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ABSTRACT

Room temperature operation of terahertz quantum cascade lasers (THz QCLs) has been a long-pursued goal to realize compact semiconduc-
tor THz sources. In this paper, we report on improving the maximum operating temperature of THz QCLs to ~ 261K as a step toward the

realization of this goal.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0144705

The THz spectral range (0.5-10 THz) lies in the gap between fre-
quency ranges accessible with conventional semiconductor electronic
and photonic devices. At the lower end of the THz gap, frequency
multipliers using electronic devices have reached ~1.6 THz with
milliwatt (mW) optical power at room temperature."” Both quantum
cascade laser-pumped molecular lasers (QPMLs)® and difference-
frequency generation (DFG)"” have used infrared quantum cascade
lasers (IR QCLs) to generate THz waves at room temperature indi-
rectly. Quantum cascade lasers (QCLs) have several advantages com-
pared to the nonlinear frequency upconversion and downconversion
schemes. As fundamental oscillators, THz QCLs inherently have
much higher power levels and efficiencies than nonlinear frequency
conversions. At cryogenic temperatures, THz QCL systems can reach
watt-level optical power in pulse mode’ ® and tens of milliwatts in
continuous wave operation with ~1% efﬁciency.9‘1[] In addition, THz
QCL gain medium can be used to develop THz sources, such as fre-
quency combs'"'* and radiation amplifiers."” Another advantage of
THz QCLs is that they enable cavities with unique radiation proper-
ties. For instance, the local oscillator at 4.74 THz for GUSTO,"* which
is a NASA balloon-borne mission, has been developed using a tunable
unidirectional cavity that achieves ~10 mW of CW power with less

than 1.8 W dissipated power, and it is cooled with a compact Stirling
cooler (CryoTel"CT) weighing as little as 5kg."” The required size for
cooling and the system’s vibration will be significantly reduced by
using thermoelectric (TE) coolers. Compact, hand-held, TE-cooled
THz QCLs were made possible by a record high operating temperature
of Typax ~ 250 K.'® Here, we report on further improvement to the
maximum operating temperature T},,, ~ 261 K.

Figure 1(a) shows a schematic of a three-level laser to illustrate
the dominant scattering processes in THz QCLs."” Here, the upper las-
ing level, the lower lasing level, and the ground states in the nth mod-
ule are denoted by |u,), |I,), and |g,), respectively. IFR, imp, e-e,
LOgy,, and LO,ps represent interface roughness scattering, impurity
scattering, electron—electron scattering, LO-phonon emission, and LO-
phonon absorption, respectively. In this scheme, electrons are injected
into |u,) and extracted from |I,) through resonant tunneling and scat-
tering with LO-phonons in the heterostructure. The peak gain of inter-
subband transitions G, can be described by the oscillator strength f,s,

the population inversion between the upper and the lower lasing level
AN, and the transition linewidth Av as Gy x %. The linewidth is
defined as Av = i(l +$+%) in which %, 7/, and T* are the
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growth direction(A°)

upper-state lifetime, the lower-state lifetime, and pure dephasing
times. The oscillator strength is essentially a wavefunction overlap
integral between the upper and lower lasing levels and is defined as

fu = (2";1 ZAE) |(u|z|I)|?, in which z is the growth direction, m* is the

effective mass, and A, is the energy separation between the two levels.
The explicit temperature dependence of AN arises from thermally
activated, non-radiative LO-phonon emission,’” and the so-called
thermal backfilling due to LO-phonon absorption from |g,) to |1,)."*
Although the form factors for the emission of photon and LO-phonon
are different, both strongly depend on the overlap of wavefunctions
between |u,) and |I,)."” Hence, suppressing LO-phonon emission
from the upper state comes at the cost of reducing the optical gain.
Consequently, designs with higher f,; (vertical designs) have shorter 7*
than those with a lower f,; (diagonal designs). In diagonal designs, a
higher carrier concentration (higher doping) can be used to compen-
sate for the reduced optical gain. However, increasing the doping leads
to an increase in Av due to the reduction of t* and T* due to nonra-
diative elastic processes, including e-e and imp scattering. Therefore,
the figure of merit fﬁf appears to limit the performance of diagonal
designs targeting high temperatures.'’

Meanwhile, the escape of electrons to the continuum bands has
been postulated as an unaccounted mechanism in THz QCLs for their
temperature degradation.”” To counteract the escape to the contin-
uum, higher barrier compositions have been used in THz QCL
designs.'*”"** To reduce the increased impact of IFR scattering—
which scales quadratically with barrier composition—the number of
barriers involved in electron transport should be minimized to reduce
Av. The most straightforward design in this direction is the so-called

two-well scheme based on direct phonon depopulation, as illustrated
in Fig. 1(b). 2

Figure 1(c) shows the probability density functions of subband
states in a THz QCL with a two wells scheme. Here, the injection bar-
rier, radiation well, radiation barrier, and phonon well are labeled,
ip, 'y, p, and p,, respectively. Due to a shorter module length in this
scheme, undesired coupling between neighboring modules may occur
at the injection alignment, |i,_;) — |u,). The coupling between
lin_1), |un) and the bound states in the neighboring modules, |p; ),
|p2.n)> |P1s41)> and |pa,i1) was investigated, and by suppressing
them, a record-high Tp. = 250 K was achieved.'® The energy separa-
tion between |i,_;) and |p;,) (denoted as E;p,) can be made arbi-
trarily high to reduce a possible leakage from |i,_;) to |pj i)'
However, as discussed in the supplementary material, the suppression
of intermodule leakage (by increasing the E; ;) places an unfavorable
upper limit on f,;t},_,,,» where t},_,,, is the lifetime due to nonradia-
tive LO-phonon emission. In addition, if intermodule leakage is not
suppressed, the transport simulations using a non-equilibrium Green
function (NEGF) solver predicted results that substantially deviated
from experiments.

In THz QCLs, a helpful graph to show the coupling between vari-
ous channels is an anticrossing graph. An example of such a graph for
several designs considered in this section is shown in Fig. 2(a). This
graph shows the anticrossing curves over a wide range of module
biases. Minima in the anticrossing correspond to a resonant alignment
of two levels in energy, and the anticrossing gap is a measure of the
coupling strength between those two levels. In an optimum scenario,
the injection anticrossing (represented by the minima in the solid line)
corresponding to alignment |i,_1) — |u,) should be close to the
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dephasing rate. The spontaneous emission’s radiation linewidth is
related to this dephasing rate. To estimate the linewidth, one can use
Fourier transform infrared (FTIR) spectroscopy combined with step-
scan techniques. This method results in an approximate value of
4meV for the linewidth in terahertz quantum cascade lasers (THz
QCLs).”® It is crucial to highlight that this value does not directly cor-
respond to the dephasing rate, and it may vary depending on factors,
such as device design.”” Therefore, it should be regarded as a general
guideline rather than an absolute value. The transparency of the injec-
tion barrier ensures the minimum required doping to achieve popula-
tion inversion and reduces the linewidth broadening due to imp
scattering,'” However, increasing the transparency of the injection bar-
rier comes at the cost of an increase in the parasitic channels corre-
sponding to the coalignment between |i,_1), |u,,) and the bound states
in the neighboring modules, |p14), [p2.n)> |P1,n+1)> and [p2 u41) (min-
'© Here, we optimized { = 524 as a figure of

UnsP1n+1

merit to achieve both objectives. In semiconductor lasers, such as THz

ima in the dot lines).

voltage (V)

QCLs, the rate of increase in the threshold current density (/) with
temperature carries information on the leakage into the parasitic chan-
nels."”**?® In addition, [ — T can be used to evaluate the transpar-
ency of the injection barrier. In a so-called lifetime limited transport,
where the maximum current density through the injection barrier is
limited by the upper state lifetime, [,y is temperature dependent. On
the other hand, in tunneling-limited transport, the Jiax is mainly lim-
ited by dephasing processes and is temperature-independent.”” A
slight decrease in Ji.x with temperature in diagonal designs indicates
lifetime limited transport’' and is sought after in this manuscript. The
simulated gain vs temperature using NEGF is shown in Fig. 2(b) for
these designs. The maximum operating temperature T,,,, can be
inferred from Fig. 2(b), at which the gain decreases to the total cavity
loss of ~20 cm™"** This was corroborated by the temperature perfor-
mance of G652 with T),,q, ~ 250 K.'® Further details on the optimiza-
tion scheme can be found in the supplementary material. A summary
of growth parameters, the maximum operating temperature, and max-
imum and threshold current densities are summarized in Table L.

TABLE I. The layer sequence starts from the injection barrier. Bold denotes barriers separating GaAs quantum wells. The phonon well is indicated by parentheses, and the red
ink indicates the doped region. The volume doping nsp is defined relative to that of G652 (1.5 x 107 cm~®) and represented as nggsz in the table. Here, x represents the alumi-
num fraction in the barriers. The number of modules is chosen for ~10 um of an active region.

Label x (£0.003) Toax (£0.1K) 2K _ o (£20 Alem?) Layer sequence (A) (+.5 A) Doping
VB1281 0.25 232 1600-2650 38.4, 69.7, 24.2, (27,25,93) n$s>?
G813 0.3 260 1350-2600 32.7,70.4, 20.8, (57,30.57) n$s>?
G930 0.35 259 1450-2700 30.4, 72.5,19.1, (59,28,59) 1.2 n§5?
G902 0.35 260 2050-3350 30.6 73.0, 19.0, (56,35,55) 1.2 n§5?
G938 0.35 261 17502850 28.8, 74.5, 17.6, (30,30,90) n$p?
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A 25% Al barrier composition was used in VB1281 to reduce the
impact of IFR scattering. As shown in Fig. 2(b), the NEGF simulations
predict a similar gain in VBI1281 compared to G652 with a
Toax = 250 K.'° The Tpax = 232 K was achieved for this structure, the
highest reported for designs based on 25% barriers (previously
210K*") Since no drop of Jy. — T was observed in VB1281 (sugges-
ting a tunneling transport regime), some improvements in T, may
still be possible using a higher {. However, as shown in Fig. 2(c), a
higher rate of increase in Jy, — T in VB1281 was measured as com-
pared to G652. This higher rate suggests thermal leakage to parasitic
channels is more severe in 25% Al barriers and could explain the over-
estimation of gain in NEGF simulations.

In design that utilize 30% aluminum barriers, the T,y for G813
was improved to 260K, aligning with recent theoretical predictions
made by concurrent studies using a different implementation of the
NEGF method.” Despite the superior operating temperature in G813,
a higher rate of increase in Jj, — T is observed compared to G652, as
shown in Fig. 2(c). Based on the anticrossing plot in Fig. 2(a) and the
simulated subband population for G813 using the NEGF simulations
shown in Fig. S7(d) of the supplementary material, there are no appar-
ent leakage channels introduced compared to G652. Additionally, the
regrowth of G813 exhibited the same behavior, indicating that growth
problems can be ruled out. One possible explanation for the higher
rate of increase in Jy, — T could be the |l,) — |p2,+1) alignment.
Further explorations are required to shed more light on the impact of
this transport channel on the behavior of Jy, — T. Though not shown
here, the Jax — T of G813 showed a negligible decrease with tempera-
ture, suggesting that the transport is tunneling limited and further
reduction in injection barrier thickness and lower f,; (a higher () are
worth pursuing. The details of this design labeled as VA1186-B are
presented in the supplementary material. Another direction to
improve the Ty of G813 is through doping scheme optimization, as
explained in detail in the supplementary material.

In designs with 35% barriers, a similar temperature performance
was measured in G930 as compared to G813, which is consistent with
the NEGF simulations shown in Fig. 2(b). However, as shown in Fig.
2(c), the rate of increase in Jy, with temperature is reduced in G930
compared to G813 and G652. This implies a higher suppression of
thermal leakages. However, since G930 has a higher barrier composi-
tion, the IFR scattering rate might have been understated in our model
for this barrier composition. Motivated by the simulated improvement
of approximately 10K in Ty, a design designated as G902 was
explored. This design has an identical structure to G930, but with
higher doping achieved through the same volume doping density
(n3p) and an expansion of the doped region by 1.2 times. However,
even though G902 benefited from a higher growth quality compared
to G930, no additional improvement was observed. The lack of gain
improvement in G902 may be due to an underestimation of broaden-
ing caused by imp and e-e scattering in the simulation model. In
(G902, the measured Jma decreased from 3400 to 3350 A/cm? from 10
to 260K suggesting the onset of a lifetime limited transport. As a
result, further increase in ( in this design was not pursued.

As discussed in the supplementary material, designs with a wider
phonon-well have a higher value of the figure of merit f,;7},_,,, and
show a higher gain in the simulations—however, designs based on this
resulted in an unfavorable fast increase in Jy; — T. In G938, we
explored the possibility of a wider phonon-well than G930. This design

scitation.org/journal/apl

also has a similar { as G813, which makes the comparison with the
30% designs easier. The doping position was also optimized in G938
using the model explained in the supplementary material file. As
shown in Fig. 2(b), the simulated gain in G938 is higher than G930
when the same statistical parameters are used to describe the interface.
However, the Ti,x was not improved as much as expected. The rate of
Jin — T in G938 did not increase as compared to G930, in contrast to
the trend observed in 30% barriers for wider phonon wells. Two possi-
ble experimental factors may have hindered the performance of G938
in comparison to simulation predictions. First, the fabrication of G938
encountered several issues, and only the edge pieces of the wafer were
used for characterization. In our previous experiments, we have
observed an improvement of approximately 5-10 K when using cen-
tral pieces compared to edge pieces. Second, the MBE growth quality
of G938 was inferior to that of G930, as evidenced in the supplemen-
tary material. A future regrowth of this wafer may verify if the
improvement predicted by the simulation for G938 compared to G930
can be realized experimentally. The measured voltage-current-light
for G938 is shown in Fig. 2(d). The maximum current density in G938
is reduced from 3000 A/cm” at 10K to 2850 A/cm” at 261 K. Given the
results, further increase in ( in this design was not pursued. However,
it is worth investigating the potential benefits of co-aligning
|l.) = |pans1) and |i,_1) — |u,) in designs with 35% barriers to
determine if this double depopulation scheme can lead to a higher
gain.

Thus far, the investigation has revealed that intermodule leakage
imposes various restrictions on the two-wells scheme. To alleviate
these constraints, one potential solution is to utilize direct phonon
depopulation with multiple injector wells. As shown in Fig. 3(a), an
example of such a design with two injectors 'i, ; and 2i,_ is pre-
sented. For ease of reference, we refer to this design as the three-well
scheme. From a simulation perspective, with the same barrier compo-
sition, an optimized three-well scheme has lower gain compared to an
optimized two-well design. This can be explained by the fact that the
three-well scheme requires higher doping to reach the same ., due
to its longer module length, which leads to greater gain broadening,
Additionally, with more barriers involved in injecting carriers into the
upper lasing level, this scheme also experiences higher dephasing from
IFR scattering. Despite these drawbacks, there are still two significant
potential benefits to exploring three-well schemes. From a transport
simulation perspective, it was predicted that room temperature opera-
tion could be achieved by reducing the injection barrier thickness and
increasing doping (higher Ji,,.x) in designs, such as VB1281 and G813.
However, these predictions were not experimentally realized. In other
words, if the simulation assumptions are more accurate in a three-well
scheme due to reduced intermodule leakages, then its simulated maxi-
mum operating temperature (T},,,,) will be closer to the experimental
results compared to the two-well designs, even though the latter may
have a higher predicted gain. If the maximum operating temperature
of G813 was limited by the trade-off between the transparency of the
injection barrier and intermodule leakage, a three-well scheme with a
similar injection barrier thickness that leads to the same Jy;, and Jiax
should, in theory, show a lower rate of increase in Jy, — T' compared
to G813. In this scenario, the design direction would be to gradually
reduce the thickness of injection barriers to achieve a higher gain than
G813. With this approach in mind, a three-well design labeled G936
was explored.
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FIG. 3. (a) Probability density functions of
subband states in a THz QCL with two
injectors and direct phonon depopulation.
(b) Anticrossing graph for G936. The
growth parameters starting from the injec-
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region with ngp=1.7 x 107 cm~. The
number of modules is chosen for ~10 um
of the active region. (c) Comparing experi-
mentally measured Jy, — T between
G813 and G936 and Jmax — T for G936
as inset. Both designs have a lasing fre-
quency of ~4 THz.
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The anticrossing graph for G936 is shown in Fig. 3(b). The
Jin — T with Jpax — T as inset for G936 is plotted in Fig. 3(c).
G936 achieved approximately the same Jy, as G813, and reached
Tmax = 235K, the highest reported Ti,. for a three-well scheme to
this date (previously 200 K™). However, the J;, — T shows a faster
increase compared to G813. The drop of J.x — T suggests that this
design is lifetime limited, and the higher increasing rate of J, — T sug-
gests thermal leakage. Further exploration is needed to investigate the
impact of possible parasitic channels such as [p,) that has a smaller
energy separation (~30meV) with injector doublet [Fig. 3(a)] than
that in G813. More importantly, a systematic study is required to
investigate if a reduction in IFR scattering in three-well schemes with
reduced barrier composition (such as 25%) can offer advantages com-
pared to the two-well schemes with barriers > 30%.

In conclusion, we achieved Tyx= 261K for THz quantum cas-
cade lasers. To further improve the temperature performance, opti-
mizing the growth conditions to reduce defects at the interface might
be necessary, given the requirement for higher barrier compositions to
suppress parasitic channels.

See the supplementary material for a comprehensive overview of
the non-equilibrium green function model; tradeoffs in the direct pho-
non depopulation scheme; the gain optimization procedure; the effect of
the doping profile; molecular beam epitaxy (MBE) growth; characteriza-
tion methods; and twelve figures and two tables for reference, crucial for
fully comprehending the content and scope of the main manuscript.
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