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Strain effects on the polarized optical properties of c-plane and m-plane In, Gaj_—, N were discussed for different In

compositions (z = 0, 0.05, 0.10, 0.15) by analyzing the relative oscillator strength (ROS) and energy level splitting of the

three transitions related to the top three valence bands (VBs). The ROS was calculated by applying the effective-mass
Hamiltonian based on k- p perturbation theory. For c-plane In;Gai—¢N, it was found that the ROS of |X) and |Y)-like
states were superposed with each other. Especially, under compressive strain, they dominated in the top VB whose

energy level also went up with strain, while the ROS of the |Z)-like state decreased in the second band. For m-plane

In;Gai—N under compressive strain, the top three VBs were dominated by |X), |Z), and |Y)-like states, respectively,

which led to nearly linearly-polarized light emissions. For the top VB, ROS difference between |X) and |Z)-like states

became larger with compressive strain. It was also found that such tendencies were more evident in layers with higher

In compositions. As a result, there would be more TE modes in total emissions from both c-plane and m-plane InGaN

with compressive strain and In content, leading to a larger polarization degree. Experimental results of luminescence

from InGaN/GaN quantum wells (QWs) showed good coincidence with our calculations.
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1. Introduction

Wurzite (WZ) gallium nitride (GaN) and related
alloys have received enormous attention because of
their broad range of practical applications. Among
the ternary compounds of ITI-nitride materials, InGaN
has been considered as the most important and indis-
pensable material for the fabrication of light emitters
which are active in entire visible and part of near-UV
spectral regions. The optical properties of InGaN have
been intensively studied during the last decade. One
of the most interesting research directions is on the
polarization property of InGaN material.[]

The polarized optical phenomenon of GaN was
first observed by Dingle et al in 1971.12 Previous
studies centered on ¢-plane GaN-based materials,[—°!
while current research focuses on nonpolar and

6-10] Studying polarized optical

semipolar materials.!
property can help enhance the light extraction of
light emitting diodes (LEDs) and lasers.'') What is
more important, devices, such as LEDs, with polar-

ized emissions, have many applications, including lig-

uid crystal display (LCD) back lighting!] and image
processing.'? Because of its vast potential applica-
tions, controlling the polarized optical property of In-
GaN becomes an important issue.

It is well known that strain universally exists in
devices with InGaN as an active layer due to lattice
mismatch and difference in thermal expansion coeffi-
ciencies between the epilayer and the substrate. It has
been established that strain can modify the electronic
band structures of WZ GaNI['3l. Moreover, besides the
lattice constant, many other material parameters of
InN are remarkably different with those of GaN: for
example, band gap, elastic constants, effective elec-
tron mass and so on. As a result, samples with dif-
ferent In compositions would also have different elec-
tronic band structures, which should also correspond
to different polarized optical property. It is expected
that adjusting strain and In content can be a way
to control the polarized optical properties of InGaN.
The luminescence mode of ¢-plane GaN/AlGaN QW
under biaxial strain has been studied theoretically,*4!
and the polarized optical absorption property of GaN
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varying with strain was analyzed by Ghosh et al.['%!
Gil et al have done lots of basic work on the optical
anisotropy of GaN varying with different strains.[16:17]
However, reports on the polarized optical emission
property of InGaN varying with different strains are
still lacking. Whereas, these works provide good ex-
amples to perform theoretical analysis of strain’s ef-
fects on the polarized optical property of InGaN with
different In content using the Hamiltonian matrix for
wurtzite structure materials based on the k-p method.

Recent advances in crystal growth techniques en-
able the fabrication of high-quality InGaN devices on
substrates with orientations other than the conven-
tional [0001] direction.[® These nonpolar or semipo-
lar divices are believed to eliminate piezoelectric po-
larization and partly reduce spontaneous polarization
and have an improved device quality. The M-plane
device can be a representative of them. But the tra-
ditional c-plane materials are still widely applied in
laboratory and industry for their good crystal qual-
ity. Therefore, in this paper, stain’s influence on the
polarized optical property is discussed for c-plane and
m-plane InGaN. The theoretical calculation is based
on k - p perturbation theory. We discuss the physi-
cal origin of the polarized light emission of InGaN in
terms of VB splitting and the components of inter-
band transition’s ROS of the top three VBs. Experi-
mentally, the polarization degrees of spontaneous edge
emitting electro-luminescence (EL) of near-UV LEDs
InGaN/GaN grown on (0001) sapphire were also mea-
sured. The experimental results supported our theo-
retical analyses well.

2. Theoretical calculation

A 3X3 Hamiltonian (at I' = 0)[") for WZ GaN
obtained from a 6X6 one has been applied:[2%

F K —ifd

K G A-iH (1)
iH A+iH A

H =

with its three basic vectors

1) = a” [Ur) + a|Us),
12) = B|Us) + 3" |Us),
13) = 8" |Us) + B|Us) , (2)

where

o= Lo g L e (3)

V2 V2
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and
1 .

0] = =5 (X +i¥) 1),

U2) = —= (X = i¥) 1),

U3y = 12 1),

1 .

) = 51X =) 1),

Us) = — = (X +iY) 1),

Vo) =12 1). (@)

The abbreviations used in matrix (1) and Eq.(3) are

F:A1+A2+>\+07
G=A1 —Ay+X+6,

K = Dsey,

H = Dge 4,

A=12A;,

A=A,

0=0.. (5)

where

Ae = Diess + Do(egn + €yy)s

0c = D3se,, + Da(egs +Eyy)s

et = Eap % 2iEgy — Eyys

€zt = Ezz T iEy,. (6)

The parameters D;’s (i = 1 to 6) denote deforma-
tion potentials for VBs and ¢;; are components of the
strain tensor. A; is the crystal-field energy parame-
ter, while As and Ag are spin-orbit energy parameters.
For different In compositions, all these parameters of
In,Ga;_,N are linearly interpolated between those of
GaN and InN.

The coordinate system in our calculation is de-
scribed in Fig.1. The z axis corresponds to the ¢ axis
[0001], and = is along [1120] with y along [1100].
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Fig.1. The coordinate system in our calculation.
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For c-plane In, Ga; _,N grown on GaN or sapphire, the
strain existing in the z—y plane is compressively biax-
ial. Consequently, the biaxial strain mode is employed
in our calculation for ¢-plane InGaN. In addition, the
calculation also includes cases under tensile strain.
The strain tensors for the c-plane In, Ga;_,N cal-

culation comprise of

Exx = Eyy,
I 20136
zz = Cas T
Exy = Exz = Eyz = 0, (7)

where Cj;’s are stiffness constants.
The wave functions of VBs, which are obtained
by solving equation

HY| @) = E|v), (8)
can be described as
|0 = alX)+b]Y) +c|Z), (9)

where coefficients, a, b and ¢, are obtained from eigen-
vectors of HY. The emission modes are determined
by the momentum matrix elements, M, (k) =
(W;;L,k‘plw/ﬁ,k), with [ = x,y,z. In our calculation,
|Ze)y = |S), and |X), |[Y), |Z) and |S) are the p,,
Dy, p. and s orbital wave functions, respectively.
| X)-like and |Y')-like states contribute to transverse
electric (TE) mode light emission with its polariza-
tion E L e. |Z)-like states contribute to transverse
magnetic (TM) mode light emission with its polar-
ization E || e. According to earlier theoretical re-
sults, [(S|p. |X) 2, (S| py [Y)[%, and |(S]p. |2)[* can
be taken as equal.?!] Therefore, the relative compo-
nents of |X)-like, |Y)-like and |Z)-like states in wave
functions can represent the ROS of transitions. Gen-
erally, the ROS expresses the strength of transitions,
directly relating to the recombination of electrons in
the conduction band and holes in VBs.

The strain situation is expected to be quite dif-
ferent for m-plane InGaN. While biaxial in-plane (z—y
plane) strain in the c-plane sample can preserve the
original symmetry of wurtzite structures, the in-plane
(x—z plane) strain in m-plane InGaN would reduce
the Cg, symmetry to Cs,. The strain components re-

lations can be written as follows.[22]
o Cia + Ci3 .
vy Cll 22z

Exy = Eyz = Ezz = Oa (10)

which is biaxial (e,, = €,,). It is believed that the
change of optical polarization is closely related with
the symmetry in the basal plane (z—y plane) of the
wurtzite structure. Strain in the m-plane induces the
symmetry break in the basal plane (z—y plane). A bi-
axial in-plane (z—z plane) strain of m-plane samples
is simple, but provides the convenience of simplifying
the calculation and analyses of results.

3. Results and discussion

With parameters recommended by Vurgaftman
and Meyer[?¥] (in Table 1), VB energy level splitting
and the ROS of transitions at the I" point are calcu-
lated for InGaN with different In compositions.

Table 1. Parameters for GaN and InN.

Parameters GaN InN
A=A1/eV 0.010 0.040
Ago=3A2=3A3/eV 0.017 0.005
Dy /eV -3.7 -3.7
Da/eV 4.5 4.5
D3 /eV 8.2 8.2
Dy/eV —4.1 —4.1
Ds/eV —4.0 —4.0
Dg/eV -5.5 -5.5
C11/GPa 390 223
C12/GPa 145 115
C13/GPa 106 92
C33/GPa 398 224

Figures 2 and 3 are the calculation results of the
ROS and energy levels of ¢-plane In,Ga;_,N , which
are presented as functions of strain. From Fig.2, it
can be clearly seen that, for any In compositions, the
ROS of |X) and |Y')-like states are the same in all the
top three VBs.
any given &,,, presenting the nature that the biaxial

They superpose with each other at

in-plane (z—y plane) strain in ¢-plane InGaN preserves
the original symmetry of the wurtzite structure.
Under compressive strain, the ROS of the three
VBs changes differently. For c-plane samples with any
In content, there is no ROS of the |Z)-like state and
that of the |X) and |Y)-like states does not change
with strain in the top VB. However, with respect
to the second VB, the ROS of the |Z)-like state de-
creases with increasing compressive strain while ROS
of the |X) and |Y)-like states increases. Although
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the ROS of the |Z)-like state increases with increas-
ing compressive strain and dominates the third VB
under large strain [Fig.2(c)], the energy level of the
third VB drops remarkably in Fig.3. On the other
hand, the top and the second energy levels go up.

As a result, TE modes contributed by the |X)- and
|Y)-like states, which dominate in the top two VBs,
increase while TM modes contributed by the |Z)-like
state would decrease.

1.0 T T

N R —
= (a) ,,;f" A (C)
‘go 0.8 1% VB of A | 2nd VB of — x 13 VB of
o c-plane In, Gaj N7 —X lane Tn. G N ol —X
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= 7z |z XY
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Fig.2. ROS of VBs of ¢-plane InGaN as functions of strain (z = 0, 0.05, 0.10, 0.15).

Moreover, in samples with different In contents
(z =0, 0.05, 0.10, 0.15), strain’s effects on the ROS
and energy levels of VBs also change. From Fig.2, it
can be seen that, when ey, < 0, that is, the strain
is compressive, no ROS variation occurs for the top
VB with increasing In content. Whereas, The ROS
of the | Z)-like state decreases in the second band and
increases in the third one and that of the |X)- and
|Y)-like states changes reversely. But the mode con-
tribution of the third band is small for its much lower
energy level as mentioned above. The reinforce effect
of the ROS of the |Z)-like state in the third VB with
increasing In content could also be neglected. Further,
as shown in Fig.3, for samples with more In content,
the energy levels of the top and the second VBs also in-
crease more rapidly with compressive strain. All these
changes related to increasing In content are favorable
factors that would enhance TE mode light emission
and inhibit TM mode light emission from c-plane In-
GaN. If the in-plane biaxial strain in c¢-plane InGaN
becomes larger and larger and at the same time In
content also increases, the polarization degree,

~ Irg —Itm

- , 11
Itg + Itm (11)

would increase accordingly. Here ITg and ITy are the

light emission intensity of TE mode and TM mode,
respectively.

c-plane In;Gaj N valence

.04}
0.0 band levels

Velence band energy/eV

Fig.3. VB energy splitting of c-plane In, Ga; N as func-
tions of strain (z = 0, 0.05, 0.10, 0.15).

In addition, under tensile strain (e, > 0 for c-
plane InGaN;, or €., > 0 for the m-plane InGaN), the
ROS and energy band structure change very differ-
ently from those of InGaN layers under compressive
strain, as shown in Fig.2 and Fig.3. From Fig.2(a),
it can be seen that the top VB is dominated by the
|Z)-like state and the ROS contributed by the |Z)-
like states increases with increasing tensile strain. As
for the energy level of In,Ga;_,N, the topmost VB
dominated by the |Z)-like state goes up sharply with
increasing tensile strain, but the other two bands go
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down. Emissions dominated by the z-polarized TM
light would come out, and the more TM mode emis-
sion with larger tensile strain.

The calculation of the ROS and the splitting of
VBs at the I' point is also performed for m-plane
In,Ga;_,N. From Fig.4, it can be seen that the ROS
of the |X)-like and |Y)-like states in every VB do
not superpose with each other, which is different from
those in the c-plane. This is because the z—z plane
strain in m-plane samples induces symmetry breaking
in the -y plane, turning Cg, symmetry into Cs, sym-
metry, so as to change the VB wave functions. The
third VB contributes little to the total light emission
modes because of its lower energy level. The top two
VBs are mainly discussed. As shown in Fig.4, for m-
plane In,Ga;_,N samples under compressive strain
(2. < 0), the ROS of the | X)-like state in the first
VB, the ROS of the |Z)-like state in the second one
and the |Y)-like state in the third one, all increase
with compressive strain. The TM mode light emis-

sion, which is contributed by the ROS of the |Z)-like
states, mainly comes from the second VB. But the
ROS of the | X)-like states in the top VB, which con-
tributes to the x-polarized TE mode light emission,
increases more rapidly than that of the | Z)-like states
in the second one. This is beneficial to z-polarized
And from Fig.5, it can be
seen that the energy level of the top VB goes up a
little more dramatically than the second one. This
would favor the light emission of the first VB, which

contributes mostly to z-polarized TE mode light emis-

TE mode light emission.

sion. Therefore, there would be more x-polarized TE
mode light emission and less z-polarized TM mode
light emission from m-plane In, Ga;_,N with increas-
ing compressive strain. It means an increasing polar-
ization degree. Besides, when the compressive strain
is large enough, | X), | Z), and |Y)-like states dominate
the first, the second and the third VBs, respectively.
Consequently, nearly linearly-polarized light emission
would come out.
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Fig.4. The ROS of m-plane InGaN as functions of strain for different In compositions (z = 0, 0.05, 0.10, 0.15).
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Fig.5. VB energy level splitting in m-plane In,Ga;_,N
as functions of strain.

As shown in Fig.4(a), it can be seen that, for
In,Ga;_,N with more In composition, the ROS of
the |X)-like state in the top VB increases more re-
markably with compressive strain, while for that of
the | Z)-like state, the strain’s effect becomes less sig-
nificant. The ROS of the |Z)-like state in the second
VB increases with In compositions at first when the
compressive strain is not very large (on the right side
of line @ in Fig.4(b)), and increases when the strain
is raised to a certain amount (on the left side of line
Q@ in Fig.4(b)).
VB goes up with In composition in Fig.5. With in-

However, the energy level of the top



2608

Tao Ren-Chun et al

Vol. 18

creasing In content, the up-going of the energy level
and the ROS of the | X)-like state of the first band and
the decreasing of the ROS of the |Z)-like state, are all
favorable factors that would enhance z-polarized TE
mode emission.

Therefore, if the strain and In content of m-plane
samples can be raised at the same time, there would
be more z-polarized TE mode emission and less z-
polarized TM mode emission, resulting in greater po-
larization. The cases under tensile strain (., > 0)
are also considered for m-plane InGaN. As shown in
Fig.4(a)—4(c), the top three VBs are dominated by
[Y), |X), |Z)-like states, respectively. It is distinct
from cases under compressive strain. The energy lev-
els of the second and the third VBs, from which z-
polarized TM mode light is mainly emitted out, de-
crease with tensile strain. TE mode light emission
mostly comes from the ROS of the |Y)-like states of
the top VB whose energy level goes up with tensile
strain. Therefore, there might be a much larger po-
larization degree compared with the cases under com-
pressive strain.

4. Experiments

These strain effects on the polarized optical prop-
erties of In, Ga; _, N with different In compositions can
be observed experimentally from the luminescence of
In,Ga;_,N devices.

It is considered that in-plane strains both in mul-
tiple quantum wells (MQWs) and bulk In,Ga;_,N
give similar effects on lattice symmetry, and can
be more easily observed in MQWs because of their
stronger light emissions. The LEDs used in our ex-
periment were grown on (0001) sapphire by metal or-
ganic chemical vapor deposition (MOCVD). These de-
vices consisted of Si-doped GaN, several periods of
InGaN/GaN (3 nm/10 nm) MQWs, and Mg-doped
GaN. The indium compositions in InGaN well layers
of these samples were different. The chip size was
300 pm x 300 um. The experimental setup has been
illustrated elsewhere.?* From the polarized EL spec-
trum, the polarization degree can be obtained.

Figure 6(a) shows the polarization degree as a
function of light wavelength for c-plane InGaN/GaN

MQWs. It is found that longer wavelength emissions
are stronger polarized. It is known that the more in-
dium in the wells, the larger the compressive strain,
and the longer the wavelength. In other words, the
polarization degree of InGaN/GaN MQWs increases
with compressive strain and In contents. The similar
photoluminescence (PL) results (Fig.6(b)) could also
be found for m-plane InGaN/GaN MQWs.[?’l Obvi-
ously, these experimental results from c-plane and m-
plane InGaN support the theoretical analyses well. It
suggests that adjusting the strain and In composition
can be a feasible way to control the polarized optical
properties of InGaN.

1.0
0.8

(a) (b) A
c-plane InGaN/GaN LEDs
0.6

data on m-plane samples
from Ref.[25]

0.4

o o 2 =
o M kR > » O

0.2

Polarization degree
Polarization degree

0

380 390 400 380 420 460 500

Wavelength/nm PL peak wavelength/nm

Fig.6. (a) Polarization degree of edge-emitted EL from
near UV-LEDs increases as a function of wavelength from
375 nm to 400 nm. (b) The polarization degree as a func-
tion of PL peak wavelength for m-plane InGaN.

5. Conlusions

In summary, a Hamiltonian based on k- p pertur-
bation theory was applied to calculate the energy split-
ting and the ROS of the top three VBs at the I" point.
The calculations were performed for c-plane and m-
plane InGaN. By analyzing the calculation results, it
was deduced that, because of ROS variation and VB
energy level splitting, the polarization degree would
increase with compressive strain both in c-plane and
m-plane In, Ga;_,N. For samples with larger In com-
positions, this tendency with strain would be more ev-
ident. The experimental results of polarization of lu-
minescences from InGaN/GaN MQWs supported our
calculations well. Finally, it was suggested that ad-
justing strain and In content is a useful way to control
the polarized optical properties of InGaN.
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