PHYSICAL REVIEW B VOLUME 54, NUMBER 24 15 DECEMBER 1996-II

Electronic and optical properties of unstrained and strained wurtzite GaN
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A semiempirical tight-binding method in thep’s* model is used to investigate the electronic and optical
properties of strained and unstrained wurtzite GaNGaN). 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 ceer5 %. The band gap at tHé 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 fun¢tégm)] are studied. There are mainly
three peaks at 6.4, 7.5, and 8.4 eV dominating the unstraited spectrum, whose two componens, ()
and e,,(w), are also calculated. Both the shape and energy position of the peaks ef dhesuccessively
change with the strains. The real part of the dielectric function, reflectivity, refractive index, and the effects of
the strains on them are all researchggD163-182¢06)10448-3

. INTRODUCTION approach in thesp®s* model. The density of stat®09)
and the imaginary part of the dielectric functipey(w)] are
The development in the past decade of light-emitting di-the most important parameters in solid-state physics, which
odes and semiconductor lasers operating in the red-to-gredi@ve been researched first in the optical properties calcula-
spectral region and the aim to realize full-color display sys-ion. Sincea-GaN is anisotropic, it is necessary to research
tems has prompted the search for devices operating in the(®) in two components, the in-plane componesf,(«w),
blue-ultraviolet(uv) energy range. GaN, especially, wurtzite Which is the average over th¢ and'Y direction, and the
GaN (a-GaN) is a promising candidate for the fabrication of COmponent ands,,(w), which is perpendicular ta,,,(w).
such devices, since it possesses a direct gap in the near Gi€y are both calculated. Using the Kramers-Kronig rela-
(around 3.4 eV, is resistant to radiation damage, and cantions, the real part of the dielectric functipa (w)] is derived
form solid solutions with InN and AIN, which permits the from &(w). We also study the features of some very useful
tailoring of its optical and electrical behavibiThe latest OPtical constants, including reflectivityR), the absorption
applications ofa-GaN in optical and microelectronic struc- coefficient(e), and refractive indexr(). In Sec. I, the cal-
tures involve device-quality contactsjv photoconductor?, culated methods are degcnbed. The re;ults, d|§cussmns, and
InGaN/GaN and AlGaN/GaN double-heterostructure uv-bluednalyses are presented in Sec. Ill. Section IV gives the sum-
light-emitting diodesLED’s),* etc. The making of these de- Mary.
vices is largely based on the profound research on the elec-
tronic and optical properties af-GaN. Il. CALCULATION
It is reported that the deposition efGaN has been suc-
cessful on various substrates, such ad Hi,® sapphire at
various orientations[mainly (0001)], but also (0112),° There are two anion@itroger and two cationggallium)
(1120)° and (1102, GaAg111)® as well as on in an a-GaN unit cell. We adopt the semiempirical tight-
6HSIC(0001).° Unfortunately, neither the lattice nor the ther- binding theory developed by Vogit al,'* considering the
mal expansion of those substrates match well witBaN’s.  nearest- and second-nearest-neighbor interactions pAst
To do further research o#-GaN, it is necessary to examine basis centered at each of the four atomic sites per unit cell is
the properties of strained GaN. used, which leads to a 2®0 Hamiltonian. The number of
Due to the complexity of wurtzite over zinc-blende GaN nonzero tight-binding parameters is limited to one-center on-
(B-GaN), there have been relatively few theoretical studiessite integrals, nearest-, and second-nearest-neighbor two-
of a-GaN (Refs. 10—13 until recently. And among those center integrals, as discussed by Slater and Kd3teor the
few theoretical studies, most calculated band structures; theecond-nearest neighbors, only interactions betweers’the
properties ofe-GaN have seldom been considered. orbital and the threg orbitals are considered. Thus our
In this work, we present the electronic and optical prop-model has 15 independent parameters: the six on-site matrix
erties of unstrained and strainegGaN using the nearest and elementsE(s,a), E(s*,a), E(p,a), E(s,c), E(s*,c), and
second-nearest-neighbor semiempirical tight-bindBIigTB) E(p,c) [wheres andp refer to the basis states aadandc

A. Unstrained and strained band structures
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TABLE I. The fitted nearest- and second-nearest-neighbor tight-binding parameieiGa (eV).

E(s,a) E(s*,a) E(p,a) E(s.c) E(s*.c) E(p,c) V(sso)
12.86 3.437 7.603 —1.059 10.17 0.0028 5.660
V(spo) V(pso)  V(ppm)  V(pps)  V(s*po)  V(ps‘o) V(s*p,a)  V(s"p.c)
6.394 2.945 3.468 —-1.594 4.889 —2.522 —0.2217 0.2122
refer to anion(N) and cation(Ga)]; the seven nearest- For hexagonal crystals, tt#component of the stress and

neighbor transfer-matrix elementsvV(sso), V(spo), the strain tensor are related by

V(pso), V(ppw), V(ppo), V(s*po), and V(ps*o),

[where the first(second index refers to the NGa)]; and 73=Cy381+Cy3er+ Cages, (4)
finally, two second-nearest-neighbor transfer-matrix ele'vvhereC13, Ca are the elastic constants afGaN. They are
mentsV(s*p,a), V(s*p,c). All these parameters are deter- axen as 15.810'° Pa and 26.%10'° Pa, respectively. In

mined by fitting the band structures with the theoreticaline 7 direction. there is no stress on the surface 7500,
calculatiort® and experiment!’ The Ga 31 orbitals would  rom formulasiZ) and (4), we can obtain '

have provided a better approximation; however, due to the
calculation complexity, their contribution is neglected here. —2Cy3
The effects of strains on the energy band structures are e = I €. ®)
embodied by modifying the SETB parameters according to 3
the changes of bond lengths and angles. In these calculations, Considered formula3) and (5), the strained lattice con-

the changes of the second-neighbor parameters are negleciggént in thez direction (;) can be obtained as
approximately and only the changes of the nearest-neighbor
2Cy3 )
eH .

parameters are considered. The changes by the bond angles
are calculated through the variations in the direction 1- Cas
cosines;’ and the changes by the bond lengths are deter-
mined by means of an empirical scaling rule of the following |n the ideal case, the/a ratio equals 2/6/3 and the
form: internal bond-length parameter (dy/c) is 3/8. That is to
_ say,do=(/6/4)a. In the calculation, it is assumed that the
= (ap) . T ; .

Vap=Vap(0)(d/dg) ™" ?, (D) four interatomic distances stil equal each other after strains.
whereV,,; andV,,4(0) are the strained and unstrained inter- Through simple mathematical calculation, the strained inter-
action parameters, and and d, are the strained and un- atomic distanced) is written as follows:

(6)

aq=cC

strained interatomic distances(aB) is a scaling index, 2

which, according to Harrison’s rufé,is equal to 2 for all d= a & @
orbitals (af). Since there is no decisive fundamental argu- 4  3a’

ment for or against the given scaling rule and the purpose of

this work is to discuss the effects of the strains, the scaling B. DOS and optical constants

indexesn(aB) are determined by fitting the deformation-

potential constants (DPC's with Christensen and

Gorczyca's® values. They are given in Sec. llI. 5 ds
Since «-GaN has hexagonal symmetry, the elements of DOS w)= 3 f i (8)

the strain tensor on th¥-Y plane are equivalent. Namely, (2) |Ake(K)]

e,=e,=¢, (Wheree,, e, are theX, Y component of the

The DOSw) is expressed by the following:

strain tensor, respectivelyAnd they are written as K, ?
a2 @
eH = e]_: 82: ’

a g g
wherea anda; are the lattice constants of theGaN and ¥ ae Ly
substrate, respectively, aads 3.19(A) taken from'® In this Pe r.
paper,e; (e,) is varied from—5% to 5%. Whenre, (e,) is Tezel
positive, thea-GaN grown on the substrate dilates; whegn P K - * M
(e,) is negative, it compresses; (e,) is theZ component of
the strain tensor, which is expressed as K«

a —C
eJ_ = e3: c ’ (3)
WURTZITE

wherea, is the strained lattice constant in tHedirection of
a-GaN, andc is the unstrained one. FIG. 1. Brillouin zone of wurtzite GaN.
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TABLE Il. The calculated critical-point energies of the major electronic transitions up to 9 e¥@#&N. The energies of the experi-
mental dielectric-function structures are also noted.

Energy(eV)

This work Huang and Ching Gorczyca and Christensen  Xu and Ching Logothetidiset al.
Transition (SETB (OLCAO)? (LMTO-LDA )? (OLCAO)® (Experiment®
eIy 3.45 3.50 3.44 2.65 3.35
| P 6.0 5.8 6.0 6.0
M4-M4 6.03 7.05 7.03 6.7 7.0
M4-M, 7.2 7.3 7.4 7.25 7.0
Hs-Hj 7.8 8.4 8.8 8.5 7.9
M,-My 8.6 8.5 8.7 8.6 7.9
K,-Ks 8.0 9.05 9.5 9.0 9.0

@0rthogonalized linear combination of atomic orbitét®t self-consistentwith local-density-approximatiofLDA) adjustment, Ref. 10.
bLinear muffin-tin-orbital method, with LDA adjustment, Ref. 24.

‘Orthogonalized linear combination of atomic orbitédelf-consistentwithout LDA adjustment, Ref. 25.

da-GaN thin films grown on sapphire substrate, at room temperature, Ref. 23.

From the band structure &f space in the Brillouin zone 2 o=7 0 e)w')
(BZ), the DOS has been obtained by a numerical method, e(w)—1=— “m{ —7— 7 do’
which is developed by Gilat and RaubenheirfferThe T 70l /0 ©oTe
method involves dividing the irreducible section of the first v o e’

BZ into a cubic mesh and approximating the constant-energy + J P S— dw’}
wtn

surfaces inside every small cube by a set of parallel planes;
and perturbation is used to calculate the gradient of the 2 [ o'e0)
+ p J —— dw’, (11

equal-energy surface. We used 336oints in the irreduc- T
w " —w

ible part of the BZ. The DOS of-GaN is calculated in the

energy region—10-12 eV, neglecting the spin-orbital inter- where 5 and w, (E,) are 0.0013 and 10.0 eV, respectively.

action. _ _ _ When w=w., We make the approximatiom,(w)~A/w?,
At low temperature, the dielectric function of nonpolar here the constam is obtained bye,(w): A= w2ey)(w,).
crystal is determined mainly by the transition between thes, he |ast term irf10) is therefore 2\e et e

valence and conduction bands. According to perturbation

theory, e,(w) is expressed a5 2A (= do’ wex(wg) w?
- f 7 12 N 2 In( 1- 2
A72e2 2 , , T Jo, (@) (0" =) T wg
Ez(w)—m% fsz(ZT)gd K| Pl (12
The refractive index rf) and reflectivit have been
X OLE(K)— (k) —fiw], © 0 Ax)

obtained by the following formula@vherek is the extinction

wherem,e is the mass and electrical charge of the electrongoefficieny:
respectively, , means the summation between all the con-

. /
duction bandsl( and valence bands\f; and P, expresses B Veit+este vz
the momentum matrix element betwekeandn, which has n= 2 : (13
been derived by Lew Yan Voon and Ram-Mofam the
tight-binding representation. It is given by - \/;%_—eg_ € 172 »
- 2

m
Pn== (nk|V,H(k)|lk) (10 o .
h If light is reflected at near-normal incidence at the surface of

a sufficiently thick crystal, such that the transmission can be

whereH (k) is the tight-binding Hamiltonian, an¢hk],|Ik) )peglected the reflectivityR) is given by

are theK-space wave functions, which can be obtained b

H(k). So, with the 15 tight-binding parameters, we can di- (N—1)2+k2
rectly calculateP,, . In the strained case®,, has the same R= IR (15

formula. It changes only due to the Hamiltonian matrix ele-
ments. When calculating the integration&fw), we use the
same method as used for the DOS. The calculation has been lll. RESULTS AND DISCUSSION
performed in the energy region 0.0-10 eV, and four conduc-
tion bands and three valence bands are involved.

The real part of the dielectric functidr;(w)] can be de- The 15 tight-binding parameters of Table | are determined
rived from e,(w) by the Kramers-Kronig relation. In our cal- by fitting band structuréd’® at thel’, A, H, L, K, and M
culation, the relation is written as follows: points of the Brillouin zones(The BZ of the a-GaN is

A. Band structures and DOS
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FIG. 2. Band structuréa) of unstrainedx-GaN, and(b) under strains of-5% and(c) 5%. The dotted lines itb) and(c) represent the
unstrained results.

shown in Fig. 1 with high symmetric points indicate8ome As in nearly all tight-binding models, the valence bands in
fitted energy gaps of those high-symmetry points are listed iffrig. 2(a), which are mainly derived from the N2state with
Table I, where the present results are compared with previa sizable mixture of Ga€and 4p states, are reproduced
ously reported band structuréduang and Chind? Logoth-  accurately. The lowest conduction band is also well repro-
etidis et al,?®> Gorczyca and Christenséh,and Xu and duced and is composed primarily of the Ga dtate. The
Ching®). (The “transition” in Table Il refers to the band upper conduction bands are primarily of G éharacter and
transition energy between the upper valence and lower corare less accurately reproduced. Fortunately these are the least
duction bandg.The results are in agreement with each otherjmportant bands in the problems concerning the band transi-
especially, our fundamental gap bBfis direct and 3.45 eV, tion.

which agrees well with the previous experimental déta. Our calculation shows that, just as pointed out by Priester
Figure 2a) shows the unstraineg-GaN structure along high et al.?® the scaling indexes are only connected with hydro-
symmetrical lines of the Brillouin Zone obtained by our fit- static DPC’s and have no dependence on shear DPC's; so
ting procedure. n(aB) are determined only by fitting the hydrostatic DPC's,
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TABLE lll. The sealing indexes(ap) for wurtzite GaN.

4.0

(@B)  (s9 (sp) (p9) (ppo) (ppm) (s*p) (ps*)
n(af) 4.98 1563 429 11.06 —164 -80 —1.69

(eV)

and all the strains in th¥, Y, andZ directions are taken as
0.001. The deformation-potential constants used here are
given by Christensen and Gorczygéwith the linear muffin-
tin-orbital methodl.

Table 1l is the fitted indexes(aB) for a-GaN. We
should point out that the determination of indexes is not . ‘ . .
unique. A set of indexes is selected to match as well as 0.00 0.01 0.02 0.03 0.04
possible for most DPC'’s in the calculation. The deformation- e
potential constants calculated with the fitie@3) are listed
in Table IV.

The strained band structures are showed in Fig. 2 ®jith
strains of —5% (b) and 5%(c) each compared to the un-
strained band structur@otted ling. It is found that the fun- ) _
damental gap at thE point grows with the increase of the B. Optical properties

absolute value of strains. The variation of this energy gap Figure 6 is our unstrained results of the imaginary part of
with strains is shown in Fig. 3. The energy gap varies nearlthe dielectric functiors,(w), and the insets are the results of
linearly with strains. This tendency is identical with the ex- Christensen and Gorczyca, using the self-consistent linear
periment measured by Perlat al*’ muffin-tin-orbital method® Comparing our results with

In Fig. 2(c), the top of the valence band is notlatbut at  theirs in Figs. 6a) and &b), the spectra have some features
the left of I'. And the bottom of the conduction band dis- in common. In the 6-9-eV photon energy range, there are
places in the right-hand direction. That is to say, when thehree peaks of eithes,,,(w) Or e, (w). In Fig. Bb), the in-
strains reach 5%q-GaN turns out to be an indirect band set’s highest of the three,(w) peaks is on the left, which is
structure. On the other hand, when the strains are negativehe same as ours. And the corresponding photon energies are
there is no corresponding result. With theb% strains, as  both about 6.4 eV. In our case, this,(w) peak decides the
shown in Fig. 2b), the top of the valence band and the highestE* peak of the average,(w) peaks in Fig. &). In
bottom of the conduction band are still located'athe band  Fig. 6(d), we present our calculated unstrained real and
gap, however, grows up to 3.90 eV. It may be too wide forimaginary part of the dielectric function, compared with the
blue light-emitting devices and other applications, so tryingexperimental datéwhich, to our knowledge, is uniqueln
to decrease strains is necessary. the 0.0-10.0-eV photon energy range, there are mainly three

The D_OS of unstrained-GaN is given in Fig. 4._Com— peaks at 6.4, 7.5, and 8.4 eV, deno®tl, E, andE}
pared with the results of Huang and Chifighown in the  reqpectively, in Fig. @); and the experimental data are 7.0,

inset of Fig. 4, both spectra have the same principal peaks 99, and 9.0 eV(see Table . The three peaks of Chris-
the corresponding regions, although the positions and heights

of the peaks are not in complete agreement. The figure also
shows that the direct band gap of theGaN is about 3.45
ev.

gy gap

36

Ener

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

Figure 5 displays the strained density of statesaf@BaN,
which is compared with the unstrained DO%dwtted lines. N
The DOS's of conduction bands vary slowly with the strains. g
When strains are 5%, the difference between the strained and @ s 08B
unstrained DOS'’s of valence bands is very great; however, <

for —5%, the difference is not as much. It can be concluded 2

that positive strains have a greater effect on DOS’s than ¢
negative strains. So it may be the positive strains that should

. . °
be tried to reduce first. >
‘7
TABLE IV. The deformation-potential constants of wurtzite 5
GaN. The row labeled “Calc.” gives the values obtained in this A
paper, and the “Theor.” row gives the values of Christensen and ; 1 s ) .
Gorczyca. -10 -6 -2 2 6 10
E - Ey (eV
[T TpAc Tple Ty-Me Ty-He TKe v (V)
Calc. —-8.32 —-757 —-3.41 -345 —-459 -0.83 FIG. 4. The total DOS for bulke-GaN without strains, com-
Theor. -7.8 -7.2 -34 -2.8 -3.2 0.36 pared with the result of Huang and Chifigsed with a minimal

basis semab initio approach.
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tensen and Gorczyca are located at 6.1, 6.9, and 7,9 eV. Our
results seem better than theirs.

Referring to Table Il, the three distinct structurg$ ,

E5 , andE} can be assigned to the transition of the specific
points in the BZ. Thd's-I'; transition energy is around 6.0
eV, and theM,-M; transition occurs at energies between
6.03 and 7.05 eV, obtained by different researchers. These
two interband excitations are thought to compose the first
structure(EY , 6.4 e\). The second structurée’ , 7.5 eV)
could be related to th# ,-M 5 transition, which is reported

to take place from 7.0 to 7.4 eV, and possibly to thgoint
(H3-Hj3) that covers a broad energy rangeom Table I).

The gaps of theM,-M; andK,-K; transitions are close to
8.4 eV, so they may be responsible for the third feattfe
(8.4 eV).

The strains make both the shape and the position of the
main peaks ok,(w) vary successively. When the strains are
small (about £1%), e)(w) is very similar to the unstrained
&(w). While the strains are equal to4%, there are two high
peaks in thee)(w) diagram. The results of the 1% and 4%
strains are shown in Fig. 7, compared with the unstrained
curve (dotted. The real part of dielectric functiofie;(w)]
also varies obviously under the strains.

DOS

L AL,
Energy (eV)

FIG. 5. The total density of statd®0OS) of a-GaN (full line)
under strains ofa) —5%, (b) 1%, and(c) 5%. The dotted lines
represent the unstrained results.

8%
6f4f
~~ 2’
3 '
A4
CS 4%
2 I
0
1
(a) Photon Energy (eV) (© Photon Energy (eV)
8 ———————
—This work
| -++++- Experiment
-
)
=
Q
c
=
a8
'O
B
Q
=
©
« i
a

10

(b) Photon Energy (eV)

(d Photon Energy (eV)

FIG. 6. The imaginary part of the dielectric functipey(w)] of a-GaN (no strair). (a) Polarization in theXY plane,(b) polarization along
the Z axis, and(c) average value over the three directions. Their insets are the results of Christensen and Gdyczyeareal(e;) and
imaginary(e,) parts of the dielectric function at-GaN compared with the experimental dé&t@ strain.
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FIG. 9. Reflectivity R) of a-GaN compared with experiment

FIG. 7. The imaginary and real parts of the dielectric function of Py Logothetidiset al.
a-GaN under strains aB) 1% and(b) 4%. The dotted lines indicate

the results without strains. IV. CONCLUSION

In this work, we have reported the unstrained and strained

Figures 8 and 10 show the refractive indey @nd reflec- band structure and optical properties of wurtzite GaN using a
tivity (R) with strains of (@) —1%, (b) 1%, and(c) 3%, semiempirical tight-binding approach in tep®s* model.
respectively. The dotted curves are unstrained results. It cahhe unstrained fundamental gap®fGaN is 3.45 eV. When
be concluded that the position of the highest peak of oth the absolute value of the strains increase, the gap at’the
and R shifts successively to the lower-energy part with thePoint grows, and the-GaN turns out to be an indirect gap
increase of the strains, and the strains also shift the positiof@miconductor under about 5% of the strains. So in the sight
and relative strengths of the other two little peaks. ReflectivOf fabrication of the blue emitting-light device, it is neces-
ity (R) has been measured by prior researchévehose re-  SaTy to try to decrease strains, especially positive strains. The

sult is compared with ours in Fig. 9. It can be seen that oupensity of states, which is obviously affected by the strains is
calculated and analyzed. There are three distinct peaks domi-

result agrees quite well with the experiment. ; .
9 q P nating the unstrained,(w) spectrum that can be connected

S A 031 @ |

03 (b)

Reflectivity

Refractive Index

2 4 s 8 10
Photon Energy (eV)

2 ‘ 4 ‘ 6 I 8 ‘ 10
Photon Energy (eV)

FIG. 10. Reflectivity R) of a-GaN under strains ofa) —1%,
(b) 1%, and(c) 3% compared with unstrained refractive inde® (
(dotted lines.

FIG. 8. Refractive indexn() of a-GaN with strains ofa) —1%,
(b) 1%, and(c) 3% compared with unstrained resultktted lines.
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