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Introduction

1)
2)
3)

Waurtzite GaN-based QW Laser

Potential and existing optoelectronic device applications : laser
diode, traffic lights, displays, and so forth

Properties of (0001)-oriented WZ GaN-based QW
lasers: Several disadvantages, compared to

conventional ZB GaAs- or InP-based QW lasers

GaN : significantly larger effective mass
Biaxial strain : does not effectively reduce effective mass
Large internal field : PZ and SP polarizations

=>» Higher threshold current density for lasing

[ Control the internal field and the effective mass ]
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Main Goals of the Approach

« The crystal orientation effects : a new

parameter in the band structure engineering
€ Dby controlling the internal field and the effective masses

 Recently, ZnO and related oxides :

€ new wide band-gap semiconductors
1)  Growth temperature of ZnO : around 500 °C (GaN: 1000 °C)

2) The internal field is expected to be much smaller than that
In GaN-related systems.

Electronic and optical properties of ZnO/MgZnO QW
structures and Crystal orientation effects

=» Compare with those of GaN-based QW structures
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Theoretical background
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Only 6 dependence due to hexagonal symmetry (¢=0)

0=0: (0001), 6=m/2: (1010)

Waurtzite
primitive cell
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Valence band structure

(0001)-oriented Hamiltonian

F —-K* —-H* () 0 0 \ \Uy)
K H 0 0 A |U3> F = A +A+A+0,
— * : G = A - A+ A48,
H(k,e) = H H A 0 A 0 |U])= f:'l 2 | | |
0 0 0 F -K H [|U)]|x = a2+ Ak + k)] + A,
0 0 A -K* G -H*"[||Us) e
0 A 0 H* -H X /J|Us)| ¢-= ;’n [Ask.? + Aq(k,? + k)] +4.,
U1) = —LI(X +iY) 1), K = i Ag(ky +iky)? + Dsey,
B 2 l 2m, Y i
as€S U2) = i|(X—*f?1t") 1) H = i Ag(kz + iky)(k;) + Dge
\/E \' = —— Gl T IRy JIR; 6€z4,
Us) = IZIT)= A = Dy(ess) + Dalesa +€4y),
Uy) = 7§|(X—’*‘3Y) b, B = Ds(e:x) + Dileza +€yy),
1 ) €+ = €pgp — €yy + i€y,
Us) = —TEWL +iY) ) €p = €4 ticy:,
|Uﬁ) = |Z¢)- A= \@&3-

@\’ CATHOLIC UNIVERSITY OF DAEGU



cos fcos ¢ cos fsing — sinf

U=| —sing oS ¢ |
sinfcos ¢ sinfsing cosd

Hamitonian for (0001)- Hamiltonian for general
oriented WZ crystal crystal orientation
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IS z}-( g) <= Minimization of strain energy
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Strain tensors In general coordinate

E_E.gj_(ﬂj—ﬂ )V a, and E{ }_(C‘E_{’Ejl."'r:?g

Subscripts s and e denote the
substrate  and epilayer,
respectively.

[{f“-l-r:‘p-l-clgfm im}sm H+(2c3+ca3 Ei Jf’Emh}ms H] r:mﬁsmr’f

-

€xz— —
cqpsint #+2(c3+2c4g)sin’ 6 cos® #+cy3cost @

Hamiltonian for general crystal orientation € Vectors and

tensors
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PZ and SP polarizations for general crystal

orientation
 Function of 0

Ppz = P,sinfl + P, cosf,

Psp = P—:E{}Emjﬂfﬂﬂ

P, = 0for 6 = n/2
( €4,=0)

P, = 2d5¢44€;.,

P, = [d31(c11 + c12) + dazcia|(€as + €4y) + [2d31013 + dazees.

= P,=0 and P;,=0
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Non-Markovian gain model with many-body

effects

2 2n * 2k .
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(1— ReQ(k
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x ( ey (K5 Hitwt) Teo .})
exp | — : £
n 2h

I"I'n'b: 17 ﬁl '.?-
TeoLum (K, 1) r,) dt

h

element
f,and f_ : Fermi functions

L : Gaussian line shape
function renormalized
with many-body effects

Q : CE many-body effect

® : Angle between kx'
and ky' wavevectors
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InGaN/GaN QW Structure

APL 87, 044103 (2005)
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InGaNAs/GaAs QW structure
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InGaAsP/InP QW structure
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Lattice constant for MgZnO

3.27

3.26

3.25

a-axis lattice constant (A)

m EXP.[Ref3] ||
® EXP.[Ref4] ||

O 2 0.3

Mg composition x

*T. Makino, Y. Segawa, M. Kawasaki, A. Ohtomo, R. Shiroki, K. Tamura,

*A. Ohtomo and A. Tsukazaki. Semicond. Sci. Technol. 20, S1 (2005).

T. Yasuda, and H. Koinuma, Appl. Phys. Lett. 78, 1237 (2001).

P29 = —0.05C/1

Spontaneous polarization
constant for MgO : a fitting
parameter
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Energy shift and exciton energy for

ZnO/MgZnO QW structures
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Usami, Appl. Phys. Lett. 86, 032105 (2005).
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Difference between total PZ and SP

polarizations and potential energy
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Optical gain spectra and optical matrix
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Polarization and Internal field of

ZNnO/MgZnO QW structures
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Potential profile : ZnO/MgZnO
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Potential (eV)

Potential profile : InGaN/GaN
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Valence band structure: InGaN/GaN
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Valence band structure: ZnO/MgZnO
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Average hole effective mass
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Quasi-Fermi level separation
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Optical matrix elements
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Optical gain

Gain (1/cm)
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»>In the case of small crystal
angle, ZnO system has much
larger optical gain than the
GaN systems. This is because
WZ ZnO/MgZnO QW structure
has the larger matrix element
and smaller effective mass
than GaN-based QW
structures near (0001) crystal
orientation.

»0On the other hand, in the
case of the (1010) crystal
orientation, InGaN/GaN QW
structures show larger optical
gain than ZnO/MgZnO QW
structures due to the larger
matrix element and the
smaller effective mass.

» GaN/AlGaN : Crystal
orientation effect is relatively
small.
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Summary

** The negligible internal field observed In the
ZnO/MgZnO QW  structure with  small Mg
compositions and thin well widths can be explained
by the cancellation of total PZ and SP polarizations
In the well and that in the batrrier.

¢ In the case of (0001) crystal orientation, ZnO/MgZnQO
QW structure has much larger optical gain than the
GaN-based QW structure.

¢ On the other hand, in the case of the (1010) crystal
orientation, InGaN/GaN QW structure has larger
optical gain than ZnO/MgZnO QW structures.

“ GaN/AlGaN : Crystal orientation effect is relatively
—————————
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Appendix
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Line shape function
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Constant energy contour
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