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A coherent picture for the band structure near the G point and the associated fundamental optical
transitions in wurtzite ~WZ! GaN, including the electron and hole effective masses and the binding
energies of the free excitons associated with different valence bands, has been derived from
time-resolved photoluminescence measurements and a theoretical calculation based on the local
density approximation. We also determine the radiative recombination lifetimes of the free excitons
and neutral impurity ~donor and acceptor! bound excitons in WZ GaN and compare ratios of the
radiative lifetimes with calculated values of the ratios obtained with existing theories of free and
bound excitons. © 1996 American Institute of Physics. @S0003-6951~96!02220-6#

GaN has been recognized as one of the most important
wide-band-gap semiconductors recently due to its potential
applications for optical devices such as blue-UV lasers and
for high-temperature electronic devices.1,2 In spite of the recognition of the importance of GaN, many of its fundamental
physical properties are not yet well known. For example, key
parameters which describe the band structure near the G
point, including the values of the valence band splitting and
the hole effective masses, are not well established. In this
letter, we present a coherent picture for the fundamental optical transitions and the detailed band structures near the G
point in GaN, derived from time-resolved photoluminescence measurements and a first-principles band structure calculation based on the local density approximation ~LDA!.
Three GaN samples grown by metalorganic chemical vapor deposition ~MOCVD! were used in this study:
Sample A is a 3.8 mm n-type ~ n5531016
cm23! epitaxial layer; sample B is a 2.8 mm n-type
~n52.431017 cm23! epitaxial layer; and sample C is a 0.2
mm p-type ~Mg-doped! epitaxial layer. All layers were
grown on sapphire substrates with AlN buffer layers.3,4 The
picosecond laser spectroscopy system used for time-resolved
photoluminescence measurements has been described
previously.3
Figure 1 shows three low-temperature photoluminescence emission spectra obtained for samples A, B, and C.
The spectral peak positions shift with temperature following
the temperature variation of the band gap. Two emission
peaks located at about 3.485 and 3.491 eV observed in
sample A are identified as due to the recombination of the
ground state of free excitons ~FX! associated with the top
two valence bands, or A and B excitons @A(n51) and B(n
51!#. These assignments have been further confirmed by the
following three observations: ~a! the emission intensities of
the observed transition lines decrease with temperature with
activation energies correspond to FX binding energies; ~b!
a!
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the emission intensities depend strongly on the excitation
light polarization direction, as expected for FX in WZ crystals; and ~3! the emission intensities increase superlinearly
with excitation intensity, as expected for FX. Our results
show that the energy separation between the A- and
B-exciton transition lines is about 6 meV; the binding energy
of the A exciton is about 19 meV if we use the accepted
value of the low-temperature band gap of 3.504 eV.5–7 We
show the 40 K emission spectrum for sample A because the
B-exciton line is more pronounced at T<40 K in sample A.
An emission line due to the recombination of the first excited
state of the A-exciton A(n52), which is about 14.3 meV
above the A(n51! emission line, is also observable in
sample A at T.40 K. These values are in agreement with
those obtained recently for GaN grown by molecular beam
epitaxy ~MBE!.5,6
The dominant transition line at 3.476 eV observed in

FIG. 1. Low-temperature cw photoluminescence spectra of GaN for three
different MOCVD samples. The arrows indicate the dominant transition
peaks for each sample.
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TABLE I. Structural and band parameters of wurtzite GaN calculated by LDA.
Energy split ~meV!
Lattice
constant
~Å!
a53.1699
c/a51.6250

Internal
parameter
(u a)

0.377

Crystal
field

37.5

i

'

Density of
state mass
(m 0 ) b

m e 50.17
m Ah 52.03
m Bh 51.25
m Ch 50.15

m e 50.19
m Ah 50.33
m Bh 50.34
m Ch 51.22

m e 50.18
m Ah 50.60
m Bh 50.52
m Ch 50.61

Effective mass in m 0
Spin-orbit

12

DE AB

6

DE AC

43

Exciton parameters
m r (m 0 ) c

E b (meV) d

0.13
0.13
0.12

20 A
20 B
18 C

a

Internal parameter u is the nearest-neighbor distance between Ga and N atoms along the c-axis in unit of the lattice constant c.
Density of state effective mass is evaluated according to m * 5(m i m'2 ) 1/3.
i
i
i
i
c
Exciton reduced mass is calculated using m r 5@~2/3!~1/m'r )1(1/3)(1/m r )] 21 , where m'r 5(1/m'e 11/m'h ) 21 and m r 5(1/m e 11/m h ) 21 .
d
The low-frequency dielectric constant e59.5 has been used to calculate the exciton binding energies E b .
b

sample B, the I 2 line, is due to the recombination of the
excitons bound to neutral donors associated with nitrogen
vacancies. The shoulder at about 3.484 eV in sample B is
due to the free exciton A(n51) recombination. We thus
obtain a value between 8–9 meV for the binding energy of
the neutral-donor-bound exciton. The transition line at 3.459
eV ~the I 1 line! observed in sample C is due to the recombination of the excitons bound to neutral acceptors associated
with Mg impurities. A value of about 25 meV is obtained for
the binding energy of the acceptor-bound exciton.
In order to obtain the detailed band structure parameters
near the G point, we have performed first-principles band
structure calculations for WZ GaN using local density approximation ~LDA! as implemented by the all-electron, relativistic, full-potential linearized augmented plane wave
~FLAPW! method.8 Band parameters near the G point are
calculated at the equilibrium lattice constants, which are determined by minimizing the total energy. The calculated results are listed in Table I. The calculated lattice constant a
and the ratio of c/a are in good agreement with the experimental values9,10 and with other calculations.11,12 The calculated three energy levels of the top valence bands at the G
point are fitted to the quasicubic model of Hopfield13 to extract the spin-orbit splitting D SO and crystal-field splitting
D CF . Both values are found to be positive for GaN. We
notice that although D SO is insensitive to the structural parameters, D CF is very sensitive to the ratio h5c/a and the
internal structural parameter u(dD CF /d h 52.02 eV and
dD CF /du5217.0 eV!. To confirm our calculation, we have
also performed a parallel band structure calculation for the
well-understood WZ CdS, which has a band structure similar
to GaN. The obtained D SO555 meV and D CF547 meV for
CdS agree well with experimental values.13,14 The effective
masses of electrons and holes are obtained by calculating the
second derivative of the energy dispersion curves near G.
The energy bands show considerable nonparabolic behavior.
This is especially true for the valence bands, which also
show spin splitting in the direction perpendicular to the c
axis due to the lack of inversion symmetry of WZ structure.
The effective masses of electrons and holes given in Table I
are obtained by averaging over the spin-split states. Since the
LDA calculation underestimates the band gap, our calculated
effective masses are expected to be slightly lower than the
actual values. The calculated electron effective masses for
m e i 50.17m 0 and m e' 50.19m 0 can be compared with the
experimental values of m e i 'm e' '0.2m 0 ,7 suggesting the
Appl. Phys. Lett., Vol. 68, No. 20, 13 May 1996

calculation underestimates these values by about 10–20%.
By using a value of e59.5 for the low-frequency dielectric constant of GaN and our calculated effective masses, the
binding energies of A, B, and C excitons are calculated to
be 20, 20, and 18 meV, respectively, also shown in Table I
and Fig. 2. The calculated A-exciton binding energy agrees
very well with our experimental results. The near coincidence of the three exciton binding energies is due to the fact
that the exciton reduced masses are predominantly determined by the electron mass because of the heavier hole
masses. This is similar to the case in the WZ CdS in which
the binding energies of the A- and B-excitons, E bA , and
E bB , are the same and the binding energy of the C exciton
has a slightly lower value, E bC 50.915 E bA (E bC 50.91E bA for
GaN!. Therefore the calculated energy difference between
the A and B valence bands ~DE AB 56 meV! should be close
to the energy separation observed between the A- and
B-exciton transition peaks, which is confirmed by our experimental data obtained for sample A shown in Fig. 1
2E B(n51) 56 meV!. The calculated energy splitting
~E
A(n51)
between the A and C valence bands, DE AC is 43 meV.

FIG. 2. Calculated band structure near the G point of WZ GaN. At k50, the
top of the valence band is split by crystal field and spin orbit coupling into
the A(G 9 ), B(G 7 ), and C(G 7 ) states. The conduction band is shifted upwards so that the band gap agrees with experiment. The exciton binding
energies are denoted as E bA , E bB , E bC for the A, B, and C excitons, respectively.
Chen et al.
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TABLE II. Calculated relative square of the transition dipole matrix element
I v of WZ GaN for lights polarized parallel and perpendicular to the c axis.
Transition

Eic

E'c

E A (G 7C ↔G 9V )
E B (G 7C ↔G 7V )
E C (G 7C ↔G 7V )

0
0.053
1.947

1
0.974
0.026

F5 ~ E 0 /E i ! 3/2F ex .

~1!

Here, E i is the binding energy of the impurity-bound excitons, E 0 5(2\ 2 /m)( p /V 0 ) 2/3, m is the effective mass of the
intrinsic exciton, and V 0 is the volume of the unit cell. From
Eq. ~1!, we thus have the ratio of radiative decay lifetimes
I 1 and I 2 as

t ~ I 1 ! / t ~ I 2 ! 5F ~ I 2 ! /F ~ I 1 ! 5 @ E ~ I 1 ! /E ~ I 2 !# 3/2.

FIG. 3. Temperature dependence of the recombination lifetime of the ~a! Aand B-exciton, ~b! I 2 , and ~c! I 1 transitions measured at their corresponding
spectral peak positions and low excitation power densities.

Based on our experimental results and theoretical calculations, a band diagram near the G point of WZ GaN is obtained and shown in Fig. 2.
The dynamical behavior of the free- and impurity-bound
excitons has also been studied. The decays of the excitonic
transitions in samples investigated here are described well by
a single-exponential form, I(t)5I 0 exp(2t/t). The temperature dependencies of the recombination lifetime ~t! of the
A-exciton, B-exciton, I 2 , and I 1 transitions measured at low
excitation power densities are plotted in Fig. 3. The measured recombination lifetimes of the A exciton ~;0.35 ns!
and B exciton ~;0.30 ns! transition are nearly temperature
independent, which indicates that the recombination is dominated by radiative processes in sample A. We have calculated the square of the transition matrix element,
I v 5 u ^ c V u H dipoleu c C & u 2 , for the band-to-band transition involving the three valence bands using the quasicubic
model,13 which correlates directly to the radiative lifetimes
of the band-to-band recombination. Here, C V and C C are the
electron and hole wave functions. The calculated values of
I v for the three A-, B-, and C-valence band to conduction
band transitions at two different excitation light polarizations, Ei c and E'c, are listed in Table II. Our results indicate that for the case E'c, the values of I v are about the
same for band-to-band transitions involving the A- and
B-valence bands ~1 vs 0.974!. Since the reduced masses and
hence the effective Bohr radii of the A and B excitons are
comparable, we expect the radiative recombination lifetimes
of the A and B excitons to be close in the E'c configuration,
which is consistent with our experimental observation.
The radiative recombination lifetimes of the I 2 and I 1
transitions can be obtained by extrapolating the plots in Figs.
3~b! and 3~c! to T50, which is about 0.13 and 0.45 ns,
respectively. The relation between the oscillator strength of
the impurity-bound exciton F and of the free excitons F ex
has been obtained previously as15
2786

~2!

From Eq. ~2!, we obtain t (I 1 )/ t (I 2 )55 by taking the binding energies of the neutral-acceptor- and neutral-donorbound excitons from our results, E(I 1 )525 and E(I 2 )58.5
meV. Our measured ratio t (I 1 )/ t (I 2 ) is 3.5, which is in fair
agreement with Eq. ~2! considering the fact that both t (I 1 )
and t(I 2 ) depend on emission energy.
In conclusion, a fairly complete picture for the band
structure near the G point and the associated fundamental
optical transitions in GaN has been derived from timeresolved photoluminescence measurements and from a fistprinciples band structure calculation based on the local density approximation. The electron and hole effective masses
have been obtained. The binding energies of about 20 meV
for the A and B excitons, 18 meV for the C excitons, 8.5
meV for the neutral-donor bound exciton, and 25 meV for
the neutral-acceptor bound exciton have been obtained. Radiative recombination lifetimes of about 0.35 ns for the free
excitons, 0.13 ns for the neutral-donor-bound exciton, and
0.45 ns for the neutral-acceptor-bound exciton have been observed and compared with theoretical calculations.
J. Y. Lin and H. X. Jiang would like to acknowledge
insightful discussions and support of Dr. John Zavada.
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