www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Practical implementation of
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In this study, we analyze a novel m-plane GaN Terahertz Quantum Cascade Laser (THz QCL) with a
resonant phonon depopulation scheme using the Non-equilibrium Green’s Function (NEGF) approach.
This design offers a more practical alternative to the previously proposed Two-Well (TW) GaN THz QCL,
featuring significantly lower operating currents, reducing the risk of thermal damage, and greatly
enhances the feasibility of experimental realization. The addition of an extra barrier also reduces
leakage into the continuum and into the excited states. Accounting for leakage into excited states,

a factor often neglected in prior works, a peak gain of ~76 cm-1 was observed at low temperatures,
decreasing to ~ 24 cm~1 at 300 K, comparable to the expected losses, making the structure suitable for
near -room-temperature applications. Our results predict promising high temperature operation at
~6.5THz, surpassing the frequency coverage of standard GaAs-based THz QCLs. This work advances
the development of GaN-based THz QCLs towards room-temperature performance and expanded
frequency coverage compared to GaAs/AlGaAs THz-QCL, addressing key challenges in Terahertz
technology.

Terahertz (THz) technology is revolutionizing various domains, spanning security' healthcare? and industrial
sectors. THz imaging enhances threat detection capabilities without posing any risk to human health? it
facilitates safer diagnostic procedures by penetrating bodily tissues non-invasively* and plays a fundamental role
in non-destructive material analysis® thereby augmenting manufacturing precision. Moreover, THz technology
is instrumental in advancing disciplines such as chemistry® astronomy’ materials science® communication
systems’ and physics research'’. The exploitation of the THz frequency spectrum holds immense promise for
transformative breakthroughs, opening avenues to yet unexplored realms of innovation.

The spectral region between microwave and infrared waves, typically spanning from about 0.1 to 10 THz
has long been considered challenging to harness due to technological limitations. Often named the “THz gap,”
it has historically presented obstacles for both generation and detection of THz radiation. The introduction of
THz QCLs (Quantum Cascade Lasers) caused a considerable change, giving fresh insight on this frequency
gap'!. These efficient semiconductor devices have revolutionized the field by allowing precise manipulation and
generation of THz radiation, addressing a critical technological gap. As scientists continue to push the boundaries
of THz QCL capabilities, they are paving the way for realizing the full potential of this technology!'?-!°.

Despite the numerous advantages offered by THz QCLs, they have yet to result in a commercially viable THz
source. The need for cooling restricts THz QCLs to laboratory settings, frustrating the development of a compact
and portable THz source. Consequently, increasing the maximum operating temperature (T ) remains the
primary goal in the field.

A significant achievement was making a portable device, which could operate at a maximum temperature
of ~250 K7 and after some optimizations reaching a record T _of ~261 K, using the GaAs/AlGaAs material
system'8. However, it is important to note that despite these advancements, getting THz QCLs to work at room
temperature is still a challenge.

Conventional GaAs-based THz QCLs have been restricted to lasing frequencies experimentally demonstrated
in the range of 1-6 THz'"-*'. While theoretical studies have indicated the possibility of reaching up to 6.6 THz**
practical operation beyond 6 THz remains challenging. This restriction is primarily due to the relatively low
energy of the forbidden Reststrahlen bands in GaAs materials, between transverse optical phonon energy E
= 34.5 meV and longitudinal optical phonon energy E, , = 36.0 meV (in practice due to the rapid dispersion of
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refractive index (dn/dE) the forbidden region is wider, approximately 25-45 meV), and the rapid non-radiative
transitions facilitated by longitudinal optical (LO) phonons. To overcome these constraints, GaN-based devices
have emerged as promising alternatives. GaN possesses a significantly larger LO-phonon energy of ~90 meV
compared to GaAs's~36 meV. This characteristic offers potential solutions by mitigating thermal backfilling
and depopulating the upper laser level (ULL) through thermally activated LO-phonon transitions?*-2%. In
theory, GaN-based THz QCLs could effectively bridge the frequency gap while also enabling higher operating
temperatures.

Until now, a substantial portion of scientific inquiry regarding the inter-subband (ISB) transitions in group
I-nitride multi-quantum-wells (MQWs) has been focused on structures aligned with the polar c-axis. However,
this particular crystallographic orientation brings about an internal electric field due to polarization effects?’.
The inherent electric field, caused by polarization effects, presents a substantial obstacle in the design of THz
QCLs based on GaN in c-plane. For semiconductor devices, understanding the energy levels of subbands
is crucial for various processes like band alignment, which determines how different materials with differing
electronic properties align when brought into contact. This alignment affects device performance, such as in
the case of semiconductor heterojunctions or interfaces. The presence of internal electric fields resulting in a
trapezoidal conduction band profile indeed poses challenges in determining subband state energies, particularly
for the alignment process®. Despite concerted efforts to lessen this issue, such as incorporating complex multi-
layer QW architectures® the challenges persist. These complex designs are intended to partially offset the effects
of the electric field. However, its impact remains a significant consideration and limitation in the domain of
device design and optimization. Thus, addressing and effectively mitigating the influence of this electric field
is imperative for advancing the practical utility and efficacy of THz QCLs based on GaN/AlGaN technology.

Employing nonpolar crystallographic orientations represents an alternative strategy to obtain GaN/AlGaN
heterostructures, aimed at mitigating the presence of internal electric fields within the material system. By
selecting nonpolar orientations, such as the m-plane, the inherent polarization-related electric fields commonly
observed in polar crystal orientations can be effectively eliminated?!. The adoption of nonpolar crystallographic
orientations in the design of GaN/AlGaN heterostructures offers a promising pathway towards realizing
advanced semiconductor devices with improved performance, reliability, and design flexibility>2.

Methods
Within this study, we have theoretically analyzed a three quantum well period m-plane GaN/Al, |, Ga, , N THz-
QCL structure based on a resonant-phonon (RP) scattering scheme. Our main goal was to design a practical
structure and to avoid the limitations previously observed in m-plane GaN. While Nitride structures grown on
nonpolar crystal planes do not demonstrate inherent polarizations, their utilization in material growth presents
its own set of challenges. These issues are mostly due to the high defect densities, pronounced anisotropy,
susceptibility to cracking, formation of hillocks, and the occurrence of basal plane stacking faults*>. We optimized
the aluminum concentration in Al Ga, N barriers to x=14% for optimal QCL design and**** and to prevent
defects, dislocations, and surface degradation.

The design presented in this work has an additional barrier compared to the previously presented TW m-plane
GaN-based THz QCL?*®. Adding another barrier to the structure could potentially lead to reduced leakage both
to the continuum and to excited states and, consequently, to above room-temperature performance®”-*,

Our investigation explored the carrier distribution and gain properties of the resonant phonon structure,
employing a comprehensive analysis. To achieve this, we used simulations based on a self-consistent approach that
incorporates techniques based on non-equilibrium Green’s functions (NEGF). These features enable a detailed
investigation into the electronic transport properties and overall performance attributes of the scheme*~*!. In
our computational work, we considered various scattering mechanisms that influence carrier dynamics. These
include elastic scattering processes such as ionized impurities (IIS), interface roughness (IFR), electron-electron
(e-e) interactions, and alloy disorders, as well as inelastic scattering processes involving interactions with optical
and acoustic phonons.

Throughout our simulations, we maintained consistency by setting the roughness height parameter at a
constant value of 1 A, coupled with a correlation length of 80 A. These specific parameter values adhere to
widely accepted standards in the field and approximate the interface roughness of one atomic layer*>-*4. In
addition, our simulations include excited states, a factor often neglected in prior works* including these levels
in the simulation show the real feasibility of an experimental device!® whereas excluding them would result in
an overestimation of the gain and would not reveal the actual extent of the leakages*”%.

Results and discussions

Figure 1 illustrates the conduction band diagram of an m-plane GaN THz-QCL including three quantum wells
based on a resonant phonon scheme. The structure consists of four subbands within each module. The layer
sequence within one period, starting from the injection barrier, is as follows: 15/60/18/33/13/30 A, with the
barriers indicated in bold font. A sheet doping density of 2.7 x 10'! cm™ is applied, the doped region’s width is 3
nm and positioned in the center of the widest well**. In the diagram, the upper laser level (ULL) (level 2 in the
scheme) is aligned with the injector of the preceding module, facilitating resonant tunneling with an anticrossing
energy of ~ 8 meV. The radiative transition occurs between the ULL (level 2 in the scheme) and the lower laser
level (LLL) (level 3 in the scheme), with an oscillator strength value of f,,~ 0.3. Following this transition, the LLL
is depopulated by the extraction level (level 4 in the scheme), and electrons are rapidly relaxed into the injector
level (level 1" in the scheme) via LO-phonon scattering. Subsequently, these electrons are injected into the next
period. To accelerate depopulation through LO-phonon scattering relaxation, the energy difference between the
LLL and the injector level is ~95 meV, about the LO phonon energy. The high anticrossing energy of ~ 8 meV is
attributed to the strong LO phonon coupling strength, which is 16 times stronger than that of GaAs*. In efforts
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Fig. 1. Band diagram of three periods of the three quantum-well, resonant-phonon, GaN THz-QCL
with Al |, Ga, N barriers at 10 K and 135 mV; with doping level of ~2.7x 10'" cm ™2 barrier/well width:
15/60/18/33/13/30 A.
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Fig. 2. Current density as a function of bias voltage at different temperatures. For TW and RP GaN based THz
QClLs.

to enhance the device’s performance, gain optimization for room temperature operation was conducted using
NEGF calculations®.

Our research includes optimization of doping levels, a strategy that has proved to lead to successful outcomes*.
The assumption that higher doping density significantly enhances gain performance is not always true*>. The
increased doping density can result in stronger Coulomb scattering effects within the device**>’. However,
in our research, we achieved a significant increase in doping levels while still observing an improvement in
gain. Interestingly, we managed to achieve doping levels one order of magnitude higher than those typically
seen in GaAs devices. The driving force behind this enhanced doping lies in the considerable energy difference
(~95 meV) between the LLL and the injector level within our GaN-based structure. This energy difference is
significantly larger compared to the ~36 meV typically found in GaAs. This energy difference plays a critical
role in suppressing the thermal backfilling effect, allowing us to increase the doping density significantly within
our structure. By mitigating thermal backfilling, we were able to raise the doping levels considerably, leading to
an increase in gain. However, high doping also increases current, which can eventually cause the device to burn
out. A key achievement of this work, compared to the previous TW structure® is the addition of another barrier,
which significantly reduces the high current density.

Figure 2 represents the current density as a function of voltage in different temperatures in the TW and
resonant phonon (RP) schemes. At elevated bias levels, the energy separation between subbands increases,
which facilitates resonant tunneling and thermionic emission of carriers into higher-lying or continuum states.
As the temperature rises, carriers gain more thermal energy, increasing the probability of leakage over barriers.
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These processes contribute to an increase in current density with temperature. As can be seen from the figure,
Although the doping density is identical in both the RP and TW designs, the current density is reduced by
almost a factor of two in the RP scheme in comparison to the TW scheme?®. This reduction arises from the
insertion of an additional barrier which introduces an additional tunneling step. This slows down carrier
transport, effectively reducing the current density. Moreover, the added barrier enhances electron confinement,
suppresses leakage into higher energy states, and promotes a more uniform electric field distribution. These
combined effects enable efficient lasing at lower current densities, an important advantage for high-temperature
operation. This is a major achievement that improves the feasibility of an experimental device and lowers the
risk of thermal damage.

The current density level within this work should be within a practical range for achieving pulsed laser
operation, marking an encouraging and meaningful step forward for GaN-based THz QCL development. This
design demonstrates a significantly higher feasibility of experimental success compared to our previous work™.

While the current density in our work remains high and represents a key challenge, we view this as a
promising foundation, and further efforts will focus on optimizing the design to reduce current density, with the
aim of enabling continuous-wave operation and enhancing device efficiency.

Figure 3a and b represents the optical gain versus photon frequency with bias voltage of 145 mV/module in
various temperatures with and without the inclusion of excited states respectively. The bias point of 145 mV/
module represents a trade-oft that ensures optimal overlap of wavefunctions and transition energies, maximizing
optical gain. This bias point was validated through a systematic voltage sweep.

In Fig. 3a, the peak of the curve corresponds to a photon frequency of ~ 6.5 THz. Our simulation shows that at
20 K and in 300 K the gain values are 76 cm™ and 24 cm™ respectively, which is in the range of estimated losses
even at 300 K (o =30 cm™)3*! and shows the practicality for room temperature operation. Our simulation
includes all the scattering mechanisms and the excited states in order to show the feasibility of a realistic device.
However, not including excited states in the calculation would result in higher gain values. While material-related
losses due to doping and temperature are inherently captured through this method, our gain simulations do not
directly account for waveguide-related losses such as absorption, mirror losses, and confinement efficiency. To
address this, we relied on literature values® which reports loss values ranging from 15 to 30 cm™ for GaN-based
THz QCLs, depending on waveguide design and frequency. To maintain a conservative estimate and ensure our
conclusions are robust, we adopted the upper bound of 30 cm™ as a constant loss value in our threshold analysis.

To illustrate the impact of excited-state inclusion, Fig. 3b shows the optical gain versus photon frequency
in various temperatures with the elimination of the excited states and demonstrates gain values of 110.3 cm™!
and 55. 4 cm™! at temperatures of 20 K and 300 K respectively. Our simulations were carried out using the
Schrodinger-Poisson solver under the single-band effective mass approximation. Within this framework, a
cutoff is applied to restrict the number of quantized energy levels considered in each quantum well, thereby
controlling the inclusion of higher-energy (excited) states. This is done by specifying an energy range parameter
that defines the interval above the conduction band edge in which eigenstates are computed. By selecting a
reduced energy window, states located near or above the barriers, typically corresponding to excited levels, are
excluded from the eigenstate spectrum, enabling targeted investigation of ground-state transport and optical
transitions.

To further understand the impact of the broadening levels and the impact of the temperature we presented
the spectral functions in Fig. 4, these calculations were done using NEGF simulations and include all elastic
and inelastic scattering mechanisms, as explained before. Figure 4a and b display the spectral functions of the
injector, ULL, and LLL at temperatures of 10 K and 300 K, respectively, under equivalent conditions. Observing
the figures, it becomes apparent that elevating the temperature yields minimal impact on the LLL and injector,
with the curves exhibiting only marginal expansion. The ULL broadens more significantly, indicating a decrease
in its lifetime. However, even at room temperature, we observe performance improvements surpassing losses.
From these figures, we can also see that the line width of the LLL is narrower compared to the TW scheme at low
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Fig. 3. (a) Optical gain as a function of photon frequency at different temperatures at a bias voltage of 145
mV/module excited states are included and (b) Optical gain as a function of photon frequency at different
temperatures at a bias voltage of 145 mV/module excited states are not included.
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Fig. 5. Normalized population in the injector, ULL, LLL, excited state and population inversion, An, as
functions of temperature at a bias of 145 mV/period.

temperatures®. This distinction stems from the different depopulation mechanisms employed in each scheme.
In the TW scheme, the LLL involved in the radiative transition and also depopulated directly via LO phonon
scattering, which leads to strong inelastic broadening. In contrast, in the RP scheme, the LLL is primarily used
for lasing, while depopulation occurs via resonant tunneling to an extraction level, which is then depopulated by
LO phonon emission. This design decouples the LLL from strong LO phonon interactions, resulting in reduced
linewidth broadening.

At a lattice temperature of 10 K, our simulations show that the LLL linewidth in the TW scheme is
approximately 34 meV, whereas in the RP scheme it is reduced to 25 meV. This-26% reduction in linewidth is
significant, as it indicates lower dephasing and improved spectral coherence in the RP scheme. The narrower
linewidth can lead to higher peak gain and a sharper gain spectrum, which are critical factors for efficient lasing
and stable frequency operation.

Figure 5 illustrates the normalized population distribution within our system, in the injector, ULL, LLL,
and extractor level, and population inversion, An, all as functions of temperature at a bias of 145 mV/period.
A closer examination reveals a slight decline in the ULL and injector populations. This population drop in
the ULL can be attributed to electron leakage into higher excited states. Additionally, the LLL population also
increases to some extent probably due to thermal backfilling. The population inversion remains relatively stable,
experiencing only a minor reduction, transitioning from a value of 0.29 to 0.25. This marginal decline indicates
a stable population inversion, also at room temperature. This figure shows a comprehensive view of the intricate
population dynamics within our system. This deeper understanding is invaluable for refining our design and
optimizing its performance.

In our pursuit of refining the optimization of our design, we have initiated a meticulous examination of the
discrete scattering mechanisms and their respective implications on optical gain. Figure 6 stands as a crucial
visual aid in this effort, depicting the relationship between optical gain and photon frequency as we systematically
eliminate each scattering mechanism individually.
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Fig. 6. The contribution of the different scattering mechanisms to the optical gain at temperature of 10 K and
bias voltage of 145 mV/module.
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Fig. 7. Optical gain as a function of photon energy at a bias voltage of 145 mV/module at 10 K for different
values of in-depth roughness height.

Our investigation has produced compelling findings. Firstly, alloy scattering emerges as having a negligible
effect on optical gain. Intriguingly, even in the presence of a high doping level, IIS does exert a discernible
impact on optical gain, although to a lesser extent. Our comprehensive analysis underscores that the scattering
mechanisms predominantly influencing gain are electron e-e scattering, attributable to elevated doping levels,
and IFR. These two mechanisms emerge as pivotal determinants shaping the optical gain characteristics of our
design.

Due to the critical impact of IFR scattering on the device performance, a comparative analysis was carried
out, keeping all other scattering parameters constant, as depicted in Fig. 7 which represents the optical gain as
a function of photon frequency. The simulations were performed at 10 K and bias voltage of 145 mV. The gain
curve reveals intriguing insights: when the in-depth roughness height parameter is set to 0, the gain reaches
an impressive value of 142.3 cm™. However, as this parameter is increased, the gain experiences a noticeable
decline. These findings underscore the remarkable sensitivity of this structure to IFR. This heightened sensitivity
underscores the high necessity of engineering of an interface of the highest quality®’. This necessity arises
from the substantial penetration of wave functions deep into the barriers, demanding the utmost precision in
managing IFR. The presence of a large LO phonon coupling strength, which induces line broadening, further
accentuates the need for strong coupling. The line broadening results in the penetration of the wave functions
tails into the barriers, ultimately resulting in a device characterized by exceedingly high IFR. In essence, these
insights emphasize the non-negotiable requirement for meticulous interface design and underscore the intricate
interplay of factors that shape the performance of our device.
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Conclusions

In conclusion, our study presents a theoretical exploration of a novel resonant phonon, three-well, m-plane
GaN scheme for THz QCLs. We show careful and detailed calculations for carrier transport and gain properties,
employing self-consistent NEGF method. Our scheme exhibits a peak gain of ~76 cm™! at a temperature of 10 K
and 24 cm™! even at room temperature. These results surpass the results previously obtained for the TW scheme3¢
where the maximum operating temperature expected was ~280 K. A significant achievement in our work has
been the successful enhancement of doping levels, improving the performance of THz QCLs based on GaAs by
an order of magnitude. The addition of an extra barrier significantly mitigated the high current density caused
by the high doping density and led to reduced leakage to excited states and continuum. The current density in
the RP scheme is reduced by nearly a factor of two compared to the TW scheme with the same doping level. This
substantial reduction marks a significant achievement, greatly improving the feasibility of realizing a functional
experimental device, reducing the risk of thermal damage. In addition, our simulations have unequivocally
identified e-e scattering, attributed to the high doping levels, as the primary limiting mechanism within our
structure. Moreover, we have demonstrated the structure’s remarkable sensitivity to minimal variations in IFR
parameters, owing to the deep penetration of wave functions into the barriers. Further improvements can
be achieved by optimizing laser performance through a reduction in leakage to excited states. Our findings
strongly indicate the feasibility of operation frequency at ~6.5 THz, a frequency range beyond the capabilities
of traditional GaAs THz QCLs with room temperature performance operation. GaN-based THz QCLs have
demonstrated significant promise, offering a potential solution for bridging the entirety of the THz frequency
spectrum, in high-temperature operation and striving toward developing future practical use devices.

Data availability
The datasets generated and/or analyzed during the current study are available from the corresponding author
upon reasonable request.
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