Calculated second-harmonic susceptibilities of BN, AIN, and GaN
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We report calculations for the dielectric constant and the second-harmonic susceptibilityfor

BN, AIN, and GaN in both zincblende and wurtzite structures within the Kohn—Sham local-density
approximation. For wurtzite AIN and GaN, the computdfl’), and d{%) closely agree with
experiment. For zincblende AIN and GaN as well as zincblende and wurtzite BN, we pie@iat
results show that the simple relation between the independent componehgseaficted by bond
additivity works for BN, breaks down for GaN, and completely fails for AIN. 195 American
Institute of Physics.

The Il nitrides have recently attracted extensive polycrystalline wurtzite AIN gives d\%)|=1.0 pm/V, about
experimentdi and theoreticd®™ interest. Their physical 1/4 of our predictions. We believe, as suggested in Ref. 6,
properties such as a wide band gap, low compressibility, anthat this lowerd{"), is caused by incomplete alignment of
high thermal conductivity make them promising candidatesrystallites along the axis. Another experimehton poly-
for short-wavelengttigreen, blue, and ultravioleelectrolu-  crystalline wurtzite AIN reportsdg";’)zldﬁ")?z:& But it is
minescent devices and high-temperature diodes angnclear how this ratio from polycrystallites is related to that
transistors. There have also been efforts on measuring theyt the single crystal without the knowledge of the orientation
second-harmonic susceptibilities for their potential use agjstribution of the crystallites. In comparison with the bond-
frequency-doubling devices. Theoretical efforts have been charge model, our calculatetiare four times smaller, mak-
mainly directed towards structural _propert?esband ing the IllI-nitride materials less attractive for frequency-
structures>® and linear optical propertie€ The goal of doubling devices than has been predidd.
the current study is to provide reliable theoretical estimates | addition, we tested the validity of bond additivity,
of the second-harmonic susceptibility for three of the COM-geten used as a rule-of-thumb to relate the different compo-

pounds; BN, AN, and GaN. nents ofd. According to bond additivity, the macroscopic

2econd-harmonic susceptibilities are tensorial sums of the
in the Kohn—Sham local-density approximatititDA). Af- P

ter obtaining the ground-state electronic densities, we use a

sum-over-states method to calculate the dielectric constant®\BLE 1. Dielectric constants:.. for three Ill-nitride materials. Our calcu-
e, and the second-harmonic susceptibiIitidsincluding lated dielectric constants are generally consistent with limited experimental
local-field corrections. Details of our method are provideddata- The AIN experimental values were measured from thin films of AIN
elsewheré"lo crystallites. In one GaN experimeniRef. 26 £® was measured to be

Table | sh h LDA diel . lcul 5.8+0.4. The same experiment showed that the difference bete/8eand

. a e_ shows that our e e_CmC anStant ca 9“ 8- 4(9 is less than 4%, which is the result listed in the table. The superscripts
tions are in reasonable agreement with available experimenefer to the ordinary and extraordinary components, respectively. Results
Experimental data are scarce and may suffer from poofrom other calculations include; an orthogonal linear-combination-of-
samples. Comparison with other calculativhy! are also  atomic-orbital (LCAO) calculation, and two linear-muffin-tin-orbital

. . . _ . (LMTO) calculations. Only the present calculation includes local-field cor-
I!sted in Ta_ble'l. For_ GaN ous., agrees with a fuI.I pof[ent|al rections.

linear-muffin-tin-orbital calculatiofi.Our calculation is the

only one which includes local-field corrections. Zincblende Wurtzite

Table Il gives our results for the second-harmonic sus-

©) ©
ceptibility d of BN, AIN, and GaN, in wurtzited") and o > =
d{%); in zincblended),. For wurtzite GaN, the measure- BN LCAO (Ref. 10 3.98 4.23
ment of Miragliottaet al?is consistent with our predictions LMTO® (Ref. 5 4.14 4.19 4.06
. . Present 4.56 4.51 4.69
except for the reported overall sign. However, this overall Exp. (Ref. 17 45
sign was not determined experimentally relative to thean Lcao (Ref. 1 3.88 5.06
atomic coordinate¥’ so there is no disagreement. For AIN LMTO®? (Ref. 5 3.90 3.91 3.77
we note two interesting pointsi) d?), andd(}) aimost van- Present 4.61 4.42 470
C . . . Exp. (Ref. 18 4.84
ish; (i) d\¥) is negative whiled!") for BN and GaN are Exp. (Ref, 19 468
positive. The only experimett on single-crystal wurtzite g,y LCAO (Ref. 11 872 1116
AIN shows thatd{") is almost zero and thak) is negative, LMTO? (Ref. 5 4.78 an 4.62
in agreement with our calculations. One experifien LMTO" (Ref. 8 5.96 5.48 5.65
Present 5.74 5.54 5.60
Exp. (Ref. 20 535+ 020 £@x4%
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YPresent address: Bldg. 221/A253, National Institute of Standards and TecRLMTO with atomic sphere approximation, Ref. 5.
nology, Gaithersburg, MD 20899. YFull-potential LMTO, Ref. 8.
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TABLE II. Second-harmonic susceptibilitiesof three IlI-nitride materials. Finally, we provide some technical details of our calcu-
Our calculations closely agree with experiments on wurtzite AIN and GaN.|ation. Band gap.We expect the calculated optical constants
The magnitudes ofl from our calculations are four times smaller than the to be somewhat overestimat@tecause the LDA band gaps
bond-charge model estimatéRef. 15. The experimental data for AIN is . .
corrected by using a new reference of quartz(Ref. 2D. All the experi-  &re smaller than experiment. Based on our previous study on
mental values fod are our extrapolation ta=0 using Miller’s rule(Ref. GaP!® we believe that the overestimation can be up to 40%
22). The superscrip{z) and (w) refer to zincblende(cubic) and wurtzite  for the worst case, GaN. In BN and AIN, where the band

(hexagonal respectively. gaps are larger, the overestimation is smaller or perhaps even

Zincblende Wurtzite zero based on our studies on reand SiC%°
. 4 4 Con_vergenceSufficient convergence is reached for our
xyz xxz 222 calculations. The only two convergence parameters for our
BN Presen{LDA) 2.80 —-1.46 2.92 method are the energy cutoff for the plane waueg,) and
AN Present(LDA) 0.01 —0.24 —4.61 the number ofk points to sample the integration. Using
Bond-charge mod@| -17

E..i=25 hartree in zincblende BN we found that the ei-

GaN E,);E'Sg;fib% 8.47 f'gig _6'2 ?63'5 genvalues for the lowest 50 bands have converged to about
Bond-charge modl ' ' 26 0.1 eV compared to using,=50 hartree. The choice of
Exp. (Ref. 12 2.66 -5.35 E.. depends on the pseudopotentfISince the 2 pseudo-

potential of N is deepest, we usggd =25 hartree for all the
calculations. The LDA eigenvalues reported in the literature
for BN,>° AIN,*®° and GaN*>®usually agree within 0.3 eV
microscopic single-bond second-order susceptibilities. If ong,,;t can sometimes differ by 0.8 eV. Our calculations lie
assumes that the bonds in the wurtzite and the zincblendgithin this region. We also converged our calculations by
crystals are identical for each compound, bond additivityincreasing the number df points. In the zincblende struc-
gives the following simple relatiorfs: tures, we used 2B point£? in the irreducible Brillioun zone
d(Z\AZ/)Z: —2d§‘ﬁ;=2/\/§d%)z- (1) for BN, AIN, and _GaN. _In wurtzite BN and AIN, we used
two layers ofk points with six on each layer and for GaN
Figure 1 compares the computed and available experiwg layers with 12k points per layer in the irreducible Bril-
mental scaled susceptibilities in E@L). If bond additivity  |ioun zone. The sum rulé$associated with:., andd were
held, they should collapse to a single point for each comysed to test the convergence. With the above choices for
pound. Based on our calculations, this is true for BN, butg  and the number df points, the sum rules are all satisfied
begins to break down for GaN, where Bd(), is almost  within 2%. Decreasing the number lopoints by half change
double the value oflly). The most severe violation of Eq. the dielectric constants by 1% and the second-harmonic sus-
(1) occurs in AIN, where the computedf’) is —4.6 pm/V  ceptibilities by 5%.
but d{y) andd(?), are almost zero. From the experiméran In summary we provide quantitative LDA calculations
single crystal of AIN, the ratio ofl{x}/d{%) is less than 0.04 for the second-harmonic susceptibilitidsof BN, AIN, and
compared to our computed ratio of 0.05. Our calculation wassaN in zincblende as well as wurtzite structures. Our calcu-
done for the experimental lattice geometfyepeating it for lations for the dielectric constants agree with available ex-
the perfect tetrahedral geometry yields the ratio 0.10, whictperiments. In wurtzite AIN and GaN, our calculated values of
further supports our view that the bond additivity is inad-d agree with the single-crystal measurements. We find that
equate for these materials. the bond-additivity picture fails to explain the ratios
d®/dS), and d/dly) in AIN and d()/d%) in GaN. Ex-
perimental measurement d@z in zincblende AIN will strin-

dReference 15.

100 a gently test our predictions of a vanishingly small value.
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