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We report calculations for the dielectric constant«` and the second-harmonic susceptibilityd for
BN, AlN, and GaN in both zincblende and wurtzite structures within the Kohn–Sham local-density
approximation. For wurtzite AlN and GaN, the computeddxxz

(w) and dzzz
(w) closely agree with

experiment. For zincblende AlN and GaN as well as zincblende and wurtzite BN, we predictd. Our
results show that the simple relation between the independent components ofd predicted by bond
additivity works for BN, breaks down for GaN, and completely fails for AlN. ©1995 American
Institute of Physics.
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The III nitrides have recently attracted extensiv
experimental1 and theoretical2,3–5 interest. Their physical
properties such as a wide band gap, low compressibility, a
high thermal conductivity make them promising candidat
for short-wavelength~green, blue, and ultraviolet! electrolu-
minescent devices and high-temperature diodes a
transistors.1 There have also been efforts on measuring t
second-harmonic susceptibilities for their potential use
frequency-doubling devices.6,7 Theoretical efforts have been
mainly directed towards structural properties,2 band
structures,3–5,8 and linear optical properties.5,8 The goal of
the current study is to provide reliable theoretical estimat
of the second-harmonic susceptibility for three of the com
pounds; BN, AlN, and GaN.

Our calculation uses pseudopotentials with plane wav
in the Kohn–Sham local-density approximation~LDA !. Af-
ter obtaining the ground-state electronic densities, we us
sum-over-states method to calculate the dielectric consta
«` and the second-harmonic susceptibilitiesd including
local-field corrections. Details of our method are provide
elsewhere.9,10

Table I shows that our LDA dielectric constant calcula
tions are in reasonable agreement with available experime
Experimental data are scarce and may suffer from po
samples. Comparison with other calculations5,8,11 are also
listed in Table I. For GaN our«` agrees with a full-potential
linear-muffin-tin-orbital calculation.8 Our calculation is the
only one which includes local-field corrections.

Table II gives our results for the second-harmonic su
ceptibility d of BN, AlN, and GaN, in wurtzite,dxxz

(w) and
dzzz
(w) ; in zincblende,dxyz

(z) . For wurtzite GaN, the measure
ment of Miragliottaet al.12 is consistent with our predictions
except for the reported overall sign. However, this overa
sign was not determined experimentally relative to th
atomic coordinates,13 so there is no disagreement. For AlN
we note two interesting points:~i! dxyz

(z) anddxxz
(w) almost van-

ish; ~ii ! dzzz
(w) is negative whiledzzz

(w) for BN and GaN are
positive. The only experiment14 on single-crystal wurtzite
AIN shows thatdxxz

(w) is almost zero and thatdzzz
(w) is negative,

in agreement with our calculations. One experiment6 on

a!Electronic mail: jchen@pacific.mps.ohio-state.edu
b!Present address: Bldg. 221/A253, National Institute of Standards and Te
nology, Gaithersburg, MD 20899.
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polycrystalline wurtzite AlN givesu dzzz
(w)u51.0 pm/V, about

1/4 of our predictions. We believe, as suggested in Ref
that this lowerdzzz

(w) is caused by incomplete alignment o
crystallites along thez axis. Another experiment7 on poly-
crystalline wurtzite AlN reportsdzzz

(w)/dxxz
(w)53. But it is

unclear how this ratio from polycrystallites is related to th
of the single crystal without the knowledge of the orientati
distribution of the crystallites. In comparison with the bon
charge model, our calculatedd are four times smaller, mak-
ing the III-nitride materials less attractive for frequenc
doubling devices than has been predicted.15

In addition, we tested the validity of bond additivity
often used as a rule-of-thumb to relate the different com
nents ofd. According to bond additivity, the macroscopi
second-harmonic susceptibilities are tensorial sums of

ch-

TABLE I. Dielectric constants«` for three III-nitride materials. Our calcu-
lated dielectric constants are generally consistent with limited experime
data. The AlN experimental values were measured from thin films of A
crystallites. In one GaN experiment,~Ref. 26! «`

(e) was measured to be
5.860.4. The same experiment showed that the difference between«`

(o) and
«`
(e) is less than 4%, which is the result listed in the table. The superscr
refer to the ordinary and extraordinary components, respectively. Res
from other calculations include; an orthogonal linear-combination-
atomic-orbital ~LCAO! calculation, and two linear-muffin-tin-orbital
~LMTO! calculations. Only the present calculation includes local-field c
rections.

Zincblende Wurtzite

«` «`
(o) «`

(e)

BN LCAO ~Ref. 11! 3.98 4.23
LMTOa! ~Ref. 5! 4.14 4.19 4.06
Present 4.56 4.51 4.69
Exp. ~Ref. 17! 4.5

AlN LCAO ~Ref. 11! 3.88 5.06
LMTOa! ~Ref. 5! 3.90 3.91 3.77
Present 4.61 4.42 4.70
Exp. ~Ref. 18! 4.84
Exp. ~Ref. 19! 4.68

GaN LCAO ~Ref. 11! 8.72 11.16
LMTOa! ~Ref. 5! 4.78 4.71 4.62
LMTOb! ~Ref. 8! 5.96 5.48 5.65
Present 5.74 5.54 5.60
Exp. ~Ref. 20! 5.356 0.20 «`

(o)64%

a!LMTO with atomic sphere approximation, Ref. 5.
b!Full-potential LMTO, Ref. 8.
1129/1129/3/$6.00 © 1995 American Institute of Physics
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microscopic single-bond second-order susceptibilities. If o
assumes that the bonds in the wurtzite and the zincble
crystals are identical for each compound, bond additiv
gives the following simple relations:23

dzzz
~w!522dxxz

~w!52/A3dxyz~z! . ~1!

Figure 1 compares the computed and available exp
mental scaled susceptibilities in Eq.~1!. If bond additivity
held, they should collapse to a single point for each co
pound. Based on our calculations, this is true for BN, b
begins to break down for GaN, where 2/A3dxyz(z) is almost
double the value ofdzzz

(w) . The most severe violation of Eq
~1! occurs in AlN, where the computeddzzz

(w) is 24.6 pm/V
but dxxz

(w) anddxyz
(z) are almost zero. From the experiment14 on

single crystal of AlN, the ratio ofdxxz
(w)/dzzz

(w) is less than 0.04
compared to our computed ratio of 0.05. Our calculation w
done for the experimental lattice geometry;24 repeating it for
the perfect tetrahedral geometry yields the ratio 0.10, wh
further supports our view that the bond additivity is ina
equate for these materials.

TABLE II. Second-harmonic susceptibilitiesd of three III-nitride materials.
Our calculations closely agree with experiments on wurtzite AlN and G
The magnitudes ofd from our calculations are four times smaller than th
bond-charge model estimates~Ref. 15!. The experimental data for AlN is
corrected by using a new reference ford of quartz~Ref. 21!. All the experi-
mental values ford are our extrapolation tov50 using Miller’s rule~Ref.
22!. The superscript(z) and (w) refer to zincblende~cubic! and wurtzite
~hexagonal!, respectively.

Zincblende Wurtzite

dxyz
(z) dxxz

(w) dzzz
(w)

BN Present~LDA ! 2.80 21.46 2.92
AlN Present~LDA ! 0.01 20.24 24.61

Bond-charge modela! 217
Exp. ~Ref. 14! <u0.26u 26.36 3.5

GaN Present~LDA ! 8.47 23.45 5.76
Bond-charge modela! 226
Exp. ~Ref. 12! 2.66 25.35

a!Reference 15.

FIG. 1. Rescaled second-harmonic susceptibilities—using Eq.~1!—d for
BN, AlN, and GaN in zincblende (z) and wurtzite (w) structures. If one
assumes bond additivity, the rescaledd should collapse to a single point
This is not the case for AlN or GaN. The hollow symbols report our calc
lations and the solid symbols experiment.
1130 Appl. Phys. Lett., Vol. 66, No. 9, 27 February 1995
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Finally, we provide some technical details of our calc
lation.Band gap.We expect the calculated optical constan
to be somewhat overestimated10 because the LDA band gap
are smaller than experiment. Based on our previous stud
GaP,10 we believe that the overestimation can be up to 4
for the worst case, GaN. In BN and AlN, where the ba
gaps are larger, the overestimation is smaller or perhaps e
zero based on our studies on urea25 and SiC.26

Convergence. Sufficient convergence is reached for o
calculations. The only two convergence parameters for
method are the energy cutoff for the plane waves~Ecut) and
the number ofkW points to sample the integration. Usin
Ecut525 hartree in zincblende BN we found that the e
genvalues for the lowest 50 bands have converged to a
0.1 eV compared to usingEcut550 hartree. The choice o
Ecut depends on the pseudopotentials.

27 Since the 2p pseudo-
potential of N is deepest, we usedEcut525 hartree for all the
calculations. The LDA eigenvalues reported in the literatu
for BN,3,5 AlN,4,5 and GaN2,4,5,8usually agree within 0.3 eV
but can sometimes differ by 0.8 eV. Our calculations
within this region. We also converged our calculations
increasing the number ofkW points. In the zincblende struc
tures, we used 28kW points28 in the irreducible Brillioun zone
for BN, AlN, and GaN. In wurtzite BN and AlN, we use
two layers ofkW points with six on each layer and for Ga
two layers with 12kW points per layer in the irreducible Bril
lioun zone. The sum rules10 associated with«` andd were
used to test the convergence. With the above choices
Ecut and the number ofkW points, the sum rules are all satisfie
within 2%. Decreasing the number ofkW points by half change
the dielectric constants by 1% and the second-harmonic
ceptibilities by 5%.

In summary we provide quantitative LDA calculation
for the second-harmonic susceptibilitiesd of BN, AlN, and
GaN in zincblende as well as wurtzite structures. Our cal
lations for the dielectric constants agree with available
periments. In wurtzite AlN and GaN, our calculated values
d agree with the single-crystal measurements. We find
the bond-additivity picture fails to explain the ratio
dxyz
(z) /dzzz

(w) and dxxz
(w)/dzzz

(w) in AlN and dxyz
(z) /dzzz

(w) in GaN. Ex-
perimental measurement ofdxyz

(z) in zincblende AlN will strin-
gently test our predictions of a vanishingly small value.
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