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Electronic and optical properties of unstrained and strained wurtzite GaN
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A semiempirical tight-binding method in thesp3s* model is used to investigate the electronic and optical
properties of strained and unstrained wurtzite GaN~a-GaN!. The calculated unstrained fundamental gap of
a-GaN is 3.45 eV, which is in agreement with experiment. The empirical scaling rule has been used in the
strained band-structure calculation, where the strains cover25–5 %. The band gap at theG point increases
with the absolute value of strains. GaN has an indirect band gap when strains reach 5%. The unstrained and
strained density of states and imaginary part of the dielectric function@e2~v!# are studied. There are mainly
three peaks at 6.4, 7.5, and 8.4 eV dominating the unstrainede2~v! spectrum, whose two components,e2xy~v!
and e2z~v!, are also calculated. Both the shape and energy position of the peaks of thee2~v! successively
change with the strains. The real part of the dielectric function, reflectivity, refractive index, and the effects of
the strains on them are all researched.@S0163-1829~96!10448-3#
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I. INTRODUCTION

The development in the past decade of light-emitting
odes and semiconductor lasers operating in the red-to-g
spectral region and the aim to realize full-color display s
tems has prompted the search for devices operating in
blue-ultraviolet~uv! energy range. GaN, especially, wurtzi
GaN ~a-GaN! is a promising candidate for the fabrication
such devices, since it possesses a direct gap in the ne
~around 3.4 eV!, is resistant to radiation damage, and c
form solid solutions with InN and AlN, which permits th
tailoring of its optical and electrical behavior.1 The latest
applications ofa-GaN in optical and microelectronic struc
tures involve device-quality contacts,2 uv photoconductors,3

InGaN/GaN and AlGaN/GaN double-heterostructure uv-b
light-emitting diodes~LED’s!,4 etc. The making of these de
vices is largely based on the profound research on the e
tronic and optical properties ofa-GaN.

It is reported that the deposition ofa-GaN has been suc
cessful on various substrates, such as Si~111!,5 sapphire at
various orientations@mainly ~0001!#, but also ~011̄2!,6

~112̄0!,5 and ~11̄02!,7 GaAs~111!,8 as well as on
6HSiC~0001!.9 Unfortunately, neither the lattice nor the the
mal expansion of those substrates match well witha-GaN’s.
To do further research ona-GaN, it is necessary to examin
the properties of strained GaN.

Due to the complexity of wurtzite over zinc-blende Ga
~b-GaN!, there have been relatively few theoretical stud
of a-GaN ~Refs. 10–13! until recently. And among those
few theoretical studies, most calculated band structures;
properties ofa-GaN have seldom been considered.

In this work, we present the electronic and optical pro
erties of unstrained and straineda-GaN using the nearest an
second-nearest-neighbor semiempirical tight-binding~SETB!
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approach in thesp3s* model. The density of states~DOS!
and the imaginary part of the dielectric function@e2~v!# are
the most important parameters in solid-state physics, wh
have been researched first in the optical properties calc
tion. Sincea-GaN is anisotropic, it is necessary to resear
e2~v! in two components, the in-plane componente2xy~v!,
which is the average over theX andY direction, and theZ
component ande2z~v!, which is perpendicular toe2xy~v!.
They are both calculated. Using the Kramers-Kronig re
tions, the real part of the dielectric function@e1~v!# is derived
from e2~v!. We also study the features of some very use
optical constants, including reflectivity (R), the absorption
coefficient~a!, and refractive index (n). In Sec. II, the cal-
culated methods are described. The results, discussions
analyses are presented in Sec. III. Section IV gives the s
mary.

II. CALCULATION

A. Unstrained and strained band structures

There are two anions~nitrogen! and two cations~gallium!
in an a-GaN unit cell. We adopt the semiempirical tigh
binding theory developed by Voglet al.,14 considering the
nearest- and second-nearest-neighbor interactions. Ansp3s*
basis centered at each of the four atomic sites per unit ce
used, which leads to a 20320 Hamiltonian. The number o
nonzero tight-binding parameters is limited to one-center
site integrals, nearest-, and second-nearest-neighbor
center integrals, as discussed by Slater and Koster.15 For the
second-nearest neighbors, only interactions between ths*
orbital and the threep orbitals are considered. Thus ou
model has 15 independent parameters: the six on-site m
elementsE(s,a), E(s* ,a), E(p,a), E(s,c), E(s* ,c), and
E(p,c) @wheres andp refer to the basis states anda andc
17 577 © 1996 The American Physical Society
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TABLE I. The fitted nearest- and second-nearest-neighbor tight-binding parameters ofa-GaN ~eV!.

E(s,a) E(s* ,a) E(p,a) E(s,c) E(s* ,c) E(p,c) V(sss)

12.86 3.437 7.603 21.059 10.17 0.0028 5.660

V(sps) V(pss) V(ppp) V(pps) V(s* ps) V(ps*s) V(s* p,a) V(s* p,c)

6.394 2.945 3.468 21.594 4.889 22.522 20.2217 0.2122
-

le
r-
ca

th
e.
a
t
io
ec
b
ng
ion
te
ng

r-
-

u
e
lin
-

o
,

d

-

e
ins.
ter-
refer to anion ~N! and cation ~Ga!#; the seven nearest
neighbor transfer-matrix elementsV(sss), V(sps),
V(pss), V(ppp), V(pps), V(s* ps), and V(ps*s),
@where the first~second! index refers to the N~Ga!#; and
finally, two second-nearest-neighbor transfer-matrix e
mentsV(s* p,a), V(s* p,c). All these parameters are dete
mined by fitting the band structures with the theoreti
calculation13 and experiments.16 The Ga 3d orbitals would
have provided a better approximation; however, due to
calculation complexity, their contribution is neglected her

The effects of strains on the energy band structures
embodied by modifying the SETB parameters according
the changes of bond lengths and angles. In these calculat
the changes of the second-neighbor parameters are negl
approximately and only the changes of the nearest-neigh
parameters are considered. The changes by the bond a
are calculated through the variations in the direct
cosines,17 and the changes by the bond lengths are de
mined by means of an empirical scaling rule of the followi
form:

Vab5Vab~0!~d/d0!
2n~ab!, ~1!

whereVab andVab~0! are the strained and unstrained inte
action parameters, andd and d0 are the strained and un
strained interatomic distances.n~ab! is a scaling index,
which, according to Harrison’s rule,18 is equal to 2 for all
orbitals ~ab!. Since there is no decisive fundamental arg
ment for or against the given scaling rule and the purpos
this work is to discuss the effects of the strains, the sca
indexesn~ab! are determined by fitting the deformation
potential constants ~DPC’s! with Christensen and
Gorczyca’s19 values. They are given in Sec. III.

Sincea-GaN has hexagonal symmetry, the elements
the strain tensor on theX-Y plane are equivalent. Namely
e15e2[ei ~where e1, e2 are theX, Y component of the
strain tensor, respectively!. And they are written as

ei5e15e25
ai2a

a
, ~2!

wherea and ai are the lattice constants of thea-GaN and
substrate, respectively, anda is 3.19~Å! taken from.16 In this
paper,e1 ~e2! is varied from25% to 5%. Whene1 ~e2! is
positive, thea-GaN grown on the substrate dilates; whene1
~e2! is negative, it compresses.e3 ~e'! is theZ component of
the strain tensor, which is expressed as

e'5e35
al2c

c
, ~3!

whereal is the strained lattice constant in theZ direction of
a-GaN, andc is the unstrained one.
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For hexagonal crystals, theZ component of the stress an
the strain tensor are related by

t35C13e11C13e21C33e3 , ~4!

whereC13, C33 are the elastic constants ofa-GaN. They are
taken as 15.831010 Pa and 26.731010 Pa, respectively. In
the Z direction, there is no stress on the surface, sot350.
From formulas~2! and ~4!, we can obtain

e'5
22C13

C33
ei . ~5!

Considered formulas~3! and ~5!, the strained lattice con
stant in theZ direction (al) can be obtained as

al5cS 12
2C13

C33
ei D . ~6!

In the ideal case, thec/a ratio equals 2A6/3 and the
internal bond-length parameteru (d0/c) is 3/8. That is to
say,d05(A6/4)a. In the calculation, it is assumed that th
four interatomic distances still equal each other after stra
Through simple mathematical calculation, the strained in
atomic distance (d) is written as follows:

d5
al
4

1
ai
2

3al
. ~7!

B. DOS and optical constants

The DOS~v! is expressed by the following:

DOS~v!5
2

~2p!3
E ds

uDke~k!u
. ~8!

FIG. 1. Brillouin zone of wurtzite GaN.
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TABLE II. The calculated critical-point energies of the major electronic transitions up to 9 eV ofa-GaN. The energies of the exper
mental dielectric-function structures are also noted.

Energy~eV!

Transition
This work
~SETB!

Huang and Ching
~OLCAO!a

Gorczyca and Christensen
~LMTO-LDA !b

Xu and Ching
~OLCAO!c

Logothetidiset al.
~Experiment!d

G6-G1 3.45 3.50 3.44 2.65 3.35
G5-G3 6.0 5.8 6.0 6.0
M4-M1 6.03 7.05 7.03 6.7 7.0
M4-M3 7.2 7.3 7.4 7.25 7.0
H3-H3 7.8 8.4 8.8 8.5 7.9
M2-M1 8.6 8.5 8.7 8.6 7.9
K2-K3 8.0 9.05 9.5 9.0 9.0

aOrthogonalized linear combination of atomic orbitals~not self-consistent! with local-density-approximation~LDA ! adjustment, Ref. 10.
bLinear muffin-tin-orbital method, with LDA adjustment, Ref. 24.
cOrthogonalized linear combination of atomic orbitals~self-consistent! without LDA adjustment, Ref. 25.
da-GaN thin films grown on sapphire substrate, at room temperature, Ref. 23.
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From the band structure ofK space in the Brillouin zone
~BZ!, the DOS has been obtained by a numerical meth
which is developed by Gilat and Raubenheimer.20 The
method involves dividing the irreducible section of the fi
BZ into a cubic mesh and approximating the constant-ene
surfaces inside every small cube by a set of parallel pla
and perturbation is used to calculate the gradient of
equal-energy surface. We used 3552K points in the irreduc-
ible part of the BZ. The DOS ofa-GaN is calculated in the
energy region210–12 eV, neglecting the spin-orbital inte
action.

At low temperature, the dielectric function of nonpol
crystal is determined mainly by the transition between
valence and conduction bands. According to perturba
theory,e2~v! is expressed as21

e2~v!5
4p2e2

3m2v2 (
l ,n

E
BZ

2

~2p!3
d3kuPnlu2

3d@El~k!2En~k!2\v#, ~9!

wherem,e is the mass and electrical charge of the electr
respectively;(l ,n means the summation between all the co
duction bands (l ) and valence bands (n); andPnl expresses
the momentum matrix element betweenl andn, which has
been derived by Lew Yan Voon and Ram-Mohan22 in the
tight-binding representation. It is given by

Pnl5
m

\
^nku¹kH~k!u lk& ~10!

whereH(k) is the tight-binding Hamiltonian, and̂nku,u lk&
are theK-space wave functions, which can be obtained
H(k). So, with the 15 tight-binding parameters, we can
rectly calculatePnl . In the strained cases,Pnl has the same
formula. It changes only due to the Hamiltonian matrix e
ments. When calculating the integration ofe2~v!, we use the
same method as used for the DOS. The calculation has
performed in the energy region 0.0–10 eV, and four cond
tion bands and three valence bands are involved.

The real part of the dielectric function@e1~v!# can be de-
rived frome2~v! by the Kramers-Kronig relation. In our ca
culation, the relation is written as follows:
d,
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e1~v!215
2

p
lim
h→0

F E
0

v2h v8e2~v8!

v822v2 dv8

1E
v1h

vc v8e2~v8!

v822v2 dw8G
1
2

p E
vc

` v8e2~v8!

v822v2 dv8, ~11!

whereh andvc (Ec) are 0.0013 and 10.0 eV, respectivel
When v>vc , we make the approximatione2~v!'A/v2,
where the constantA is obtained bye2~vc!: A5v c

2e2(vc).
So the last term in~10! is therefore

2A

p E
vc

` dv8

~v8!~v822v2!
52

vc
2e2~vc!

pv2 lnS 12
v2

vc
2D .

~12!

The refractive index (n) and reflectivity (R) have been
obtained by the following formulas~wherek is the extinction
coefficient!:

n5FAe1
21e2

21e1
2 G1/2, ~13!

k5FAe1
21e2

22e1
2 G1/2. ~14!

If light is reflected at near-normal incidence at the surface
a sufficiently thick crystal, such that the transmission can
neglected, the reflectivity (R) is given by

R5
~n21!21k2

~n11!21k2
. ~15!

III. RESULTS AND DISCUSSION

A. Band structures and DOS

The 15 tight-binding parameters of Table I are determin
by fitting band structures13,16 at theG, A, H, L, K, andM
points of the Brillouin zones.~The BZ of the a-GaN is



17 580 54ZHONGQIN YANG AND ZHIZHONG XU
FIG. 2. Band structure~a! of unstraineda-GaN, and~b! under strains of25% and~c! 5%. The dotted lines in~b! and~c! represent the
unstrained results.
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shown in Fig. 1 with high symmetric points indicated.! Some
fitted energy gaps of those high-symmetry points are liste
Table II, where the present results are compared with pr
ously reported band structures~Huang and Ching,10 Logoth-
etidis et al.,23 Gorczyca and Christensen,24 and Xu and
Ching25!. ~The ‘‘transition’’ in Table II refers to the band
transition energy between the upper valence and lower c
duction bands.! The results are in agreement with each oth
especially, our fundamental gap ofG is direct and 3.45 eV,
which agrees well with the previous experimental data16

Figure 2~a! shows the unstraineda-GaN structure along high
symmetrical lines of the Brillouin Zone obtained by our fi
ting procedure.
in
i-

n-
;

As in nearly all tight-binding models, the valence bands
Fig. 2~a!, which are mainly derived from the N 2p state with
a sizable mixture of Ga 4s and 4p states, are reproduce
accurately. The lowest conduction band is also well rep
duced and is composed primarily of the Ga 4s state. The
upper conduction bands are primarily of Ga 4p character and
are less accurately reproduced. Fortunately these are the
important bands in the problems concerning the band tra
tion.

Our calculation shows that, just as pointed out by Pries
et al.,26 the scaling indexes are only connected with hyd
static DPC’s and have no dependence on shear DPC’s
n~ab! are determined only by fitting the hydrostatic DPC
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and all the strains in theX, Y, andZ directions are taken a
0.001. The deformation-potential constants used here
given by Christensen and Gorczyca19 ~with the linear muffin-
tin-orbital method!.

Table III is the fitted indexesn~ab! for a-GaN. We
should point out that the determination of indexes is
unique. A set of indexes is selected to match as well
possible for most DPC’s in the calculation. The deformatio
potential constants calculated with the fittedn~ab! are listed
in Table IV.

The strained band structures are showed in Fig. 2 withei

strains of25% ~b! and 5% ~c! each compared to the un
strained band structure~dotted line!. It is found that the fun-
damental gap at theG point grows with the increase of th
absolute value of strains. The variation of this energy g
with strains is shown in Fig. 3. The energy gap varies nea
linearly with strains. This tendency is identical with the e
periment measured by Perlinet al.27

In Fig. 2~c!, the top of the valence band is not atG, but at
the left of G. And the bottom of the conduction band di
places in the right-hand direction. That is to say, when
strains reach 5%,a-GaN turns out to be an indirect ban
structure. On the other hand, when the strains are nega
there is no corresponding result. With the25% strains, as
shown in Fig. 2~b!, the top of the valence band and th
bottom of the conduction band are still located atG; the band
gap, however, grows up to 3.90 eV. It may be too wide
blue light-emitting devices and other applications, so try
to decrease strains is necessary.

The DOS of unstraineda-GaN is given in Fig. 4. Com-
pared with the results of Huang and Ching10 shown in the
inset of Fig. 4, both spectra have the same principal peak
the corresponding regions, although the positions and hei
of the peaks are not in complete agreement. The figure
shows that the direct band gap of thea-GaN is about 3.45
eV.

Figure 5 displays the strained density of states fora-GaN,
which is compared with the unstrained DOS’s~dotted lines!.
The DOS’s of conduction bands vary slowly with the strain
When strains are 5%, the difference between the strained
unstrained DOS’s of valence bands is very great; howe
for 25%, the difference is not as much. It can be conclud
that positive strains have a greater effect on DOS’s t
negative strains. So it may be the positive strains that sho
be tried to reduce first.

TABLE IV. The deformation-potential constants of wurtzi
GaN. The row labeled ‘‘Calc.’’ gives the values obtained in th
paper, and the ‘‘Theor.’’ row gives the values of Christensen a
Gorczyca.

Gv-Gc Gv-Ac Gv-Lc Gv-Mc Gv-Hc Gv-Kc

Calc. 28.32 27.57 23.41 23.45 24.59 20.83
Theor. 27.8 27.2 23.4 22.8 23.2 0.36

TABLE III. The sealing indexesn~ab! for wurtzite GaN.

~ab! (ss) (sp) (ps) (pps) (ppp) (s* p) (ps* )

n~ab! 4.98 15.63 4.29 11.06 216.4 28.0 21.69
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B. Optical properties

Figure 6 is our unstrained results of the imaginary part
the dielectric functione2~v!, and the insets are the results
Christensen and Gorczyca, using the self-consistent lin
muffin-tin-orbital method.19 Comparing our results with
theirs in Figs. 6~a! and 6~b!, the spectra have some featur
in common. In the 6–9-eV photon energy range, there
three peaks of eithere2xy~v! or e2z~v!. In Fig. 6~b!, the in-
set’s highest of the threee2z~v! peaks is on the left, which is
the same as ours. And the corresponding photon energie
both about 6.4 eV. In our case, thise2z~v! peak decides the
highestE1* peak of the averagee2~v! peaks in Fig. 6~c!. In
Fig. 6~d!, we present our calculated unstrained real a
imaginary part of the dielectric function, compared with t
experimental data~which, to our knowledge, is unique!. In
the 0.0–10.0-eV photon energy range, there are mainly th
peaks at 6.4, 7.5, and 8.4 eV, denotedE1* , E2* , andE3* ,
respectively, in Fig. 6~a!; and the experimental data are 7.
7.9, and 9.0 eV~see Table II!. The three peaks of Chris

FIG. 3. Energy gap between valence and conduction bandsG
of a-GaN under strains from 0.0% to 4.0%.

FIG. 4. The total DOS for bulka-GaN without strains, com-
pared with the result of Huang and Ching~inset! with a minimal
basis semi-ab initio approach.
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17 582 54ZHONGQIN YANG AND ZHIZHONG XU
FIG. 5. The total density of states~DOS! of a-GaN ~full line!
under strains of~a! 25%, ~b! 1%, and~c! 5%. The dotted lines
represent the unstrained results.
tensen and Gorczyca are located at 6.1, 6.9, and 7,9 eV.
results seem better than theirs.

Referring to Table II, the three distinct structuresE1* ,
E2* , andE3* can be assigned to the transition of the spec
points in the BZ. TheG5-G3 transition energy is around 6.
eV, and theM4-M1 transition occurs at energies betwe
6.03 and 7.05 eV, obtained by different researchers. Th
two interband excitations are thought to compose the fi
structure~E1* , 6.4 eV!. The second structure~E2* , 7.5 eV!
could be related to theM4-M3 transition, which is reported
to take place from 7.0 to 7.4 eV, and possibly to theH point
(H3-H3) that covers a broad energy range~from Table II!.
The gaps of theM2-M1 andK2-K3 transitions are close to
8.4 eV, so they may be responsible for the third featureE3*
~8.4 eV!.

The strains make both the shape and the position of
main peaks ofe2~v! vary successively. When the strains a
small ~about61%!, e2~v! is very similar to the unstrained
e2~v!. While the strains are equal to64%, there are two high
peaks in thee2~v! diagram. The results of the 1% and 4
strains are shown in Fig. 7, compared with the unstrain
curve ~dotted!. The real part of dielectric function@e1~v!#
also varies obviously under the strains.
FIG. 6. The imaginary part of the dielectric function@e2~v!# of a-GaN~no strain!. ~a! Polarization in theXY plane,~b! polarization along
theZ axis, and~c! average value over the three directions. Their insets are the results of Christensen and Gorczyca~d!. The real~e1! and
imaginary~e2! parts of the dielectric function ofa-GaN compared with the experimental data~no strain!.
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54 17 583ELECTRONIC AND OPTICAL PROPERTIES OF . . .
Figures 8 and 10 show the refractive index (n) and reflec-
tivity (R) with strains of ~a! 21%, ~b! 1%, and ~c! 3%,
respectively. The dotted curves are unstrained results. It
be concluded that the position of the highest peak of botn
andR shifts successively to the lower-energy part with t
increase of the strains, and the strains also shift the pos
and relative strengths of the other two little peaks. Reflec
ity (R) has been measured by prior researchers,23 whose re-
sult is compared with ours in Fig. 9. It can be seen that
result agrees quite well with the experiment.

FIG. 7. The imaginary and real parts of the dielectric function
a-GaN under strains of~a! 1% and~b! 4%. The dotted lines indicate
the results without strains.

FIG. 8. Refractive index (n) of a-GaN with strains of~a! 21%,
~b! 1%, and~c! 3% compared with unstrained results~dotted lines!.
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IV. CONCLUSION

In this work, we have reported the unstrained and strai
band structure and optical properties of wurtzite GaN usin
semiempirical tight-binding approach in thesp3s* model.
The unstrained fundamental gap ofa-GaN is 3.45 eV. When
the absolute value of the strains increase, the gap at thG
point grows, and thea-GaN turns out to be an indirect ga
semiconductor under about 5% of the strains. So in the s
of fabrication of the blue emitting-light device, it is nece
sary to try to decrease strains, especially positive strains.
density of states, which is obviously affected by the strain
calculated and analyzed. There are three distinct peaks d
nating the unstrainede2~v! spectrum that can be connecte

f

FIG. 9. Reflectivity (R) of a-GaN compared with experimen
by Logothetidiset al.

FIG. 10. Reflectivity (R) of a-GaN under strains of~a! 21%,
~b! 1%, and~c! 3% compared with unstrained refractive index (n)
~dotted lines!.
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with the band traditions of the specific points in the BZ. T
position of the highest peak ofe2~v! shifts to the low-energy
part under24%-4% strains. The refractive index, reflecti
ity, and the effects of strains on them are all researched in
paper, which may be very useful in the making of a pho
electric device ofa-GaN in the future.
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