fit to
the measured spectrum. The dotted lines show the spectra taken at
25 K. The curves with arrows are
guides to the eye. Sample I.

polarized low-temperature emission of photons from a side
face of a free-standing 300- m-thick sample 共sample I兲 after
interband excitation in the region of the n⫽1 state of the A
exciton. In Fig. 4共a兲 the detected light is polarized perpendicular to the c axis, in Fig. 4共b兲 parallel to the c axis. The
spectrum in Fig. 4共a兲 shows an emission line of approximately 3 meV half width, which is superimposed on the
high–energy shoulder of the (D 0 ,X B ) line shown in Figs.
3共a兲 and 3共b兲. The emission from the B exciton is too weak
and too far on the high–energy side to have an influence on
the line shape. This emission line is asymmetrical with a
broader high–energy shoulder. A line shape analysis performed, as described in Sec. III, for the whole spectrum 共of
which only a part is shown in this figure by dashed lines兲
reveals that the A-exciton emission in perpendicular polarization consists of two peaks, labeled 1a 共at 3.4790 eV兲 and 1b
共at 3.4800 eV兲. Although the high–energy peak 1b can be
distinguished only with the help of the line shape analysis, its
contribution must be included to obtain a good agreement
with the measured spectrum 共the sum of all fitted peaks
shown by a solid line兲. We ascribe the peaks 1a and 1b to
the emission from two transverse polariton branches
1S(⌫ 5T1 ) and 1S(⌫ 5T2 ).
The emission from the n⫽1 state of the A exciton with
parallel polarization is expected to vanish.22 However, as
Fig. 4共b兲 shows, rather strong emission is observed with an
intensity about one-third of that for perpendicular polarization. Two peaks labeled 1c 共at 3.4789 eV兲 and 1d 共at 3.4800
eV兲 can be clearly distinguished. We ascribe peak 1d, observed at the same energy as peak 1b with perpendicular
polarization, to the emission from the longitudinal exciton
states 1S(⌫ 5L ). Peak 1c, observed in parallel polarization, is
120  eV below peak 1a 关 1S(⌫ 5T1 ) 兴 observed in perpendicular polarization. We attribute peak 1c to the dipole–
forbidden state 1S⌫ 6 , which gives a value of the spin–
exchange splitting as ⌬ 56⫽0.12⫾0.1 meV. The distance
between the energy positions of the 1S(⌫ 5T1 ) state 关peak 1a
in Fig. 4共a兲兴 and the 1S(⌫ 5T2 )/1S(⌫ 5L ) states 关peaks 1b and
1d in Figs. 4共a兲 and 共b兲兴 gives us an approximate value of

the longitudinal–transverse
⫾0.1 meV.

splitting

as

⌬ LT ⫽1.0

2. External magnetic field

The emission of the n⫽1 state of the A exciton in magnetic fields perpendicular and parallel to the c axis is shown
in Figs. 5共a兲 and 5共b兲, respectively. Both series were taken in
the Faraday configuration K储 H and detecting circularly polarized light. We observe a systematic blue shift, of
210  eV, of the whole spectrum taken from the surface
compared to the side face emission, and ascribe this to a
different local strain at the surface than at the side face of the
sample. The peak positions in the edge geometry at zero field
are slightly different from those shown in Fig. 4 due to local
strain variations.
We first discuss the dependence of the transition energies
for a perpendicular magnetic field in edge geometry: K⬜c,
H⬜c. Line shape fits of the observed peaks are shown by
dashed lines in Fig. 5共a兲. Also included in this figure are
spectra taken at 25 K 共dotted lines兲 for magnetic fields of 1,
5, 8, and 12 T. At low magnetic fields the dominant emission
is from the upper split mixed branch 1S(⌫ 5T1 /⌫ 6 (⫹) ). With
increasing magnetic field the oscillator strength of the lower
split 1S(⌫ 5T1 /⌫ 6 (⫺) ) branch increases 共see Fig. 2兲 and the
low-energy peak consists of unresolved emission from both
1S(⌫ 5T1 /⌫ 6 ) mixed states. Starting from a magnetic field of
about 5 T, the transverse ⌫ 5T1 component gives equal contributions to the lower and upper split 1S(⌫ 5T1 /⌫ 6 ) mixed
branches. The corresponding emission peak moves to lower
energies with increasing magnetic field because relaxation
processes result in a larger population of the lower state. For
magnetic fields larger than 8 T, emission from the upper split
1S(⌫ 5T1 /⌫ 6 (⫹) ) branch can be detected by line shape analysis at almost exactly the same energy where the corresponding shoulder appears in the spectra taken at 25 K. One can
see that, with increasing temperature, the emission from the
upper split state increases, which can be understand by an
increase of its population. The emission from the upper
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FIG. 6. Magnetic field dependence of the energy peaks of the
edge emission from the n⫽1 state of the A exciton for magnetic
field and wave vector perpendicular to hexagonal axis (K⬜c,
H⬜c). Sample I.

1S(⌫ 5T2 /⌫ 6 ) polariton and the 1S(⌫ 5L /⌫ 6 ) exciton states is
weak and, at low temperatures, can only be observed up to 7
T. The corresponding peak shifts to higher energies with increasing magnetic field. The magnetic field dependence of
the energy peak positions obtained by the line shape fits is
shown in Fig. 6. The values of the spin–exchange and LT
splittings used for fitting the data in Fig. 6 共the dashed curves
are calculated using expressions given in Ref. 54兲 are ⌬ 56
⫽0.12 meV and ⌬ LT ⫽1.1 meV; the value used for the
electron perpendicular g factor is g⬜e ⫽2.0⫾0.05.
The emission spectrum of right-circularly polarized light
from the surface for a parallel magnetic field (K储 c,H储 c) is
shown in Fig. 5共b兲. For zero magnetic field two emission
peaks, from the two polariton branches 1S(⌫ 5T1 ) and
1S(⌫ 5T2 ), are clearly seen with an energy separation of
about ⌬ LT ⫽1.1 meV. Applying the parallel magnetic field
leads to a Zeeman splitting not only of the twofold degenerate 1S(⌫ 5T1 ) and 1S(⌫ 5T2 ) polariton states but also of the
dipole–forbidden 1S(⌫ 6 ) exciton state shown in Figs. 2共a兲
and 2共b兲. For  ⫹ polarization a magnetic field shifts the
dominant lower-energy peak to lower energies and the highenergy peak to higher energies 关see Fig. 5共b兲兴. The same
behavior of the magnetic field was observed for
 ⫺ -polarized emission. Thus we conclude that we are observing emission from the forbidden 1S(⌫ 6 ) state, which is
shifted to energies lower than the 1S(⌫ 5T1 ) state in large
magnetic fields 关corresponding to the situation in Fig. 2共b兲兴.
The Zeeman splitting for both 1S(⌫ 5T1 ) and 1S(⌫ 5T2 ) states
is almost compensated due to the near equality of the electron and hole effective g factors in parallel magnetic fields,
and cannot be detected in the difference between the  ⫹ and
 ⫺ -polarized components. The corresponding Zeeman splitting for the 1S(⌫ 6 ) state is, in contrast, large. We will discuss, in Sec. VI, the possible reasons for the observation of
the emission from the dipole–forbidden ⌫ 6 state and its large
oscillator strength.

FIG. 7. Magnetic field dependence of the splitting between uppermost and lowest peaks of the surface emission from the n⫽1
state of the A exciton measured with  ⫹ polarization for magnetic
field and wave vector parallel to the hexagonal axis (K储 c, H储 c).
Sample I.

The magnetic field dependence of the observed splitting
between the uppermost and the lowest  ⫹ polarized PL
peaks is shown in Fig. 7. We suggest that in large magnetic
fields these emission peaks arise from the raised ⌫ 5T2 state
and the lowered ⌫ 6 state, respectively, with energy splitting
between them given by ⌬ 56⫹⌬ LT ⫹2g A,1S (  B H) 共the
dashed line兲. From the splitting in large magnetic fields the

FIG. 8. Linearly polarized high energy edge emission: 共a兲 E⬜c
and 共b兲E储 c. Symbols represent experimental data, dashed lines fitted individual peaks; the solid line is the fit to the measured spectrum. Sample I. The dotted line in 共a兲 shows the redshifted and
rescaled unpolarized PL for sample II.
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effective parallel g factor of the hole involved in the 1S state
of the A exciton is estimated to be g A,1S ⫽2.25⫾0.2. In
smaller magnetic fields the low-energy peaks are composed
of emission from the 1S(⌫ 5T1 ) and 1S(⌫ 6 ) states.
C. nÄ2 state of the A exciton

We now turn to the investigation of the emission lines
labeled 2–5 in Fig. 3. In Fig. 8, the low-temperature PL of
sample I polarized perpendicular 共a兲 and parallel 共b兲 to the c
axis is shown in the region of the n⫽2 state of the A exciton.
For comparison the unpolarized PL for sample II is also
shown as a dotted line in Fig. 8共a兲. We have redshifted the
unpolarized spectrum in this figure to lower energies by
850  eV and rescaled it. The emission from two lowerenergy peaks 2 and 3 at 3.4942 eV and 3.4961 eV is strong
for perpendicular and weak for parallel polarization. The intensity of the high-energy peak 5 is only weakly dependent
on the polarization. This emission line is centered at 3.4986
eV for both polarizations but is narrower for parallel polarization. We conclude that peak 5 is a superposition of two or
more degenerate ⌫ 5 and ⌫ 1 states that are allowed for the
perpendicular and parallel polarization, respectively. The
weak line 4 at 3.4972 eV, clearly visible in the unpolarized
spectrum of sample II, is hidden in the polarized spectra of
sample I due to the increased width of lines 3 and 5. However, we see an asymmetric broadening on the low–energy
shoulder of line 5. In the line shape analysis for the perpendicular polarized spectrum of sample I it was necessary to
include an additional peak at line 4 to obtain a good fit.
However, its weakness makes it difficult to make an unambiguous statement about its polarization properties.
From the position of line 5 in parallel polarization, the
energy of the 2 P ⫾1 (⌫ 1 ) state can be determined. The distance between the 1S and 2 P ⫾1 states of the A exciton obtained for sample I is 19.7⫾0.2 meV. Two different conclusions are possible concerning the splitting of the n⫽2 state
of the A exciton at zero magnetic field. Either the single
broad strong line 5 at 3.4986 eV 共with width about 1.5 meV
for the perpendicular polarization兲 corresponds to the n⫽2
state of the free A exciton with unresolved splittings, or the
weak line 4 at 3.4972 eV originates from the emission of the
2 P 0 or 2S state of the A exciton, and the strong line 5 corresponds to the unresolved emission from other n⫽2 sublevels. The energy splitting between peaks 4 and 5 for sample I
is 1.3⫾0.1 meV.
We have studied the magnetic field dependence of the
lines 2–5 in parallel and perpendicular magnetic fields in
Faraday configuration. For parallel fields, we have not detected any additional splitting. All lines are broadened and
shifted to higher energy with increasing magnetic field. For
perpendicular magnetic fields the emission peaks show a linear Zeeman splitting and also a diamagnetic shift to higher
energy with increasing magnetic field. However, we were not
able to make an unambiguous identification of the lines observed.

V. COMPARISON OF THEORY WITH EXPERIMENTAL
DATA
A. A-exciton effective Rydberg number and polaron
corrections

We turn now to the determination of the value of the A
exciton effective Rydberg number and the ground-state binding energy. Using the isotropic hydrogenlike model, we can
estimate the ground-state binding energy and the A-exciton
effective Rydberg number from the observed distance bebind
0
⫽R A ⫽ 34 (E A,n⫽2
tween the n⫽1 and n⫽2 states: E A,1S
0
⫺E A,n⫽1 )⫽26.3⫾0.3 meV. One can see from Table II that
the total 共anisotropy plus intersubband coupling兲 corrections
to the ground and excited states of the A exciton depend
strongly on the value of the hole effective mass anisotropy,
1/2
state as the
which is not known at this time. Using the 2 P ⫾1
reference energy for the n⫽2 state can lead to an error in the
binding energy of the A-exciton ground state of about ⫾1%
and in the exciton effective Rydberg number of about ⫾7%.
Therefore, we estimate the A-exciton effective Rydberg number as R A ⫽25.5⫾1.1 meV and the ground-state binding enbind
⫽26.2⫾0.4 meV. The maximum splitting beergy as E A,1S
tween the lowest 2 P 0 state and the uppermost optically
1/2
state of the A exciton is estimated to be 0.5
active 2 P ⫾1
meV.
We have been using static dielectric constants for the
electron–hole Coulomb interaction in Eq. 共1兲. Now, the
value of the A exciton effective Rydberg estimated above is
associated with electron–polaron and hole–polaron effective
masses. However, the difference between the static and the
high-frequency dielectric constants in GaN is known to be
very large32,33 and the effects associated with a spatially dependent screening of the electron–hole interaction34,35 may
be significant. In order to evaluate these ‘‘polaron’’ corrections for the exciton levels in GaN, we consider now the
effect of two model potentials for the electron–hole effective
Coulomb interaction derived for semiconductors with a
simple isotropic band structure in Refs. 34 and 35. These
isotropic potentials have been found to be a good approximation when compared with the similar fully anisotropic potentials derived for anisotropic semiconductors with simple
bands.38,36 As the high-frequency dielectric constant  ⬁ is
known to be isotropic in GaN,32,33 we will continue to use
the parameter  ⫽⬜0 / 0储 when taking into account the anisotropy of the Coulomb part of the electron–hole interaction.
For simplicity, we shall take the electron, m e ⫽m e储 ⫽m⬜e ,
and electron–polaron, m *
e , effective masses in GaN to be
isotropic and related by m e* ⫽m e (1⫹ ␣ e /6), where ␣ e
⫽ 冑m e e 4 /2ប 2  * 2 E lo is the electron Fröhlich interaction constant and 1/ * ⫽(1/ ⬁ ⫺1/ 0 ). The hole–polaron effective
储 ,⬜
, can be
masses in the A, B, and C valence subbands, m *
v
obtained from Eqs. 共10兲–共12兲 using the renormalized effective Luttinger parameters ␥ 1* ⫽ ␥ 1 /(1⫹ ␣ h /6) and ␥ *
⫽ ␥ /(1⫹ ␣ h /6). The hole interaction constant is given by
␣ h ⫽ 冑m h e 4 /2ប 2  * 2 E lo , where the mass m h ⫽m 0 / ␥ 1 is the
hole effective mass averaged over the three directions in k
space. The polaron self-energy E pol ⫽( ␣ e ⫹ ␣ h )E lo is the
same for all exciton states, so that the experimentally rel-

115204-12

FREE EXCITONS IN WURTZITE GaN

PHYSICAL REVIEW B 64 115204

evant value of the energy band gap is E g ⫽E g,⬁ ⫺E pol , and
the spacing between the valence subbands ⌬ 1 and ⌬ 2 remains unchanged. We see from Eqs. 共10兲–共12兲 that the hole
储 ,⬜
polaron masses are related to the ‘‘bare’’ masses by m *
v
储 ,⬜
⫽m v (1⫹ ␣ h /6) ( v ⫽A,B,C) just as for the electron effective masses in the Fröhlich model.
We shall use the averaged parameters defined above in the
isotropic Haken and Pollmann–Büttner effective potentials.
The Haken model describes two interacting polarons, each
with a radius much smaller than the exciton effective radius,
and expresses the effective potential for the electron–hole
Coulomb interaction as34
V H 共 r 兲 ⫽⫺

* 共 r 兲 ⫽⫺
VH

e2
2 * r

e2
*共 r 兲 ,
⫹V H
 0r

冋 冉 冊 冉 冊册
exp ⫺

r
r
⫹exp ⫺
le
lh

.

共38兲

Here l e,h ⫽ 冑ប 2 /2m e,h E lo are the electron– and hole–polaron
radii determined using ‘‘bare’’ band electron and hole effective masses. The polaron effective mass parameters must be
used in the kinetic energy parts of the Hamiltonians. One can
see that the Coulomb potential with a static dielectric constant is the limiting case of the Haken potential for l e ,l h
→0.
The model proposed by Pollmann and Büttner35 takes into
account the correlation between electron and hole polarons,
and leads to corrections to the Haken potential. The resulting
electron–hole interaction potential is
V PB 共 r 兲 ⫽⫺
e2

e2
⫹V *
PB 共 r 兲 ,
 0r

冋 冉 冊

Haken and Pollmann-Büttner polaron corrections ⌬E v*,n,l,m
to second order in perturbation theory, using the model parameters of GaN and values of the dielectric constants from
Refs. 32 and 33. The Haken polaron corrections are
⬃0.33R v for the 1S states of the A, B, and C excitons and
⬃0.12R v for the 2S states. The corresponding corrections
for the Pollmann–Büttner model are about 0.11R v and
0.04R v , respectively. The polaron corrections for the 2 P
states, as well as for the n⭓3 excited states are negligible.
Thus we may conclude that taking polaron corrections into
account is extremely important in determining the exciton
effective Rydberg number and the ground-state binding energy in GaN.
The zero-field exciton energy structure in GaN, taking
into account anisotropy, coupling and polaron corrections, is
shown in Fig. 1共d兲. We see that the coupling and polaron
corrections in GaN affect the order of the n⫽2 excited
states, making the 2S state the lowest. The maximum splitting between the 2S state and the uppermost optically active
1/2
state of the A exciton can be as large as 1.2 meV or 0.9
2 P ⫾1
meV, using the Haken and Pollmann–Büttner polaron models, respectively. The net effect of a weak external magnetic
field and the exciton–LO-phonon interaction can be determined neglecting the coupling between the magnetic and
phonon fields.37 In this case, there are no ‘‘polaron’’ corrections to the linear Zeeman effect and the expressions for the
hole-parallel effective g values obtained in Sec. II D must be
used with respective ‘‘band’’ or ‘‘polaron’’ values of the electron and hole effective masses.

B. Effective masses and the magnetic Luttinger parameter
in GaN

冉 冊册

1
r
r
m h exp ⫺
⫺m e exp ⫺
V*
PB 共 r 兲 ⫽⫺
⌬m
l
l
h
e
 *r

,
共39兲

with ⌬m⫽m h ⫺m e . This potential was derived assuming
a ex Ⰷl e,h , where a ex ⬇a v ⫽ប 2  0 /e 2  v ( v ⫽A,B,C) are the
effective radii of the respective exciton states. In GaN this
condition is valid not only for the excited states but also for
the ground exciton state. According to Pollmann and
Büttner,35 ‘‘bare’’ band electron and hole masses must be
used in the kinetic energy terms of the Hamiltonians.
To calculate the exciton energy structure in zero magnetic
field with the Haken or Pollmann-Büttner model, we need to
replace the static Coulomb potential in the isotropic uncoupled Hamiltonian Ĥ 0 with V H (r) or V PB (r). Exact solutions for this problem, however, do not exist. Therefore, as a
zeroth approximation we use the wave functions 共17兲 obtained for the Hamiltonian Ĥ 0 using the static Coulomb potential and consider the Haken or Pollmann–Bütther correc* (r) and V *PB (r) as a perturbation. The
tion potentials V H
exciton energy structure in zero magnetic field is then described by Eq. 共18兲 with additional terms ⌬E v*,n,l,m ( v
⫽A,B,C) containing the polaron corrections added to the
exciton binding energies of Eq. 共19兲. We have calculated the

In this section we determine the effective Luttinger parameters and the magnetic constant in wurtzite GaN by fitting the experimental data 共see Table III兲 using three models
of the electron–hole Coulomb interaction: static Coulomb,
Haken, and Pollmann–Büttner models. To minimize the
number of fitting parameters, we keep fixed the value of the
electron–polaron effective mass m e* ⫽0.22m 0 .6,43 Two sets
of dielectric constants known for GaN have been used: 共a兲
 0储 ⫽10.1, ⬜0 ⫽9.28, and  ⬁ ⫽5.29 共Ref. 33兲 and 共b兲  0储
⫽10.4, ⬜0 ⫽9.5, and  ⬁ ⫽5.35 共Ref. 32兲 For both sets, a
value of the ‘‘bare’’ electron mass m e ⫽0.204m 0 is obtained
with the Fröhlich interaction constant ␣ e ⬇0.47. The values
of the spin–orbit interaction constants and crystal field energy must be varied together with the effective Luttinger
parameters in order to fit the experimental splittings between
the ground states of the A, B, and C excitons. If one neglects
the difference between the A, B, and C exciton binding energies, the splittings ⌬ AB ⫽⌬ 1 and ⌬ AC ⫽⌬ 2 can be fit to
储
⫽18.5
within experimental error, with the values ⌬ so
⬜
⫾0.2 meV,
⌬ so ⫽17.1⫾0.2 meV
and
⌬ cr ⫽9.1
⫾0.1 meV, ⌬ cr ⫽9.7⫾0.1 meV for samples I and II, respectively. Estimates show that varying the spin–orbit and
crystal field energy parameters within this range does not
influence the structure of the A-exciton energy levels very
much. To simplify the fitting procedure, we choose the val-
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FIG. 9. Correlated pairs of values of the bare perpendicular and
parallel hole effective mass in the A valence subband, m⬜A and m A储
that fit the splitting of the 1S and 2 P ⫾1 A-exciton states,
E A0 (2 P ⫾1 )⫺E A0 (1S)⫽19.7 meV, using the static Coulomb potential 共dashed curves兲, the Haken 共dotted curve兲, and PollmannBüttner models 共solid curves兲. Cases 共a兲 and 共b兲 are for the two
respective sets of dielectric constants described in the text.
储
ues ⌬ cr ⫽9.1 meV, ⌬ so
⫽18.5 meV, and ⌬⬜so ⫽17.1 meV
and focus, at first, on describing the A-exciton energy structure.
Thus, we fit the effective Luttinger parameters ␥ 1 and ␥
for the ‘‘bare’’ valence band 关which, we see from Eq. 共10兲, is
equivalent to fitting the parallel and perpendicular ‘‘bare’’
hole effective masses in the A valence subband兴 to the splitting between the 1S and the 2 P ⫾1 states of the A exciton,
E A0 (2 P ⫾1 )⫺E A0 (1S)⫽19.7 meV. The resulting parameters
are presented as lines of constant energy splitting in the
space of the A valence subband hole effective masses m A储 and
m⬜A in Fig. 9. These lines establish a correspondence between
the parallel and perpendicular hole masses in the A valence
subband for each polaron model for the particular dielectric
constants chosen. The parameters obtained then allow us to
calculate the entire exciton energy level structure in zero
magnetic field.
To determine the value of the magnetic Luttinger constant
 , we use the well-known relationship between  and the
Luttinger ␥ parameters for a ‘‘bare’’ band:63  ⫽(⫺2⫺ ␥ 1
⫹5 ␥ )/3. This allows us to calculate the values of free-hole
effective g factors in the valence subbands and the hole g
factors in the exciton states. In Fig. 10 the calculated dependence of the parallel effective g factor of the hole involved in
储
, on the ‘‘bare’’ hole
the 1S state of the A exciton, g A,1S
储
parallel mass m A is shown. A comparison with the experi储
⫽2.25⫾0.2 shows that the most approprimental value g A,1S
ate description of the data is obtained with the Pollmann–
Büttner polaron model using set 共a兲 of the dielectric
constants. Using set 共b兲 leads to unphysically large values of
the hole-parallel mass in the A valence subband, as does also
the static Coulomb potential using either set 共a兲 or 共b兲. The
Haken polaron model predicts a value of the hole-parallel g
factor smaller than 1.4, which is not consistent with experimental data.64

FIG. 10. The dependence of the hole parallel effective g factors
in the A-exciton 1S state, g A储 , on the bare hole parallel effective
mass in the A subband, m A储 , calculated with the static Coulomb
potential 共dashed curves兲, the Haken 共dotted curve兲, and PollmannBüttner models 共solid curves兲. Cases 共a兲 and 共b兲 are for the two sets
of dielectric constants described in the text, respectively.

We now focus on the implications of the Pollmann–
Büttner polaron model and the dielectric constants of set 共a兲.
At this stage, we fit the spin–orbit and crystal field energy
parameters to the experimentally observed splittings ⌬ AB
⫽5.5 meV and ⌬ AC ⫽22.0 meV of sample I. The result is
储
⫽19.4 meV, and ⌬⬜so ⫽19.2 meV,
⌬ cr ⫽10.3 meV, ⌬ so
which gives valence band splittings of ⌬ 1 ⫽5.6 meV and
⌬ 2 ⫽24.1 meV. From the measured g factor 2.25⫾0.2 and
the measured splitting between the 1S and 2 P ⫾1 states,
19.7⫾0.2 meV, we find the hole masses for the ‘‘bare’’ A
subband as m A储 ⫽(1.76⫾0.3)m 0 and m⬜A ⫽(0.35⫾0.025)m 0 .
The Luttinger ␥ parameters for the ‘‘bare’’ band, then, are
␥ 1 ⫽2.1 and ␥ ⫽0.77 and the magnetic Luttinger constant is
 ⫽⫺0.09. Values of the polaron effective Luttinger parameters ␥ 1* ⫽1.87 and ␥ * ⫽0.68 can be now obtained using the
hole Fröhlich interaction constant ␣ h ⬇0.72. The values of
the ‘‘bare’’ band and polaron effective masses for the A, B,
and C valence subbands are given in Table IV, together with
the corresponding A, B, and C exciton effective Rydberg
numbers. The binding energies of the A, B, and C excitons as
well as the energies of the n⫽2 sublevels relative to the
ground state of the A exciton 共calculated using the
Pollmann–Büttner model with ‘‘bare’’ band effective
masses兲 are given in Table V. We see that the total correction
to the exciton ground-state binding energy, arising from the
effects of anisotropy, intersubband coupling and optical phonon interactions, is about 20%. The effective parallel g factor
储
⫽2.25, differs
of the hole in the A-exciton 1S state, g A,1S
significantly from the hole effective parallel g factor for the
uncoupled A subband g A储 ⫽⫺6  ⫽0.54 due to the effect of
the intersubband coupling.
VI. DISCUSSION AND CONCLUSION

In this section we discuss our results in the context of the
existing literature on GaN. In Sec. IV B we interpreted the

115204-14

FREE EXCITONS IN WURTZITE GaN

PHYSICAL REVIEW B 64 115204

TABLE IV. Hole effective masses and exciton effective Rydberg numbers in wurtzite GaN.
m A储
m0

m⬜A
m0

m B储
m0

m⬜B
m0

m C储
m0

m⬜C
m0

mh
m0

‘‘Bare’’

1.76

0.349

0.419

0.512

0.299

0.676

Polaron

1.972

0.391

0.469

0.579

0.335

0.757

observed fine structure of the n⫽1 state of the A exciton as
caused by the exchange interaction and the polariton effect.
The surface luminescence from the lower and upper polariton branches in GaN have been observed by Gil et al.53 and
by Stepniewski et al.17. The value of the spin–exchange
splitting between the 1S(⌫ 6 ) and 1S(⌫ 5T1 ) states,
120  eV, was obtained directly from the energy shift between the perpendicularly and parallel polarized PL peaks
and confirmed by fitting the magnetoluminescence data. It is
smaller than the value reported in Ref. 21 for wurtzite GaN
grown onto a –plane sapphire 共0.6 meV兲 and also the value
obtained in Ref. 12 by fitting the magnetoreflectance 共0.9
meV兲. The value of the LT splitting of the A exciton, 1.0
⫾0.1 meV, is in good agreement with those reported in Ref.
61 共0.97 meV兲 and Ref. 17 共0.9 meV兲 from the reflectance
measurements.
Our magnetoluminescence measurements have confirmed
the interpretation of the zero-field fine structure of the
A-exciton–polariton ground state. The value of the perpendicular conduction band g factor, g⬜e ⫽2.0⫾0.05, is in good
agreement with the values g e储 ⫽1.9510 and g⬜e ⫽1.9483 obtained from electron spin resonance measurements by Carlos
et al.65 For a parallel magnetic field H储 c,K储 H, we observed
a zero Zeeman splitting of the optically active 1S(⌫ 5 ) polariton states. This indicates the closeness of the electron and
hole effective parallel g factors, in good agreement with results reported in Refs. 62,12,13, and 66. From the splitting
between the upper transverse polariton 1S(⌫ 5T2 ) and the
lower forbidden 1S(⌫ 6 ) exciton in large magnetic fields, we
determined the parallel effective g factor of the hole from the
储
A valence subband involved in the 1S exciton state as g A,1S
64
⫽2.25⫾0.2. This value is in a good agreement with the
储
⫽2.3 determined in Ref. 13 from the splitting
value g A,1S
between the right- and left-polarized ⌫ 5 components of both
the upper and lower polariton branches. We note, however,
that the resulting value of the magnetic Luttinger constant,
 ⫽⫺0.09, is different from those obtained in Refs. 12 and
储
/6. This is be13 with the help of the expression  ⫽⫺g A,1S
cause the hole effective parallel g factor in exciton states
differs significantly from the A valence subband free-hole g

RA

RB

RC

R0

共meV兲

共meV兲

共meV兲

共meV兲

0.476

21.15

21.31

21.39

21.28

0.534

23.08

23.24

23.33

23.22

factor, g A储 ⫽0.54, due to the coupling of the excitonic states
in different valence subbands.
Surface emission from the dipole–forbidden ⌫ 6 state in a
parallel magnetic field was previously observed in Ref. 23
for CdS and explained by additional scattering processes between the ⌫ 6 and ⌫ 5 states caused by impurities, phonons,
internal stress, etc. It was noted23 that thermalization favors a
high population of the low–energy ⌫ 6 component in large
magnetic fields, which is shifted to an energy below the ⌫ 5T1
state. In GaN, the Zeeman splitting of the forbidden ⌫ 6 state
is even larger than in CdS.23 In magnetic fields H⬎8 T, we
observed only weak emission from the lowest ⌫ 5T1 polariton
branch and a strong emission from the forbidden ⌫ 6 state,
which was not observed in Refs. 62 and 13. We conclude,
therefore, that the relaxation processes in our sample are
faster than the radiative process connected with the converting of the ⌫ 5T1 polaritons into photons. We also note that, in
contrast to the situation reported in Ref. 13, we have observed the dominant emission in zero magnetic field from the
lower polariton branch ⌫ 5T1 , confirming the efficiency of the
energy relaxation processes in our sample.
Unpolarized direct PL in the region of the n⫽2 state of
the A excitons in GaN was previously reported by several
authors, including our group.2,62,20,67,24,25,16 The situation in
this spectral range is complicated because excited states of
both the A and B excitons, as well as emission from donor–
bound complexes, can appear here, and interpretations of the
observed emission lines given so far vary considerably. A
proper determination of the distance between the n⫽1 state
and the n⫽2 sublevels, however, is necessary for a proper
evaluation of the exciton effective Rydberg value. We have
used polarized measurements to identify the parallel polarized emission from the 2 P ⫾1 (⌫ 1 ) state and the 1S(⌫ 6 )
states in the same spectrum and evaluated the energy difference between the 1S and 2 P ⫾1 states of the A exciton as
19.7⫾0.2 meV. Previous measurements of the 2 P state in a
two–phonon absorption 共TPA兲 experiment9 do not measure
this quantity, because the TPA is insensitive to the n⫽1 exciton state.
We have determined the binding energy of the ground n

TABLE V. Binding energies of the A, B, and C exciton ground states and the energy levels of the A
exciton in wurtzite GaN. The energies of the n⫽2 sublevels are given relative to the ground n⫽1 state.
bind
E A,n⫽1
共meV兲

bind
E B,n⫽1
共meV兲

bind
E C,n⫽1
共meV兲

E A,n⫽2 (2S)
共meV兲

E A,n⫽2 (2 P 0 )
共meV兲

1/2
)
E A,n⫽2 (2 P ⫾1
共meV兲

5/2
E A,n⫽2 (2 P ⫾1
)
共meV兲

25.21

25.3

27.3

18.84

19.11

19.7

19.97
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⫽1 state of the A exciton as 25.2⫾0.3 meV, which is comparable to the values reported by other groups.24,9 The value
of the exciton effective Rydberg number R A ⫽21.1
⫾0.3 meV, however, differs from the ground-state binding
energy by about 25%. The major source of this discrepancy
lies in the large polaron corrections to the 1S and 2S exciton
energies. We estimated these corrections, using the
Pollmann–Büttner polaron model developed for semiconductors with a simple band structure,35 and do not claim to
give an accurate description of polaron effects in wurtzite
GaN. In addition, our treatment of the correction potential as
a perturbation is not as accurate as our accounting of the
anisotropic and coupling effects for bare exciton states. Nevertheless, we were able to draw some conclusions about the
importance of polaron corrections in wurtzite GaN both for
the determination of the exciton effective Rydberg numbers
and for describing the excited n⫽2 exciton-state splitting.
We have found that the order of the n⫽2 sublevels and
their energy splitting in wurtzite GaN are strongly affected
by the intersubband coupling as well as by the interaction
with optical phonons and cannot be described on the basis of
the uncoupled anisotropic model of Refs. 22 and 26. We
predict that the 2S sublevel is the lowest excited state of the
A exciton 共see Table V兲. The splitting between the 2S and the
optically allowed 2 P ⫾1 substate, 0.86 meV, is smaller than
the observed splitting between the 2 P ⫾1 emission and the
unknown emission line 1.3 meV below it 共see Fig. 3兲. However, the calculated position of the 2S energy sublevel relative to the n⫽1 state, 18.84⫾0.2 meV, is in good agreement with the data of Ref. 24.
The value of the average ‘‘bare’’ hole mass m h
⫽0.476m 0 we have obtained from the value of the A-exciton
effective Rydberg number R A ⫽21.1 meV is smaller than
those obtained in Ref. 9 from R A ⫽27.1 meV. We have described the anisotropy of the hole effective masses in the A
valence subband using only two unknown ␥ Luttinger parameters of the quasi–cubic approximation.68 These parameters are determined by fitting experimental data. The resulting values of the parallel and perpendicular effective masses
in the A valence subband are comparable with those obtained
in Ref. 10. For the B and C valence subbands, the values of
the hole effective masses depend crucially on the value of the
crystal field energy and are given in the Table IV for a particular strain situation.
In conclusion, we have determined the fine structure of
the A exciton and extracted values of the electron and hole
effective g factors in wurtzite GaN 共see Table III兲 using
polarization-dependent and magnetoluminescence measurements. We have described the exciton energy level structure
in wurtzite GaN as resulting from the combined effects of
anisotropy, intersubband coupling, and polar interactions
with optical phonons. From the analysis of our data, we were
able to determine values of the exciton effective Rydberg
numbers and to evaluate the effective mass and magnetic
parameters for the valence band in wurtzite GaN 共see Table
IV兲.
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APPENDIX A:

EXPLICIT EXPRESSIONS

We give here explicit expressions for the functions appearing in the text.
1. S nÄ1,2

The functions S n⫽1,2 used in calculating the energy levels
of the 1S and 2S states were defined in Ref. 27 and are given
here for completeness:
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and C k ⫽ 关 1⫺exp(⫺2/k)兴.
2. P 12 and P 32

The functions P 12 and P 32 used in calculating the energy
levels of the 2 P states are
⬁

P 12 共 x 兲 ⫽
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where L⫽ 关 r⫻k兴 is the orbital angular momentum operator,
L̃ x ⫽(k z y⫹k y z), and

3. M nÄ1,2

The functions M n⫽1,2 used in calculating the effective
hole g factors of the 1S and 2S exciton states are
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