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Simulations of the characteristics of laser diodes (LD) with
non-polar and InGaN multi-quantum-wells (MQW) have
been conducted in multi-dimensional drift-diffusion model.
The strain coefficients of the QWs of arbitrary crystal-
orientations are obtained by minimizing the total strain
energy. Electronic structure and optical gain of non-polar

1 Introduction
Quantum wells (QWSs) based on gallium nitride and related
materials are of great interest for the applications in laser
diodes (LD) and light-emitting diodes (LEDs) with
wavelength range from ultra-violet to green [1]. The c-
plane (0001) wurtzite GaN QWs suffer from high strain-
induced piezoelectric (PZ) and spontaneous (SP)
polarization [2], which generate build-in electric fields
along the (0001) direction. The polarization field causes a
spatial separation of electron and hole wavefunctions
resulting in a lower recombination efficiency, reduced
oscillator strength, and redshifted emission. To overcome
the deficiencies of c-plane GaN QWSs, non-polar and semi-
polar QWs have been investigated for higher efficiency
and stronger light power output from the devices [3,4].
Park and Chuang [5] have studied theoretically the effects
of crystal-orientation on the electronic and optica
properties of strained InGaN QWSs. They found that the
effective masses and optical matrix elements show strong
anisotropy in the QW plane, and the optical gain of y-
polarization is much larger than that of x-polarization.

Although, there have been extensive theoretica
investigations on the band structure, optica dipole
momentum matrix and optical gain of non-polar InGaN
QWs 6], there is no theoretical investigation regarding the
effects of crystal orientation on the performance of laser

InGaN QWs are calculated by the 6x6 k.p theory. Finally by
integrating the gain and effective mass models of non-polar
InGaN QW into our LASTIP software package, we simulated
the performance of the laser diodes with non-polar MQWs,
and the results are compared with the experiments.
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diodes, to our best knowledge. In this paper, we extended
previous theoretical studies of non-polar GaN QWSs, and
integrated the relevant models into our in-house LASTIP
software package, which enables us to study the effects of
crystal orientation on the characteristics of a typical
InGaN-based QW laser.

2 Theoretical models
We begin with the calculations of strain coefficients at
arbitrary growth orientation. Here we assume that the
substrate is unstrained, and the epi-layer s
pseudomorphically grown on the substrate. Thus the strain
tensor &; can be obtained by minimizing the strain energy
density given by

@

W = ;;J.Cijgié‘jdv
under the condition of commensurability between
substrate and epi-layer. Analytical solutions have been
given for some special cases, but for arbitrary growth
orientations, numerical calculations have to be performed.
The Hamiltonian for an arbitrary crystal orientation can be
obtained using a rotation matrix
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Rotation of the Euler angles ¢ and y transform the
physical quantities from (x,y, z) coordinatesto (X,Y',Z)
co-ordinates. The Z axis is the c-axis [0001], and the
growth axis z’ is norma to the QW plane. The relation
between the coordinate systems for the vectors and the
strain tensorsis given as

k'=U,k, ©)

[ —
& =U U s,

where summation over repeated indices is implied. Using
Eqg. (1)-Eq. (3), the Hamiltonian for an arbitrary crystal
orientation H(K,s) can be obtained from the
Hamiltonian of [0001] orientation H(k,&) given in [5].
The electronic structure, optical dipole momentum matrix
and optical gain of InGaN QW are thus calculated based
on the Hamiltonian.

3 Results

3.1 Optical gain calculation
The calculated results of an In ;. Gayg N/GaN 3-nm QW
are given in this section and all materia parameters are
from Ref. [5]. The QW is grown on an m-plane substrate
(60=90",y =90°) for the purpose of calibration. However,
the program can handle arbitrary growth orientation.

Figure 1 shows the band dispersions of top 3 vaence
bands along in-plane k, and k, directions.
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Figure 1 Band structure of m-plane InGaN/GaN QW. A,B and C
indicate the top three valence band.

Unlike the c-plane QW, the band structure of m-plane
QW shows that the hole effective mass of thetop A band is
smaler in k, direction than in k, direction. The
anisotropy of band structure also results in the difference
of optical matrix elements for different polarizations. In
Fig. 2 and Fig. 3, we depict the optical matrix elements of
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m-plane InGaN/GaN QW with polarization along X and
Y directions, respectively. We see again the y-polarization
optical matrix elements are higher for the A band near
k =0, which is morerelevant to the optical gain.

3.0 1 Il

2.5+

2.0+ m-plane

X-polarizaiton
1.5+

1.0 4

0.5+

Optical Matrix Elements (M,”)

00 4=——===== - : T
-0.10 0.05
k /(2x/a)

0.10
k /(2n/a)

Figure 2 Optical matrix elements of m-plane InGaN/GaN QW
for x-polarization. A,B and C indicate the top three valence band.
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Figure 3 Optical matrix elements of m-plane InGaN/GaN QW
for y-polarization. A,B and C indicate the top three valence band

The optical gainis calculated using the following equation

o e2 2z oo
9(0) = X 2 (el v f ok @
Mo F (17— 1))
(27[)2d nm \ c

where d is the thickness of the QW, and |M_, [ is the
optical momentum matrix elements, and other notations
have common meaning. L(w) is Lorentzian shape
function.

The results of optical gain for c-plane (piezo-charge
and spontaneous charge are not included) and m-plane are
givenin Fig. 4. For m-plane QW, the y-polarization optical
gain is substantially enhanced compared with the c-plane
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QW, athough the polarization charge is omitted in the 20
calculations.
The optical gain and effective mass of InGaN QWSs on
arbitrary crystal orientations have been integrated into the % 60 _ s
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Figure 4 Optica gain spectra of c-plane and m-plane
InGaN/GaN QWs.

3.2 Laser simulation
As a practical example, we simulate the 5-QW m-plane
laser structure described in [8]. The In,, Ga, g, N/GaN
guantum wells are 8nm thick and provide sufficient
waveguiding so that cladding layers are not present in this
device. However, a 10 nm thick Al ;, Ga,g N layer is
included to reduce electron leakage into the p-doped layers.

Our isothermal multi-mode simulation of pulsed laser
operation assumes common numbers for the material
parameters [9]. The QW  Shockley-Read-Hall
recombination lifetime and the optical loss are the only fit
parameters to find agreement with the measured light-
current curve (Fig. 5). While the fitted lifetime of 1.5ns
lies within the expected range, the optical loss of 140/cm is
rather large and it is partially attributed to strong photon
scattering at the etched facets. Electron leakage current
into the p-layers is found to be negligible, due to the large
conduction band offset of the AlGaN stopper layer. The
simulated energy band diagram is shown in Fig. 6. It
reveals some potentia drop in the undoped MQW barriers
which contributes to the overall device bias.

In summary, we have successfully integrated the
effective mass and optical gain models of non-polar InGaN
QWsinto the LASTIP software package, which is a multi-
dimensiona finite-element simulator of semiconductor
devices. With this powerful tool, for the first time we can
study the effects of crystal orientations on the performance
of laser diodes based on non-polar InGaN-QWs.
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Figure 6 Simulated energy band diagram above lasing threshold.
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