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ABSTRACT

We present a so-called “split-well direct-phonon” active region design for terahertz quantum cascade lasers (THz-QCLs). Lasers based on
this scheme profit from both elimination of high-lying parasitic bound states and resonant-depopulation of the lower laser level. Negative dif-
ferential resistance is observed at room temperature, which indicates that each module behaves as a clean 3-level system. We further use this
design to investigate the impact of temperature on the dephasing time of GaAs/AlGaAs THz-QCLs.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5089854

The highest temperature reported for a pulsed operation of tera-
hertz quantum cascade lasers (THz-QCLs) is �200K.1 The major
physical mechanism that limits the operating temperatures of THz-
QCLs with the standard spatially vertical optical transition scheme is
identified as the nonradiative thermally activated LO-phonon scatter-
ing from the upper to the lower laser level (LLL).2 A strategy to coun-
teract the temperature degradation of THz-QCLs is to reduce the
thermally activated LO-phonon scattering rate by using spatially diag-
onal optical transitions.3,4 Besides the LO-phonon scattering channel,
THz-QCLs also suffer from thermally activated leakage of charge car-
riers into the continuum5 or excited bound states.6,7 Additional poten-
tial limiting mechanisms for the performance of THz-QCLs are
thermal backfilling8 and line broadening.9

In both resonant-phonon (RP)10,11 and direct-phonon two-well
(TW) schemes,12,13 the phonon well is the widest in the structure. As
such, a higher level in this well is not far above the upper laser level
(ULL), so it provides a leakage channel at high temperatures. In order
to suppress this leakage channel, we used a narrower phonon well,6,14

which resulted in an energy separation of the lower laser level (LLL)
and the ground state larger than the LO-phonon energy. This devia-
tion from the resonance slows down the depopulation of the LLL.6,14

Here, we suggest and experimentally demonstrate a split-well
direct-phonon (SWDP) scheme for THz-QCLs. A similar approach
based on the RP-scheme was exploited in Refs. 15–17. As a result of
this scheme, the lasers benefit from a more flexible design and an effi-
cient isolation of laser levels from excited and continuum states. A

clean three-level system, that is, most of the electrons reside in the
three lowest subbands even at elevated temperatures, is achieved as
indicated by the negative differential resistance (NDR) behavior at
room temperature. Due to the enhanced flexibility in the design, these
schemes serve as a good platform to study the mechanisms that govern
the temperature performance of THz-QCLs.

In our scheme (Fig. 1), we use an intrawell thin barrier to con-
trol the energy splitting between the LLL (level 2 in the scheme)
and the ground state (level 1 in the scheme). By adjusting the thick-
ness of the intrawell barrier, we can change the energy separation to
be the exact LO-phonon energy (E21¼ 36meV), enabling the fast-
est LO-phonon scattering rate depopulating the LLL. Additionally,
the large interface roughness (IFR) scattering in our design may
assist in depopulating the LLL even faster.18–21 In previous
designs,6,14 we used thinner wells in order to push the excited states
to higher energies that resulted in a trade-off—i.e., larger than the
LO-phonon energy splitting (E21¼ 55meV)—which resulted in a
longer LLL lifetime. In the design presented here, due to the thick-
ness adjustability of the intrawell barrier, we push the excited states
to higher energies while keeping the resonant LO-phonon scatter-
ing condition of E21¼ 36meV. In general, negative effects of
slow LLL depopulation on the laser performance are evidenced for
THz-QCLs in several works,6,14,22–24 justifying the need to keep the
fastest possible LLL depopulation rate.

As can be seen in Fig. 1, the structure is based on three subbands
in each module (all other levels are considered parasitic), where the
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LLL (level 2 in the scheme) and the injector level of the following mod-
ule (level 1 in the scheme) are aligned to form a direct phonon scatter-
ing scheme similar to that of the TW scheme.8,12,13 One motivation
for the new design here is to keep the direct-phonon scheme, which
has several advantages over RP structures. It has very fast depopulation
of the LLL solely by LO-phonon scattering (no resonant tunneling is
involved), and is less sensitive to the misalignment of the laser levels
due to the Poisson effect.14,25 Additionally, the extra barrier of the
SWDP further reduces carrier leakage channels, including (nonther-
mally activated) intermodule leakage.

Here, we investigate diagonal (f � 0.25) SWDP THz-QCLs with
mixed potential barriers. The THz-QCL scheme of this study contains
Al0.55Ga0.45As injection barriers (nominally pure AlAs barriers), and
the rest of barriers are with the standard composition of 15%

aluminum, i.e., Al0.15Ga0.85As (Fig. 1). The carrier density per cascade
is�3� 1010 cm�2 and the MBE wafer is labeled VB0837. More details
regarding the design, fabrication details, and device parameters can be
found in Tables I and II.

Devices fabricated from VB0837 demonstrate a relatively high max-
imum operating temperature of Tmax � 170K (Fig. 2). The energy
scheme in Fig. 1 shows that the three active subbands (levels 1–3) are
well separated from excited states (level 7 and above). The first excited
state (level 7) above the ULL (level 3) is spatially located in the next neigh-
boring quantum well and energetically located about�73meV above the
ULL. As indicated visually by the scheme in Fig. 1, the spatial overlap of
this excited state with the ULL is quite low. In addition, the first excited
state (level 7) is also energetically positioned above the ULL of the second
module (level 6) in the higher energy side of the scheme (“module iþ1”).
This suggests that nonthermally activated carrier leakage channels,
including intermodule leakage, are further reduced in these structures as
compared to the more standard designs in two-well structures.14 A lasing
frequency of �2.4THz was observed (Fig. 2 inset) with respect to the
designed lasing value of �3.65THz. The device includes mixed barriers
with a nominally thin AlAs injection barrier. If, instead of using ideally
pure AlAs injection barriers, we assume the more realistic case of having
de-facto wider AlGaAs barriers with a reduced aluminum composition,
and consequently lower band edge discontinuity (Al0.55Ga0.45As barriers);
in fact, we can calculate the measured laser emission frequency of
�2.4THz. This therefore suggests that some amount of Ga-Al intermix-
ing has to be present in the structure, reducing the conduction band of
the nominally thin AlAs barriers. In the following, we work with the cor-
rected (in the sense described before and also given in Tables I and II) val-
ues for layer thicknesses and conduction band offsets.

A relatively large interface roughness (IFR)-induced gain broad-
ening is calculated for the SWDP design (Table II). However, the
encouraging experimental result of Tmax � 170K demonstrates the
potential of these structures.

In Fig. 3, the I-V curves show clean NDR behavior at low and
room temperatures, indicating an effective isolation of the active three

FIG. 1. Band diagram of two sequential periods termed “module i” (left, marked by
a dashed-dotted box) and module iþ1 (right) of the SWDP THz-QCLs with mixed
barriers: Al0.55Ga0.45As injection barrier (nominally pure AlAs barrier) and
Al0.15Ga0.85As radiative and intrawell barriers, corresponding to the energy levels of
device VB0837 with a doping level of �3� 1010 cm�2. More details regarding the
design and the device parameters can be found in Tables I and II.

TABLE I. Main nominal design parameters and device data.

Device

Lasing
energy
[meV]

E21
[meV]

Oscillator
strength

Nom. expected
activation

energy [meV]
E47

[meV]

Layer sequence
[#MLa], barrier composition,

and doping level Process details

Device VB0837
(Fig. 1)b

11.1 34.5 0.26 24.9 72.5 9.0/24.8/3.5/24.8/17.3/24.8
353 periods

Total thickness 10 lm
GaAs/mixed barriers

Metal-metal (100 Å Ta/2500 Å
Au)

Al0.55Ga0.45As (Inj.) and
Al0.15Ga0.85As (Rad., Intraw.)

Top contact nþ layer was
removed and the bottom contact
is 50 nm thick GaAs with a dop-

ing of 5 � 1018 cm�3

2.13 � 1016 cm�3 in the 24.8 ML
wells (2.98� 1010 cm�2).

Dry etched
Mesa size 150 lm � 1.8mm

a#ML stands for the number of monolayers, where the “AlGaAs” barriers are given in “bold” and “bold-italics” (Injector barrier), and the GaAs wells in Roman; the doped layer in
the sequence is underlined, and the barriers’ composition and doping details are elaborated in the following lines.
bThese calculations were conducted with an Al0.55Ga0.45As injection barrier (and not the nominal pure AlAs barrier) in order to take into account the effect of intermixing between
the AlAs injection barrier and the neighboring layers. Specifically, here, we take into account an averaged aluminum composition over a width that includes the AlAs width and the
additional two monolayers on each side of the AlAs barrier.
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laser states from excited and continuum states. The current of the
higher-voltage side of the data decreases as the temperature increases.
Specifically, the maximum current (Jmax) decreases as the temperature
increases even above the maximum lasing temperature, which cannot
be explained by a decrease in the stimulated emission rate as in Ref.
26. The current of the lower voltage side of the data increases as the
temperature increases. Both features will be explained later by
increased level broadening, due to an increase in the dephasing rate as
the temperature increases.

In Fig. 4(a), we present the threshold current vs temperature
curve of the device with a relatively high characteristic temperature To
� 310K. In Fig. 4(b), we analyzed the light output power (Pout) vs
temperature data. Activation energies (Ea) were extracted from the
best fit to the data using Arrhenius plots according to the method in

Ref. 2 using the formula ln 1� Pout Tð Þ
Poutmax

� �
� ln að Þ � Ea

kT, where a is a

constant. We were able to extract a reasonable activation energy value
for devices fabricated from VB0837 when ignoring the data for low
temperatures and close to Tmax. The data and values are presented in
Fig. 4(b). The smoothness of the curve in the temperature range that
was used for extraction justifies the validity of our procedure. In addi-
tion to output power, we also analyzed the current dynamic range
(DJd) dependence on temperature. Activation energies for the current

dynamic range DJd ¼(Jmax � JthÞ were extracted from the best fit

to the data using Arrhenius plots according to ln 1� DJd Tð Þ
DJdmax

� �

� ln bð Þ � Ea
kT, where b is a constant, similar to the procedure for the

output power. The coincidence of the temperature dependence of DJd
and Pout(T) (below Tmax) suggests that both the transport and emis-
sion processes are influenced by the same dynamics: stimulated emis-
sion within a module, and therefore intermodule leakage does not
contribute significantly to the current density.

The experimental activation energy presented in Fig. 4(b)
(�26meV) is the expected value for thermally activated LO-phonon
scattering, i.e., ELO � h�. This result indicates an effective suppression
of thermally activated leakage channels through excited states. Similar
values are observed for both the lasing output power and the current
dynamic range. Interestingly, the current dynamic range dependence
on temperature data shows a smoother behavior and higher accuracy
in the activation energy value than the data on the output power.
The high temperature part of the data omitted from the fit of the
lasing output power is attributed to the unstable laser transport char-
acteristics at temperatures close to Tmax. The somewhat “noisy” behav-
ior of the measured L vs I characteristics in Fig. 2 at low temperatures
and the lower slope in Fig. 4(b) at low temperatures are probably
related to the high excess temperature of electrons below 100K (the
electron temperature is higher than the lattice temperature below
100K).2,25

In Fig. 5, we plot Jmax vs T all the way up to room tempera-
ture, which shows an interesting nonmonotonic behavior. In clean
three-level devices, the temperature dependence of Jmax provides
important information. Transport through the injector barrier is
described by the Kazarinov-Suris27 formula for tunneling involving
dephasing

J ¼ eN �
2X2sk

4X2ssk þ x2
21s

2
k þ 1

; (1)

where X is the coupling between the injector and the ULL subbands
across the barrier, s is the ULL lifetime, sk is the decoherence (dephas-
ing) time between the injector and the ULL subbands, and x21 is the
energy misalignment between the two. Equation (1) describes a
Lorentzian centered at x21 ¼ 0, with a width proportional toffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4X2ssk þ 1
q

. The maximum current (Jmax) is then given by

TABLE II. Device parameters and performance.

Device

Injection
coupling

2�hXij
� �

[meV]

Design
electric field
[kV/cm]

s0ul
[ps]a

s021
[ps]b

IFR gain
broadening
[meV]c

Lasing
energy
[meV]

Expected
activation
energy
[meV]

Jth (10K)
[A/cm2]

Jmax (10K)
[A/cm2]

Dynamic
range (10K)
[A/cm2]

Jmax

(290K)
[A/cm2]

Tmax

[K]

Device VB0837
(Fig. 1)d

2.08 16.5 1.21 0.18 4.37 10.05 25.5 578 928 350 750 170

aULL to LLL raw LO-phonon scattering time.
bLLL (level 2) to injector (level 1) LO-phonon scattering time.
cCalculated according to Ref. 21.
dThese calculations were conducted with an Al0.55Ga0.45As injection barrier (and not the nominal pure AlAs barrier) in order to take into account the effect of intermixing between
the AlAs injection barrier and the neighboring layers. Specifically, here, we take into account an averaged aluminum composition over a width that includes the AlAs width and the
additional two monolayers on each side of the AlAs barrier.

FIG. 2. Pulsed light-current measurements of device VB0837. More details on the
structure can be found in Tables I and II and Fig. 1.
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Jðx21 ¼ 0Þ ¼ Jmax ¼ eN � 2X2sk
4X2sskþ1

. Transport limited by resonant

tunneling (week-coupling regime) corresponds to the case where s
� 1

4X2sk
and Jmax ¼ 2eNX2sk, whereas the lifetime-limited transport

(strong-coupling regime) corresponds to the opposite case s� 1
4X2sk

and Jmax ¼ eN
2s .

26,28 In the latter regime—to which highly diagonal
designs belong—stimulated emission can affect the transport due to
the reduction of the ULL lifetime. As a consequence, for the maximum
current density prior to the onset of NDR, Jmax will decrease with tem-
perature below Tmax since Jmax � 1

s � 1
sst
. The decreasing Jmax reflects

the reduction of the dynamic range as the temperature increases.
When the lasing ceases above Tmax, the maximum current will start to
increase since Jmax � 1

s � 1
snr
, and the ULL lifetime is now dominated

by the nonradiative lifetime snr that decreses with the temperature.
This behavior will continue up to the point where the current becomes
limited by resonant tunneling (transition to the weak-coupling
regime), where Jmax will again decrease with T since now Jmax � sk,
and sk, the decoherence time between the injector and the ULL,
decreases as the temperature increases. The identification and analysis
of these three regions, i.e., (1) a strong-coupling regime under lasing
conditions (T < Tmax) in which s is strongly influenced by stimulated
emission, (2) a strong-coupling regime under nonlasing conditions

(T>Tmax), and (3) a weak-coupling regime, will shed some light on
the behavior of our three-level system.

The results of the maximum current Jmax vs temperature in Fig. 5
clearly identify the three regions defined above. For clearer identifica-
tion of the regions described above, we mark the regions and Tmax by
a black arrow. From the decrease of Jmax, as the temperature increases
up to Tmax�170K (region 1), it is clear that the transport under lasing
is limited by the ULL lifetime. Above Tmax, when the device stops to
lase, the ULL-lifetime limited behavior continues as indicated by a
slight increase in Jmax as the temperature increases up to a temperature
of �190K (region 2). Above this temperature (�190K), Jmax starts to
decrease again as the temperature increases. This decreasing Jmax is an
indication of transport limited by resonant tunneling, in which the
dephasing time decreases (and line broadens) as the temperature
increases (region 3). This analysis shows experimentally that the
dephasing time and the line broadening become more significant at
high temperatures, consistent with earlier theoretical works,9 which
were previously accessible only by simulations.9,21,29–31 For better per-
formance, in future designs, one may increase the coupling strength of
the injector and the ULL to widen the temperature range of the ULL-
lifetime limited behavior (strong-coupling regime) to higher

FIG. 4. (a) Threshold current vs tempera-
ture of device VB0837. (b) Activation
energy extracted from the laser’s maxi-
mum output power (Pmax) vs temperature
data (red squares) and the current
dynamic range DJd¼ (Jmax – Jth) vs tem-
perature data (blue circles) for device
VB0837.

FIG. 3. Current-voltage curves of device VB0837 at low, around maximum operat-
ing, and room temperatures. The measured maximum operating (lasing) tempera-
ture (170 K) is indicated.

FIG. 5. Maximum current densities vs temperature of device VB0837 are given in
blue circles. The three regions are defined in the text and the maximum operating
temperatures Tmax, (black arrow) are marked.
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temperatures, in order to facilitate an effective tunneling injection at
elevated temperatures.

In conclusion, we experimentally demonstrate a split-well direct-
phonon (SWDP) scheme for THz-QCLs, which allows more flexible
control of the carrier dynamics and efficient isolation of these laser lev-
els from excited and continuum states. By keeping the depopulation of
the LLL at the resonance, the design allowed us to investigate the effect
of temperature on the dephasing time and the line broadening.
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