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Abstract
We report on terahertz (THz) quantum-cascade lasers (QCLs) based on GaAs/AlAs
heterostructures, which exhibit single-mode emission at 3.360, 3.921, and 4.745 THz. These
frequencies are in close correspondence to fine-structure transitions of Al atoms, N+ ions, and
O atoms, respectively. Due to the low electrical pump power of these THz QCLs, they can be
operated in a mechanical cryocooler in continuous-wave mode, while a sufficient intrinsic
tuning range of more than 5GHz is maintained. The single-mode operation and the intrinsic
tuning range of these THz QCLs allow for the application of these lasers as radiation sources for
high-resolution absorption spectroscopy to determine the absolute densities of Al atoms, N+

ions, and O atoms in plasmas.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Quantum-cascade lasers (QCLs) are excellent sources for
high-resolution spectroscopy in the terahertz (THz) spec-
tral region [1–8]. Presently, compact sources emitting at
3.360, 3.551, 3.921, and 4.745 THz are of particular interest
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in astronomy and plasma science for the detection and
investigation of aluminum atoms [9], hydroxyl radicals [10],
nitrogen ions [11], and oxygen atoms [12], respectively.
For example, the 1F5/2← 1F7/2 rotational transition of the
hydroxyl radical at 3.5512 THz and the 3P1← 3P2 fine-
structure transition of neutral atomic oxygen at 4.7448 THz
play an important role in the research of the Earth’s atmo-
sphere [13–15]. In addition, atomic oxygen also exists in
interstellar media. For atmospheric research and astronomy,
heterodyne spectrometers are usually employed [16], while
absorption spectroscopy is used in plasma science [17, 18]. For
both applications, the QCLs have to be operated in continuous-
wave (cw) mode exhibiting a single mode with an output
power of at least 1mW at the target frequency. Furthermore,
the QCLs should exhibit an intrinsic tuning range of at least

1361-6641/23/035003+6$33.00 Printed in the UK 1 © 2023 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/1361-6641/acb1cd
https://orcid.org/0000-0001-7169-7771
https://orcid.org/0000-0003-4356-5741
https://orcid.org/0000-0003-4804-0784
https://orcid.org/0000-0003-2035-9099
https://orcid.org/0000-0002-4161-205X
https://orcid.org/0000-0001-8925-2607
https://orcid.org/0000-0002-0910-9163
https://orcid.org/0000-0001-5451-3950
mailto:lue@pdi-berlin.de
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6641/acb1cd&domain=pdf&date_stamp=2023-1-25
https://creativecommons.org/licenses/by/4.0/


Semicond. Sci. Technol. 38 (2023) 035003 X Lü et al

5GHz. Since THz QCLs have to be operated under cryogenic
conditions and their output power decreases with increasing
operating temperature, a practical operating temperature Tpo
is defined as the highest operating temperature with an output
power of at least 1mW [19]. According to the cooling capacity
of typical coolant-free systems at temperatures between 50 and
60K, an electrical pump power Ppump (the product of the driv-
ing current and the voltage) of less than a few watts is required
for practical applications. At the same time, the realization of
a QCL emitting at a specific target frequency is challenging,
since the gain maxima have to be sufficiently close to the tar-
get frequencies and the laser bars have to be precisely cleaved
to the correct length in order to achieve the exact frequencies.

Up to now, astrophysical applications using THz QCLs
mainly focus on the local oscillator at 4.745 THz. There
are two strategies to realize QCLs emitting at 4.745 THz.
In strategy I, the active region is based on a relatively
straightforward resonant-phonon design [20], but the laser
cavity requires sophisticated engineering using metal–metal
waveguides, lateral distributed-feedback gratings, and antenna
coupling. Kloosterman et al [21] reported a local oscillator at
4.741 THz using a third-order distributed-feedback QCL. At
10K, the cw output power was 0.25mW using Ppump ≈ 0.7W.
At 77K, the tuning range was 3GHz. Bosco et al [22] reported
on a 4.745 THzQCL using a patch-array antenna together with
a first-order lateral distributed-feedback grating. At 10K, the
cw output power amounted to 1.0mW using Ppump ≈ 1.6W
with a 3GHz tuning range. Khalatpour et al [23, 24]
reported on an array of 18 unidirectional antenna-coupled
third-order distributed-feedback QCLs for the local oscil-
lator at 4.745 THz of the Galactic/Extra Ultra-Long-Duration
Balloon Spectroscopic-Stratospheric Terahertz Observatory
(GUSTO), which is based on a unidirectional wire laser. At
55K, the cw output power of one QCL in the array amounted
to more than 8mW using Ppump ≈ 2.2W with a 6GHz tuning
range. In strategy II, Fabry–Pérot resonators based on surface-
plasmon waveguides are employed, while a rather sophistic-
ated hybrid design is used for the active region, which com-
bines the advantages of the bound-to-continuum design and
the resonant-phonon design [25, 26]. Based on this strategy,
4.745 THz QCLs have been developed, which have been used
in the local oscillator for the German REceiver for Astronomy
at Terahertz frequencies (GREAT) heterodyne spectrometer
on the Stratospheric Observatory for Infrared Astronomy
(SOFIA) [27]. In one of the earlier missions, for example,
atomic oxygen was detected in the thermosphere of Mars [28,
29]. A recent, compact THz source based on a 4.745 THz QCL
provided up to 8mW output power with Ppump < 1.8W [30].
At 60K, the tuning range covers the frequency range from
−0.7 to +3.8GHz with respect to the atomic oxygen trans-
ition at 4.7448 THz.

For plasma science, the density of the atoms and ions of
interest is determined by evaluating the spectral profiles of the
respective high-resolution absorption features. In this config-
uration, the QCLs have to fulfill similar operating paramet-
ers as for the local oscillators in heterodyne spectrometers: (a)
the lasers have to exhibit single-mode emission at a frequency

matching the transition frequency with a precision of several
GHz and a sufficient tuning range in order to cover the com-
plete absorption profile. (b) The output power has to reach val-
ues of about 1mW. (c) The pump power has to be located in
the range between 1 and 2W. Therefore, the strategy for the
development of the lasers is very similar to the approach for
the local oscillators. Furthermore, the lasers have to allow for a
continuous frequency tuning, which is achieved by a fast ramp-
ing of the injection current without abrupt changes. Therefore,
instabilities such as mode jumping and discontinuous changes
of the output power have to be avoided for the entire tuning
range. Such a stable operation in the fast-ramping mode is an
additional challenge for the development of THz QCLs for
high-resolution spectroscopy.

For the development of lasers for absorption spectrometers,
we focus on strategy II. In a first step, we choose a heterostruc-
ture design which exhibits its gainmaximum close to the target
frequency. Then, we select an appropriate piece of the wafer
based on the method described in [31], since the emission fre-
quency is a function of the position on the wafer. As indicated
in [32], the exact value of the frequency of a laser mode in a
Fabry–Pérot resonator depends sensitively on the exact length
of the resonator, which imposes a challenge for cleaving a laser
bar. A frequency precision of 1GHz corresponds to a length
precision of about 1µm. An alternative method to reach the
exact frequency is to precisely adjust the resonator length after
cleavage by polishing the facets [32].

In the present study, we realize, in addition to a single-
mode QCL for detecting O atoms at 4.7448 THz with a tun-
ing range of several GHz and an output power of 1mW, two
single-mode QCLs for detecting Al atoms and N+ ions at
3.3596 and 3.9205 THz, respectively, with sufficiently large
tuning ranges and output powers.We determined the operating
parameters such as emission frequency, output power, tuning
range,Ppump, and Tpo for several sets of lasers and then selected
appropriate THz QCLs to be used in a high-resolution absorp-
tion spectrometer for the detection of the Al atoms, N+ ions,
and O atoms.

2. Design, materials system, and resonator

For high-temperature cw operation, THz QCLs based on the
so-called hybrid design have been found to be advantage-
ous. This design combines low-voltage operation of bound-
to-continuum designs with high output powers of resonant-
phonon designs. The majority of THz QCLs relies on
GaAs/(Al, Ga)As heterostructures. For the hybrid design, we
were able to develop lasers with three times larger wall plug
efficiencies in comparison to their (Al, Ga)As counterparts
using nominally binary AlAs barriers [33]. Fabry–Pérot reson-
ators with surface plasmon waveguides are a straightforward
approach for applications, since they allow for a rather large
light out-coupling and for a larger yield of devices per wafer
area. For lasers with sufficient gain, single-mode operation can
be realized for short Fabry–Pérot resonators, for which the
mode spacing is larger than the width of the gain spectrum. For
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GaAs/AlAs THzQCLs emitting at 3.5 and 4.7 THz, a practical
operating temperature above 75K has already been demon-
strated [30].

3. Experimental details

The GaAs/AlAs THz QCLs were grown on 2 inch wafers in
a molecular beam epitaxy system (VG 8-port V80H) with
an average growth rate of 0.13 nm s−1. The fluctuations in
the growth rates are below 1% due to the use of a closed-
loop rate control system based on optical reflection meas-
urements for the in-situ growth control [34]. The lasers are
based on single-plasmon waveguides and processed by photo-
lithography and standard wet chemical etching. The lasers
are operated in a Stirling cryocooler (Ricor K535). The las-
ing spectra are measured using a Fourier-transform infrared
spectrometer Bruker IFS 120/5 HR with a resolution of
0.07 cm−1 (2.1GHz). The optical power of all lasers was
determined using a power meter (SLT THz 20), which was
calibrated in the THz spectral range by the German National
Metrology Institute (Physikalisch-Technische Bundesanstalt).
For the measurement of the emission spectra at a particular
operating temperature, a temperature monitoring program is
applied to maintain a stable temperature of the heat sink dur-
ing the measurement.

4. Lasers for the detection of Al, N+, and O in
plasmas

Starting point for the design of the lasers was the 4.745 THz
GaAs/(Al,Ga)As QCL used in the local oscillator for the
GREAT heterodyne spectrometer on SOFIA [28], the design
of which was subsequently transferred to the GaAs/AlAs
materials system [33]. GaAs/AlAs QCLs for the Al and N+

absorption lines have been obtained by a scaling of the design
parameters of the 4.745 THz QCL, including the necessary
adjustment of several layer thicknesses [19]. In order to select
lasers with gain maxima at the respective target frequencies,
we made use of the lateral grading of the layer thicknesses
and hence the frequency of the gain maximum. Due to a lat-
eral inhomogeneity of the growth rate, the period length of
the QCLs decreases from the center to the edge of the wafer,
which results in a blue shift of the gainmaximum. Based on the
method described in [31], we identified three wafers for which
the expected frequency ranges of the gain medium include the
frequencies 3.360, 3.921, and 4.745 THz. By using the cor-
relation between the frequency and the distance R from the
center of the wafer [31], we determined the location, where a
QCLwith a suitable length is expected to emit at the target fre-
quency. On the three wafers for 3.360, 3.921, and 4.745 THz,
we found appropriate pieces at R≈ 8, 3, and 12mm, respect-
ively. In the range of (R± 1)mm, we mounted two or three
QCLs with different lengths and measured the light output-
current density-voltage (L–J–V) characteristics as well as the
lasing spectra. For example, for 3.921 THz, we investigated
two QCLs with cavity lengths of about 0.7 and 0.8mm in the
range of R= 2 to 4mm. We found one of them operating in

Figure 1. Conduction band profile and subband structure of QCL A
for 3.360 THz. The inset shows an illustration of the single-plasmon
waveguide. The upper and lower laser levels are marked as U and L,
respectively. MB denotes the quasi-miniband, and LO depicts the
transition resonant to the longitudinal optical phonon. The carriers
can be extracted efficiently from MB into the injector level by
longitudinal-optical-phonon scattering.

single mode emitting at 3.921 THzwith a tuning range of more
than 6GHz and an output power of up to 2mW. At the same
time, this laser satisfies the requirements for stable frequency
tuning, i.e. neither mode jumps nor discontinuities in the out-
put power are observed over the entire tuning range. Based on
this method, we obtained QCLs for all frequencies with tuning
ranges of several GHz.We label these lasers as A (3.360 THz),
B (3.921 THz), and C (4.745 THz).

Figure 1 depicts the subband structure of QCL A as well as
an illustration of the single-plasmon waveguide. The details
of the design of samples A, B, and C are given in4, 5, and6,
respectively. As we pointed out in section 1, we apply strategy
II to realize a QCL emitting at a specific frequency, which
employs Fabry–Pérot resonators with surface plasmon wave-
guides. We found that we need to mount less than ten lasers
to achieve the required operating parameters. In comparison
to strategy I, which uses engineered cavities, the advantage

4 QCL A corresponds to sample PDI-M4-3478. The nominal layer sequence
starting from the injection barrier is 1.12, 33.1, 0.56, 16.3, 0.42, 13.1, 0.42,
11.7, 0.42, 10.5, 0.42, 9.3, 0.42, 20.0, 0.84, 19.6 with the layer thicknesses
in nm. Bold numbers denote the AlAs barriers, while the underlined number
indicates the doped layer. The nominal doping density is 2.0× 1017 cm−3.
5 QCL B corresponds to sample PDI-M4-3440. The nominal layer sequence
starting from the injection barrier is 1.12, 29.9, 0.56, 16.1, 0.42, 12.8, 0.42,
11.3, 0.42, 9.6, 0.42, 8.8, 0.42, 19.1, 0.96, 19.1 with the layer thicknesses
in nm. Bold numbers denote the AlAs barriers, while the underlined number
indicates the doped layer. The nominal doping density is 2.0× 1017 cm−3.
6 QCL C corresponds to sample PDI-M4-3146. The nominal layer sequence
starting from the injection barrier is 1.12, 27.2, 0.56, 15.0, 0.42, 12.1, 0.42,
10.8, 0.42, 9.2, 0.42, 8.1, 0.28, 2.0, 0.28, 17.7, 1.12, 15.7 with the layer
thicknesses in nm. Bold numbers denote the AlAs barriers, while the under-
lined number indicates the doped layer. The nominal doping density is 3.0×
1017 cm−3.
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Table 1. Operating parameters for QCLs A, B, and C. νmode denotes
the frequency range of the observed lasing modes, Tpo the practical
operating temperature, Ths the heat sink temperature, ∆ν the
intrinsic tuning range, L the output power, and Jth the threshold
current density. The values for ∆ν, L, and Jth have been determined
at Ths of 45K for QCLs A as well as C and of 40K for QCL B.

QCL νmode (THz) Tpo (K) Ths (K) ∆ν (GHz) L (mW) Jth (A cm−2)

A 3.358–3.364 67 45 3.4 3.2 188
B 3.912–3.923 60 40 6.9 2.1 215
C 4.738–4.748 59 45 3.7 7.9 335

of strategy II is the relatively simple fabrication of the cavity.
At the same time, less material is consumed. When a replace-
ment QCL emitting at the same target frequency is required,
we will probably find one in the range with similar values of
R on the wafer. On the one hand, the lateral inhomogeneity
of the wafers allows us to compensate for the limited growth
reproducibility so that only a few wafers have to be grown
to obtain a number of QCLs emitting at the target frequency.
On the other hand, the yield of useable lasers from one wafer
is reduced. However, an improvement of the growth reprodu-
cibility for the GaAs/AlAs THz QCLs based on the complex
hybrid design is still rather challenging. With a better repro-
ducibility, the total yield of suitable lasers may be increased
by an improved lateral homogeneity, which can be achieved
by an appropriate modification of the geometry of the growth
chamber. In table 1, we present the total frequency ranges of
the observed lasing modes by tuning the driving current and
the heat sink temperature Ths, the practical operating temperat-
ures, and, for a particular value of Ths (40 or 45K), the intrinsic
tuning ranges, the output powers, as well as the threshold cur-
rent densities for QCLs A, B, and C.

Figure 2 shows the L–J–V characteristics as well as
the emission spectra of QCL A for the detection of Al
atoms (transition at 3.3596 THz) under various operating con-
ditions. As indicated in [31], Ppump is also an important oper-
ating parameter for cw operation. To maintain a stable tem-
perature of the heat sink, Ppump of a QCL has to be lower
than the cooling capacity of the Stirling cryocooler, which
has an impact on the dynamic range of the lasing for current
as well as temperature tuning. At 35K, the maximum elec-
trical pump power of QCL A is about 1W, which is clearly
below the cooling capacity of the cryocooler (1.2W). Thus,
the laser can be stably operated over a wide range of applied-
current values, and the corresponding current tuning range
is 3.8GHz. At 35K, an output power of about 3.5mW is
achieved. At a temperature above 35K, the increasing cool-
ing capacity of the cryocooler, e.g. 2.8W at 45K, makes cw
operation possible for the whole dynamic range. For heat sink
temperatures up to 60K, QCL A emits always in a single
mode as shown in figure 2(b). Note that due to the instru-
ment function, the linewidth of the measured spectra is much
wider than the laser linewidth, which is about several MHz
for a free-running QCL. The lasing frequency in this regime
can be tuned between 3.358 and 3.364 THz, which includes
the frequency of the transition of Al atoms. This tuning
range of 5.4GHz is sufficient for high-resolution spectroscopy

Figure 2. (a) L–J–V characteristics for several operating
temperatures and (b) lasing spectra for several operating
temperatures and current densities of QCL A under cw operation
with laser ridge dimensions of 0.12× 0.96mm2. The thick solid
lines of the L–J curves in (a) show the range of the current
corresponding to the spectra in (b). The dashed line in (a) indicates
the power of 1mW as a guide to the eye. The dashed line in
(b) indicates the target frequency of 3.3596 THz (Al transition).

of low-pressure absorption features. The value for Tpo is
currently 67K.

Figure 3 shows the L–J–V characteristics as well as the
emission spectra of QCL B for the detection of N+ ions (trans-
ition at 3.9205 THz) under various operating conditions. At
35K, the values of the threshold current density Jth and the
maximum pump power Ppump,max of QCL B are 204A cm−2

and 1.7W, respectively, which are larger than the correspond-
ing values for QCL A (181A cm−2 and 1.0W). Note that the
current dynamic range of QCL B (204–424A cm−2) is obvi-
ously larger than that of QCLA (181–254A cm−2), which res-
ults in a current tuning range of more than 6GHz for QCL B.
Ppump,max amounts to 1.6W at 40K for QCL B, which is smal-
ler than the cooling capacity of the cryocooler (2W) so that
the laser can be stably operated over the whole dynamic range.
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Figure 3. (a) L–J–V characteristics for several operating
temperatures and (b) lasing spectra for several operating
temperatures and current densities of QCL B under cw operation
with laser ridge dimensions of 0.12× 0.70mm2. The thick solid
lines of the L–J curves in (a) show the range of the current
corresponding to the spectra in (b). The dashed line in (a) indicates
the power of 1mW as a guide to the eye. The dashed line in
(b) indicates the target frequency of 3.9205 THz (N+ transition).

The corresponding current tuning range is 6.9GHz. For tem-
peratures up to 60K, QCL B emits always in a single mode,
and an output power larger than 1.0mW is achieved as shown
in figure 3. The lasing frequency in this regime can be tuned
between 3.912 and 3.923 THz, which includes the frequency
of the transition of N+ atoms (3.9205 THz).

Figure 4 shows the L–J–V characteristics as well as the
emission spectra of QCLC for the detection of O atoms (trans-
ition at 4.7448 THz) under various operating conditions. By
neglecting the complex structures for the current density above
712A cm−2, an output power of about 6.8mW is achieved
at 35K. According to the cooling capacity of the cryocooler,
QCL C cannot be stably operated over the whole dynamic
range. For example, QCL C exhibits stable operation at 50K
for current densities up to 556A cm−2 with a Ppump smaller

Figure 4. (a) L–J–V characteristics for several operating
temperatures and (b) lasing spectra for several operating
temperatures and current densities of QCL C under cw operation
with laser ridge dimensions of 0.12× 1.01mm2. The thick solid
lines of the L–J curves in (a) show the range of the current
corresponding to the spectra in (b). The dashed line in (a) indicates
the power of 1mW as a guide to the eye. The dashed line in
(b) indicates the target frequency of 4.7448 THz (O transition).

than 3.4W. The current range for stable operation is indicated
by thick lines in figure 4(a). Nevertheless, the corresponding
current tuning range approaches 5.8GHz, and the maximum
output power reaches 3.6mW in the reduced dynamic range
required for stable operation so that the QCL is well suited
for high-resolution absorption spectroscopy. In the temperat-
ure range between 45 and 55K, this QCL emits a single mode,
which can be tuned from−6.8 to+3.2GHz with respect to the
transition at 4.7448 THz.

Finally, the smooth L–J–V curves shown in figures 2–4
demonstrate stable, single-mode cw operation of the three
QCLs (A, B, and C) over their entire tuning ranges, which is an
important requirement for the acquisition of high-resolution
absorption spectra. These QCLs may be used as radiation
sources in THz spectrometers for the detection of absolute
densities of Al atoms, N+ ions, and O atoms in plasmas.
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5. Conclusion

We have demonstrated QCLs based on GaAs/AlAs het-
erostructures emitting at the frequencies 3.360, 3.921, and
4.745 THz for the detection of fine-structure transitions of
Al atoms, N+ ions, and O atoms, respectively. Owing to the
small electrical pump power of only a few watts, these THz
QCLs exhibit stable cw operation in mechanical cryocool-
ers. Their dynamic ranges are sufficiently large for the eval-
uation of the spectral profiles of the respective absorption
features. These Fabry–Pérot lasers based on single-plasmon
waveguides exhibit single-mode operation with tuning ranges
of more than 5GHz and output powers of several mW. These
QCLs are suitable radiation sources, which can be used for
high-resolution spectroscopy to measure the absolute densit-
ies of Al atoms, N+ ions, and O atoms in plasmas.
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