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First-principles pseudopotential calculations have been performed on GaN and AIN in the wurtzite
and zinc-blende structures. The mixed-basis approach is employed due to the localized nature of the
valence charge density in these materials. In the stress calculation within the mixed-basis set, a correc-
tion term is introduced to the stress expression in order to make it consistent with the pressure given by
the total-energy calculations. The lattice constants in the wurtzite structure are in good agreement with
the experimental data. The band gap appears to be direct except for zinc-blende AIN, which has the
conduction-band minimum at the X point. The effective mass of the electron is found to be nearly isotro-
pic for both wurtzite GaN and AIN. The agreement of the optical I'-phonon frequencies with the Ra-
man experimental data is excellent for wurtzite GaN and good for wurtzite AIN, except for
A | —transverse-optical (4,-TO) mode. The calculated 4,-TO mode frequency of AIN is 11% smaller
than the experimental value. Both GaN and AIN are found to have the wurtzite structure in the ground

state.

I. INTRODUCTION

Gallium nitride (GaN) and aluminum nitride (AIN) are
two of the most promising wide-band-gap III-V semicon-
ductors for short-wavelength optoelectronic devices. Re-
cently, an efficient blue light-emitting diode has been
developed using Si-doped GaN.! Aluminum nitride has
been considered to be significant, as well as the mixed
compound Al ,Ga;_,N, for the development of a short-
wavelength laser. However, it is difficult to grow high-
quality single crystals of these materials. The experimen-
tal data often have some variations, depending on the
crystal-growth condition. Therefore, it is important to
understand the bulk properties of these materials from
the theoretical point of view for various applications.

Over the past decade, first-principles calculations based
on the density-functional theory? with the local-density
approximation® (LDA) have been developed and made
the accurate prediction of the ground-state properties of
solids available. Although several LDA calculations
have been published for GaN (Refs. 4—7) and AIN,*° few
studies have been done on their vibrational property. In
this paper, we have performed a first-principles pseudo-
potential calculation on GaN and AIN to predict their
fundamental properties including the optical I'-phonon
frequencies.

At the ambient conditions, GaN and AIN crystallize in
the hexagonal wurtzite structure (WZ). The wurtzite
semiconductors are sometimes closely related to the cubic
zinc-blende (ZB) semiconductors. Although GaN and
AIN are known to be highly stable in WZ, cubic GaN has
been recently observed on the GaAs substrate.!® In addi-
tion, for the crystal structure of GaN in the ground state,
the results of the previous calculations®!! contradict each
other, which give the total-energy difference between WZ
and ZB with opposite signs. From these reasons, we also
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consider the ZB structure and the results are compared
with those in the WZ structure.

The rest of this paper is organized as follows: In Sec.
I1, the computational procedure is described. Section III
presents several tests for the accuracy, and the results
and discussions are given in Sec. IV. Section V summa-
rizes the main results of this study.

II. METHOD

The present calculations are based on the local-
density-functional theory and the norm-conserving pseu-
dopotential technique. The pseudopotentials are generat-
ed using Hamann-Schliiter-Chiang scheme!? and fitted to
analytic functions according to the method of Bachelet,
Hamann, and Schliiter.'* For gallium, the scalar relativ-
istic effect is included. The Wigner interpolation formu-
la'* for the exchange-correlation energy is used both in
the atomic and crystalline calculations.

Since the p pseudopotential of nitrogen is very deep
due to the lack of p electrons in the core, the convention-
al plane-wave calculation demands much computational
effort: A large number of plane waves are required to ex-
pand the electronic wave functions. Therefore, we have
adopted the mixed-basis approach! which is very
efficient for the system containing both highly localized
and delocalized electrons. For each k in the Brillouin
zone, the electronic wave functions are expressed by a
linear combination of plane waves and Bloch sums of lo-
calized functions,

1

¥, (k,r)=—=3 Ci(k+G)e' kST $ D, (k)¢,(k,r) ,
‘/V G n
(1)
where
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C; and D, are the expansion coefficients, G is a
reciprocal-lattice vector, R is a lattice vector, V is the
crystal volume, and n is a label for the function and atom
(located at 1,). For the localized function, we use a sin-
gle Gaussian orbital on each nitrogen site,

(D)= Are 'Y, (6,p), 3)

where A is a normalization constant and Y,,,(0,p) are
the /=1 spherical harmonics. The Gaussian exponent A
should be determined so as to minimize the total energy
E,, for a fixed set of plane waves. In order to optimize
A, it is convenient to evaluate 9E, , /0A, which is given by

J

where w; is the occupation number, H and ¢; are the
self-consistent single-electron Hamiltonian and its eigen-
values, respectively, and the index i goes over all the oc-
cupied valence states.

The evaluation of the atomic force and the macroscop-
ic stress helps in finding the stable atomic configuration,
in particular when the crystal structure has low symme-
try like the WZ structure. In the force calculation within
the mixed-basis set, the incomplete basis set correction!®
to Hellmann-Feynman force must be taken into account
because the localized Bloch functions depends on atomic
positions.

The macroscopic stress can be calculated from the
stress theorem proposed by Nielsen and Martin!’ and
they have derived the reciprocal-space expression of the
stress.!® In the mixed-basis approach, the localized Bloch
functions are expanded in plane waves and the electronic
wave functions are then given in a Fourier representa-
tion. Hence, the stress expression within the mixed-basis
set can be obtained by substituting

aEtot
— =23 wR
eV 2 2 w;Re
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in the original plane-wave expression, Eq. (2) of Ref. 18,
where f,(k+G) is the Fourier transform of the localized
function.

There is, however, a problem in determining the pres-
sure using the stress calculation. The Gaussian exponent
A optimized at a specific volume is usually kept fixed
when the pressure is evaluated from the total-energy cal-
culations. On the other hand, the stress calculation takes
the derivative of the total energy with respect to volume
by applying the scaling procedure which leads to the
transform of A into (1+€) %A, where € is a hydrostatic
strain. In order to overcome this ambiguity, we have in-
troduced a correction term to the stress expression. The
change in the total energy due to scaling A is given by

which brings the ambiguity of the pressure. Thus, the
stress expression within the mixed-basis set is obtained by
subtracting this term from the reciprocal-space expres-
sion of the stress:

o :iaEtot
@y O€,p

24 OE
+€‘V an 8aﬁ’ (7

where the first term is the stress obtained from the
reciprocal-space expression and the second term indicates
the pressure correction for scaling A, which is analytical-
ly calculated from Eq. (4). When the Gaussian exponent
A is sufficiently optimized for a given set of plane waves,
the correction term becomes negligible because
oE,,, /oA =0.

In this study, the constant number of plane waves is
used to introduce a cutoff on plane waves. The number
of plane waves is kept fixed at 2189 for WZ and 1067 for
ZB. The corresponding cutoff energy E_, is about 28
hartrees. The Brillouin-zone k integration is performed
by the special-points method of Chadi and Cohen'® and
Monkhorst and Pack.?’ We use six special k points for
WZ and two special k points for ZB, or the equivalent in
the irreducible Brillouin zone, unless otherwise noted.
The optimum value of the Gaussian exponent is obtained
as A, =4.08 a.u.”? for ZB-GaN and this value is also
employed for other cases; we have found that dE,  /9A is
held small throughout this work, which ensures the high
quality of the value of A.

III. EXAMINATION

We have carried out three kinds of tests for accuracy.
First, we have compared the pressure P . given by Eq.
(7) with the pressure Pty derived from the total energy
curve to confirm the validity of the stress calculation
within the mixed-basis set. The calculation is performed
on ZB-GaN. The number of plane waves is fixed for the
consistency of Prg and Py ...>' Murnaghan’s equation of
state is used for determining Prg. The Gaussian ex-
ponent A=3.8 a.u.”? is chosen instead of Aopt=4.08
a.u.” 2 to examine the correction term in Eq. (7). The ex-
cellent agreement between Prg and P, is obtained as
shown in Table I. Since the value of A is not the opti-
mized one, the pressure correction is not negligible. This

TABLE 1. Comparison of pressure given by the total-energy
calculation (Prg) and the stress calculation (Pg,.) for ZB-
GaN. The last column gives the second term of Eq. (7).

a PTE Pstrcss Correction
(A) (GPa) (GPa) (GPa)
4.40 6.22 6.21 —0.64
4.42 3.29 3.28 —0.68
4.44 0.53 0.52 —0.73
4.48 —4.52 —4.53 —081
4.50 —6.82 —6.83 —0.85
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term works well to correct the pressure given by the
reciprocal-space expression of the stress. Additional in-
formation can be found in this calculation. The lattice
constant @ and bulk modulus B calculated here are 4.444
A and 196 GPa, respectively, which are very close to
those obtained using A, (see Table II). As discussed in
Ref. 15, the results are insensitive to the value of A.

Second, a comparison between the mixed-basis ap-
proach and the plane-wave approach has been made.
Figure 1 shows the pressure P of ZB-GaN at a =4.44 A
as a function of the cutoff energy E_,. The fully con-
verged values of P given by the two approaches agree
within 0.5 GPa. The pressure convergence is within 0.6
GPa with our basis set (shown by an arrow in Fig. 1),
whereas the same level of convergence with the plane-
wave basis set requires a large cutoff energy, E_, =56
hartrees. This means that the number of plane waves re-
quired is about three times larger than that in our basis
set. Assuming the linear relation Aa/a=—AP/(3B),
the uncertainty in a introduced by the convergence error
AP is expected to be 0.1% in our basis set. We also con-
sider the nonisotropic deformation. The shear stress
Oy —0,, is evaluated with the uniaxial strain of
€,,=0.02, and is predicted as 2.99 GPa within the
mixed-basis set and 3.00 GPa within the plane-wave basis
set. The two calculations give almost same value. From
these results, we can conclude that the mixed-basis ap-
proach is as accurate as the plane-wave approach.

Finally, the convergence test has been performed with
respect to the Brillouin-zone k-point sampling. In going
to denser k-point mesh, the change in P is below 0.2 GPa
for ZB-GaN and 0.1 GPa for WZ-GaN.

IV. RESULTS AND DISCUSSION

For the WZ structure, the equilibrium structural pa-
rameters, the lattice constant a, axial ratio ¢ /a, and inter-
nal parameter u, are determined so that the forces on
atoms along the c axis, F,, and the diagonal elements of
the stress tensor, o,, =0,, and 0,,, vanish. For the ZB
structure, unlike the WZ case, the structural parameter is
only the lattice constant a and its equilibrium value is ob-
tained from the condition that pressure is equal to zero.
The bulk modulus B can be obtained from the numerical
volume derivative of the pressure around the equilibrium

TABLE II. Lattice constants a, axial ratios c /a, internal pa-
rameters u, and bulk moduli B.

GaN AIN
Calc. Expt.? Calc. Expt.®
Waurtzite structure
a (A) 3.146 3.189 3.144 3.112
c/a 1.629 1.626 1.605 1.600
u 0.377 0.381
B (GPa) 195 194
. Zinc-blende structure
a (A) 4.446 4.421
B (GPa) 195 195

#Reference 22.
YReference 23.
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FIG. 1. Pressure of ZB-GaN at lattice constant a =4.44 A as
a function of the cutoff energy. Circles are the calculated pres-
sure within the mixed-basis set (A=4.08 a.u.”?) and triangles
are within the plane-wave basis set. The arrow indicates the
basis set used for the zinc-blende structure in this work.

volume. We apply £1% variations in volume, assuming
that ¢/a and u are fixed at the equilibrium values for
WZ.

Table II shows the results of the calculation, together
with the experimental data. The agreement with experi-
mental data is very good, though it should be noted that
some variations of the experimental data have been found
in other literature.”* The structure of WZ-GaN is close
to the ideal WZ structure in which ¢/a =Vv'8/3~1.633
and u =0.375, while large relaxation from the ideal WZ
structure is found for WZ-AIN with a smaller ¢ /a and a
larger u than the ideal values. The difference in lattice
constant between WZ-GaN and WZ-AIN is 0.1% along
the a axis and 1.5% along the ¢ axis. This small lattice
mismatch opens the possibility of growing the mixed
compound Al ,Ga;_,N. The bulk moduli of WZ-GaN
and WZ-AIN are almost equal. We can expect that the
errors in B introduced by the assumption of the ideal iso-
tropic deformation are negligible because the shear stress
0, —0,, and forces on atoms F, are still small under this
deformation. This implies small elastic anisotropy of
WZ-GaN and WZ-AIN. The lattice constants of ZB-
GaN and ZB-AIN are quite close to the expected ones
(4.445 and 4.421 A, respectively) obtained by assuming
that they have the same atomic volume in the WZ struc-
ture. The bulk modulus of ZB-GaN and ZB-AIN is also
very close to that in the WZ structure. The lattice
mismatch in the ZB case is 0.6%.

The valence charge contour plots for GaN in the WZ
and ZB structure are shown in Figs. 2(a) and 2(b), respec-
tively. The charge plotted is normalized to the average
valence charge density of the unit cell. There is no re-
markable difference between the plots for WZ and ZB,
except for the bonding direction. As expected, the
valence charge densities of WZ-GaN and ZB-GaN are
strongly localized around nitrogen; the maximum charge
density is about ten times larger than the average charge
density. The charge distribution around nitrogen is al-
most spherical and the bonding character seems to be
ionic rather than covalent. The valence charge contour
plots for AIN are given in Fig. 3. For both the WZ and
ZB cases, the charge density of AIN is similar to that of
GaN, but the valence charge is slightly more localized for
AIN than for GaN. For better comparison, the charge
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FIG. 2. Valence charge contour plots for (a) WZ-GaN in the
(100) plane and (b) ZB-GaN in the (110) plane. The charge
plotted is normalized to the average valence charge density of
the unit cell. The contour spacing is 0.5 and the bonding direc-
tions are illustrated by the straight lines.

difference between ZB-GaN and ZB-AIN is plotted in
Fig. 4. This figure illustrates that more charge is
transferred to around nitrogen for AIN, most of which is
accumulated in the off-bond region. This makes the
bonding of AIN more ionic. The corresponding plot for
the WZ case is not meaningful due to the displacement of
the sublattice (different u as shown in Table II). Compar-
ing the charge densities in the ideal WZ structure, we
have obtained a plot similar to Fig. 4.

Figure 5(a) depicts the electronic band structure of
WZ-GaN. The band gap of WZ-GaN is found to be
direct. The calculated size of the band gap, E;°*=2.89
eV, is smaller than the experimental value of 3.4 eV. Al-
though it is widely known that the LDA calculation usu-
ally underestimates the size of the band gap, we can ex-
pect that it has enough accuracy to determine whether
the band gap is direct or not and gives fairly good results
for the band-energy dispersion. The effective-mass com-
ponents of the electron derived from the LDA calcula-
tions are mIT =0.20m, along the I'- 4 symmetry line and
mY =0.22m, perpendicular to that. The experimental
value is 0.20m,.2° The electronic band structure of WZ-
AIN is shown in Fig. 6(a). The band gap is direct with
EI'PA=4.09 eV, which is smaller than the experimental
value of 6.3 eV, and the effective mass predicted is
mj =0.29m, and m} =0.30m,. Our results suggest
that the effective mass of the electron of WZ-GaN and
WZ-AIN has a small dependence on the direction of k.
The band structure of ZB-GaN and ZB-AIN are given in
Figs. 5(b) and 6(b), respectively. The plot for ZB-GaN
shows that the energy band gap is direct with
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FIG. 3. Valence charge contour plots for (a) WZ-AIN in the
(100) plane and (b) ZB-AIN in the (110) plane. See caption of
Fig. 2.

E;PA=2.73 eV and m*=0.21m,. For ZB-AIN, the
band gap appears to be indirect with E;‘DA=3.O7 eV at
the X point and the effective mass of the electron is pre-
dicted as m;*=0.51mg and m}*=0.31m,.

The optical I'-phonon frequencies are obtained by solv-
ing the secular equation for the dynamical matrix. The
dynamical matrix is numerically constructed by calculat-
ing forces on atoms with small displacement of an atom.
The displacement is taken as +£0.01 A. The results are
listed in Table III. The agreement with the Raman ex-
perimental data is excellent for WZ-GaN. The calculated
frequencies of WZ-AIN agree well with the Raman exper-
imental data except for the A,-—transverse-optical (TO)
mode. The calculated 4,-TO mode frequency of WZ-
AIN is 11% smaller than the experimental value. We be-

FIG. 4. Charge difference between ZB-AIN and ZB-GaN in
the (110) plane. The function plotted is the normalized density
of ZB-AIN minus that of ZB-GaN. The contour spacing is 0.01
and the dashed contours correspond to negative values.
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FIG. 5. Energy band structures of (a) WZ-GaN and (b) ZB-
GaN. The origin of the energy is set at the top of the valence
band.

lieve that this discrepancy is much larger than the uncer-
tainties in our calculations. In Fig. 1(a) of Ref. 27, we
can find an extremely strong band at 610 cm~! which
agrees well with our result, although the authors have
concluded that this band is not due to a first-order Ra-
man process. In connection with this discrepancy, more
detailed investigations will be needed.?®

The TO-phonon frequency in the ZB structure is very
close to the E;-TO mode frequency in the WZ structure
for both GaN and AIN. In our calculation, the longitudi-
nal vibration frequencies cannot be obtained for the
infrared-active modes since they have contributions from
the macroscopic electric field. Although the supercell
method? is capable of overcoming this, it is computa-
tionally impractical in our system.

In order to determine the crystal structure in the
ground state for GaN and AIN, the total-energy calcula-
tions are performed with the denser k-point mesh. We
use 12 special k points for WZ and 28 special k points for
ZB. The convergence test indicates that the errors in to-
tal energy with respect to the k-point sampling and the
plane-wave cutoff energy are less than 1 meV. From
comparison of the total energies, we confirm that GaN
and AIN have the WZ structure in the ground state. The
energy difference between WZ and ZB is 5.8 meV/atom
for GaN and 18.7 meV/atom for AIN. These values are
in good agreement with the ones in the previous calcula-
tion by Yeh et al.!!
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FIG. 6. Energy band structures of (a) WZ-AIN and (b) ZB-
AIN. The origin of the energy is set at the top of the valence
band.

V. SUMMARY

We have performed a first-principles pseudopotential
calculation on GaN and AIN. The mixed-basis approach
is adopted due to the localized nature of the valence
charge density in these materials. The calculation of the
atomic force and the macroscopic stress is utilized to pre-
dict their properties. In the stress calculation within the
mixed-basis set, we have introduced the pressure correc-
tion to the original reciprocal-space expression of the
stress in order to make the results consistent with those
provided by the total-energy calculations. Our examina-
tions indicate that the mixed-basis approach is more
efficient for the system containing the localized com-

TABLE III. Optical I'-phonon frequencies in units of cm ™.

GaN AIN
Calc. Expt.? Calc. Expt.°

Wurtzite structure
A,-TO 534 531 601 667
B, 335 inactive 534 inactive
B, 697 inactive 703 inactive
E,-TO 556 560 650 667
E, 146 144 228
E, 560 568 638 655

Zinc-blende structure

TO 558 648

2Reference 26.
bReference 27.



7902

ponents than the conventional plane-wave approach, re-
taining high accuracy. It should be noted that the
efficiency of the mixed-basis approach may decrease with
increasing number of localized functions in the basis set,
since the correction terms for the atomic force and the
stress become dominant in the computing time.

In conclusion, we have predicted the equilibrium
structural parameters, bulk moduli, electronic band
structures, and optical T'-phonon frequencies of GaN and
AIN in the wurtzite and zinc-blende structures. The lat-
tice constants of WZ-GaN and WZ-AIN are in good
agreement with the experimental data. The electronic
band structures given by LDA suggest that WZ-GaN and
W2Z-AIN have nearly isotropic effective mass of the elec-
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tron. The agreement of the optical I'-phonon frequencies
with the Raman experimental data is excellent for WZ-
GaN and for WZ-AIN except for the 4,-TO mode. The
calculated 4,-TO mode frequency of WZ-AIN shows the
difference of 11% from the experimental value. Both
GaN and AIN are found to have the WZ structure in the
ground state.
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