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We theoretically investigate the optical properties of an ultra-thin InN layer embedded in InGaN matrix for light
emitters. The peak emission wavelength extends from ultraviolet (374 nm) to green (536 nm) with InN quantum well
thickness increasing from 1 monolayer to 2 monolayers, while the overlap of electron-hole wave function remains at a
high level (larger than 90%). Increase of In content in InGaN matrix provides a better approach to longer wavelength
emission, which only reduces the spontaneous emission rate slightly compared with the case of increasing In content of
the conventional InGaN quantum well. Also, the transparency carrier density derived from gain spectrum is of the same
order as that in the conventional blue laser diode. Our study provides skillful design on the development of novel structure

InN-based light emitting diodes as well as laser diodes.
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1. Introduction

After the correction of the energy band-gap of InN mate-
rial at room temperature for 0.63 eV,!l the group ITI-nitrides
systems including InN, GaN, AIN, and their alloys were found
to cover the whole spectrum range from deep ultraviolet (~
200 nm) to infrared (~ 2000 nm).
layer for solid state lighting adopts the InGaN ternary alloy

A conventional active

or AllnGaN quaternary alloy as quantum well (QW) structure,
which would induce the undesirable effects of phase separa-
tion and atomic ordering. At the same time, the spontaneous
and piezoelectric polarization induced electric fields in the
conventional QW would lead to the quantum confined Stark
effect (QCSE),[?! thus reducing the overlap of electron—hole
wave function.

An ultra-thin InN layer (1~2 monolayer ML) embedded
in GaN (InGaN) matrix was considered as a novel structure
of the active layer for high efficiency light emitting diodes
(LEDs), due to remarkably reducing the QCSE and exempting
from the problem caused by random alloy compositional fluc-
tuation of the ternary InGaN material.*] Due to the advance of
InN growth on c-plane GaN template by molecular beam epi-
taxy (MBE) process, Yoshikawa et al>*! first demonstrated
the photoluminescences (PLs) of the above structure, respec-
tively, with an emission wavelength of 398 nm (I-ML InN
well) and 437 nm (2-ML InN well) and a preliminary LED
sample with electroluminescence (EL) peak around 418 nm
at room temperature. Then Dimakis et al’! fabricated sim-
ilar ultraviolet LEDs by MBE with the peak emission wave-
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length at 384 nm, which was independent of injection current
due to the absence of QCSE. Later, Yuki et al!! extended the
PL wavelength to 480 nm at 15 K by using InGaN as barrier
layer instead of GaN. This novel structure LED was also ob-
tained through metal organic vapour phase epitaxy (MOVPE)
in 2010 by Lin et al.|”! which enabled the large mass produc-
tion of fabrication compared with the MBE. However, there is
little theoretical research about the optical properties for the
novel structure, especially the spontaneous emission rate and
the gain spectrum as a function of structure parameters.

In this work, we investigate the optical properties compre-
hensively with respect to structure parameters such as InN QW
thickness (d) and In content (In%) of InGaN matrix. Inter-
band transition wavelength and overlap of electron—hole wave
function are first calculated to evaluate the emission range of
the novel structure. Then, spontaneous emission rates for dif-
ferent values of d and In% are shown to determine the prefer-
ence of a high efficiency structure. Finally, the gain spectrum
and peak material gain are obtained to give the transparency
carrier density and also applied to a typical laser diode struc-
ture.

2. Parameters and method

The calculation of the band structures and wave func-
tions is based on a self-consistent gain module of APSYS
program.!®) The conduction band structure is determined by
solving the single band effective mass Hamiltonian using

*Project supported by the National Natural Science Foundation of China (Grant Nos. 61076013, 51272008, and 51102003), the National Basic Research
Program of China (Grant No. 2012CB619304), the Beijing Municipal Science & Technology Commission (Grant No. D111100001711002), and the Specialized
Research Fund for the Doctoral Program of Higher Education, China (Grant No. 20100001120014).

fCorresponding author. E-mail: huxd @pku.edu.cn
© 2013 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

047801-1


http://dx.doi.org/10.1088/1674-1056/22/4/047801
mailto:huxd@pku.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 22, No. 4 (2013) 047801

parabolic approximation, while the valence band structure is
obtained by self-consistent six-band & - p formalism.[’! The
built-in polarization induced by spontaneous and piezoelec-
tric polarizations is represented by interface charges through
the method developed by Fiorentini and Fiorentini.'% All the
computation parameters (see Table 1) are obtained from the

literature by Vergaftman and Meyer!!!l and a recent review
article by Wul!'?l The band-offset for InN/GaN is chosen to
be 80:20.13 The intra-band relaxing rate is determined to be
1x 10713 s[14] By carefully choosing the specific material pa-
rameters, APSYS can be used to explore the internal physical

process and in optimizing device performances.I'>16]

Table 1. Material parameters of the semiconductors GaN and InN, 1 A=0.1 nm.

3. Results and discussion

Parameter Symbol (unit) GaN InN
. a(A)at T =300K 3.189 3.545
Lattice constant
c(A)atT =300K 5.185 5.703
Energy band gap Eg (eV) 3.510 0.78
Spin—orbit split energy Ao (eV) 0.017 0.005
Crystal-field split energy Acr (eV) 0.019 0.041
Electron effective mass (c axis) my (mo) 0.20 0.07
Electron effective mass (transverse) mg (mo) 0.20 0.07
Aq -7.21 -8.21
Ay -0.44 —0.68
Hole effective mass parameter A3 6.68 757
Ay -3.46 -5.23
As -3.40 =5.11
As ~4.90 -5.96
Hydrost. deform. potential (¢ axis) ap (eV) -4.08 -3.5
Hydrost. deform. potential (transverse) ay (eV) -8.16 -3.5
Dy (eV) 37 37
D; (eV) 4.5 4.5
Shear deform. potential D3 (eV) 82 82
Dy (eV) 4.1 4.1
Ds (eV) -4.0 -4.0
Dg (eV) 5.5 5.5
C11 (Gpa) 390 223
Ci2 (Gpa) 145 115
Elastic stiffness constant Ci3 (Gpa) 106 92
C33 (Gpa) 398 224
Cus (Gpa) 105 48
—a_overlap I M 0-55
0.98} —v— transition wavelengt é
Figure 1 shows the inter-band transition wavelength 1050 :EO
(right) and the overlap of electron-hole wave function (I; ny) —_— / g
(left) each as a function of InN well thickness embedded in % ' % 04 1045 §
12-nm GaN matrix. As InN well thickness (d) increases from 3 %Ef o / 8
2.5 A to 6 A, the peak emission wavelength increases from 0.94r § 4% oo 020 ] 0.40 g
374 nm to 536 nm, covering the spectrum range from ultra- v/ =
violet to green. It is worth noting that I; py is insensitive to 0.922 . . : .

the value of d (about 5% change) and remains at a significant
high value (larger than 90%), which is attributed to strong lo-
calization of electron and hole wave function in the ultra-thin
InN well.['7-18] The emission wavelength also shows a red shift
with In% of InGaN matrix increasing as shown in the inset of
Fig. 1, with the InN well thickness fixed at 3 A. If we combine
the above two structure parameters (d and In%) with skillful
design, this ultra-thin InN well novel structure can be further
extended to longer wavelength such as yellow and red light
(for example In% =0.15, d = 6 A, 592-nm yellow light).

InN thickness d/A

Fig. 1. (color online) Inter-band transition wavelength (right) and the
overlap of electron-hole wave function (I ) (left) each as a function
of InN well thickness embedded in 12-nm GaN matrix, the inter-band
transition wavelength varies as a function of In% of InGaN matrix, with
the InN well thickness fixed at 3 A.

Figures 2(a) and 2(b) show the room temperature sponta-
neous emission spectra under different carrier injection levels
(n) from 5x10'8 cm™3 to 10x10'® cm™ for different thick-
ness values of InN well embedded in 12-nm GaN matrix (see
Fig. 2(a)) and different values of In% of 12-nm InGaN matrix,
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with InN well thickness fixed at 3 A (see Fig. 2(b)). As shown
in Fig. 2(a), the peak spontaneous emission rate increases from
high energy (3.05 eV) to low energy side (2.49 eV) as InN
well thickness increases from 3 A to 6 A. From Fig. 2(b),
when the value of In% of InGaN matrix increases from 0 to
0.18, the spontaneous emission rate decreases slightly from
6.60x10%7 cm™3-s71.eV~! to 5.35x10%7 cm3-s7l.eV~! at
n=10x10' cm=3, which is attributed to the weaker carrier
confinement in shallower QW with the value of In% of In-
GaN matrix increasing. Therefore, in order to achieve high

efficiency light emitters in longer wavelength, larger InN well
thickness is preferred rather than larger value of In% of InGaN
matrix because the former exhibits larger spontaneous emis-
sion rate. As the critical thickness of InN grown on GaN is
approximately 1 ML—2 ML (3 A-6 A) and the ability to grow
InN with an accuracy of ML has been achieved according to
the recent experimental studies,'®! high efficiency green LEDs
with emission wavelength as long as 536 nm (as demonstrated

in Fig. 1) may be available in the future.

e e (b)
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Fig. 2. (color online) The spontaneous emission spectra under different carrier injection levels each as a function of (a) InN well
thickness embedded in 12-nm GaN matrix and (b) In% of InGaN matrix, with the InN well thickness fixed at 3 A.

Note that the change of spontaneous emission rate in
Fig. 2(b) is quite different from the situation in conventional
InGaN/GaN QW structure, although for both cases the in-
creases of In% shift the emission spectra toward longer wave-
length. In the case of conventional QW, the increase of In%
in the InGaN well will enhance the internal polarization field
due to larger lattice mismatch inducing stronger piezoelectric
polarization, thereby driving the electron and hole toward op-
posite directions in the QW and reducing I; p, significantly.
However, in the case of novel structure, the increase of In%
in the InGaN matrix will reduce the internal polarization field
due to smaller lattice mismatch, and spontaneous emission rate
changes only a little. That is to say, the increase of In% in the
InGaN matrix is a different and also a better approach to ob-
taining a longer wavelength emission than the increase of In%
in the conventional InGaN well.

Furthermore, we investigate the TE mode optical
gain spectrum calculated from the spontaneous emission
spectrum.””!  Figure 3 shows the material gain spec-
trum with injected carrier densities from 1x10'° ecm™3 to
3.0x10% cm™3 for 3-A InN well layer embedded in 12-nm
GaN matrix at room temperature, and the inset shows the peak
gain coefficient as a function of carrier density. The differ-
ential gain coefficients and transparency carrier densities are
determined to be 8.4x107!7 cm? and 8.2x 10" ¢cm~3 respec-

tively, similar to those of a conventional blue laser diode 21

To demonstrate the application of this novel structure as an
active layer for a laser diode emitting around 405 nm, we em-
ploy a typical three-QW laser structure with internal loss ¢4 of
43 cm~! and optical confinement factor Iy of 0.004 (consid-
ering the refractive index and ultra-thin thickness of InN well,
the value of Iy is scaled to 1/10 of that of LDs in conventional
InGaN QW active region for a rough estimation).!*?! The re-
flectivities of the coated facet front and end mirror are set to
be Rront = Rena = 0.5 and the cavity length L is 550 um. The
threshold gain Gy, for this structure is given by

1 1
Fopththzowln(). ()

2L Reront X Rback

Gy, is calculated to be 18534 cm™! per QW, which corre-
sponds to 3.0x10?° cm™3 for threshold carrier density from
the inset of Fig. 3, on the same order as those reported
nn=1.8x10?" cm=3 ! The steady state rate equation for car-
rier injection gives

In the above equation, 7, is the injection efficiency,
Jin the threshold current density, g. the elementary charge,
d the thickness of active layer, and 7T the carrier lifetime.
As the thickness of QW for this novel structure (1-2 mono-
layers) is much smaller than that of conventional structure
(2 nm~3 nm), much smaller threshold current density can be
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expected to have a threshold carrier density of the same or-
der, both of which are of the same order. On the other hand,
the coherent growth of ultra-thin InN QW less than the critical
thickness can avoid/reduce the misfit dislocations,’’! resulting
in a high-quality active layer very beneficial for laser perfor-

slightly compared with the case of increasing In% in conven-
tional InGaN QW. Also, the transparency carrier density de-
termined from the gain spectrum is of the same order of mag-
nitude as that in conventional blue laser diodes. This novel
structure is found to possess a high-efficiency light emitter in

a rather broad regime.
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