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Calculation of linear and second-order optical response in wurtzite GaN and AIN
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We calculate the linear and nonlinear optical response of GaN and AIN in the wurtzite structure. The
dielectric function e(w), the second harmonic generation susceptibijf’(—2w;w,w), and the linear
electro-optic susceptibility®(— w;w,0) are all evaluated over a broad frequency range. These results are
based on a first principles electronic structure calculation using the full-potential linearized augmented plane-
wave method within the local density approximation. Corrections to the underestimation of the band gaps are
included at the level of the scissors approximation, which is carefully incorporated within our susceptibility
formalism. All independent components for the response functions are calculated; the results for GaN and AIN
are very different, and those of AIN are in strong disagreement with predictions of the bond charge model.
Results for all response functions at zero frequency are underestimated with respect to the available experi-
mental values. A comparison of the calculated response functions for nonzero frequencies is made with the
limited experimental data. We confirm both analytically and numerically that the calculated second-order
susceptibilities obey various symmetry constraints below the band §8A63-1827)04019-9

I. INTRODUCTION straightforward way within our susceptibility formalism. The
analytic expressions for the optical response functions are
GaN and AIN are considered promising materials for vari-derived from the formalism of Sipe and Ghahrami&mind
ous technological applications. The wide band gaps for thesBversa and Sip& These expressions have the advantage of
materials makes them candidates for use in the neaReing inherently free of any unphysical divergences at zero
ultraviolet and ultraviolet regions. It has been suggested thdtequency. Thus, we believe this constitutes a good initial
GaN and AIN could be employed in nonlinear waveguidesapproach to thab initio determination of optical properties
short wavelength electroluminescent devices, and in higl&cross a broad frequency range.
temperature diodes and transistbr$;AIN has also been The calculational method and relevant susceptibility equa-
suggested as a frequency doubler for,Ma ,As laser tions are briefly presented in Sec. Il. In Sec. Il we discuss
diodes>® The high thermal conductivity and low compress- and present the results of our first principles calculation. The
ibility of these materials are attractive mechanical propertie®and structures for these materials, as well as the linear and
for a range of device applicationis. second-order optical response, are given in this section. We
There have been several experimental studies of the ele@lso identify the symmetries that the second-order response
tronic and structural properties of these materials, as well af¢inction satisfy, both analytically and numerically. Finally,
a number of investigations of the linear and nonlinear opticain Sec. IV we present our conclusions.
responsé:*~®8-11 Theoretical efforts, however, have been
primarily concerned with ground state pro_perﬁé%.‘m_ L. CALCULATIONAL METHOD
While there has been some work on linear optical
responsé;'"8 the only full band structure calculation of  In a previous papé? we detailed our method for calcu-
nonlinear response has been restricted to zero frequéhay. lating optical response in semiconductors. There we dis-
this context, it would be useful to have a comprehensivecussed the susceptibility notation and definitions, scissors ap-
analysis of the optical properties of GaN and AIN, as deterfroximation, electronic structure method, and the techniques
mined from first principles, over a broad range of frequen-employed in the Brillouin zon¢BZ) integrations necessary
cies. for calculating the response functions. In the present work,
We have recently presented results on the linear and nour emphasis is on the results for the optical properties of
linear optical properties of zinc-blende GaAs and G4Phe  GaN and AIN; we use the notation and definitions estab-
goal of this work is to apply the analytic expressions andished in earlier work® We seek the optical response above
computational method employed there to the wurtzite mateand below the band gap for these materials. For linear re-
rials GaN and AIN. Our evaluation of optical response issponse, we evaluate the imaginary part of the dielectric func-
based on a first principles calculation of the electronic struction, e;(w), and then employ the Kramers-Kronig relations
ture using the full-potential linearized augmented planeto obtain the real part of this function. Similarly, we have
wave(FLAPW) method?!?>We address the underestimation chosen to evaluate the imaginary part of the second harmonic
of the band gap by including self-energy corrections at thegeneration(SHG) susceptibility, In§x2°%(—2w;w, )}, and
level of the scissors approximati@h?® This correction rig- again obtain the real part using the Kramers-Kronig rela-
idly shifts the conduction states upward in energy and protions. This allows for the determination of the absolute value
duces a corresponding change in the velocity matrix eleef this susceptibility over an energy spectrum above and be-
ments; the scissors correction is incorporated in a simple anldw the band gap. We restrict our evaluation of the linear
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electro-opticLEO) susceptibility to the region strictly below last two indices. This reduces the number of independent
the band gap. As this function is purely real in this region,components to three, which for this tensor we take to be
we calculate it directly. The LEO susceptibility we consider y?2Z y*2X and y?**.
here is in the clamped-lattice approximation. To calculate the optical response functions it is necessary
In the calculation of the SUSCEptibilitieS it is convenient tOto perform an integration over the IBZ. Our approach to-
reduce the integration over the BZ to one over the irreduciblgyards this integration is to use a hybrid sampling-tetrahedron
segment of the BZIBZ). This is accomplished by applying method. The essence of this method is to partition the 1BZ
the operatordg of the group (_alementR of the hexagonal jnig 5 large number of tetrahedra, at the vertices of which we
symmetry group fim, appropriate for GaN and AlN, 10 the gicyate the eigenvalues and velocity matrix elements using
expansion dyadics Qf the response tensor. In the case of Ilrghe FLAPW method. We then sample a large number of
ear response, the dielectric tensor is given by points within each of these tetrahedra, linearizing quantities
that appear in the integrand based on this vertex information.

?(w)=2 abe?®(w), (1)  This approach is computationally efficient and provides an
ab accurate integration over the entire IBZ; consequently, accu-
and after applying the operatoPs, we obtain racy is maintained for energies above and below the band
gap.
~~n nn - For the calculation of GaN and AIN we have partitioned
; PR(XX):; Prlyy)=61, the IBZ into 5184 tetrahedra, requiring a determination of

the eigenvalues and velocity matrix elements at 1365
. - points. In the case of GaN, we have further partitioned the

E Pr(zz)=121, region immediately near thE point into 3993 tetrahedra.
R This demands a further calculation of the eigenvalues and

velocity matrix elements at an additional 10R2points in

> Pr(ab)=0, a#b, (2)  this region. This is done for GaN only, as we present results
R on the anisotropy of the linear optical response function in
the proximity of the band edge. To be confident in the accu-

where 1 is the identity tensor. Thus only the diagonal ele-,qy of the calculation in this narrow energy region, the finer
ments survive; contrary to what one obtains for matenalsmesh ofk points near thd" point is required

with the cubic structure, all of these components are not
equal. We can identify two independent components for the
linear susceptibility €*= €YY, and €*%

For second-order optical response we proceed in the same lll. RESULTS AND DISCUSSION

way. We can write the LEO susceptibility as A. Band structures
L In Fig. 1 we present the band structures for GaN and AIN.
¥(—0;0,00= 2 abcx® (- w;0,0), (3)  In both cases the band gaps have been adjusted, via the scis-
abc . L . .
sors shift, to coincide with the experimental values. These
and applying the operatoR; we find band structures are in good agreement with other theoretical

results based on various electronic structure methods within
the local density approximatiof. DA).23141 Agreement is
somewhat less striking in a comparison of the eigenvalues at
symmetry points from our band structure with existing qua-
L o siparticle calculation$;differences tend to be smaller than
> Pr(XX2)=6(xxz+Yyy2), 0.4 eV for bands in proximity to the gap, and larger for
R bands further from the gap. We note that for these calcula-
tions, and all those discussed below, we have used the ex-
> Pr(XZX)=6(X2X+Y2Yy), perimental values for the lattice constafftdpr the crystal
R coordinate system, we have used the convention of Koba-
yashi and co-workers’

In the all-electron calculation employed in this work, the
3d states in Ga have been explicitly included as valence
states. These states encroach on the lowest valence states, as
nan can be seen in the band structure betwed® and— 15 eV.

ER Pr(abc)=0, all othera,b,c. (4 The inclusion of these states as part of the fully relaxed va-
lence states in the calculation effects the appearance of these
We can identify four independent components for thisstates in the band structure itself, and also affects the shape
second-order tensor, which we take to p&% x**% x***,  and position of the upper valence and lower conduction
and y“**. The same result follows for the SHG susceptibility states. On this basis, we believe it is important to include
with one exception: The SHG tensor possesses intrinsic pethese states in a full band structure calculation of the optical
mutation symmetry, or a symmetry in the permutation of theproperties of GaN.

; Pr(zz2)=12(222),

>, Pr(zxX)=6(zxx+2yy),
R
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FIG. 1. FLAPW band structures for Gafdpper ploj and AIN

(lower ploy. The fundamental band gaps have been adjusted t0 3.5 G 2. pjot of the imaginary part of the dielectric function for

and 6.3 eV, respectively, within the scissors approximation. GaN. Both independent components are plottefi{w) (upper

B. Linear optical response plot) and €3 (w) (lower plog.

The results for linear optical response are presented in
Fig. 2 and Fig. 3, again for GaN and AIN. In both figures we ~ We begin with GaN. The first peak in bo#§* (at 7.2 e\f
give our results for the two independent components of theinde3* (at 7.3 eV is clearly due to the region betwe&nand
imaginary part of the dielectric functione>(w) and M in the Brillouin zone. The next two peaks &*, one at
€;(w). The corresponding components of the two materialg.1 eV and one at 9.5 eV, arise, respectively, from contribu-
exhibit a general Similarity, although the relative magnitude&ions fromA to L andL to M, and from contributions from
of the peaks in the spectra of GaN differ significantly from 1o M and fromA to H. In the place of these two peaks

tho%(? of AIN. | similaritv of th f th " there is only one i3 (at 9.5 eV}, and it seems to arise from
reflec(tas gtgﬁnerr?d Srllmilnam)i/mci)l rtitesizn(?h) 0 ht ese rpﬁ]teirr'%snddifferent regions in the Brillouin zone: Its main contributions
€ underlying simrarity € shapes ot theIr bant., me from the regions frorhl to K and fromK toT'. The

structures; the structural features in tbg w) spectra are . XX
associated with regions in the band structure for which pairgext peak in each compone(@tt 10.6 eV fore;" and at 10.8

of bands are nearly parallel and the joint density of states i€V or €5) arises from contributions frori to A, from A to
high. In the column IV semiconductors and the 111-V cubic H, and fromA to L; although obviously not well localized in
semiconductors, it is usually possible to identify each pealthe Brillouin zone, at least here there appears to be common
with a parallel joint density of states in a specific band struc-sources for the strength i and €3°. The sources of the
ture region. In contrast, for GaN and AIN we have only remaining higher energy peaks are difficult to identify.
managed to construct a preliminary assignment of the differ- In AIN, where there are more peaks in each spectrum than
ent peaks. Similar efforts have previously been presented biyp GaN, the identification of their origins is less clear. Here
other researchers’ even the first peaks in the two components — at 8.7 eV in
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FIG. 3. Plot of the imaginary part of the dielectric function for
AIN. Both independent components are plottefi{ ) (upper plo}

and e5(w) (lower ploY.

€5 and at 8.5 eV ine;* — appear to have somewhat differ-
ent origins. While the lowest energy peakéff arises from
both the region fronT" to M that leads to the first peaks in
the GaN spectra, and the regitnto M, the lowest energy
peak iney* gains strength as well from the regions frdhto

A andA to L. The next four peaks ig3* (at 9.0 eV, coming
from I' to K; at 9.6 eV, coming froml" to A, from A to
H, and fromL to A; at 9.8 eV coming fronl" to M; at 11.2
eV, the source of which we cannot idenjifigave only one
counterpart ine3*, at 9.3 eV, with origins in the regions from
I' toK, fromH to K, and fromI" to M. The two components
both display a peak at 12.2 eV; &3 this has its origins in
the regions fronT" to A and fromA to H, while in €5* there
is as well a contribution from the region fromto H. We

Energy [eV]
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GaN and AIN is considerably more complicated. This ap-
pears to arise in the large part because of the lower symmetry
of the wurtzite structure, leading to a more complicated joint
density of states than in the cubic materials and a resulting
difficulty in assigning peaks to different regions in the Bril-
louin zone. Support for this comes from our calculation of
the 11-VI compound semiconductors, many of which can oc-
cur in both cubic and wurtzite form. Comparirg(w) for

the two structural forms of the same compound, we consis-
tently find a more complicated spectrum for the wurtzite
structure?®

Despite the complicated spectrum &f{ ) for GaN and
AIN, our results are in good agreement with those of Chris-
tensen and Gorczygghroughout the energy spectrum. Their
calculation was based on the linear muffin-tin orbital
(LMTO) method within the atomic-sphere approximation
(ASA). Although, as they point out, their results are sensitive
to the use of the ASA, we found a strong similarity between
our results and theirs in the structure of the linear response
function as well as in its value at zero frequency. These later
results will be subsequently discussed. Solaetial® have
also calculated the dielectric function for AIN using the
LMTO-ASA method. These results show marked differences
from our own. Their work illustrates the sensitivity of the
linear response function to the application of the LMTO-
ASA approach as well as the numberkopoints used in the
calculation. Our results differ substantially both qualitatively
and quantitatively from those of Xu and ChihgOur struc-
ture of e,(w) for both GaN and AIN is in disagreement with
theirs in respect to both peak positions and relative peak
magnitudes. In addition, they found anomalously large val-
ues fore,(w) for GaN for energies in excess of 20 eV. We
found no such increase in the linear response in this region.

The only experimental data fat,(w) of which we are
aware is the spectroscopic ellipsometry measurements for
GaN of Petala®t al? This data does not exhibit the degree
of structure that is present in our calculation, but does show
general agreement in peak positions.

As there is interest in near band edge optical response, we
present in Fig. 4 the GaN results fes(w) in the region near
the function onset. Both independent components are plotted
so as to elucidate the anisotropy of the function in this re-
gion. Our calculation indicates a differenceds( w) for the
two components of about 0.02 for energies within 0.05 eV of
the band gap, increasing to a maximum difference of 0.2 up
to about 7 eV; the magnitude of the difference varies quite
strongly with energy throughout this range. It should be
noted that our calculation does not take into account exci-
tonic effects which are known to affect the shape of the
linear response function near the band edge.

C. Second-order optical response

We present our results for the imaginary part of the SHG
susceptibility in Fig. 5 for GaN and AIN. We have plotted
the three independent components of this function for each
material. A striking feature of the results, particularly in

have not been able to identify well-defined regions in thecomparison with those for the zinc-blende semicondudcfbrs,
Brillouin zone responsible for the other peaks.
Compared to the column IV elemental semiconductorgonents of both materials. As iey(w), this appears to be

and the 1l1-V cubic semiconductors, the structuresjiiw) in

is how structured the frequency dependence is for all com-

due in large part to the lower wurtzite symmetry of these
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FIG. 4. Results for the calculated imaginary part of the dielectric
function in the energy region near the function onggt(w) (solid L LI L I T
line) and e w) (dotted ling. 4 B
AIN

compounds. It is difficult to interpret the structure)#? in
terms of the band structure of the material — especially for
the wurtzite structure — because one must consider both
one- and two-photon resonances in various regions of the
band structure, and the interference between these processes.
An initial attempt is made at this below; it is clear, however,
that there is virtually no similarity between the results for
these two compounds. Particularly considering the similari-
ties in the linear optical response of these two materials, this
highlights the greater sensitivity of the second-order re-
sponse function to details of the band structure and momen-

IIIlIIIII

Im{x®(—2w;w,w)} (1077 esu)

tum matrix elements of the material. —4 Lo v b b bow o
The imaginary part of the SHG susceptibility for GaN is 2 4 6 8 10

initially very flat for all components in a region of approxi-

mately 1 eV near the half band gap. Beyond this region the Energy [eV]

structure of the response function, as well as the differences
between individual components, becomes dramatically more

L FIG. 5. Imaginar art of the SHG susceptibilit
pronounced. Our results show a strong similarity between tth{XabC(*zw'w w)% foryGaﬁ (upper plo} and AIN (lower pﬁol). y

X" and y*** components OV?T the entire en_ergy ;pectrumThe three independent components are plotygd? (solid line),
To a large degree, peak position and magn;tude IS aPProXizxax (gotted ling, and x> (dashed ling The energy bin size is
mately the same for both components. T{fé” component ;g5 oy

exhibits a similar general structure, but is opposite in sign
and larger in magnitude than the other two components. W

will address this relationship between the magnitudes of th

components in a subsequent discussion of the predictions . . .
most likely due to two photon resonances associated with the

the bond charge approach. _ s : o o
The spectrum of the imaginary part of the SHG susceptififth and sixth peaks in the3" spectrum. For the*™* com-

bility for AIN bears little resemblance to that of GaN. There Ponent, the first main peak at 4.7 eV is due to a two photon
appears to be no definite relationship between the indepefiésonance associated with the second peak ineffige-
dent components for this function. However, in general, thesPonse function. The peak at 5.7 eV is most likely from two
Y*2Z component is usually the largest of the three compofhoton resonances associated with the fifth peakyinand
nents throughout the energy spectrum. the fourth peak ine5”. Finally, the small peak at 7.2 eV is
Turning now to the details of the peaks, for GaN we firstattributable to one photon resonances associated with the
consider they**? component. The broad peak between 3.7first peaks in bothe3* and e5°. The x*** component is the
and 4.6 eV seems to be attributable to a two photon resamost difficult to interpret in terms of the band structure. We
nance associated with the first peak in #38 spectrum, but can only loosely identify the peak at 4.8 eV with a two
with an increasing contribution, at an increasing energyphoton resonance associated with the third pea&;fn and

rom a two photon resonance associated with the second
ak in thee5” spectrum. The peaks at 6.2 and 6.7 eV are
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the peak at 6.7 eV with a two photon resonance associated 6
with the sixth peak in the5”.

For AIN, the x*** component has two peaks for which
somewhat definitive statements can be made. The first is the
peak at 4.3 eV, which is due to two photon resonances asso-
ciated with the first peaks in bot#* and €5°. The peak at
5.9 eV is probably due to a two photon resonance associated
with the fourth peak ire5*. We note, however, that we were
unable to specify a band structure region contributing to this
peak. For they”* component the peak at 4.7 eV is due to a
two photon resonance associated with the second peak in
€5°. The peak at 5.9 eV again seems associated with the
fourth peak ine3?, as for they*?? component. Again, the
contributions to they*** component are very hard to deter-
mine. We can only suggest that the peak at 4.3 eV is from
two photon transitions associated with the first peak in both
€5 and €5°.

In Fig. 6 we plot the absolute value of the SHG suscepti-
bility for both materials. Features of these results which
merit noting are as follows: Thg“** component dominates
in both spectra for virtually all energies. In GaN all three LI I B B B T 1 LI
components are of comparable size for energies below the
half band gap, whereas in AIN thg** and y*** components
are substantially smaller than thé*? component. GaN ex-
hibits significantly more structure for energies around the
half band gap than does AIN.

The results presented in this paper are, to our knowledge,
the first for the SHG susceptibility beyond zero frequency.
There are, however, experimental results with which we can
compare. Considerable work has been done by Miragliotta
et al. on the nonlinear optical response of GaN. Results for
x(—2w;w,w) have been presented for energies around
the half band gap' We have plotted in Fig. 7 these experi- - RN
mental results along with our calculated results for the abso- Ol v 0 |y
lute value of y”(—2w;w,w). This data roughly exhibits 0 2 4 6 8
the same structure as our theoretical calculation in that this
function decreases towards the half band gap and then in- Energy [eV]
creases from there for higher energies. But the magnitude of
i aisenFor AN oy oxpermental a8 S0, FIG. 6. Absote Valie of the SHE ssceptity e a
less complete. Over a range of energies, the only data Z‘f ow the band gap for Ga{\upger Plol-and Ailsz (lower p!ol). The

: _ 4 56 - dependent components gy&Z(solid line), y*** (dotted ling, and
which we are aware is that of Lundquist al>° on radio- ¥ (dashed ling
frequency sputter deposited AIN thin films. The experimen-
tal results exhibit a remarkably similar dispersion to our the-
oretical predictions, but are about 40% smaller in magnitudetesponse function, as th&** and y*** components are iden-

It has been suggested by this experimental group that thical in the limit that the frequency approaches zero.

value of the measured SHG susceptibility can be expected to The results of the current calculation for the linear optical
increase with improved crystallinity of the AIN film; it is not response at zero frequency are very close to those of the
clear how much larger this response function might becomeLMTO-ASA work of Christensen and Gorczytas well as

The value of the SHG susceptibility at zero frequency washe pseudopotential calculation of Chenal® (where they
the focus of the only other full band structure work on thehave included the scissors approximajiomhere is some
nonlinear optical properties of GaN and AlfIFor this rea-  disagreement regarding the anisotropy of the dielectric func-
son, and the fact that some low frequency experimental datdon at zero frequency, although this anisotropy is not calcu-
has been presented in the literature, it is important that wéated to be large for either material. Our results as well as the
place our work within this context. In Table | we present ourother two calculations predict values fes(0) smaller than
results for the dielectric function, and the SHG susceptibilitythe available experimental results. This result is striking in
at zero frequency for GaN and AIN. We have also includedthat our previous calculation for GaAs and GaP obtained
the values from other theoretical calculations and experivalues for the zero frequency linear response that were ex-
ments. We have only included two components for the SHGellent in comparison with experiment. This may point to a

IX®(—R2w;w,w)| (1077 esu)

X®P(—2w;w,w)| (1077 esu)
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ceedingly large for GaN, and predict a strong anisotropy. For
AlIN, the €5%(0) value is close to other calculations, but again

a large anisotropy is predicted leading to a large value for
€590).

. For the SHG susceptibility at zero frequency the theoret-
o* ical and experimental data is more scarce. We find that our
. results are very close to those of Chenal?® when they
have incorporated the scissors correction. Again, their results
without the scissors correction will be higher due to an un-
- St . derestimation of the band gap. The theoretical calculations

* predict values for the SHG susceptibility lower than those
measured experimentally for both GaN and AIN. The experi-
mental data for GaN is opposite in sign to the calculated
values, but as Cheat al!® point out, the overall sign was
not experimentally determined relative to the atomic coordi-
, nates.

One of the values of full band structure calculations such
as ours is that they provide a check on simpler models for
optical response that are often employed in the absence of
more detailed calculations. For example, the usual bond
charge model fory(?) (Ref. 31 predicts that they??? com-
ponent should be twice as large as Hi&* component, but
of opposite sign. It is based on the assumptions of perfect
tetrahedral bonding and an optical response consisting of in-
limitation in the scissors approximation or, in the case of thedependent electrons moving only along the direction of their
LMTO method, to the use of “corrective” terms to adjust bonds. Our present work finds that the bond charge predic-
the LDA band gaps. It has been suggested that for wide baniibn for x**7 x*** holds only approximately for GaN; indeed,
gap materials the scissors approach may be inadequate ftve bond charge prediction holds to a good approximation
correctly predicting zero frequency respor®@he pseudo- not only at zero frequency, where the bond charge model is
potential calculation of Cheet al.,'° which does not employ usually applied, but as well for the ratio of the components
the scissors correction, suffers from the usual LDA band gapf Im{x‘?(—2w;w,®»)} throughout a large energy range, as
problem in that the band gap is underestimated. This natwean be seen in Fig. 5. Yet the bond charge prediction fails
rally leads to higher values for the dielectric function at zerocompletely for AIN. This result has already been found by
frequency. The only wildly anomalous results are those oChenet al,'® and is thus independently confirmed here.

Xu and Ching’ using the orthogonalized linear combination ~ The simplest possible reason for the difference between
of atomic orbitals(OLCAO) method. Their values are ex- the two materials is that the lattice structure of AIN implies a

[¥**(—2w;w,w)| (1078 esu)

1.4 1.6 1.8 2 2.2
Energy [eV]

FIG. 7. The absolute value gf*(—2w; w,w) (solid line) plot-
ted with the experimental data from Miragliot&t al. (Ref. 11
(solid circles.

TABLE I. The dielectric function and the SHG susceptibility at zero frequency. Results of the
present calculatiotFLAPW) are compared with other theoretical calculations and experimental data. The
experimental data for SHG is extrapolated to zero frequency following €hah (Ref. 19. The values for
x?(0) are in pm/V.

Material Method €*0) €740) x“*{0) x*¥{0)
GaN FLAPW 4.82 4.80 6.03 -4.27
Pseudopot(no scissors; LDA gap 5.54 5.60° 10.8 6.4
Pseudopot(scissory’ 4.75 4.85 7.0 4.2
LMTO-ASA® 4.71 4.62
OLCAQ" 8.72 11.16
Experiment -10.7 5.3
AIN FLAPW 3.91 3.97 -3.77 -0.25
Pseudopot(no scissors; LDA gap 442 4.70° 8.4 0.2
Pseudopot(scissory’ 3.78 3.94 -4.6 -0.2
LMTO-ASAS 3.91 3.77
OLCAO® 3.88 5.06
Experiment 4.68 -12.6+7" <[o.g"

*Reference 36.
Reference 1.
9Reference 37.
"Reference 9.

%Reference 19.
bReference 29.
‘Reference 3.

dReference 17.
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bonding structure much further than that of GaN from the LI B I L I R
perfect tetrahedral bonding usually assumed. This, however, =
is clearly not the whole story: Relaxiranly the assumption L GaN
of perfect tetrahedral bonding and using the actual lattice o0
parameters of GaN and AIN, the so-revised bond charge
model would predict gy**7 x*** ratio of —2.053 for GaN, B 7]
and a ratio of—2.208 for AIN. Clearly the correction for
GaN is small and that for AIN is substantial; yet the dis- ‘© = -
agreement of our results for AIN with even this revised bond 3 0 _L
charge model is poor. Obviously other assumptions of the I i
bond charge model are in error. The results of Xu and _| ==
Ching"’ for the ground state charge density contours indi- s,\*/ i N
cated bonding of considerably more covalent character in =
GaN than in AIN; our results for density contours confirm —-20 —
this. While what is really of essence is the nature of the STV S H T T VY O N M
charge density response to applied fields, the nature of the 0 1 2 3
ground states at least suggests that the model of directional
bonds is, in general, more appropriate for GaN than AIN. Energy [eV]
This is clearly a qualitative issue worthy of more study.

We present our results for the clamped-lattice LEO coef-
ficient in Fig. 8 for both materials. We have evaluated this
function strictly below the band gap. To our knowledge these 10
are the firstab initio calculations of the LEO susceptibility
for these materials. We have plotted the four independentf:;
components of this response function, but note that for ener-
gies below the gap thg*** and y*** components are identi- g 0
cal. This response function gradually increases in magnitude &
as the energy moves towards the band gap, where it experi- —
ences a resonance enhancement. For both materiagjgthe S —10
component is the largest. In GaN the other components are 3.
approximately half as large and opposite in sign. In the case 3
of AIN the remaining components are very small in relation :I/ —20
to the y***component. These results are not surprising given &
the data we have presented for the SHG susceptibility. <

We are aware of only one experimental determination of I I .
the LEO coefficient for these materials. Loegal3? have -30 “——- b1 L
measured this coefficient for GaN at 1.96 eV and obtained 0 2 4 6
x**=30x5.5 pm/V andy***=9+ 1.7 pm/V. They have not
determined the absolute sign of this response function. Our
calculated results at this energy for comparison @e=7
pm/V and y***=6 pm/V. This comparison is however not
Strif:t; we CaIC,UIat?d the _LEO suscepFibiIity in the (,:IamPEd'GaN (upper ploi and AIN (lower plo. The four independent com-
lattice approximation while the experimental data is for theponents are plottegy??*(solid line), y***and y2* (dotted ling, and
total LEO effect. X (dashed ling Note that two of the components are coincident

in this energy region.

) (pm/V)

Energy [eV]

FIG. 8. Plot of the LEO susceptibility below the band gap for

D. Symmetries of y®

X7 — w;0,00= x**(— 0;0,0). (5)
The nonlinear optical susceptibilities are required to sat-

isfy certain symmetry considerations and constralptsis ~ AS indicated in Fig. 8 these two components have been nu-

the goal of this section to state some of these conditions an@€rically shown to be identical below the band gap. This

demonstrate how our calculation satisfies them. symmetry condition can also be shown to hold true analyti-
We first consider intrinsic permutation symmetry in the Clly within our susceptibility formalism.
case of the SHG response function. As has been previously & next consider Kleinman symmetfywhich holds for
presented® our susceptibility expression is written so as to VerY low frequencies. This symmetry could be written sche-
explicitly satisfy this symmetry constraint. We have alreadymatically as
discussed this in Sec. Il regarding the reduction of the inde-
pendent components for the SHG function from four to
three, but for completeness mention it here.
For energies at which there is no absorptitkelow the either for the LEO or SHG coefficient, and for them inter-
band gap, full permutation symmetry holds. In terms of the changeably. Again Fig. 8 illustrates how this symmetry has
LEO susceptibility this demands that been numerically satisfied by our calculation; three of the

lim x?%%= lim x*>*= lim 2 (6)

w—0 w—0 w—0
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FIG. 9. Absolute value of the second-order optical response FIG. 10. Plot of Miller'sAy(2«) below the half band gap for
functions for GaNupper ploj and AIN (lower ploy below the band GaN (upper plo} and éil;l (Iovyer_plot). TEE three '“qe"’e“de”‘fgm'
gap. They***component has been plotted for the SHG susceptibil-ponents are plottedA*** (solid line), A*** (dotted ling, and A
ity (solid line), and the LEO susceptibilitydotted line. (dashed ling

) o we can illustrate how this condition holds for GaN and AIN
independent components for the LEO susceptibility are equa}, the wurtzite structure by plotting the SHG and LEO sus-

in the limit of zero frequency. This symmetry constraint canceptipilities on the same graph. In Fig. 9 we have plotted the
also be shown to hold in Fig. 6 for the SHG susceptibility. '”Xzzzcomponent for each material. This figure clearly shows

this case two of the three independent components are gy poth of these susceptibilities are equal for vanishing
merically identical in the zero frequency limit; the expres-faquency; again, analytic equivalence can be demonstrated.
sions can also be shown to be equivalent analytically. The above susceptibility constraints should hold in any

Finally, a condition that one would expect on physical c5|cy|ational approach, and they provide a solid check of not
grounds is that as the frequency approaches zero, the secong;

: ) - ily our formalism but of our numerical method.
order response functions become equal. This can be written

as E. Miller's &
lim x2°%( — 2w; w, @) = lim x3*%( - w; w,0). (7) We have previously calculated Miller'd for GaAs and
00 ©—0 GaP (Ref. 20 and there found reasonable support for some

of Miller’s original predictions about this function. It is use-
We have discussed and numerically demonstrated this cofful, therefore, to calculate Miller's for the semiconductors
dition in a previous paper in the case of GaAs and GaP. Heri this work.
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A generalized form of Miller’'ss for SHG can be written tively small anisotropy ire;(w) for GaN for energies within

as 3 eV of the band gap.
abe ' _ Our work on se_cond-order_optical response constitutes the
AZPE(2 )= X 20,0,0) ) first comprehensive calculation and analysis for GaN and
M X2(2w) x*P(w) x*(w) " AIN over a broad energy range. We have calculated all in-

- . .dependent components for the SHG and LEO susceptibilities
We plot in Fig. 10 the three independent components of thl%md our results indicate strong dissimilarities between the

Iﬁgﬂﬁg ;Z;S;thﬂdoﬂl;lé rﬁzﬁgct;xgg. ;Lgerne:é"é? mgiﬁfcrpaterials considered in this work. The calculated spectrum
. P 9 y P of the SHG susceptibility for both materials is extremely rich
tion largely holds over a broad frequency range. We note

. : , )
however, that there are obvious deviations from Miller’s as-rn structure with the general feature of a domingfit®com

sumption of material independence for the value of a giverponem' For energies below the gap, the other independent
. . mponents are very small mparison in AIN re of
Ay, function. The values foA{7* differ by about 30% over components are very small by compariso , but are o

bl itude in GaN. Th dicti f the bond
much of the frequency range. The other independent comp omparavis magniiude in ->a © predictions o1 ie 5on

9:'harge method seem to hold only approximately in GaN and

nents are very different for different materials. This late.rfail completely for AIN. This we can attribute, only in part,

result we _might expect given that the.ratios of th? magniis the greater degree of tetrahedral bonding in GaN.
tudes of independent components_ differ dramatically fpr Our calculated values for the second-order susceptibilities
GaN and AIN as has already been dISCUSSEZd. For comparisQfle smajler than the available experimental data by approxi-
we note that the zero frequency valuesidi” that we pre-  aiely 4 factor of two. We note, however, that very little
viously obtained for GaAs and GaP are 194 and 198 pfv, experimental data exists for a range of energies above and
respectively. Levin& has also calculatedjy for GaAs and  pelow the band gap, and for very low energies for which zero
GaP and has obtained 347 and 310 pm/V, respectively. frequency results can be equated.
We have also detailed some of the symmetry properties
IV. CONCLUSIONS that the second-order susceptibilities must satisfy. These
onstraints have been demonstrated to be adhered to numeri-

We have presented results for the optical response o e ; - o
wurtzite GaN and AIN for a broad range of energies. Thisfglzaﬁggn are satisfied analytically within our susceptibility

work has employed a first principles electronic structure cal-

culation in the FLAPW method, and a completely nondiver-

gent formalism for the optical susceptibilities. The scissors ACKNOWLEDGMENTS

approximation has been incorporated in our calculation in an

attempt to correct for the underestimated LDA band gaps.  The authors wish to thank Professor Henry Krakauer of
Our results for linear optical response show striking simi-the College of William and Mary for providing us with the

larities to those of Christensen and Gorczydale are, how- FLAPW program. We thank Dr. E. Ghahramani for discus-

ever, in strong disagreement with other theoretical calculasions on this and our earlier calculatigief. 20. This work

tions. Our zero frequency results, in line with those of otheris supported by the Natural Sciences and Engineering Re-

workers, underestimate the experimental values. We predigearch Council of Canada and the Ontario Laser and Light-

a very small anisotropy at zero frequency as well as a relawave Research Centre.

1J. Miragliotta, D. K. Wickenden, T. J. Kistenmacher, and W. A.  Rev. B28, 935(1983.

Bryden, J. Opt. Soc. Am. B0, 1447(1993. 14M. Suzuki, T. Uenoyama, and A. Yanase, Phys. Re%2B8132
2A. Rubio et al, Phys. Rev. B48, 11 810(1993. (1995.
3N. E. Christensen and |. Gorczyca, Phys. Re6(B4397(1994.  °E. Ruiz, S. Alvarez, and P. Alemany, Phys. Rev.4B 7115
4J. Petala®t al, Phys. Rev. B52, 8082(1995. (1994).
SW. P. Linet al, Appl. Phys. Lett63, 2875(1993. 18A. Rubio, J. L. Corkill, and M. L. Cohen, Phys. Rev.43, 1952
6p. M. Lundquistet al, Appl. Phys. Lett65, 1085 (1994. (1994.
s, Strite, M. E. Lin, and H. Morkoc, Thin Solid Filn®13 197  7Y.-N. Xu and W. Y. Ching, Phys. Rev. B8, 4335(1993.
(1993. 18A. K. Solankiet al, Solid State Commurf4, 1009(1995.
8p. Perlinet al, Phys. Rev. B45, 13 307(1992. 193, Chen, Z. H. Levine, and J. W. Wilkins, Appl. Phys. L6,
%Y. Fuijii et al, Appl. Phys. Lett31, 815(1977. 1129(1995.
103, Miragliotta and D. K. Wickenden, Phys. Rev.3®, 14960 2°J. L. P. Hughes and J. E. Sipe, Phys. Re\6810751(1996.
(1994. 214, Krakauer, M. Posternak, and A. J. Freeman, Phys. Rel9,B

113, Miragliotta, W. A. Bryden, T. J. Kistenmacher, and D. K.  1706(1979.
Wickenden, inDiamond, SiC and Nitride Wide Bandgap Semi- 2E. Wimmer, H. Krakauer, M. Weinert, and A. J. Freeman, Phys.
conductors edited by C. H. Carter, Jr., G. Gildenblat, S. Naka-  Rev. B24, 864 (198)).
mura, and R. J. Nemanich, MRS Symposia Proceedings No. 33$°Z. H. Levine and D. C. Allan, Phys. Rev. Lei3, 1719(1989.
(Materials Research Saociety, Pittsburgh, 1994 23 E. Sipe and E. Ghahramani, Phys. Revd@ 11 705(1993.

2\, Y. Ching and B. N. Harmon, Phys. Rev.®}, 5305(1986.  2°C. Aversa and J. E. Sipe, Phys. Rev58 14 636(1995.

13A. Kobayashi, O. F. Sankey, S. M. Volz, and J. D. Dow, Phys.?Physics of Group IV Elements and Ill-V Compounedited by



13640 JAMES L. P. HUGHES, Y. WANG, AND J. E. SIPE 55

K. Hellwege, and O. Madelung, Lanid@Bornstein, New Series, 31B. F. Levine, Phys. Rev. B, 2600(1973.

Group I, Vol. 17, Pt. a(Springer, New York, 1982 82x. C. Longet al, Appl. Phys. Lett67, 1349(1995.

2’M. L. Cohen and J. R. Chelikowsklectronic Structure and 3*R. W. Boyd, Nonlinear Optics (Academic Press, San Diego,
Optical Properties of SemiconductofSpringer-Verlag, New 1992.
York, 1989. 34D, A. Kleinman, Phys. Revi26, 1977(1962.

283, L. P. Hughes and J. E. Sigenpublishedl 357 H. Levine, Phys. Rev. B9, 4532(1994.

293. Chen(private communication 36E. Ejder, Phys. Status Solidi B, 445 (1971).

303, Chen, Z. H. Levine, and J. W. Wilkins, Phys. Rev.5B,  3’L. Akasaki and M. Hashimoto, Solid State Commug). 851
11 514(1994. (1967.



