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Chapter

High-Temperature Operating
Narrow-Period Terahertz Quantum
Cascade Laser Designs

Li Wang and Hideki Hivayama

Abstract

Presently, terahertz quantum cascade lasers still suffer from operations below
room temperature, which prohibits extensive applications in terahertz spectra. The
past continuous contributions to improving the operating temperatures were by
clarifying the main thermal degradation process and proposing different designs
with the optical gain demonstrating higher temperature cut-offs. Recent designs have
attempted to employ a narrow period length with a simplified and clean state system,
and reach renewed operating temperatures above 200 K. This study reveals how
historic designs approach such narrow-period designs, discus the limitations within
those designs, and show further possible designs for higher operating temperatures.

Keywords: high operating temperature, terahertz, quantum cascade lasers,
narrow-period design

1. Introduction

The terahertz (THz) electromagnetic spectrum ( A ~ 600-30 pm, Zw ~2-40
meV) remains the most underdeveloped spectral region, at least largely due to the
lack of THz radiation sources with coherent or compact wave features and high output
power. The potential for applications in THz spectra is included but is not limited to
atmospheric science, astrophysics, biological/medical sciences, security screening
and illicit material detection, nondestructive evaluation, ultrafast spectroscopy, and
communications technology [1-4]. THz quantum cascade lasers (THz-QCLs) are
thought to be the only solid-state THz sources that can offer average optical power
levels much greater than milliwatts, which are profitable for imaging applications [5],
and continuous-wave (CW) operation for the frequency stability desired in high-
resolution spectroscopy techniques.

These laser sources escape the inherent prevention of the working principle of
conventional lasers, which naturally relies on the bandgap of semiconductor materials
to realize electron-hole recombination. In comparison, the THz photon energy has
only several or tens of meV, which is inaccessible to interband transitions. THz-QCLs
employ the quantum process of intersubband transitions (ISBT) within repeating
superlattice period units [6]. The radiation frequency can be freely tuned solely by
engineering the energy separations of dispersed quantum levels, for example, only in
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the conduction band area. Rapid developments in THz-QCLs have been reported since
their first realization in 2002 [5], with the 1.2-5 THz frequency coverage range (oper-
ated without the assistance of an external magnetic field [7-9]). Although the initial
demonstration of THz-QCLs was performed with the aid of single-plasmon waveguide
structures [5], the subsequent development of double-plasmon metal-metal wave-
guides [10] led to higher operating temperatures (Tp,.y). Due to the subwavelength
dimensions of the emitting aperture in metal-metal waveguides, their emission is char-
acterized by divergent beam patterns and low output powers [11, 12]. However, unique
distributed-feedback (DFB) techniques have recently been demonstrated to achieve
single-mode operation with narrow beam patterns [13-15]. Until now, the main limita-
tion for THz-QCL is that the operations suffer from serious thermal degradation, and
aroom temperature without additional cooling is still not reached. Figure 1 shows a
summary of the improvements in Ty, over the past decades [16].

The main thermal degradations can be sorted into two types. The first type is
the reduction of population inversions (Az), which can be due to the reduction of
population shares in the upper laser state (%, #,), and an increasing trend at the lower
laser state (I, 7)) as the temperature increases. The former can be mainly ascribed
to the directly enhanced scattering of the LO-phonon. In general, the active region
of the THz-QCL is based on GaAs semiconductor materials, and its LO-phonon
energy (E o ~ 35 meV) is quite small. THz radiation is mostly designed below the
LO-phonon energy. At high temperatures, the electrons in the upper laser state will
acquire enough in-plane kinetic energy (Ej) to relax down to the lower laser state by
emitting LO-phonons (Ep + Ey = E10) instead of photon emission (Ey~ Ey) [17, 18].
In addition, the up-scatterings from the upper laser state into the higher energy states
or directly over the barrier (in the case of low barrier structures) by absorbing the
hot phonons [19, 20] lead to efficient carrier leakages. Both of these phonon-assisted
processes significantly reduce the population shares in the upper laser state. In addi-
tion, the population share of the upper laser state is closely related to the injection
efficiency, which can be significantly degraded by injection at high temperatures via
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Figure 1.
Survey of the best operating temperatuve T, at various THz lasing frequency achieved based on different THz-
QCL design within pulse operation mode, with the permission from Ref. [16].
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resonant tunneling [10, 21]. This is because the resonant tunneling at the injector
undergoes enhanced decoherence at high temperatures; as a result, more population
is retarded at the injector, thus reducing the population share in the upper laser state.
The latter can be thought of as a result of an increased lifetime of the lower laser state
because the thermal backfilling from the injector areas is more serious at high tem-
peratures [22, 23]. The second type of degradation is the thermal broadening of the
radiation linewidth (I') in the active region, and the peak of optical gain is signifi-
cantly decreased even when a large fraction of population inversion is maintained
[24]. This broadening effect is primarily ascribed to the increased Coulomb scattering
[25]. Meanwhile, Ref. [25, 26] also pointed out the importance of considering the
correlation effect on those broadening for a self-consistent gain profile calculation,
which can partially recover the gain peak. These degradation processes occur simulta-
neously, limiting the final optical gain (g~An/I") below the cavity threshold.

2. THz-QCL designs

The realization of high-T,,, THz-QCLs is indeed beneficial from the correspond-
ing strategies for suppressing the thermal degradation in the active region and, simul-
taneously, trying to stabilize the real growth to consistently realize the designs. The
multiple-quantum-well active region is usually grown using molecular-beam epitaxy
in a GaAs/Al,Ga; yAs material system and is the heart of any QC laser. To obtain the
gain for electromagnetic waves at frequency v, energy levels, wavefunctions, and scat-
tering rates must be properly engineered to provide a population inversion between
two states separated by energy hv. The basic innovation for the successful realization
of a QCL can be ascribed to the introduction of the injector region. The optical gain
from intersubband transitions in semiconductor superlattices was first investigated
early in 1971[27]; however, early laser proposals suffered from electrical instability
owing to the formation of high-field domains crossing the stacked superlattices,
until the injector region was particularly defined for offering an accessible operating
bias condition, thus realizing the first QCL in the mid-infrared spectrum in 1994, as
shown in Figure 2 [28]. Next, the first THz-QCL lasing at 4.4 THz was experimentally
demonstrated in 2002, where most innovations can be ascribed to semi-insulating
surface plasmon (SISP) waveguides in the THz spectra [5]. Consequently, the injec-
tor has remained a common region in QCLs design for THz QCLs. It should be noted

Metal layer

0 10 20 a0 40
Distance (um)

Figure 2.

Schematic description of the three relevant levels where E;, E,, and E, stand for the upper- laser, lower-laser, and
extractor states, respectively (a), the diagram of the band profile of cascading structures with neighboring periods
under the operating applied bias, the extracted electrons will velax into the graded avea and then reinjected into
the upper-laser state in the next period by resonant tunneling (b), Ref. [28]; The semi-insulating surface plasmon
(SISP) waveguide for realizing the first THz-QCL (c), where the bottom contact layer is a thin heavy doped
GaAs (n"-GaAs) layer grown on an undoped GaAs substrate, Ref. [5].
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that the performance of THz-QCLs is particularly sensitive to the injector because the
small energy separation between the laser states makes it difficult to selectively inject
carriers (electrons) into the upper laser state [29, 30]. Therefore, improving injec-
tion selectivity has gained much attention for different designs [31-33]. The detailed
design parameters are trapped in trade-offs from one to another; a successful scheme
always requires a dedicated balance of the different parameters.

The main design schemes in the past are shown in Figure 3a chirped superlattice
(CSL), as shown in Figure 3a. The CSL scheme is a main early design, and it employs
several quite narrowing quantum wells in which the ground states are raised. When
the operating bias is reached, the ground states form “minibands,” the lowest state of
the pre-minibands is appointed as the upper laser state, and the topmost state in the
down-minibands is set as the lower laser state. The electrons are inverted between
them and perform the THz photon radiation. Owing to the tight couplings inside the
miniband areas (by intra-miniband scattering), electrons always relax quickly to the
bottom of the minibands, where the upper laser state is located, the upper laser state
is filled, and the lower laser state is depopulated. b) Bound-to-continuum (BtC): As
shown in Figure 3b, this scheme also employs minibands, and the lower laser state is
depleted by intra-miniband scattering, similar to the CSL scheme. The main difference
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Figure 3.

Conduction-band and wavefunctions of each state for different representative THz-QCL design. (a) CSL; (b)
BtC; (c)hybrid BtC; (d) one-well injector RP, that permitted from Ref. [34]. (e) two-well extractor RE, from Ref.
[35]. (f) three-well RP, from Ref. [36]. (g) and (h), two-well RE, from Ref. [37]and [38]; (i) SA from Ref. [39].
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is in the upper-lower state, where it is positioned diagonally with a lower laser state.
This diagonality of radiative transition contributes to an increase in the lifetime of the
upper laser state and weakens the parasitic overlap of the wavefunctions between the
injector and the lower laser state. Therefore, the BtC design displays an improved Ty
and output power compared with the CSL design. In addition, an improved BtC scheme
with hybrid structures is proposed in which the phonon-assisted depopulation has been
incorporated into the miniband areas, which can further relax the thermal backfill-
ings and further improve Ty, (Figure 3c). c) Resonant-phonon (RP): This scheme is
specifically indicated for designs in which the injector follows the resonant tunneling
mechanism based on a double-level alignment under operating bias. The depopulation
process employs LO-phonon resonance, which mostly takes place intra-well. Therefore,
the electrons in the lower laser state are scattered down to the injector states by emitting
LO-phonons in the sub-picosecond range. There are several RP schemes with different
purposes; for example, the one-well injector RP scheme for better injection selectivity
by reducing the direct parasitic overlapping between the injector and the lower laser
state (Figure 3d), or a two-well extractor RP scheme that is similar to the hybrid BtC
for offering more tunneling freedom on the design parameters (Figure 3e). The first
milestone on Ty, is based on a three-well (4-state) RP scheme (Figure 3f), including
an adjoining-well resonant-tunneling injection and a one-well extractor where its 1%
excited state forms resonance alignment with the lower laser state first, and signifi-
cantly delocalizes the wavefunction of this lower laser state into the extractor well.
Consequently, the lower laser state can form strong coupling with the next injector state
with one LO phonon energy downward. The further renewed T,y is also based on RP,
but with further simplified quantum structures from three-well to two-well (4-state to
3-state, as shown in Figure 3g and h), where the depopulation from the lower laser state
follows only one step via direct intra-well LO phonon scattering. d) Scattering-assisting
(SA): As shown in Figure 3i, scattering-assisting design is another important scheme.
The main difference between SA scheme and the RP design is the injector region,

where the SA employs LO-phonon scattering instead of alignment resonance. Resonant
tunneling injection always leads to most electrons waiting at the injector before being
injected into the upper laser state. Ideally, in the coherent transport regime of resonant
tunneling, the upper laser state holds the same number of electrons as the injector state,
which is half of the total available population in each period (i.e., a maximum of 50%
share in the upper laser state). Owing to the thick injector barrier and the presence of
multiple scattering channels, the population share in the upper laser state generally falls
below 50%, even at low temperatures. In the SA scheme, by designing the injector to

lie one LO-phonon energy up to the upper laser state, this injection limitation can be
completely removed.

3. Active-region design by narrowing the period length

Recalling past designs with improved Ty, there is a general trend toward reducing
the number of states per period (in other words, narrowing the period length by
employing a simple quantum structure), and the radiation transition in the active
region is strongly diagonal. As shown in Figure 4, we followed the structures calcu-
lated in Ref. [37] but recalculated them based on our nonequilibrium Green’s function
(NEGF) model, that is, two-well RP [37, 38], three-well RP [36], four-well SA [39],
four-well BtC [35], and seven-well BtC [40]. This indicates an increasing popula-
tion share in the upper laser state as the total number of states per period is reduced,
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and the optical gain (the peak) at high temperatures is also significantly improved.
Therefore, it provides evidence of the potential of a simplified state system based on
the RP scheme. The two-well RP is further optimized by relaxing the shortcomings
in its antecessor design of the three-well RP, a) the two-well RP only uses the resonant
tunneling process once at the injector. Even though three-well RP has been well studied
and gives the best T,,x~ 200 K, a major shortcoming in this scheme is the strict
requirement for double resonance alignments at both the injector and extractor region
when the bias reaches up to the operating condition. Such a condition is not easy to
satisfy in real growth for two reasons. The first reason is the doping issue. High-T .«
designs generally employ strong diagonality in the active region, where the suitable
oscillator strength for radiation transition is only 0.25-0.35. Because the optical gain
is linearly related to this strength (ge f), this small strength should be compensated
for by increasing the average doping levels [41]. In THz-QCLs, the dopant position

is always selected far away from the radiation area and is generally at the center of
the lower well with a doping length of only several nanometers for restraining the
dopant migration into the superlattice interfaces. However, this local heavy doping
can give rise to severe band bending as a result of space charges, thereby breaking the
resonance alignment conditions. Second, active-region growth is based on molecular
beam epitaxy (MBE). Although precise atomic controls have been achieved, it is

still quite challenging to obtain thousands of thin quantum wells/barriers where the
thickness of each layer is only several nanometers, and the percentage variation in
the growth rate over the whole growth time (>10 h) can further worsen the double
alignment condition [42]. In addition, the optical gain profile can be broadened

and deformed because the applied bias can closely affect the couplings in the active
region; thus, the exact laser frequencies suffer from uncertainties [21]. b). The depop-
ulation in a two-well RP follows an intra-well direct-phonon scattering. The intra-well
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Figure 4.

Calculated population shave the upper-laser state (p,), the calculated optical gain peak g,, and the T, in
experiments. The calculations are based on the designs of two-well (3-state) RP [37, 38], three-well (4-state) RP
[36], four-well (4-state) SA [39], and four-well (5-state) BtC [35], seven-well (10-state) BtC [40].
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resonance phonon scattering is performed between its 1% excited and ground states
in the lower-well, and there is a very strong coupling between them that guarantees a
highly efficient depopulation within ultrafast times. Although the energy separation
between them can affect depopulation efficiency, it maintains high robustness over a
large tuning range of energy separation (30~60 meV [43]). c). The barriers in two-
well RP ave much taller. The tall barrier, by using Alj 55Gag 75As [37] and Al 3Gag 7As
[38], can confine the electrodes deeply at the desired states; thus, suppressing the
carriers leaking from the confined states over the barriers into the continuum at high
temperatures. In a tall barrier design case, careful quantum structure engineering
for clean n-clean systems can further minimize the thermal up-scattering from the
desired states into the high-lying nonrelevant states. d). The two-well RP intentionally
uses larger depopulation energy for the LO-phonon resonance. The depopulation energy
at the extractor in the high-T,,,x two-well RP is 42 meV in Ref. [37] and 52 meV in
Ref [38], which is higher than the previous designs with that exactly equal to one
LO-phonon of 36 meV. Although Ref. [38] emphasized the benefits of nonrelevant
high-confined state engineering, the contribution of the higher depopulation energy
to suppress thermal backfilling is at least equal. In addition to the RP scheme, the
narrow-period concept is also attractive for the SA scheme; however, the SA scheme
based on a two-well structure has still not been realized in experiments.

4. Limitations in narrow-period active-region design (RP and SA scheme)
4.1 Two-well RP design
4.1.1 Intra-period thermal up-scattering via non-relevant states

The significance of the high-lying nonrelevant states on high-T},,, has been
demonstrated [19, 20, 44] and indicates that the up-scatterings that originate
from the upper laser state into those nonrelevant states in the same period will
play a significant role at high temperatures. The up-scattering activation energy
E, was extracted by fitting the Arrhenius plots from the measured device output

power by [44]:
p,(T) 1 _E,
lnLl =711 J~ In(a) s 1)

out(max)

As shown in Figure 5, an E, of 35 meV is extracted, which presents the thermal
up-scattering occurring between the upper laser state and the 1* nonrelevant in
the lower well (the 2" excited state from this well). Following this up-scattering
channel, owing to the relatively low activation energy, as the temperature increases,
the electrons can escape into the continuum quickly because this nonrelevant state
is close to the continuum, which results in a sharp increase in J;, at temperatures
above 100 K (Figure 5f). Therefore, a tall barrier is essential to confine the up-
scattered electrons deeply or to increase the up-scattering activation energy. The
validity of a tall barrier for suppressing such channels is shown in Figure 5f and g
(Asg15Gag gsAs—Aly 3Gag 7As), where a much higher up-scattering activation energy is
extracted, that is, 35—117 meV. The corresponding J:, is much lower at high tempera-
tures, and Ty« improves from 121 to 173 K.
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Band diagram of the two-well RP design by tuning the barrier height. The corrvesponding light output at different
temperatures ave shown (a—d). The Arrhenius plots with the fitting activation energy and the ], depending on the
temperature is also shown (e-g), Ref. [44].

4.1.2 Depopulation energy and thermal backfilling

Ref. [45] shows that at high temperatures, the thermal backfilling from the injector
into the lower-laser state is the main source of the population in the lower-laser state;
therefore, dramatically reducing the population inversion. The thermal backfilled
electrons (nps) approach 20% of the population share at 300 K, as shown in Figure 6a
and b, which almost equals to the population of the upper-laser state population; thus,
non-inversion can be formed. There are two reasons for this: First, the RP scheme relies
on resonant tunneling for electrons injected from the injector, where most of the popu-
lation resides at the injector; therefore, playing the role of an electron pool for thermal
backfilling. Second, the GaAs material has a small LO-phonon of 36 meV. The RP design
normally uses depopulation energy that is equal to one LO-phonon; this inherently
small depopulation energy encourages the occurrence of thermal backfilling. This also
indicates the significance of exploring large LO-phonon energy materials such as GaN
[46] and ZnO [47] to suppress thermal backfilling.

If the designs are still based on the GaAs material, enlarging the depopulation
energy is an effective method for suppressing the thermal backfilling, and large
depopulation energy can further reduce the parasitic coupling of the upper-laser state
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Figure 6.

Band diagram in two-well RP design where the population distribution at each state is given at high
temperatures(a); The thermal backfilled population from the injector into the lower-laser state (ny) is
particularly (b), Ref. [45].
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Averaged electron-LO phonon scattering rate between the 1" excited state and the ground state by varying the
energy separation between them (a); A representative cross-section of the figure a (b), Ref. [43]; Plot of light
output versus curvent density at different tempevatures. Inset: plot of threshold curvent density versus temperature
(Ju=T) with J. and ], as fitting parameters. The black line is an exponential fit (c); Plot of voltage versus current
density (J-V) at different temperatures. Inset: a lasing spectrum taken at 246 K (d), Ref. [38].

directly with the next injector; therefore, protecting the lifetime of the upper-laser
state by preventing parasitic LO-phonon scattering between them. However, the
depopulation energy deviating from one LO-phonon slows down the depopulation
process, thus increasing the lifetime of the lower-laser state and reducing the popula-
tion inversion. Ref. [43] estimated the average scattering rate for intra-well LO pho-
non resonance between the 1% and 2™ states in a single well based on a self-consistent
Schrédinger—Poisson solver (Figure 7a and b). The exact energy separation between
them was tuned by varying the well width. It is evident that at a high temperature of
300 K, the depopulation efficiency (here simply assumed by the scattering rate) is
reduced by 33% when large depopulation energy of 60 meV is selected. Considering
the highest Ty,.x in Ref. [38] (Figure 7c and d), they employed a larger depopulation
energy of 52 meV and the improved characteristic temperature of Jy;, in this Ref. was
also largely ascribed to the suppression of thermal backfilling, together with the
thermal up-scatterings via high-lying nonrelevant states.

4.1.3 Interperiod interactions via nonvelevant states

The two-well configuration inherently has a narrow period length such that the
parasitic interactions in neighboring periods can be more serious than in the wide-
period design. Furthermore, a narrow period also leads to a stronger electrical field that
will lower the nonrelevant states in energy downstream. Ref. [48] addresses the critical
effect of nonrelevant high-lying nonrelevant states on the laser threshold current by
forming a resonant-tunneling-like channel between three neighboring periods. The
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Jonax and Jy, depend on the temperatures for only desived states [i, u, 1] (black curves) and more high-lying
nonrelevant states [i, u, I, b, h’] (ved curves) (a); The light output measured devices based on this 2-well RP
design. The Jy, at different temperatures are extracted from those lasing curves and are shown in figure a (b);
The changing magnitude of Jax and Ji, (Moaxs M) by including or excluding the nonrelevant states in the
calculations(c); The laser dynamic of ], depending on the temperatures in both the states inclusion(d), Ref. [48].
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laser dynamics in current will significantly shrink to zero even at 270 K (Figure 8). The
spatial and energy-resolved current mapping between the neighboring periods clearly
shows the tunneling current along the growth directions (Figure 9).

4.2 Two-well SA design
4.2.1 More serious inter-period interactions via irrelevant states

The two-well configuration for the SA scheme shows the main difference is that its
upper-well is wider for an intra-well LO-phonon scattering injection, and its lower-well
is also wide enough to ensure the lower-laser state down to the upper laser state for THz
radiation. Therefore, the high-lying nonrelevant states in the lower well were inherently
low in energy, as shown in Figure 10a. The current-voltage plots in Figure 10b show
that, at the operating bias, the peak current increases appreciably when both nonrel-
evant states 4 and 5 are allowed in the calculation. The inclusion of more high-energy
states (nonrelevant states 6, 7, and 8) increases the current density further, but only
slightly. Therefore, nonrelevant states 4 and 5, which belong to different neighboring
periods, are crucial for serious current leakage. It is visible in the spatial and energy
resolved current density mappings in Figure 10c (A, B, C, D), and the leakage channel
is formed due to a strong interaction of the upper-laser states in the upstream period
(state 2n_;) with state 4,, in period 7 and sequential tunneling to state 5#,; in the down-
stream period 7 +1 because three of these states are close both in energy and space.
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Figure 10.

Conduction band diagram and the tight-binding states of two-well SA design with three neighboring periods
(n-1,n,n+1) (a); The voltage-current plots at high tempevatuves of 300 K when the different number of the high-
lying nonrelevant states are included for calculations(b); The current mapping resolved by the growth direction
and the energy when the nonvelevant states ave included (c), Ref. [49].
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Band diagram of the two-well SA design in cases of the desired states and the critical nonrvelevant state. The
optical gain spectra under two different number of stated inclusions. The spatial and energy vesolved gain clearly
shows the overlapping of the parasitic absorption and the gain area, Ref. [50].

4.2.2 Pavasitic absorption overlapping gain

In the two-well SA design (Figure 11), there is a strong decoupling between popu-
lation inversion and optical gain, in which the population inversion does not change
significantly when the high-lying nonrelevant states are included, but the peak of gain
is significantly limited by those high-lying states. The reduction of the gain peak is
obvious at a low temperature of 50 K. This was ascribed to the emergence of inter-
period parasitic absorption, which was caused by transitions between the injector and
the first nonrelevant states in the lower well (Figure 11). This parasitic absorption
unavoidably overlaps with the optical gain due to the engineering limit permitted in
a simple quantum structure. This overlap was more severe when the lasing frequency
exceeded 3 THz in the two-well SA design.

5. Further narrow-period designs
5.1 Split-well three-state RP design

The split-well direct-phonon concept described in Ref. [51] was proposed by using
only the ground states to push up the nonrelevant states for a clean-state system,
while keeping the depopulation energy almost equal to 36 meV for ultrafast extrac-
tion. In this design, each period contained three wells and employed the ground states
in each well. Due to all three wells being narrow, the total periodic length is still quite
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Band profile and the wavefunctions in the “split-well” design (a); Pulsed light output versus curvent
measurement (b); The threshold curvent vs temperature(c); Activation energy extracted from the laser’s maximum
output power (P,y,y) vs temperature, and the current dynamic vange ANJ=Jpa—Jm) vs tempervature (d), Ref. [51].

small as a “narrow-period” design. Compared with the “all-ground” design from Ref.
[52], the main advance in this split-well design is the very strong depopulation cou-
plings between the lower-laser state and the injector, where the “all-ground” design
follows a diagonal depopulation process and suffers from limited laser dynamics. As
shown in Figure 12, the results demonstrate that “split-well” lasers profit from both
eliminations of up-scatterings via high-lying nonrelevant states and resonant depopu-
lation of the lower laser states. A negative differential resistance was observed at room
temperature beyond the operating bias conditions, indicating that the state system
performs as a clean 3-state system, where a high characteristic temperature of J, is
fitted out. However, the difficulty of this design is that the splitting at the extractor
closely relies on the alignment, and the ultrathin extractor barrier, which is only 3.5
monolayer, is not easily obtained consistently during the long-time MBE growth.

5.2 Two-well double-phonon RP designs

The design in Ref. [53] mainly considers the effect of thermal backfilling on the
lower-laser state by using large depopulation energy of more than one LO phonon.
This is different from previous designs; the lower-laser state is appointed by the 2"
excited state in the lower well. Simultaneously, the 1 excited state from the lower
well is also a depopulation destination, and as a result, three transitions are respon-
sible for the depopulation, that is, 32, 3—1, and 2—1, as shown in Figure 13a.
The tuning of the energy separation between 3 and 2, E3,, and also between 2 and
1, E», was studied, revealing that only by maintaining the total energy separation
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structure(a); The calculated optical output versus temperature by tuning the depopulation energy with single-
and double-phonon (b), Ref. [53].

between the lower laser state and the next injector, E3;, more than a double phonon,
the thermal backfilling can be well suppressed and thus shows a cut-off temperature
above 300 K (Figure 13b). The challenge with such large depopulation energy is that
it requires a much taller barrier, and the operating electric field is very strong, which
causes many difficulties in device realization.

5.3 Two step-well SA design
As described above, in a two-well SA design, the high-lying nonrelevant state

(the 1°* excited state in the lower well), 4, as shown in Figure 14a, is naturally close
to the desired states and forms a serious parasitic absorption overlapping the gain
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Improved two-well SA design by employing ministeps (Al 0sGaogsAs) where the tall barriers of AlyosGa,gsAs ave
used(a); Comparison of optical gain spectra at 300 K in this improved design (ved curve) and the regular two-well
SA design. Both spectra are predicated by considering the high-lying nonrelevant states (u, I, i, h) (b), Ref. [50].
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areas. Consequently, the peak gain was largely limited even at low temperatures.
Ref. [50] attempted to narrow the upper well, where the lower well can be corre-
spondingly narrower. Therefore, the irrelevant state 2 moves upward. To satisfy the
energy separation between injector states i and the upper laser state u close to the
LO-phonon, a ministep was intentionally introduced into the upper well. By simply
tuning this ministep, the energy separation of the injector state i and the upper-laser
state # can be maintained at 36 meV. To achieve the same THz frequency of 3.7 THz,
the upper well is narrowed by 13% compared with the regular two-well SA design
(16.2—14.2 nm), and the lower well is also narrowed by 33% (10.6—8.18 nm). The
irrelevant state % is thus effectively moved upward, and the energy separation Ej,

is significantly increased from 21 to 59 meV. The optical gain spectra in Figure

14b show complete suppression of overlapping from this parasitic absorption and
recovery of the peak gain.

6. Strict request on MBE growth controls for the narrow-period designs

The simple structure requires more precise control of the growth because each
layer performs multiple functions as the design parameters. The recent high-
est Trax emphasizes high-quality growth on repeating periods and interfaces.
It is very challenging to grow thin layers, especially in the case of tall barriers
with several monolayers. The interface flatness, doping controls, and the period
repeated during the long-time growth are tough topics for start-of-art designs.
Meanwhile, uniformity across a 3-inch substrate is also critical, even for optimiz-
ing the rotations carefully, and an arbitrary thickness error can still be approxi-
mately 2%. Reliable and repeatable growth is essential for dedicated design
parameters for a higher Ty, (i.e., even within a very small range of parameter
balances in such designs).

7. Summary

Despite the extensive application potential of the THz spectrum, light radiation
sources remain the most urgent, where the most expected is a compact solid-state
device analogous to conventional semiconductor lasers. The THz quantum cascade
laser has been treated as the most attractive candidate to fill the THz gap and was
soon realized in the THz range after the experimental demonstration in the mid-
infrared range. However, this type of THz laser suffers from thermal degradation
that cannot work at room temperature until now. Different models attempt to
describe the quantum transport in THz-QCLs and clarify the thermal limitations,
then predict the designs with high-temperature tolerances. The design for high-
temperature operation follows a path by simplifying the containing quantum well
structure in each period; however, such a narrow period requires careful engineer-
ing of the barrier and requires the control of the high-lying nonrelevant states to
suppress any inter-period parasitic channels (for example, creating a clean state
system). Different strategies are needed depending on the injection method (reso-
nant tunneling method or scattering-assisted method). In addition, to realize these
narrow-period structures, precise control of the MBE growth is essential to ensure
the accurate thickness of each layer and the flatness of interfaces with uniform
alloyed barriers.
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