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Strain effects on optical polarisation
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We present the theoretical results of the electronic band structure of wurtzite GaN films under biaxial strains in

the (1122)-plane. The calculations are performed by the k- p perturbation theory approach through using the effective-

mass Hamiltonian for an arbitrary direction. The results show that the transition energies decrease with the biaxial

strains changing from —0.5% to 0.5%. For films of (1122)-plane, the strains are expected to be anisotropic in the growth

plane. Such anisotropic strains give rise to valence band mixing which results in dramatic change in optical polarisation

property. The strain can also result in optical polarisation switching phenomena. Finally, we discuss the applications

of these properties to the (1122) plane GaN-based light-emitting diode and lase diode.
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1. Introduction

ITII-V wurtzite nitrides such as GaN or InGaN
have been under extensive examination for many
years because of their promising applications in short-
wavelength light emitting devices.[!'=3] Most of the ef-
forts have been made to study the structures grown
along the [0001] direction.* In these structures, inter-
nal electric fields are induced in the strained layers,
which separate the electrons from the holes, thereby
reducing the radiative efficiency and overall device
performance. In addition, recent researches show that
the polarisation field is one of the physical origins
of the efficiency droop for devices operating at high
powers.[56] One way to circumvent these problems is
to grow quantum wells (QWs) on nonpolar or semipo-
lar planes where these electric fields are theoretically
diminished or even eliminated.l”) Another advantage
for GaN devices grown on nonpolar or semipolar plane
is that they exhibit optical gain anisotropy which leads
to polarised light emission.®? Although the high
power M-plane light-emitting diode (LED) has been
demonstrated,'®) the semipolar (1122) plane might
have an advantage of incorporating higher In content

relative to the nonpolar M-plane and A-plane, as evi-
denced by the demonstration of a yellow LED!M and
green light emitters.'? The semipolar (1122) plane
violet lase diodes (LDs) with continuous-wave oper-

(13] Tt has also

ations have also been demonstrated.
been proposed to be unique among low-index semipo-
lar orientation. 4

A knowledge of the polarisation characteristics is
of importance not only for solid-state physics, but also
for practical application to device fabrication. Tak-
ing LD as an example, the resonant cavities can be
constructed with cleaved facet mirrors for the princi-
pal polarisation parallel to the (1100) plane, whereas
it is unlikely to find a low-index plane perpendic-
ular to (1123) if the principal polarisation happens
to be parallel to (1100). The optical properties de-
pend on crystal-orientation and quantum well width,
which has been discussed in Refs. [15]-[17]. The
polarisation ratio increases with the increase of in-
dium composition for the semi-polar (1122) plane,
which has been investigated in Ref. [18]. The optical
gain of the (1122)-oriented QW is significantly larger
than that of the (0001)-oriented QW.['] The opti-
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cal polarisation switching phenomena were also ob-
served in {1122} GaN QWs with various well widths
and In compositions.?%:21] The electronic band struc-
ture (EBS) and the polarisation characteristics of
group-III-nitride are sensitive to strains. These as-
pects have been extensively studied for the polar (C-)
plane and non-polar (A- and M-) planes of wurtzite-
GaN.*22-26] However, there has been very little work
on strain effects on electronic and optical properties
of GaN epitaxial layer with the (1122) crystal orienta-
tion, and further investigation is needed. This is the
main motivation of this work.

In this paper, according to the Hamiltonian of a
strained wurtzite semiconductor with an arbitrary ori-
entation presented in our previous study,?” we theo-
retically investigate the strain dependence on the EBS
of (1122) plane GaN . We also study the strain effects
on the optical polarisation properties of the three tran-
sitions. Finally, we discuss the implications of these
properties for device application based on (1122) plane
GaN.

2. Theory

The Cartesian coordinate system (X,Y, Z) can be

attached to the primary crystallographic axes. Z’ is

Ay sin?
F/:Al_FAQ_%M_'_&?
A;sin® 6
¢ = Ai- 8- SR
N = A;sin?0+ A,
.2
K,:_Alszln 9+K5,
I A151n90059+16’
V2
A:\/iA?n

in an arbitrary direction perpendicular to the growth
plane, Y is along [1100] direction, X’ is perpendicular

to Y’ and Z’, in the set of basis functions:

—B‘IYI)T>6* X’+1Y l’>
13) = =6%1Z2" 1 ,/Hjﬁ,'Z/ 1, |
4) = o _(XJF\/EIY)T/>+Q’ —iy?) l’>,

B (X' —iy") , . X’+1Y ,
5) = 8| =51 >+5 )
6) = 5712/ ') + 812" |"), (1)

where a = exp(i3n/4)/v/2, and 8 = exp(in/4)/v/2.
The 6 x 6 Hamiltonian in the (X', Y’, Z’) coordinates
can be block-diagonalized into two 3x3 matrices.

HT™ 0
H)(e,k' =0) = , (2)
0 HIU
F K —irl’
H/U — (H/L)* — K’ G/ A—il’ , (3)
il A4+il N
where

1
€ = Di€,, + Da(epy + €yy) + 5{[D36ZZ + Dy(€gy + €4y)] (1 + cos? 0)

7D5(Ezz -
Ae = Die,, + D2(6x1’ + 6yy) +

1
K. = 5{[D3€zz + Dy(€xa + €yy))(—sin* 0) + D5 (€0 —

€yy) sin? 0 — V2Dge,, sin(20)},
[D?;Ezz + D4(€zz + eyy) + DS(EII -

€yy)] sin? 0 + V2Dge,. sin(26),
€yy) (1 + cos? 6)

—V2Dgée» sin(26) — 2\/§iD66yZ sin @ + 4iDs ey cos 6},

1
7{[D3€zz + D4(€wx + Eyy) + D5(€w$ -

V2

€yy)] siné cos

+V2Dge,. cos(20) + V/2iDge, cos O + 2iDs sin ey, }. (4)

The symbol * means taking complex conjugate, and the parameters D1, Do, D3, Dy, D5, Dg, Ay, As and Ag are

as they are defined in Ref. [28]. The strain tensor €;; can be substituted by es according Ref. [27].
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The conduction-band edge has a hydrostatic en-
ergy shift P.., and it satisfies

EC - E3+A1+A2+Eg+Pce7
Pce = Qez€yy + act(ex’az’ + 6y’y’)~ (5)
The transition energies are given by
E;=E.— EJ“ (6)

The band energy gap E, in GaN is 3.44 eV, a., and a.
are the conduction-band deformation potentials in the
directions along the ¢ axis and perpendicular to the ¢
axis, respectively. We take a., = a.; for simplicity,

and assume a value of 4.6 eV.[29]

—(g1 + g1)a” + (95 + g5)8

The conduction-band wave function of a bulk

wurtzite semiconductor can be written as

1 ik
K T €)= We"“ 15m), (7)

where n =7 or |, and S is the spherically symmetric
wave function. The complete Bloch wave functions for
the valence-band are given by

6
]_ 1. 7
(k€)= —=eF TS gk D). (8)
\/‘7 =1

The squared magnitudes of the optical matrix element
can be expressed as

2

| M/ |* = ' NG (Pycos® 0 4 Py sin®0) + (—gb + g5) 8% (P2 — P1) cos sin 6
v, ’ AT 2
+ ‘ (=0 + 94)01};(92 95)% (Pycos? 0 + Pysin?0) + (g5 + g6)3(P2 — Py)cosfsind| ,  (9)
X 2 w12
M2 = | i+ gar + (9 +95)8 (91 —gi)a+ (92 — 95)6" |, 10
| y’ | - \/i 2 + \/E 20 ( )
(A AP / / 2
M. |* = ’ (91 + g4)oz\/; (95 +95) (Py — P1)cosOsin + (—gh + g5) 8% (P1 cos® 0 + Py sin? 0)
v, / AT 2
+ ‘ (=0, + g4)a\2(92 95)3 (Py — P1)cos@sin 0 + (g5 + g5)3(P1 cos® 6 + Py sin® 0) (11)
The unit of the matrix element is P, = [0001]
(S|P X) = (S|Py|Y), Pr = (S|P:|Z).
Z/
(1122) plane
1
[ 55.4°)
3. Results and discussion ; .
K 1 / |
1 |
We have calculated the transition energies and ] !
the polarisation properties in strained wurtzite GaN. y;/ --r\- - T«
s
The original data of material parameters are cited az
from Ref. [29]. We adopt a nomenclaturel?*! where

the top three valance-bands are labeled as T'1, T2 and
T3 in the order of increasing transition energies to the
conduction-band Fp; < Epe < Eps, respectively. For
(1122) plane, the polar angle § = 58.4°, the direction
of the y/ axis lies in the [1100] direction, and the 2’ axis
lies in the [1123] direction, 2’ is perpendicular to the
(1122) plane, as shown in Fig. 1. We take the conven-
tional strain to be negative for the compression case,
and restrict the in-plane strains in ranges of |e,,/| and
leyy | < 0.5%.

Y \ T
ai

.Z',

Fig. 1. Configuration of the coordinate systems (z’,v’, 2’)
in (1122) plane crystals, where the growth axis, or 2’ axis,
is normal to the substrate surface (1122), and the coordi-
nate system (z,y, z) denotes the primary crystallographic
axes.

Figures 2(a)—2(c) illustrate the transition energies
for the E71, Era2, Ers in the (1122) plane as func-
tions of the biaxial strains €,/,» and €,/,. The transi-

tion energies decrease with the strains changing from
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—0.5% to 0.5%, which is similar to those in the A- and
M-planes.[?*=26] Figure 2(d) displays the energy split-
ting Epo — E71. At the point (€750 = 0.2%, €y =
0.38%) denoted by the dot lines, the energy differ-
ence Epo — Epp is the lowest but neither equal to
nor smaller than zero, which means the biaxial strains
hardly cause the top two valence-bands to be degen-
erate or crossed over because of the strong spin-orbit
interaction. On the other hand, the energy difference

(001) axis with compressive strain, the strain defor-
mation potentials lift the HH band up and reduce its
in-plane effect mass.3%) Thus it is expected that the
in-plane effective mass is largely reduced for opposite
strains and almost the same as that in the unstrained
case for other cases. Unfortunately, there is no ex-
perimental result reported which may be compared
with our result. Furthermore, in order to reduce the

valence band edge density of the state, which is favor-

between T'1 and T2 bands increases with the oppo-  able for bringing down the threshold current density

site strains (compressive strain along z/(y’) direction  of LD, Fig. 2(d) is instructive since we can efficiently
separate T'1 and T2 by modulating the strain state of

the GaN films.

together with tensile strain along y’(z’)). For com-

parison, when a zinc-blende layer is grown along the
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Fig. 2. Calculated transition energies (a) T'1, (b) T2, (c) T3, as functions of in-plane strains e,, and €,/,/ for
an (1122) plane GaN film and (d) energy difference T2 — T'1 as functions of in-plane strains €/, and €,

y!-

The strains cause the mixing effects of the three bands which can cause a redistribution of the polarisation
properties as shown in Fig. 3 by the gray-scale contour plots. The white area represents pure linear polarisation
while the black area denotes forbidden polarisation. Note that the sum rules are also satisfied. For the T'1
band, which has the lowest transition energy, the transition is dominated by the z’-polarisation in area-3 and
z’'-polarisation, with a small amount of mixing with z’-polarisation in area-1. Taking the laser cavity in the v’
direction as an example, it is helpful to enhance the radiative efficiency in the transverse electric (TE) (transverse
For LED, the T'1 transition is easily extracted out of the
film surface in area-1 and area-3 (output light in the ¢’ direction), which can realize high surface emission

magnetic (TM) mode) mode in area-1 (in area-3).

efficiency (SEE). Meanwhile, pure linear polarisation light emissions can also be obtained, which is favourable
for designing polarized photodevices.[) On the contrary, in area-2, the band is dominated by y'-polarisation,
which means that the light emission from the surface plane will be restrained, since light with F || ¥ does not
travel along the ¢y’ direction. Then the SEE under these strain conditions is expected to be sufficiently low and
thus should be avoided.
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Fig. 3. Relative squared optical matrix elements of z’-, y’- and z’-polarisation lights as functions of in-plane

strains €./, and €,/,s for an (1122) plane GaN.

In contrast to the T'1 band, the 72 band is domi-
nated by z’-, ¢/~ and 2’-polarisations in area-4, 5 and
6, respectively. The observations of optical polari-
sation switching phenomena are revealed in semipo-
lar {1122} QWs with various well widths and In
compositions.[zom] A crossover between the top two
valance-bands and a large deformation potential of
InN were proposed as the mechanism of the polari-
sation switching. However, our results show that the
strains can also result in polarisation switching with-
out the crossover between the top two valance-bands
T1 and T2. The T3 band is far from the top of the
valence-bands, and has little contribution to the opti-
cal transition. Note that the exact values of the defor-
mation potentials D1-D6 are still under investigation.
Hence, the values of the calculated transition energies
and optical polarisation may change somewhat, but
the overall strain dependence will not be significantly
affected.

The above study suggests that, if edge-emitting
lasers are realized with (1122)-plane GaN in the ac-
tive region, inducing the strains in area-1 is helpful to
enhance the radiative efficiency in the TE mode for
output light in 3’ direction. On the other hand, the

strains in area-3 are useful for improving the radiative
efficiency in the TM mode. In both area-1 and area-
3, the strains are favourable for enhancing the SEE
for LED with output light in the 3y’ direction. These
are very useful information for realizing the practical
GaN-based LD and LED.

4. Conclusion

We have theoretically studied the strain effects
on (1122)-plane wurtzite GaN crystal. The transition
energies and the polarisation properties have been cal-
culated for the (1122)-plane on the basis of k-p theory.
For the (1122)-plane, the transition energies decrease
when the strains change from —0.5% to 0.5%. The
biaxial strains can significantly change the polarisa-
tion properties of three transitions and realize opti-
cal polarisation switching phenomena in (1122) plane
wurtzite GaN. These analytical expressions and nu-
merical calculations will be useful for understanding
the band edge optical properties of GaN and design-
ing optoelectronic devices based on (1122) plane GaN
crystal.
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