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Crystal-orientation effects on the piezoelectric field and electronic properties
of strained wurtzite semiconductors

Seoung-Hwan Patkand Shun-Lien Chuarlg
Department of Electrical and Computer Engineering, University of lllinois at Urbana-Champaign, 1406 West Green Street,
Urbana, lllinois 61801
(Received 1 June 1998; revised manuscript received 29 Octobey 1998

Crystal orientation effects on the piezoelectric field and electronic properties of strained GaN bulk semicon-
ductors are investigated. Analytical expressions for the band gap, wave function, and momentum matrix
element of strained wurtzite GaN using a recently derived block-diagonalized Hamiltonian are shown. We find
that the energy separation between the top two valence bands increases with the lztgleen the growth
(z") direction and the axis. This results in a significant reduction of the effective mass of the top valence band
along the transversek{) direction with increasing angle for both compressively and tensilely strained GaN
crystals. Similar results are observed in the valence-band dispersion relations for the quantu@wijell
structure. The dispersion curves for the QW structure also show a lifting of the Kramers degeneracy due to the
piezoelectric field, which causes an asymmetry in the potential. We find that the optical matrix element of the
TE polarization between the conducti@®) and heavy holéHH) bands of the compressively strained GaN for
a growth direction with=30° is about twice as large as that of @01 orientation @=0°). Thepiezo-
electric polarizations of the compressive and tensile strains are plotted as a function of the growth direction.
The crystal orientation at which a maximum polarization occurs is shown as a function of strain. In particular,
the GaN crystal along the (1_01 growth direction §=90°) shows zero normal piezoelectric polarization
(P,) for the compressive and tensile strains. These results show that crystal orientation dependence of the
piezoelectric field and strain significantly affect the electronic transport properties as well as optical interband
absorption propertie$S0163-182@09)03008-9

I. INTRODUCTION crystals used in semiconductor lasers, such as GaAs and InP.
It has been shown that the introduction of biaxial strain into
Wide-band-gap semiconductors including GaN, AIN, andthe (0001 plane of a wurtzite GaN-based crystal does not
InN, and their ternary compounds, have great potential foeffectively reduce the effective masses in the transverse
applications in high-power optoelectronic devices in the bluairection®~*? unlike in other 11l-V semiconductors. This is
and ultraviolet regions. Blue-green light-emitting diodesdue to the fact that, for a wurtzite layer grown along the
based on wurtzite WGa _,N/Al,Ga,_ N quantum-well (000)) orientation, the strain shifts both the heavy-hole and
(QW) structures have been realized recehflyRoom-  light-hole bands by almost the same amount, and the in-
temperature continuous-wave operation of straineglane effective masses remain almost the same as those in
In,Ga, _,N/Al,Ga,_ N multiple quantum-well laser diodes the unstrained cade® Also, GaN heterostructures with a
with a lifetime of many thousand hours have beenwurtzite crystal structure pseudomorphically grown in the
demonstrated. (0009 orientation have a large strain-induced piezoelectric
To understand wurtzite semiconductor properties, thdield.X*=1’It was shown that the optical gain in QW lasers is
Hamiltonian near the band edges is important because tHargely reduced due to the piezoelectric field at relatively low
band structure near the direct band edges determines mostairrier densitie$®'°0On the other hand, electrical and optical
the fundamental electronic and optical properties. Theproperties in wurtzité**>?%and zinc-blendé??semiconduc-
Hamiltonian near the band edge of the wurtzite semiconductors can be affected by their crystal orientation. Therefore,
tor has been derived using the invariant method based on ttibe crystal orientation will significantly modify the strain-
symmetry properties of the wurtzite structdré,and many induced band structures. Despite their importance, many fun-
of the band-structure parameters have been treated empidamental crystal orientation effects on wurtzite semiconduc-
cally. On the other hand, the p method has also been used tor properties are still not well understood.
to derive the Hamiltonian, and a block diagonalization has In this paper, we investigate crystal orientation effects on
been showrd:® Thek- p method is attractive since the Hamil- the piezoelectric field and electronic properties of strained
tonian has explicit definitions of the band-structure and in-GaN bulk semiconductors, and present analytical solutions
terband optical momentum matrix elements. and numerical results for the band gaps, wave functions, and
In zinc-blende crystals, a biaxial compressive strain in aoptical matrix elements at the band edges as a function of the
QW structure reduces the in-plane effective mass of the toprystal orientation. The effective mass near the band edge
heavy-hole band and the threshold current of a semicondu@nd the piezoelectric field are also investigated as functions
tor laser’ On the other hand, the hole effective mass of GaNof the crystal orientation. The analytical expressions will be
is significantly larger than that of conventional zinc-blendeuseful for understanding the crystal orientation effects on the
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physical properties of GaN. In addition to analytical expres-considered. In Sec. Ill, numerical results for crystal orienta-
sions, we consider the quantum-well structure to show théion effects on the piezoelectric field and electronic proper-
piezoelectric field effect on the valence energy dispersioniies of wurtzite GaN semiconductor are shown. We then con-
relation, which shows a lifting of the Kramers degeneracy. clude in Sec. IV.

In Sec. Il, we derive analytical expressions for the strain
components, the piezoelectric field, eigenenergies, band
gaps, wave functions, and optical matrix elements for an ar- Il. THEORY
bitrary crystal orientation of the strained wurtzite GaN. The
6X 6 Hamiltonian for the valence bands at the band edge is
block diagonalized into two 8 3 Hamiltonians, which have The Hamiltonian for the valence-band structure has been
analytical solutions for eigenvectors and eigenenergies. Theerived by thek-p method® The full Hamiltonian for
quantum-well structure with the piezoelectric field is also(000J1)-oriented wurtzite crystal can be written as

A. The Hamiltonian and strain tensors

F —-K* —H* 0 0 0 |U1)
—-K G H 0 0 A |Uy)
H(K €)= -H H* A 0 A 0 |Ug) X
k&=l 0 0o 0o F -K H ||uy @
0 0 A -K* G —H*|[ |Us)
0 A 0 H* —H A |Ug),
|
where sor; A, is the crystal-field-split energy; antl, and A5 ac-
count for spin-orbit interactions. The bases for the Hamil-
F=A;+A,+\+6, tonian are defined &s
G:Al_A2+)\+0, 1 .
Uy =——[(X+iY)7),
2 |U1) 7 I( 1)
am A U= 1O-)1)
= —_— —1 ,
2 ’ V2
_ 2 2 2
0 2mo[A3kZ + A4k "+ k) ]+ e, Ug)=|Z1),
()
h? o 1 _
KZZ—mOAs(kx'f‘lky) +Dse, |U4>:E|(X_IY)J»>7
2 1
H:ZmoAﬁ(kx+|ky)kZ+DBeZ+, 2 |U5>=—5|(X+iY)L),
Ne=D1€,,+ Do €yt Eyy)- |U6>:|Zl>'
0.=Dse,+ Dyl et €yy), The Hamiltonian for an arbitrary crystal orientation can

be obtained using a rotation matrix

€, = €xx— €yyt 2i€yy, ) )
cosfécos¢ cosfdsing —sind
€+ = €€y, U=\ - sing _ COS¢ o | 4
sinfcos¢ sin@dsing  coséd
A :\/iAg .
The rotation of the Euler anglesand ¢ transforms physical
Here theA;'s are the valence-band effective-mass param-guantities from(x,y,2 coordinates toX',y’,z") coordinates.
eters, which are similar to the Luttinger parameters in a zincWe consider only th& dependence of physical quantities in
blende crystal; theD;’s are the deformation potentials for the following due to the hexagonal symmetfyThe z axis
wurtzite crystalsk; is the wave vectorg;; is the strain ten-  corresponds to the axis [0001], and the growth axigde-
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z

fined as thez’ axig) is normal to the QW plang¢hkil), as z' [hkil] 2(c-axis)
. . . . A
shown in Fig. 1. The relations between the coordinate sys- 9/ [0001]
tems for vectors and tensors are expressét?as W
X £ y’
o e »
ki, = Uiaka ) \
\ X
1 v < y
Eij_Uianﬁeaﬁv (5) X y
(@ (b)
Ci/jkl = UianﬁUi'ij(SCaByﬁl FIG. 1. (a) Configuration of the coordinate systems [y’,z")

where summations over repeated indices are indicated. in (hkil)-oriented crystals. The growth axis, or axis, is normal to
the substrate surfadgkil), and the coordinate systefr,y,2 de-

The strain coefficients in th&,y,2 coordinates for a gen- ) ; )

eral crystal orientation are determined from the condition°¢S the primary .c.rystallographlc axéb). The .Coord'nate system
that the layer is grown pseudomorphically, and these strail a wurtzite primitive cell. The angl® is defined as the angle

_ L . ’ etween the growth directioi and thec axis; 6=0° corresponds
gion?mgﬁgfui&%ngggﬁ ee ttr?: usr:{ta\;gciggg)g/’OfangJ Y€l the z'=(0001) growth direction and=90° corresponds to the
along thex’, y’, andz' axes, and they are related to unit 2'=(1010) growth direction.
vectorsX, ¥, andz along thex, y, andz axes through the
rotation matrix (4). The hexagonal primitive translationa
vectors are

| projections of the strain-distorted primitive translational vec-
tors of the epilayer and the substrate on the growth plane
should be equal:

;= aiX, ag.)'z’:a/s'.f(’,
9
a- ‘/jaA a//_y/:a”.g/!,
Byt CH e
with analogous conditions op” and y”. Here we assume
that the substrate is unstrained. Then, the constraBjts

vi=c¢2, yield the following relations for the strain tensors:

wherea is the lattice constant anidlabels the epilayefe)

: siné
and the substratés). When the crystal is translated, the Exx= €0+ €, ——,
primitive translational vectors becorhe cosé

_ (0
(10
cosf
. - (0)
[),;/:i')\(//_{_ \/§a| 'y//, (7) €272= EXZSin 9 te;
2 2
€xy= €y;=0,
‘}/{/ — Cii”,

where 9= (as—a,)/a, and €= (cs—c,)/c.. Under the
where engineering notation described further in Sec. 11 D, the strain
energy density is given by
X'=(1+ €)X+ €4y + €4,2,
W= %[Cllé>2<X+ C11€§y+ C33€§z+ 2C:12Exx€yy+ 2Cy3

V= ey &+ (1+ €,,)9+ €2, (®)
X vy yz X (€xx€271 €yy€z) +4C 465, (1D

Z'=epkt et (1t )z Using the above relations, the strain energy can be ex-
When the first atomic layers are deposited on the substratgyessed through only one strain componegt, which can
these layers will be strained to match the substrate, and ke found by minimizing the strain energy with respect to the
pseudomorphicor coherentinterface will be formed. Thus variablee,,. This procedure gives the following expression
the condition for a pseudomorphic interface means that théor e,,.

[(Cr1tCipt Crae D/ €0)sin? 0+ (2¢13+ C33el 0/ €Y cod 0]€lY cosh sin g

11 Sin* 6+ 2(Cy3+ 2C,44)Sir? 6 coS 6+ ca3c08 0

(12

€xz=
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Hence we obtain q16§ Hamiltonian in thg (’,y’,;’) co- Pee=cs€25T At Exxt €yy), (15)
ordinates by substituting the transformation relation for the ) .
vectork in Eq. (5) and the strain coefficients for a general Whereac; anda. are the conduction-band deformation po-
crystal orientation into the Hamiltoniafl) for the (0007  tentials along the axis and perpendicular to tieaxis. We
orientation. takea.,=a., for simplicity, and assume a value 6f4.08 eV
from a recent f*3 to the available experimental data. The
conduction-band wave function of a bulk wurtzite semicon-
ductor is of the form

The conduction bands of a bulk wurtzite crystal can be

B. Conduction-band edge of bulk wurtzite semiconductors

characterized by a parabolic band model, and the effective- 1
mass Hamiltonian can be written®as wer(r, k)= \/—ve'k'r|37i>, (16)
72 [K2+k2 K2 _ : : :
H(k)= = X_ty+ —Z|+E%P,_, (13) where n=1 or |, and S is a spherically symmetric wave
2\ my mi ¢ function.

where the band-edge energy is given by
C. Valence-band edges of bulk wurtzite semiconductors

0_
Ec=A1+ A+ EgtPe, (14) At the band edges;, = k) =k} =0, the Hamiltonian in the
which includes a hydrostatic energy shift (x',y’,z") coordinates can be simplified:
|
F' —-K'* —H'* 0 0 0 Uy’
-K’ G’ H' 0 0 A [Uy)’
H'(k'=0 _ —H’ H™ A 0 A 0 |U3>I 1
(k'=0e)=1 ¢ 0 0 Fro—K' H | |uyy 17
0 0 A —-K'* G’ —H'*| |Us)
0 A 0 H'™* —H' N |Ug)’,
|
where where
F'=A1+A,+N.+6.,
175227 % Ve = iei(37r/4)’ B= iei(wIA) (20)
G'=A1—A2+)\;+02, ‘/2 ‘/2
, These expressions are similar to those in Ref. 8, except that
K’=Ds(€exx— €yy), ky=ky=k;=0, andK’ andH’ contain nonzero strain com-
, ponents. The block-diagonalized Hamiltonibif=T*H'T!
H'=Deexz, 18 s given by
)\;:Dlezz"' Do(exxt 5yy)a - H'Y QL , (21)
0.=D D 4( ) o "
! =D3€,,+ Dol €t €yy),
Shazl TAR oY where the upper 8 3 Hamiltonian is
A=Vv2A
3 = K’ —iH’
and the_ strain coefficients; for a_general crystal orientation H'VU=| K’ G’ A—iH’ (22)
0 are given by Eqgs(10) and(12) in Sec. Il A. Note thaK'’ iH A+iH’ N
and H' are not zero because,,# €,y and €,,#0 in the S
general coordinates. Also, all elements are constant. Thignd the lower X 3 Hamiltonian is
Hamiltonian can be block diagonalized following a similar , , .
procedure to that used befdt@he transformation matrix is F, K, 'H_ )
defined as H't=| K G A+iH" | (23
—iH" A—iH’ N
a* 0 a 0 0 o .
0o B 0 0 g* 0 The lower Hamiltonian is the complex conjugate of the up-
0 o . 0 0 per Hamiltonian. Therefore, they have exactly the same ei-
T= 8 B B . (19 genvalues since the eigenenergies are real. However, for the
a* 0 0 Ta 0 0 QW structure, there will be a lifting of the Kramers
0 B O 0 —-B* 0 degenerady? in the in-plane dispersion relations because
0O 0 —-B* O 0 B of the piezoelectric field, which will be discussed in Sec.
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IlE. The wave functions of the lower Hamiltonian are the g D,
complex conjugates of the corresponding wave functions of ) 1 D
the upper Hamiltonian. The eigenequation for the valence D 2/

band energye’ at the band edge is given by

F'—E’ K’ —iH’ 01
K’ G'—-E' A—iH'||g3]|=0. (29
iH" A+iH" N -E'/\g}

The eigenequation is a third-order polynomial equation,
which can always be solved analytically. These three analyti-

cal solutions can be expressed®#$

C,

Ei=2(sl+sz)_ 3

, 1 C, V3
Er=—5(Si+S)— 5+ (S-S, (25

1 C, V3
E3=—§(81+Sz)—?—|7(81—82),
where
q—§ 17 g2

1 c3
r= g(Clcz_3Co)_ 57

S =[r+Vgi+r3*?
Sz=[r— \ /q3_‘_r2]1/37

(26)

and
Co=—(F'G'\' +2K'H'?*~H'?G’
—K'>\'=F'A?~F'H'?),
Ci=G'N +F'N +F'G'—A2-2H"?2—K'?, (27

Co=—(G'+F'+\).
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1
9y | = (29)
93 D3
where
D;=iH'(G'-E")+(A—iH")K’,
D,=iH'K'(F'—E")(A—iH"), (29
D3:(F/—EI)(GI—EI)—K/2,
and
D=|D4|*+[Dy*+[Dg|*. (30)

The complete Bloch wave functions for the valence band are
given by

1,3
Pk =0)= =T 2 glkOli), @D
where
|1)'=a*|Up) +alUy)’,
|2)"=B|Uy)" + B*|Us)’, (32

3)'=8*|Us)" +B|Us) ",

and we can obtain similar expressions for the lower Hamil-
tonian (23).

D. Polarization-dependent interband optical-matrix elements

The optical momentum matrix elements in thé ¢',z’)
coordinates are given by

|é,'M,”|2=|<‘I’,C”|é,~p’|‘1"v>|2. (33)

Using the expressions for the band-edge wave functions of
the conduction and valence bands given in Ed$), (28),
and(31), we obtain the following polarization-dependent in-

The envelope functions corresponding to the three eigenvaterband momentum-matrix elements: the TE polarizations

ues are determined by

! 1 ! l ! ! H
M7= = 91" cos(SIpyX)+ = 05/5 cost(Spy|X) — 935" sin&(Sp2| 2)

and the TM polarization& =2")

1 1 _
=|- Egia* cosé(S|py/X) + Egéﬂ cosé(S|p« X) +geB* siné(S|p,|Z)

(&=X"ory")

for o=U (39

for o=L; (35

2

1 1
M7= - 59@* sin 6(S|py|X) + Egéﬁ sin 6(S|py|X) + gzB* cosé(S|p,|Z)| for o=U (36)
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2
1 ) 1, ,
=|- 59&&* sin 6(S|p,|X) + Egsﬁ sin 6(S|p«|X) — geB* cost(S|p,|Z)| for o=L. (37)

The above analytical results include the crystal orientation dependence, and the band-edge matrix elements &resiteyived
the same procedure as in the derivation of Kane’'s paramégrand P,):
Mo
<S|px|x>: WPZv
Mo
(38)

, h? (%_ )(E9+A1+A2)(Eg+2A2)—2A§

172m, | m2 E +24, ’

2_
Pz— t
e

h_2<mo 1) Eg[(Eg+Ay+A,)(Eg+2A,)—2A%]

2mg \ m (Eg+A1+A,)(Eg+A,) —Af

SubstitutingE’=E;, E;, andEj, we can obtain moment matrix element for the interband optical transitions between the
conduction(C) band and the heavy hole, light hole, and crystal-field split-off hole bands, respectively.
E. Piezoelectric field and valence-band structure of a quantum well

If a stressry is applied to GaN crystals, there is an induced piezoelectric polarization with a magnitude proportional to the
applied stressyy:

Pi=dijk Tik » (39
whered;;, are the piezoelectric moduli or piezoelectric tensor elements. The s{jeassrelated to the strain by
Tij = Cijkl €kl » (40)

wherec;;y, are the stiffness constants of the wurtzite GaN crystal. Here it is convenient to replace the tensor notation by the
the engineering notation fak;, andc;jy, using their symmetry propertiéThat is, the second and third subscriptsljp and
the first two and last two subscripts @, are replaced by a single subscript running from 1 to 6 as follows:

tensor notation 11 22 33 23,32 31,13 12,21,
matrix notaton 1 2 3 4 5 6.

Then the piezoelectric polarization in tibey,2 coordinates for a general crystal orientation is given by

Cha Cp C3 0 0 O €xx
Py 0 0 0 0 dis O 212 211 Elg 8 8 8 Zyy
Py|]={ 0 0 O dis O O 13 Ci3 Cas - -
o e e de o 0 o/l O 0 0 cy 0 0 ol
z 31 O3 Qs 0 0 0 O &4 0 re

0 0 0O 0 0 cg/ \ O

where the strain coefficients in th®,y,2 coordinates for a The normal polarization with respect to the growth plane
general crystal orientation are given in Sec. |. We then obtairtalong the growth directioncan be obtained by taking the
the polarization components alomrgy, andz axes: scalar product between the polarization ve®an the (x,y,2
coordinates and the unit vectdt shown in Fig. 1:
Px=20d15C44€x7,

P,=0, (42 P,=P-2'=P,sin§+P,cosé. (43

P,=[dzi(Cqy+C1p)+d +
2= [ e Cart €+ dssfal(€iact €yy) Similarly, we can obtain the parallel polarization on the
+[2d31C13+ d3aCas] €2, growth plane:
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TABLE I. Parameters used for the calculations. & 0 O

Parameter GaN InN =10 & 0], (47)

- 5 0 0 g
Lattice constarit® (A) o oo )
a 3.112 3.544 wheree; and e, are perm|tt|V|t|e§ perpendicular and along
c 4.982 5.718 the c axes for the(000) crystal orientation, respectively.
Piezoelectric constant Then, the electric displacemebt is given by

(cm/V) . )

dis —1.7x10°10 D, = (& cog 0+ ¢, Sir? 0)E, + (€,— €,)Sin COSOE, + P},
dy; —1.7x10°10
d32 71.7X10710 D,:EtE,+P, y
das 3.4x10° %0 g Y

D.=(&— €,)SiN O COSOE, + (€ Sir? O+ €,c08 O)E.+ P, .
%Reference 29. (48)
bReference 2.

‘Reference 15.

dReference 16.

If there are no external charges aqje- €,, D, vanishes, and
the electric field reduces to
P,
P,=P-&’ =P, cosf—P,siné, E;z—e—. (49
P,=P-§'=0. “4 t _
y For a quantum-well structure of a width,, the valence-
The strain-induced polarizatioR; will lead to an electric band structure is calculated by usingK6 Hamiltonian for
field E; given by an arbitrary crystal orientation, which is obtained by using
D/ =P’ E! 4+ P! (45) Egs. (1) and (5). The piezoelectric field of théassumed
R he thick) barrier region can be taken as zero. The quantum-well
whereD; is the electric displacement arg)’ is the permit- potential due to the band-edge discontinuities of the well and
tivity tensor for the epilayer given by barrier materials follows the model of Ref. 29 and it is added
I—UePy-1 (46) with the eleptrostatic poten_tial due_ to the piezoelectric fi_eld
€ € to the effective mass equation, which the envelope functions
and {g{™} for the mth subband satisfy as follows:

H (9 [ ! ’ ! ’ ! ! ! ! !
Z [Hw,(k;,k;,—uﬁ +(V(2')+qE}2') 8, |9\ (ki K, 2" ) = Ef(k) k) g™ (k) k) ,2"), (50)

14

wherev,v' =1, 2, 3, 4,5, and 6, anfl; is given in Eq.(49).  will be shown only for the angles betweeh=0° and 6
These coupled differential equations can be solved using &90°, except for the piezoelectric field, which will be cal-
finite-difference method® culated for 0% 6=<180°.

IIl. NUMERICAL RESULTS AND DISCUSSION .
A. Band gap and strain tensors

In this section, we present numerical results for the crystal

orientation dependencies of important physical quantities First, we plot the transition energies corresponding to the
such as the band gap, strain, wave functions, optical matrigonduction bandC) to heavy-hole(HH), light-hole (LH),
elements, and piezoelectric polarization. As a numerical exand crystal-field split-off hol€CH) bands. Figures(2) and
ample, we consider the situation where a GaN epilayer i9(b) show these interband transition energies near the band
grown on an IpAl, N barrier (substratg The parameters edges as a function of the crystal orientation f@r —0.5%
used in the computatiqns are taken from Refs. 13 and 2%ompressively (GaN/kyAlgsdN) and (b) 0.5% tensilely
except for those listed in Table I. (GaN/Iny , Al o 7gN) strained GaN crystals. The ground states

_For our following discussions, it should be noted from for poles in the valence band are the HH and LH bands for
Fig. 1 that the angle is defined as the angle between thethe compressive and tensile strains, respectively. In the case
growth direction(z’ axis) and and thec axis (z axis), 8 of (0001 orientation @=0°) with the compressive strain, it
shown in Fig. 1a). Therefore,§=0° corresponds to growth s opserved that the energy difference between the HH and
along thec axis or (000]) orientation, andf=90° corre- | H bands is very small. For comparison, when a zinc-blende
sponds to growth along the (10} direction, which is per- layer is grown along th€001) axis with compressive strain,
pendicular to the axis. Crystal orientation dependencies of the strain deformation potentials lift the HH band up and
the investigated physical quantities of strained GaN bulkreduce its in-plane effective ma$$iowever, for a wurtzite
semiconductors are symmetric with respectgte 90°, and layer grown along th€0001) orientation, the compressive
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375 _— 3.75 20 — 20
370 @ GaN/ng Al N — 3.70] (b) GaN/In Al . N 1.5 @) GaN/In Al N 15| B GaNng Al N
N CoMpressive(-0.5%) ... s tensile(0.5 %) [compressive(-0.5 % ) SI tensile(0.5 %)
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B 30 g 360 L osf & X 05 ¥
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FIG. 2. Transition energies at the band edge as a function FIG. 4. Strain tensor elements as a function of crystal orienta-
of the crystal orientation for (a) —0.5% compressively tion @ for (a) —0.5% compressively (GaN/{nAlysdN) and (b)

(GaN/lny 1 AlggN), and (b) 0.5% tensilely (GaN/lg,Alq7dN) 0.5% tensile (GaN/I§,-Aly7N) strained GaN crystals.
strained GaN crystals. The anglds defined as the angle between

the growth directior2’ and thec axis, as shown in Fig. 1. In Figs. 4a) and 4b), we plot the strain tensor elements

as a function of crystal orientatioffor () —0.5% compres-
strain shifts both the HH and LH bands by almost the samaively (GaN/Ip 1 AlggdN) and (b) 0.5% tensilely
amount, and the in-plane effective masses remain almost th@&aN/In, , Al 7dN) strained GaN crystals. Note that the
same as those in the unstrained cassimilar results are componenie,, is constant and the componest, is zero for
observed for GaN with a biaxial tensile strain, as shown inthe (0001 orientation @=0°). Thestrain components,,
Fig. 2b). However, for the compressive strain, the energyand e,, show a maximum ap=90°. Since the crystal ori-
difference between the HH and LH bands increases with thentation dependence of the bands is determined mainly by
angle ¢ between the growth direction and tleeaxis, and  these strain components, the band gap shows a maximum for

shows a maximum at the (10} orientation §=90°). Thus  the (101) growth direction, as shown in Fig. 2. In the case
it is expected that the in-plane effective mass is largely reof the tensile strain, it is observed that its band gap difference
duced for the (10Q) orientation. Similarly, the tensile strain between theg=0° and 90° growth directions is larger than
shows that the energy difference between the two lowedhat of the compressive strain. This is attributed to the fact
bands(LH and HH) increases with the anglé until about that, for the tensile strain, the band gap is given byGhEH

60°, where a further increase of the angle results in a detransition and the orientation dependence of the LH band is
crease of the energy difference. larger than that of the HH band, as shown in Fig. 2.

Figures 3a) and 3b) show the band gaps at the band
edges as a function of the crystal orientation for various
amounts of(a) compressive an¢b) tensile strains. The band
gaps for compressive and tensile strains correspod ittH In addition to the band gap, the valence-band structures
and C-LH transitions, respectively. The band gap of theand the wave functions as a function of the crystal orienta-
compressive strain crystals increases with the strain, whil§on show interesting features. The valence band mixing ef-
that of the tensile strain crystals decreases with the straifects can be understood from the energy dispersion relations
The shift of the band gap as a function of strain is deterand their corresponding wave functions of the HH, LH, and
mined mainly by the hydrostatic energy shift of the CH bands. The valence-band structures and the wave func-
conduction-band edge, the sign of which is positive for thetions of the bulk wurtzite GaN with thé0001) orientation
compressive strain and negative for the tensile strain. Thbas been extensively investigatéddowever, little work has
band gap as a function of orientation shows a maximum apeen done so far to understand the crystal orientation effects

the (10D) orientation @=90°) for both compressive and ©f the wave functions for the wurtzite semiconductors.

B. Energy-band structures and wave functions

tensile strains. Figures %a)—-5(c) show the calculated valence-band dis-
persion relations of a-0.5% compressively strained GaN
475 L 550 crystal for(a) #=0°, (b) 6=45°, and(c) §=90°. The dis-
7o) GENImAN ( compressive) 45| CENVIAN (tensit ) persion relations are calculated numerically from the&
R e e - Hamiltonian in the x’,y’,z’) coordinates. The full &6
U %esSE e 05% 1 o 340l 029 ] Hamiltonian has to be used since the previous block-
B 360 © 3350050 P diagonalization methods are restricted either to ®@01)
w® 3,56} ezl T | growth direction or to the zone centdg= k, =k, =0) case
350 aosl 0w [Egs.(17)—(23)]. The band-edge effective masses can be es-
345" 3.20} ] timated from a parabolic band fitting to the calculated dis-
510 sas 1.5% persion relations near the band edges. The crystal orientation
0 10 20 30 40 50 80 70 80 90 010 20 30 40 50 60 70 80 90 effects of the band-edge effective mass is useful for an un-

‘Angle (D ! : . .
Angle (Degree ) ndle (Degree) derstanding of optical processes such as the optical gain as

FIG. 3. Band gaps near the band edges as a function of th&ell as electronic transport processes.
crystal orientation for variou¢a) compressively andb) tensilely We know from Figs. £8)-5(c) that the HH band-edge
strained GaN crystals. The band gaps for compressive and tensigffective masses along the€ direction are nearly constant
strains correspond to C-HH and C-LH transitions, respectively. independent of the crystal orientation. On the other hand, it
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FIG. 5. Calculated valence-band dispersion relations of a F.llGl' 6.tCglCL(JjIaéedeaIentcel-]E:)andetﬂsopoerstl)ongr_elfgfnsoJaO.S%
—0.5% compressively strained GaN crystal fay 6=0°, (b) ¢ ;Egoeoy strained GaN crystal fdg) 6=0°, (b) §=45°, and(c)
=45°, and(c) #=90°. R

is shown that the HH band-edge effective masses along théH bands. Thus we obtaigy =1 andg,=g3=0, as shown
k, direction depend on the crystal orientation. The increasén Fig. 7(a), andg;=0 for the LH and CH bands, as shown
of the angle results in the reduction of the effective mass ofn Figs. 7b) and 7c). The LH band is dominated by trgg
the HH band along thk, direction. For example, the effec- component, with a small amount of mixing with tgg com-
tive masses near the band edge are aboumglahd 0.1 ponent. Similarly, the CH band is dominated by tiiecom-

for 6=0° and 90°, respectively, along thk¢ direction. This ponent with a small amount of mixing with thg, compo-
is mainly attributed to the fact that the energy differencenent.

between the HH and LH bands increases with the angle be- on the other hand, with an increasing anglethe HH

tween the growth direction and tieaxis from Fig. 2. A pand in Fig. Ta) shows a rapid decrease of thecomponent
similar situation is observed for the LH band of the tensHeand a rapid increase of thg, component with a small in-

strain case. In Figs. (8-6(c), we plot the calculated / e
valence-band dispersion relations of a 0.5% tensilely straineﬁjr?:;ecg:ntgfnzez??goggggrg:gSaf;[;;gzrglxwggetmeaﬁall
GaN crystal for(a) 6=0°, (b) 6=45°, and(c) §=90°. For tgand is dominated by thg; component with a further in-

the tensile strain, the top valence band is the LH band and icrease of the angle. Thg, andg. components for the LH
effective mass along thie, direction is reduced with an in- S ' 1 : o
g the, band in Fig. Tb) also show a behavior similar to the HH

creasing growth anglé. Thus it is expected that the (10} pang However, the two components are nearly constant in

orientation =90°) should improve the performance of o i
both compressively and tensilely strained GaN-based Iase’r[g,e range above.45 - Thus strong mking beMeergQwand
due to its reduced effective mass. g, components is observed near the (@Plorientation @
Figures Ta)—7(c) show the normalized valence wave =90°), while theg; component is negligible. The CH band
functions at the band edge of &0.5% compressively in Fig. 7(c) also shows a strong mixing between theand
strained GaN crystal for théa) HH, (b) LH, and (c) CH g5 components near the (10} orientation.
bands. Theth valence-band wave function as a function of  Figures 8a)—8(c) show the normalized valence wave
the crystal orientation is determined by the eigenfunctions ofunctions at the band edges of a 0.5% tensilely strained GaN
Eqg. (28). The mixing ratio of the coefficienty; , g5, andg;  crystal for the(a) HH, (b) LH, and (c) CH bands. For the
determines the nature of each band. For (@01 orienta- (0001 orientation @=0°), the HHband in Fig. 8a) is de-
tion (#=0°), the HHband is decoupled from the LH and coupled from the LH and CH bands as in the case of the
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FIG. 7. Normalized valence wave functions at the band edge of FIG. 8. Normalized valence wave functions at the band edges of

a —0.5% compressively strained GaN crystal for tagheavy-hole  0.5% tensilely strained GaN crystal for tt@ HH, (b) LH, and(c)
(HH), (b) light-hole (LH), and(c) crystal-field split-off hole(CH) CH bands.
bands.

9(b). With an increasing anglé, the TE optical matrix ele-
compressive strain in Fig.(&. The LH band in Fig. &) is  ment for theC-LH transition rapidly decreases, and is nearly
dominated by the; component, while the CH band in Fig. zero aboved=30°. On the other hand, the TE optical matrix
8(b) is dominated by thg, component. With an increasing element for theC-HH transition rapidly increases and ap-
angle, the HH and CH bands generally show a mixing beproaches a constant value abaise 30°. The constant value
tweeng; andg;. On the other hand, the LH band is domi- is about two times as large as that of {01 orientation.
nated by theg; component, and thg; andg, components This can be explained by the crystal orientation dependence
are nearly zero for all orientations. Since the optical momenof the wave functions. As the angle increases, the HH wave
tum matrix elements are mainly determined by the behaviofunction is dominated by thg; component, as shown in Fig.
of these wave functions, it is expected that momentum ma#(a), which determines the optical matrix element for the
trix elements are significantly affected by the crystal orien-C-HH transition. On the other hand, the LH and CH bands
tation, as discussed below. show a mixing of theg; andg; components. However, the

g; andg; contributions to the optical matrix elements of the

C. Optical momentum matrix elements

w
=)
w
o

() TM  GaNin,, Al N

0.14" 0.8

(a) TE  GaNin, Al N '
250 compressive(-0.5 % ) |

From the band-edge eigenvalues and wave functions, we | compressive(0.5%) |

calculate the optical momentum matrix elements as a func-
tion of the crystal orientation for a GaN semiconductor,
which is important for the interband optical transition. Fig-
ures 9a) and 9b) show the interband optical momentum
matrix elements at the band edges as a function of crystal
orientation # for the (a) TE and(b) TM polarizations of a
—0.5% compressively strained GaN crystal. For (8801
orientation =0°), theinterband optical matrix elements
for the HH and LH bands to the conduction band are domi-
nated by the TE polarization, as shown in Figa)9and the FIG. 9. Interband optical momentum matrix elements at the
interband transition between the CH band and the conductioband edges as a function of crystal orientation for(d&'E and(b)
band is dominated by the TM polarization, as shown in Fig.TM polarizations of a—0.5% compressively strained GaN crystal.
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FIG. 10. Optical momentum matrix elements at the band edges
as a function of crystal orientation for the) TE and(b) TM po-
larizations of a 0.5% tensile strained GaN crystal.

FIG. 11. Strain-induced normal polarizatio®)) with respect
to the growth plane as a function of the anglbetween the growth
direction and thec axis for (a) compressively andb) tensile
strained GaN crystals.

C-LH and C-CH transitions cancel each other out by an

opposite sign, as shown in E(4). Similarly, the contribu- GaN-based QW structures have quantized energy levels

tions of theC-HH and C-LH transitions for the TM polar- along the growth direction. The normal polarization leads to
ization cancel each other out. Thus the TM polarization ma-

! ) ) . " an accumulation or a depletion of carriers at the interfaces,
trix element is dominated by the interband transition betwee

. X "ind creates a piezoelectric field. On which side of the inter-
the CH band and the conduction band, as shownin Riy. 9 ¢,064 the accumulation region is produced depends on the
Figures 10a) and 1Qb)

show the optical momentum ma- e of atomic plane at the interfa¢a or N in structures

trlxt et_lem?ntstﬁt theTkIJEand deotl)ge_?'v?s al fu_nctt|_on of ‘f:%s;?/l Oflsych as QW and semiconductor-insulator-semiconddétor.
entation for &(@) and (b) polanizations of U.9%  the pormal polarization is asymmetric with respect to the
tensilely strained GaN crystals. For tli@001) orientation

(6=0°), theinterband optical matrix elements for tieHH ~ (1010) orientation §=90°). The asymmetry of the normal
andC-CH transitions are dominated by the TE polarization,Polarization is due to the change of the atomic plane type
and theC-LH transition is dominated by the TM polariza- With respect to the (101) orientation.
tion. On the other hand, at an angle near the_()])O(hrien- For compressively and tensilely strained GaN crystals, it
tation (9=90°), the interband optical matrix elements for is observed that the crystal orientation with the maximum
the C-LH and é—HH transitions are dominated by the TE normal polarization depends on the magnitude of strain. For
and TM polarizations, respectively. The optical matrix ele_example_, GaN crystals with a Iarggr strain show a maximum
ments for theC-LH transition behaves like cé# and sirf 6 polarization _for the(000) one_ntatlon, Wh'.le t_hose with a
for the TE and TM polarizations, respectively, because thémaller strain show the maximum polarization grogrw.(
wave function of the LH band is dominated by thg com- =50°). For_t_he(OOO]) orientation, t_he ”Orma' polarlzatlc_)n IS
ponent. On the other hand, the optical matrix elements fo Iways positive for the compressive strain and negative for
the C-HH and C-CH transiti’ons are mainly determined b he tensile strain. However, the normal polarization for the
, p rainly d . y compressive strain shows a sign change with an increasing
g; and g, components. They show interesting oscillatory

behavior d h il behavi da angle, and its value depends on the strain, as shown in Fig.
ehavior due to the oscillatory behavior 9f andg;, as 11 For example, the normal polarization is negative between

shown in Fig. 8. 6=17° andg=90° for a compressive strain 6f0.2%[solid
line in Fig. 11a)]. On the other hand, GaN with a tensile
D. Piezoelectric field and valence-band structures strain shows a negative normal polarization irrespective of

of a quantum well the angle. For QW lasers, it is desirable to have no piezo-

Wurtzite GaN, with a large piezoelectric constant and }?Iectric field because the optical gain is significantly reduced

wide band gap, has potential applications such as piezoele Y thg piezoelectric fjeld in the yvell. The large piezoelectric
tric sensors and high electron mobility transistors leld induces a spatial separation of the electron and hole

(HEMT's).®® On the other hand, the electrical and opticalwave fgpctions, which results in.a reduction of the transition
properties of GaN-based lasers can be affected by the lar obability between the cond.uctlon and vqlence sqbbéﬁwds.
piezoelectric field. For example, it has been shown recently /& know that both compressively and tensilely strained GaN
that the optical gain in QW lasers is largely reduced due t&rystals show zero normal polarizations for the (@PXDri-
the piezoelectric field®'° Thus it is important to control the entation. Thus it is expected that GaN-based lasers with a
magnitude and direction of the piezoelectric field depending1010) orientation corresponding té=90° have better per-
on the requirements of the physical properties. In this secformance than those with @001 orientation for both com-
tion, we investigate the crystal orientation effects of the pi-pressive and tensile strain. However, the piezoelectric field
ezoelectric field. may have interesting applications for HEMTs because the
Figures 11a) and 11b) show the strain-induced normal piezoelectric field enhances the density of the two-
polarization @) with respect to the growth plane as a func- dimensional electron gas at the interfae.
tion of the angled between the growth direction and tice Figures 12a) and 12b) show the strain-induced parallel
axis for (a) compressively andb) tensilely strained GaN polarization P,) as a function of the angle between the
crystals. The normal polarizatid®, is important because the growth direction and the axis for(a) compressively anb)
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FIG. 12. Strain-induced parallel polarizatioR,() with respect LH2
to the growth plane as a function of angle between the growth 0.04L
direction and thec axis for (a) compressively andb) tensile . . . NS
strained GaN crystals. 0.00 0.02 0.04 0.06 0.08 0.10

k' (1/A)

. . . y
tensilely strained GaN crystals. It is observed that the parallel
polarization(with respect to the growth plapéP,) is sym- FIG. 13. The valence-band structure along kfedirection of a
metric with respect t@?=90°, and shows zero polarization —0.5% compressively strained GaN/InAIN quantum well with a
for the (0001 orientation ¢=0°) for both compressively Well width gf 3 nm. The growth direction is along thnegxis oré
and tensilely strained GaN crystals. For the tensile strain, thg 0°- A lifting of the Kramers degeneracy appears in the energy
normal polarization is always positive irrespective of theSPlittings of the dispersion curves for a nonzé(a
a_ngle. On the _other _hand, t_he compressive strain shows ave functiond? In Figs. 14a)—14(c), we compare the
sign change with an increasing angle similar to the norm

olarization. The parallel polarization for the compressive alence-band structures of three GalAh N quantum-
P _ 1zatl g P polanzat . ) P Vewell structures of growth direction@ 6=0°, (b) §=45°,
strain case is largest for the (1@) orientation ¢=90°),

. ] - . and (c) 6=90°, with the same amount of strair-0.5%
while that for the tensile strain depends on the magnitude ofompressiveand well width(3 nm). For the general orien-

strain. The angle with maximum polarization for the tensileiation, the subbands are labeled by the dominant wave-
strain shifts from#=90° to a smaller angle with an increas-

ing strain. The strain-induced polarization is purely normal 0.20
for (0001 orientation, and purely parallel for the (101 .
orientation. For the general orientation, the polarization has 3
both normal and parallel components. A parallel polarization %’
®
c
w

(a) 6=0 : (0001) E,=0.95x10" V/m
0.15 /

0.10¢

HH1

does not generate electric fields, and does not change the
QW and energy-band structures. That is, it does not directly
change the QW electronic structure in the way the normal 0.05 S e
polarization does. The parallel polarization leads to birefrin- N e .
gence for light propagating along the the growth Ris. o 0%10 0.08 0.06 0.04 0.02 0.00 0.02 0.04 0.06 0.08 0.10
These results show that electrical and optical properties of ’ (b) 0=45° ' éaNnn,,fufuo_Mr'u
strained GaN crystals are affected significantly by the piezo- / pompressive(:0.5%)
electric fields induced by the piezoelectric polarization. To @ 010 I S

investigate the piezoelectric field effects on the dispersion

relations, we calculate the valence-band structure of GaN
guantum-well structures.

E,=-1.00x10" V/m %

-0.15} F
' @

Energy (eV)

9.
Figure 13 shows the valence-band structure along .90l e
the k| direction of a —0.5% compressively strained T % L
Y e pres y 0.10 0.08 0.06 0.04 0.02 0.00 0.02 0.04 0.06 0.08 0.10
GaN/InAl;_,N quantum well with a well width of 3 nm for 0.05 — —
0=0°. The dispersion relations are calculated numerically (c) 8=90°: (1070) E,=0.0
from the 6x6 Hamiltonian in &’,y’,z") coordinates with a S ool
piezoelectric field. A lifting of the Kramers degeneracy in <
dispersion curves due to the strain-induced piezoelectric field &
is observed, and its magnitude is about 3—5 meV for LH1 E 005

and HH2 subbands. These values are similar to those for //
GaAs-based QW structuréd®! Valence-band structures -0.10} - o
with a piezoelectric field show a larger energy spacing be- 0.10 0.08 0.06 0.04 0.02 0.00 0.02 0.04 0.06 0.08 0.10

tween the first two subband$iH1 and LHJ1), and higher k' (1/A) k' (1/A)
subbands(HH2 and LH2 compared to those without the ¢

piezoelectric field. The increase of the subband energy spac- FIG. 14. Valence-band structures of three GaN/InAIN quantum-
ing reduces the carrier population in the higher subbandswell structures with growth directionga) 6=0°, (b) #=45°, and
However, this effect is compensated for by a decrease of th@) §=90°. The amounts of straif-0.5% compressiyeand well
optical matrix element due to the spatial separation of thevidth (3 nm) are kept the same.
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function components. In a case 6 90°, there is no split- matrix elements of the TE polarization for the compressively
ting due to zero piezoelectric field, as shown in Fig. 11. Thestrained GaN for above 30° is about twice as large as that
effective masses of the first subband along kbedirection  of the (0001 orientation ¢=0°), and isdominated by the
depend on the crystal orientation, and decrease with increa&-HH transition. Similar results are observed in the valence-
ing growth angle. The reduction of the effective mass is dudand dispersion relations for the quantum-well structure. The
to the increase of the energy difference between the first tw@W structures show a lifting of the Kramers degeneracy in
subbands. These results are in agreement with those expectégir dispersion relations due to the piezoelectric field. For
from the bulk dispersion relations. The splitting in the tensile strain, the dominant transition for the TM polarization
valence-band structures is not observed alongkthdirec-  is changed from &-LH transition to aC-HH transition with
tion, which is due to the fact that the imaginary parts of thean angleé. It is found that a crystal orientation with a maxi-
K andH terms in Eq.(1) vanish; therefore, the upper<3 mum piezoelectric polarization depends on the strain. In par-
block become identical to the lower<33 block. ticular, the GaN crystal with a (1@) orientation shows a
zero normal polarization for the compressive and tensile
strains. Thus it is expected that band-structure effects taking
) _ ) _ crystal orientation and strain into account can be used to
We have investigated crystal orientation effects on bandy,iimize the performance of GaN-based devices such as la-
gaps, wave functions, and optical momentum matrix elesers sensors, and electroabsorption modulators. They will
ments at the band edge of strained GaN bulk semicondugisy determine electronic transport properties as well as op-

tors. Also, effective masses near the band edge and the Riza| excitation and excitonic absorption properties, such as
ezoelectric field have been investigated as a function of thg,,se in photoluminescence and transmission spectra.
crystal orientation. Analytical expressions for the bulk band

gap, wave function, and momentum matrix element of
strained wurtzite GaN using a block-diagonalized Hamil-
tonian have been derived. The effective mass alongkthe
direction is significantly reduced with an increasing angle This work was supported by ONR Grant No. NO0014-96-
between the growth direction and tkeaxis for both com- 1-0303. S.H.P. was also supported by the Catholic Univer-
pressively and tensilely strained GaN crystals. The opticasity of Taegu-Hyosung.
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