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We step forward to clarify the carrier transport in AlGaN-based superlattices through this project®s
analytical and numerical calculations. Continuous research stemming from this project will help
realize the unexplored frequency"s terahertz laser device and high-efficiency deep-UV emitter.

1. Dipole scattering self-energy for GaN/AlGaN superlattices were modeled,
and it was utilized to investigate carrier transport based on the NEGF. By this study, it was
confirmed that compositional Al ratios between 0.3 and 0.7 can highly influence the level
broadening.

2. Generation of random electric field due to the roughness induced charge at the interfaces of
GaN/AlGaN multiple quantum well (MQW) is reported. By this study, it is revealed that even for the
0.1 Al compositional ratio of GaN/AlGaN MQW can generate RMS random electric field over 1 MV/cm for
the case of bad interface quality.
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GaN-based quantum cascade laser (QCL) has been regarded as a strong candidate for
realizing forbidden pure lasing frequencies of 5 ~ 12 THz over room temperature. The reason
as the strong candidate comes from the relatively high longitudinal optical (LO) phonon
energy of about 90 meV, which is higher than the case of GaAs having LLO phonon energy of
about 32 meV. In our previous investigation, simulation results by Nextnano.QCL
considering two quantum wells, three levels, interface roughness scattering, charged
impurity scattering (CIS), the lowest level of electron-electron scattering, and LO-phonon
scattering based on the NEGF framework have shown high optical gain over 180 /cm at 300
K at 12.5 THz. Based on the extracted results, we started this project with the hope of
realizing the efficient GaN-based QCL soon.
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Fig. 1. Recent status and future prospects of the operation temperature and lasing
frequency of THz-QCL

2. WHEEDHW
(1) Construction of gain-mapping as functions of lasing mechanisms, applied voltage
per period, and energy for GalN/AlGaN QCL.
(2) Realization of lasing at unexplored frequency range at high temperature based on
GaN/AlGaN material system.

3. WHEDTTik
(1) Design and investigation by non-equilibrium Green’s function NEGF and
analytical calculation
(20 MBE (Molecular beam epitaxy) growth and experimental measurements

4. WFFERCR

By utilizing commercial software, we found an AlGaN-based QCL structure consisted of two
quantum wells (QWs) per period, which shows optical gain over 180 cm'. Therefore, we
proposed this project and started. However, during the performance of this project, we
recognize that several factors originated from the properties of GaN/AlGaN must be
additionally considered for accurate simulation and gain-mapping. Since the commercial tool
did not consider such factors yet, it was inevitable to calculate related effects by developing
the NEGF simulator and related self-energy to describe carrier transport more accurately.
The factors are as below.

(1) In the AlGaN material system, Al and Ga sites can be randomly distributed like a
partially amorphous material. Due to such alloy disorder, dipole scattering
happened for the carrier transport.D-3

(2) The scattering effect due to the roughness-induced charge near the GaN/AlGaN
interface in the polarization material should be considered.4-7

Without considering at least the two important factors mentioned above, extracted
simulation results for GaN/AlGaN QCL are very suspicious. Therefore, after developing 1D
NEGF software based on the well-known algorithm written by Prof. Kubis, we started to
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Fig. 2. Heatmap plots of (a) the spectral function A(z,E) of SL1, (b) the current density
of SL1, (c) the spectral function of SL2, and (d) the current density of SL2 as functions
of position and energy.
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Fig. 1. (a) Cross-sectional view of the spectral density at k; = 0 before and after dipole
scattering for SL1 and SL2 structures at z=12.75 nm. (b) Cross-sectional view of the
current density before and after dipole scattering for SL1 and SL2 structures at z=12.75
nm.

investigate the averaging effect for the two scattering sources mentioned above.®-9

As a first step, we investigated level broadening by dipole scattering and its influence on
carrier transport in AlxGaixN/AlyGai-yN superlattice structures. For this study, we derived
the dipole self-energy within the self-consistent Born approximation. Using the NEGF
method and dipole scattering self-energy, we extracted the spectral density and current
density as functions of energy, applied voltage, and position before and after adopting the
dipole self-energy. The underlying scattering mechanisms for this investigation were polar
optical phonon and interface roughness scattering. The results obtained from this study
clearly showed that dipole scattering due to microscopic disorder in the AlGaN structure has
a significant effect on level broadening and carrier transport in AlGaN-based devices when
Al composition of both well and barrier is quite high, as shown by Fig. 2 and 38.19.10 In Fig. 2
and 3, SL1 and SL2 mean GaN/Alo2GaosN and AlosGaosN /AlosGaosN repetitive
superlattices, respectively. The thicknesses of the wells and barriers in the samples were
fixed to 3 and 1 nm, respectively. However, extracted results based on this averaged dipole
scattering could not explain the difficulty of spontaneous photon emission by ISBT
(intersubband transition) in GaN/AlGaN QWs since the distinctive energy levels of states are
confirmed as shown in Fig. 2.

As the second, we investigated random electric field induced by interface roughness in
GaN/AliGa1xN multiple-quantum wells analytically before modeling the related self-
energy.!? Extracted results showed that even with 0.1 Al composition of barrier, generated
RMS random electric field due to the polarization-induced interface roughness can be over 1
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Fig.4. (a) A schematic of GaN/AlGaN MQW considered in this study. (b) RMS

roughness-induced bulk piezoelectric charge p;(z) with A= 0.3 nm and A= 8.0. (c)
pi(z) with A=0.8 nm and A= 1.5 nm.
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Fig.5. (a) Parallel RMS electric field EY'(z) due to py(z) with A= 0.3 nm and A= 8.0
nm. (b) E¥(z) with A=0.8nm and A= 1.5 nm. (c) Paralle]l RMS electric field EE(z) due

to pp(z) with A=0.3 nm and A= 8.0 nm. (d) E_g(z) with A=0.8 nm and A= 1.5 nm.
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Fig. 6. (a) Normal RMS electric field E¥(z) due to p,(z) with A= 0.3 nm and A= 8.0
nm. (b) E¥(z) with A=0.8 nm and A= 1.5 nm. (c) Normal RMS electric field E2(z) due

to p,(z) with A=0.3 nm and A= 8.0 nm. (d) EZ(z) with A= 0.8 nm and A= 1.5 nm.

MV/ecm when interface condition is bad. The structural geometry used for this study is



shown in Fig. 4(a). Figure 4(b) shows p;(z) as functions of Al compositional ratio of
AlGaN barrier and distance from the origin when A= 0.3 nm and A= 8.0 nm, which
describe a relatively good interface. Here, p;(z), A, and A mean RMS roughness-
induced bulk piezoelectric charge, roughness height, and correlation length, respectively.
In the good case, the p;(0) varies from 6.83 X 1017 to 1.10 X 10'° e/cm3 gradually as a
function of Al ratio. Figure 4(c) shows the p;(z) when A= 0.8 nm and A= 1.5 nm
describing a relatively bad interface. In this case, the p;(0) changes from 5.18 x 1019 to
8.33 x 102% ¢/cm® as a function of Al ratio. Results in Fig. 4(b) and (c) imply that a
rougher interface induces higher p;(z). Figure 5 and 6 show E{}(z) and El(2),
respectively, which are generated by the p;(z) in Fig. 4(b) and (c). About ten-times
larger E{}(O) and E}(0) are observed in the case of the worse interface when compared
with the better one in Fig. 5 and 6. For the calculation of Fig. 5 and 6, we fixed the
thicknesses of well/barrier as 3nm/5nm. Since these random fields can play a role as a
strong scattering source, which can disturb ISBT of QCL and radiative recombination in
AlGaN-based light-emitting devices, we should find a way to overcome such a high RMS field.

For both studies above, we only investigated the average effect. When 2D or 3D randomness
of interface roughness and alloy disorder in AlGaN are considered, the problems for realizing
high-efficiency GaN/AlGaN QCL may be more severe than estimated by our methods.
Therefore, we are currently developing 3D NEGF and related self-energies to investigate
related scattering phenomena more deeply.
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