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The mechanisms that limit the temperature performance of diagonal GaAs/Al0.15GaAs0.85-based

terahertz quantum cascade lasers (THz-QCLs) have been identified as thermally activated leakage

of charge carriers through excited states into the continuum. THz-QCLs with energetically higher-

laying excited states supported by sufficiently high barriers aim to eliminate these leakage mecha-

nisms and lead to improved temperature performance. Although suppression of thermally activated

carrier leakage was realized in a three-well THz-QCL based on a resonant-phonon scheme, no

improvement in the temperature performance was reported thus far. Here, we report a major

improvement in the temperature performance of a two-quantum-well direct-phonon THz-QCL

structure. We show that the improved laser performance is due to the suppression of the thermally

activated carrier leakage into the continuum with the increase in the injection barrier height.

Moreover, we demonstrate that high-barrier two-well structures can support a clean three-level

laser system at elevated temperatures, which opens the opportunity to achieve temperature perfor-

mance beyond the state-of-the-art. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4996567]

The maximum operating temperature (Tmax) reported so

far for a pulsed operation of terahertz quantum cascade lasers

(THz-QCLs) is �200 K.1 For THz-QCLs based on spatially

vertical transitions, the major physical mechanism that limits

Tmax was identified as thermally activated LO-phonon scat-

tering from the upper to the lower laser level.2 A strategy for

counteracting the temperature degradation of THz-QCLs is

to reduce the thermally activated LO-phonon scattering by

using diagonal structures.3

In previous studies, we investigated potential mechanisms

that limit the temperature performance of diagonal THz-QCLs

and identified that thermally activated leakage of charge car-

riers into the continuum4 or into excited bound states5–7

reduces the upper laser level lifetime. Structures with widely

separated higher-laying excited states enabled by using high

barriers were implemented to reduce the adverse effects of

these mechanisms. The suppression of those leakage channels

in a resonant-phonon scheme was demonstrated7—as indicated

by the observation of negative differential resistance (NDR) at

room temperature as well as a similar current-voltage curve to

those of low temperatures. However, no improvement in the

temperature performance was observed.

Here, we report on a significant improvement of the

temperature performance of the direct-phonon two-well

(TW) THz-QCL structure by increasing the injection barrier

height. Our analysis indicates that the improvement in tem-

perature performance is due to the suppression of thermally

activated carrier leakage into the continuum through the first

excited resonant state. Moreover, we experimentally demon-

strate that the high-barrier two-well structure can support a

clean three-level laser system, that is, most of the electrons

reside in the three lowest subbands even at elevated tempera-

tures. This development opens an opportunity to achieve

temperature performance beyond the state-of-the-art.

TW-THz-QCLs8,9 have several advantages over resonant-

phonon structures, which require at least three quantum wells.

It has very fast depopulation of the lower laser level (LLL)

solely by a LO-phonon scattering, and it is less sensitive to

misalignment of the laser levels due to the Poison effect.10

However, its reduced number of barriers also increases various

carrier leakage channels, including (non-thermally activated)

inter-module leakage.

In this study, we investigate a moderately diagonal (f
� 0.5) two-well THz-QCL similar to that of Ref. 8 with an

increased injection barrier height (device HB1, MBE wafer

VA0869) and compare its temperature performance with a

reference device (device LB1, MBE wafer VB0227). Device

HB1 is designed to have similar parameters to device LB1 but

with the injection barrier height increased by �110–130 meV

with a higher Al concentration (30%). The notations “LB” and

“HB” stand for “low barriers” and “high barriers,” respec-

tively, i.e., barriers with the standard composition of 15% alu-

minum and with a higher composition of 30% aluminum.

More details on these devices are summarized in Figs. 1(a) and

1(c), Tables I and II.

The band structure, pulsed light-current (L-I) measure-

ments, and lasing spectra of devices HB1 and LB1 are shown

in Fig. 1. As evidenced from the experimental data, Tmax

improved significantly (by �52 K, from �121 K to �173 K)

in the device with the increased injection barrier height. In

order to understand the origin of this improvement, we ana-

lyze in-depth the measured characteristics of devices HB1

and LB1. The experimental results are presented in Figs.

1(b), 1(d), 2, and 3.a)asafalbo@gmail.com
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The immediate observation is the distinctive difference

between the deterioration of the output power of the two

devices with temperature. We analyzed the output power

dependence on temperature based on the method in Ref. 2.

The normalized maximum output power dependence on tem-

perature is presented in Fig. 2(a). The output power of device

LB1 starts to decrease at low temperatures around 50 K and

deteriorates at a relatively moderate rate. The output inten-

sity of device HB1 remains approximately constant up to

�130 K, but above that value, it drops sharply.

To identify the physical mechanisms underlying this

behavior, we extracted the activation energies from the

Arrhenius plots according to ln 1� Pout Tð Þ
Poutmax

� �
� ln að Þ � Ea

kT as

performed in Ref. 2, where Pout is the output power and a is

a constant. The experimental curves and activation energies

are presented in Fig. 2(b). A clear difference is observed

between devices HB1 and LB1. The activation energy of

device LB1 is extracted from the high-temperature end due

to the limited lasing temperature range of this device. This

FIG. 1. (a) Band diagram of two sequential periods termed module i (left,

marked by dashed box) and module iþ 1 (right) and (b) pulsed light–current

measurements for device HB1 (VA0869) with its lasing spectra (inset). (c)

Similar band diagram and (d) pulsed light–current measurements for device

LB1 (VB0227) with its lasing spectra (inset). Likely excited states that are

responsible for the temperature degradation are marked.

TABLE I. Main design parameters and device data.

Device

Design name

(wafer number)

Lasing

energy

[meV]

E21

[meV]

Oscillator

strength

Expected activation

energy [meV] for

LO-phonon scattering

Layer sequence [#MLa], barrier

composition, and doping level Process detailsb

LB1 TW246 (VB0227) 20 37 0.52 16 20.1/25.1/10.9/58.9 246 periods

(total thickness of �8 lm)

MM (100 Å Ta/2500 Å Au and

100 Å Ta/3000 Å Au)

GaAs/Al0.15Ga0.85As 1.3� 1016

cm�3 in the 58.9 ML well

(2.2� 1010 cm�2).

Top contact nþ layer was

removed

Dry Etched

HB1 TW314K-M7 (VA0869) 20 36 0.53 16 11.3/28.7/9.6/63 314 periods

(total thickness of �10 lm)

MM (100 Å Ta/2500 Å Au and

100 Å Ta/3000 Å Au)

GaAs/mixed barriers

Al0.3Ga0.7As (Inj.) and

Al0.15Ga0.85As (Rad.)

Top contact nþ layer was

removed

Dry Etched

1.3� 1016 cm�3 in the 63 ML

well (2.3� 1010 cm�2)

HB2 TW354K-M3 (VB0747) 16 55 0.18 20 13.5/25.5/11.0/50.2 354 periods

(total thickness of �10 lm)

MM (100 Å Ta/2500 Å Au and

100 Å Ta/3000 Å Au)

GaAs/Al0.3Ga0.7As

1.26� 1017 cm�3 in the centered

17 ML of the 50.2 ML well

(6.0� 1010 cm�2)

Top contact nþ layer was

removed

Dry Etched

aIn the layer sequence column, the #ML stands for the number of monolayers, where the AlGaAs barriers in bold and the GaAs wells in roman, the doped layer

in the sequence is underscored and the barriers’ composition and doping details are elaborated in the following lines.
bIn the process details column: the MM stands for the metal-metal waveguide, where in the following brackets are the metal sequence used for the bottom and

top metallization, respectively (the metallization of the receptor nþ layer is the same as the bottom metalization). In the lower line, the type of the etching

method used in the process is mentioned.

TABLE II. Device parameters and performance.

Device

Design name

(wafer number)

Injection couplinga

2�hXijð Þ ð meV)

Design electric

field (kV/cm)

s0
ul

(ps)b

s0
21

(ps)c

s0
31

(ps)d

Lasing energy

(meV)

Jth(10K)

(A/cm2)

Jmax(10K)

(A/cm2)

Dynamic Range

(10K) (A/cm2)

Tmax

(K)

LB1 TW246 (VB0227) 1.96 17.5 1.02 0.19 4.2 20 336 981 645 121

HB1 TW314K-M7 (VA0869) 2.00 17.6 0.97 0.16 3.8 17 660 1243 583 173

HB2 TW354K-M3 (VB0747) 2.13 24.8 1.94 0.41 14.2 11 924 1106 182 134

aThe injection coupling values correspond to our standard values for resonant phonon designs.
bULL to LLL raw LO-phonon scattering time.
cLLL (level 2) to Injector (level 1) LO-phonon scattering time.
dULL (level 3) to Injector (level 1) LO-phonon scattering time.
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approach is valid based on our previous studies2,4,7 and the

consistency of the entire experimental results. The extracted

activation energy value of device LB1, �35 meV, suggests

that carrier leakage into the continuum through the first

excited state [level 4 of module i or 5 and 6 module iþ 1 in

Fig. 1(c)] is likely responsible for the temperature degrada-

tion, in agreement with Ref. 4. Based on earlier studies, we

exclude thermal backfilling as a major factor at temperatures

below �140 K (see, for example, Ref. 11). For the device

HB1, the exponential behavior of the normalized power drop

is clearly seen over a two-decade span accompanied by a sig-

nificantly higher activation energy of �117 meV, validating

our approach.

The activation energy value of device LB1 suggests that

thermal excitation of carriers occurs for states located ener-

getically near the top of barriers. Such resonances undergo

strong interactions with the continuum and thus have signifi-

cant broadening,12,13 which results in a very fast escape into

the continuum. Consequently, once this leakage channel

becomes energetically allowed at high temperatures, the

deterioration will be very fast. In structure HB1, however,

this leakage channel into the continuum is suppressed by the

increased barrier height which reduces the interaction of this

excited state with the continuum and slows down the escape

rate. Accordingly, based on the above experimental results,

our interpretation is that the main limiting mechanism for

device HB1 is the thermally activated leakage through higher

laying excited bound states located �117 meV above the

upper laser level (ULL) [levels 5–7 of module i or 8–9 of

module iþ 1 in Fig. 1(a)].

To further verify our interpretation, we investigated the

behavior of the threshold current density and the current–

voltage (I–V) curves of both devices. Figure 2(c) shows the

threshold current density, Jth, dependence on temperature.

For device HB1, Jth rises exponentially at high temperature

and its behavior can be well characterized by the standard

model of Jth(T)¼ JoeT/To with To� 141 K. For device

LB1, however, the exponential behavior only occurs at tem-

peratures not too close to Tmax, with To� 143 K, whereas at

temperatures near Tmax a super-exponential rise is observed

and Jth rises sharply. Based on our previous studies,4 this

super-exponential rise in the threshold current is a telltale

sign for the onset of the leakage into the continuum, which

significantly reduces the ULL lifetime at high temperatures.

These results are consistent with those of Ref. 4 and support

the interpretation of the relaxation mechanism based on the

activation energies presented above. The increased low-

temperature threshold current of device HB1 is attributed to

effects of the increased injection barrier height and alumi-

num composition.

The I–V curves of these devices are presented in

Figs. 3(a) and 3(b) at low temperature and at maximum las-

ing temperatures, i.e., at �10 K and �173 K and �120 K for

devices HB1 and LB1, respectively. The observation of an

NDR behavior at the maximum operating temperature of

device HB1 indicates an effective suppression of the leakage

into the continuum in device HB1. Slightly above the maxi-

mum lasing temperature the NDR behavior disappears,

which implies that excitation of carriers into higher lying

levels limits this structure’s temperature performance. In

device LB1, the NDR behavior is totally wiped out even at

temperatures lower than its maximum lasing temperature,

which indicates that a parallel leakage channel dominates the

transport, limiting the temperature performance and affecting

the device characteristics already below that temperature.

These findings further validate the interpretation that the lim-

iting mechanism in device HB1 is the thermal excitation of

carriers into higher lying states, and in device LB1, it is the

thermal escape of carriers into the continuum through broad-

ened excited resonance states. Furthermore, this is the first

report of a performance improvement of a THz-QCL by

using barriers with Al composition higher than 15%7 and by

using variable barrier heights.14 This also indicates that the

growth technique is highly accurate and well controlled.

Motivated by the significant improvement of the temper-

ature performance, we explored whether an isolation of a

three-level system (except the resonant tunneling between

adjacent modules) can be achieved with the TW scheme

even at room temperature; by this, we mean that electrons

only occupy the lowest three bound states. For this purpose,

FIG. 2. (a) Normalized output light intensity versus temperature and (b)

semi-logarithmic plots of ð1� Pout Tð Þ
Poutmax

Þ with fittings (dashed lines) and activa-

tion energy values. The reduced acuracy in the low temperature output

power data of device LB1 [as being extracted from the fluctuating low tem-

perature curves in Fig. 1(d)] is insignificant to the activation energy value,

which being extracted from the high temperature side of the data. (c)

Threshold current densities versus temperature with T0 values (and data

marked for extraction with extrapolation).

FIG. 3. Measured current–voltage curves at low temperature �10 K (red

dashed lines) and maximum operating (blue solid lines) for devices HB1 (a)

and LB1 (b).
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we designed another high-barrier TW structure (HB2, Fig. 4,

Tables I and II) with thinner wells and all barriers with 30%

aluminum composition, in order to further push the excited

states to higher energies. Resonant leakage channels to next

module states were also minimized by the additional higher

barrier. The structure was designed with a highly diagonal

(f� 0.18) optical transition, and its doping was increased to

compensate for the reduced gain.15 Device HB2 demon-

strates lasing with the lowest oscillator strength so far

reported for THz-QCLs (f� 0.18). The previously reported

lowest oscillator strength value is f� 0.19.16

The I–V curves of device HB2 are presented in Fig. 5(a)

at low, maximum lasing, and room temperatures, i.e.,

�10 K, �134 K, and �290 K, respectively. Clear NDR

behavior is observed all the way to room temperature, indi-

cating that no significant leakage through excited states is

present. Device HB2 lased at �2.6 THz [Fig. 5(b) inset]. The

pulsed L-I measurements [Fig. 5(b)] are linear without any

saturation effects which suggest an elimination of inter-

module leakage channels by the increased barrier heights.

For comparison, see the low temperature saturated output

powers (sublinear L-I) of devices LB1 and HB1 in Figs. 1(b)

and 1(d) that result from non-thermally activated inter-

module leakage.17 The experimental activation energy of

device HB2 (as extracted from the high-temperature side of

the data, where the electron temperature is efficiently cooled

down to the lattice temperature2) presented at Fig. 5(c)

(�25 meV) is the expected value for thermally activated LO-

phonon scattering, i.e., ELO � h�. This result indicates an

effective suppression of thermally activated leakage chan-

nels through excited states. The threshold current density,

Jth, of device HB2 presented at Fig. 5(d), rises exponen-

tially at high temperature and its behavior can be well char-

acterized by the standard model of Jth(T)¼ JoeT/To with

To� 502 K. The increased low temperature threshold cur-

rent is attributed to the higher doping and reduced oscillator

strength. Altogether, the experimental results indicate that

the three levels are effectively isolated from higher-lying

states, the whole structure forming a clean cascaded three-

level system.

Exploring further the Arrhenius plot of Fig. 5(c), we

identify another activation energy at the low temperature

side of the data, i.e., �6 meV. We speculate that this change

in the slope is related to the cooling of electrons. At high

temperatures, where the ULL temperature approaches the

lattice temperature, we measure an activation energy value

that corresponds to the ULL to LLL thermally activated LO-

phonon scattering. However, the low temperature value is

not the real physical activation energy simply because, at

low temperatures, electrons at the ULL are much hotter than

the lattice. Including a characteristic excess temperature of

�65 K in an Arrhenius plot presentation as a function of the

total electron temperature rather than the lattice one will

result in an activation barrier of �25 meV for the low tem-

perature data [Fig. 5(c) inset22], which is similar to what

extracted from the high temperature data with zero excess

electron temperature. We consider that the apparent smaller

slope gives a strong indication for an inefficient electron

cooling of the ULL at low temperatures (below �90 K) in

TW structures. Similar reduced slope behaviour is observed

for device HBD (VB0676) in Fig. 3(d) of Ref. 7, however,

only at temperatures below �60 K, which indicates a more

efficient electron cooling in three-well devices.

The limited Tmax�134 K of device HB2 is attributed to

line-broadening, caused by the large overlap of the active

states with the doping location, and to the low oscillator

strength. Additional detrimental effects that are related to the

thinner wells being used to push the excited states to higher

energy are the slower LLL depopulation due to the off-

resonance LO-phonon scattering7 and interface roughness

effects.18 Improved temperature performance can be

achieved with larger oscillator strength, as it is understood

that there may be an optimized range of diagonality for high-

temperature performance.15 The thermally activated upper-

to-lower state LO-phonon scattering time will be still longer

than 2 ps at room temperatures even with f� 0.5, which

FIG. 4. Band diagram of two sequential periods for device HB2 (VB0747).

The excited state that was identified in device HB1 responsible for the tem-

perature degradation was pushed to higher energy.

FIG. 5. Device HB2: (a) Measured current–voltage curves at low temperature

�10 K (red dashed lines), maximum lasing (blue solid line), and room tem-

perature (green dotted line). (b) Pulsed light–current measurements and lasing

spectrum (inset) recorded at the maximum current �1100 A/cm2 (right before

NDR). (c) Normalized output light intensity versus temperature in semi-

logarithmic plots of ð1� Pout Tð Þ
Poutmax

Þ with fits (dashed lines) and activation energy

values. The low-temperature data (below 100 K) demonstrate effectively

lower activation energy (�6 meV, green dashed line) due to significant excess

electron temperature at that temperature range.2 Including a characteristic

excess temperature of �65 K in an Arrhenius plot presentation as a function

of the total electron temperature rather than the lattice one results in an activa-

tion barrier of �25 meV for the low-temperature data (inset), similarly to the

high-temperature data with zero excess electron temperature [black dotted

line in Fig. 5(c)]. (d) Measured threshold current density versus heat sink tem-

perature with T0 value (and data marked for extraction with extrapolation).

111107-4 Albo et al. Appl. Phys. Lett. 111, 111107 (2017)



compares favorably to the calculated �0.4-ps extraction

time for the direct-phonon depopulation scheme of device

HB2. Further improvement could be made if in addition to

increasing the energy separation from the excited states one

may be able to further reduce the wavefunction overlap with

these states.19–21

Furthermore, device HB2 is a TW version of device

VB0743 of Ref. 7. Comparing the temperature performance

of device HB2 (Tmax� 134 K) with a reference VB0743

device (Tmax� 151 K)—a similar VB0743 device to that of

Ref. 7 but with the equivalent fabrication process quality to

that of device HB2—we identify reduced laser performance

for device HB2 that is attributed to the increased overlap of

the doped region with the active laser states in the TW

scheme. Pushing the doped region further away from the

active laser states of the TW scheme should result in addi-

tional improvement of the laser performance.

In conclusion, we have studied the temperature perfor-

mance of two-well THz-QCLs with increased injection

barrier height in comparison to a reference device. We

have observed improved temperature performance in the

high-barrier device that is attributed to the elimination of

the carrier leakage into the continuum. Moreover, we have

demonstrated a clean three-level system based on the two-

well scheme. We further point to the direction for further

improvement: increasing the active region gain through

minimizing gain broadening effects and optimizing the

oscillator strength value.
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