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Abstract
We report a terahertz quantum cascade laser frequency comb (THz QCL FC) with low threshold current density,
high power, and wide current dynamic range. The active region design with the semi-insulated surface plasma
waveguide is beneficial to optimize the gain dispersion value and temperature stability. At 10K, the comb with 3mm-long and 150-µm-wide is capable of emitting 22mW with the threshold current density J th = 64.4 A·cm−2.
The total spectral emission is of about 300 GHz centered around 4.6 THz. Without any extra dispersion
compensation measures, the intermode beatnote map reveals stable frequency comb operating within a current
dynamic range more than 97% and the narrowest beatnote linewidth is 7.2 kHz. The stable FC operation of a freerunning THz QCL makes our device an ideal source for further development of dual-comb spectroscopy.
Keywords: terahertz; quantum cascade laser; optical frequency combs;

Introduction

Optical frequency combs (OFCs) composed of a series of equidistant spectral lines in the frequency domain[1]
have many revolutionary applications due to their high stability and low phase noise, such as in high resolution
and precision spectral measurement, high capacity laser communication and other related fields[2]. In the terahertz
(THz) range, most of the molecular rotation and vibration frequencies are concentrated, so the OFCs have attracted
much attention for a considerable prospect in sensing, fast and high-resolution spectroscopy and metrology,
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nondestructive biological tissue testing, gas detection and so on[3,4]. The development of THz OFCs is,
nevertheless, once greatly limited by the lack of high-power and compact light source. In recent years, the
continuous maturity of quantum cascade lasers (QCLs) [5-8] from mid-infrared to the THz spectral range provides
an opportunity for advancing the development of OFCs by a mechanism of intracavity nonlinear four-wave mixing
and injection locking[9]. However, emergence of more promising THz QCL OFCs toward yielding more stable
comb operating, wider current dynamic range and spectral range[10-12], higher output power[13] and narrower
beam divergence is still expected for further application.

Due to the stable waveguide loss, QCL with the double metal (MM) waveguide structure is generally used to
form THz OFCs. A dispersion compensator [14,15] was integrated into the waveguide to minimize the dispersion
to form a stable optical comb in the large current range. Heterogeneous multistacked active regions [16,17]
technology was used to broaden the gain to obtain an octave-spanning emission. But, the optical power of THz
OFCs based on MM waveguide is usually limited to only a few mWs [18], threshold current density exceeds 100
A·cm−2, and, what is more, the longitudinal far field divergence angle is approximately 180°[19]. On the contrary,
THz QCLs with the semi-insulated surface plasma (SISP) waveguide [5,20,21]show advantages in these aspects.
However, its waveguide loss causes a larger group velocity dispersion (GVD), so the stable optical comb operation
is generally formed only in some intermittent current range. On the other hand, limited by the device structure, it
is difficult to integrate efficient dispersion compensator on SISP waveguide.
Here, in this paper, we present a versatile band design way to control the gain dispersion and temperature
stability, permitting comb formation over near-full-current dynamic range of the laser. This work finally prepares
a low threshold current density and high-power THz QCL OFCs capable of emitting 22mW at 4.6 THz with the
threshold current density 64.4 A·cm−2. Remarkably, the intermode beatnote map reveals free-running of the THz
QCL operating OFC over the near-full-current range (>97%).
3

Design and simulation
The material structure of our comb is grown by molecular beam epitaxy (MBE) on a semi-insulating (SI) GaAs
substrate. The active region design of the homogeneous gain medium with 180 periods is a slightly modified
version of the hybrid bound-to-continuum transition and resonant phonon extraction as described in Ref. [20].
The layer sequence of one period starting from the injection barrier (in nm) is 5.3/9.8/1.1/11/3.5/9.2/4.8/17.3,
where the barriers in bold are Al0.22Ga0.78As and the wells are GaAs. The underlined GaAs well is Si-doped to
1×1016 cm−3. A conduction band diagram of the active region is shown in Fig. 1. Different from the literature
mentioned above, the performance of the epitaxial wafers is improved by optimizing the structure of active region,
including the material thickness, composition and doping concentration. To suppress the carrier leakage over the
AlGaAs barriers, higher barriers with an Al composition are increased from 15.5% to 22%. In the experiment, we
find that thinner barrier leads to excessive current and serious heating of the device. Properly increasing the barrier
thickness reduces the parasitic coupling and the current density, even if the population inversion and gain are
lowered. As for the doping concentration, excessively high doping concentration causes large current and serious
heating. To ensure the gain, the doping concentration is regulated. In this scheme, we also have to consider the
intermodule current leakage tunnelling. For one period, electrons are injected into the upper laser level 5 from the
injector level g’ by resonant tunnelling. And then the lasers are generated through a diagonal transition. The lower
lasing level 4 and other levels (3 and 2) forming the miniband are depopulated through LO-phonon scattering into
a ground state g, which is the origin of a broad spectrum and gives a flatter gain to reduce or compensate the
dispersion. The structure is designed to be a clean five-level system, making most of the electrons in the n_th
module remain within those five levels (5,4,3,2,g). When the bias is set to align the energy levels g’ and 5
(injection alignment) in traditional scheme, a noticeable spatial overlap exists between those two levels and the
higher-energy bound states denoted by the energy level 6 and 7, as shown in Fig.1. We aim to minimize the
4

electron-LO-phonon absorption into the doublet levels (6 and 7) from the g’-5 levels. Using a wide well pushes
down the energy level 6 and the high Al component pushes up the energy level 7 to stay away from the energy
levels g’ and 5, which reduce the effect of leakage channels. According to the above adjustment, the structure
with low current density is obtained.
By modifying the band structure, a 4.6 THz QCL structure with a wide emitting range is obtained. But the THz
wave with different frequencies propagating at different group velocities in the same medium causes the group
velocity dispersion, which directly affects the stability and phase noise of the combs. To ensure the THz QCL
operate in the OFC mode, GVD is numerically simulated, including the contributions from the material, the
waveguide and the gain. For the material originated GVD of the AlGaAs/GaAs heterostructure QCL, we use bulk
GaAs to replace it. Since the reststrahlen band have an effect on the QCL emitting range, the index of refraction
changes slightly. The relationship can be described as,
𝜀(𝜔) = 𝜀∞ + 𝜀∞
𝑛=√
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where, 𝜀∞ is the high-frequency dielectric constant, 𝜔 = 2𝜋𝑐/𝜆 is the photon angular frequency, 𝛾𝑝ℎ =

240𝑚−1 is phonon damping constant, and 𝜔𝐿𝑂 = 29210𝑚 −1 and 𝜔 𝑇𝑂 = 26870𝑚−1 are the longitudinal and
transverse optical phonon frequencies, respectively. The relationship between the real part of the refractive index

and the frequency is solved. For the waveguide originated GVD, the finite element method is used to study the
waveguide cross section perpendicular to the direction of the guided mode propagation. According to the DrudeLorentz model, the interactions between the light field and the free carriers, and the light field and the phonons
are considered comprehensively[22],

where, 𝜔𝑝 = √
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is the plasmon damping frequency. In this way,

the refractive index of each material as a function of frequency is determined. Then the waveguide loss of the
lasers is calculated with the COMSOL Software as shown in Fig. 2(a). For the gain GVD, it is the most important
part of the total GVD. Here, due to the gain clamping effect, when it is greater than the threshold gain, the gain of
the device will be clamped to the threshold gain[23,24]. We use the clamped gain to fit the actual working situation
to calculate the gain GVD. The gain of the QCL can be calculated by the Fermi’s golden rule,
𝑔(𝜔) =

𝑒 2 𝛥𝑛·𝑧 2 𝜔

𝛾

𝜀0 ·𝑛𝑟𝑒𝑓 ·𝐿·𝑐 (𝐸−ℏ𝜔)2 +𝛾2

,
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where, 𝛥𝑛 is population inversion, 𝑧 is the dipole matrix element of the optical transition, 𝑛𝑟𝑒𝑓 is the effective

refractive index of the active region, L is the period length of the QCL active region, 𝐸 is the energy of the optical

transition, and 𝛾 is the level broadening. Near the threshold, the gain equals to the losses. So we consider the
influence of the losses on the gain, including the loss of the intersubband absorption, and the waveguide loss and
the mirror loss. Then, the threshold gain can be calculated as,
𝑔𝑡ℎ = 𝛼𝑖 + (𝛼𝑤 + 𝛼𝑚 )/𝛤,

(5)

where, 𝛤 is the mode confinement factor, 𝛼𝑖 , 𝛼𝑤 and 𝛼𝑚 are the intersubband absorption, the waveguide loss

and mirror loss, respectively. Fig. 2(b) shows the calculated losses and gain. Finally, we evaluate the refractive

index deviation as a consequence of the gain and the losses by applying the Kramers–Kronig equation. Now we
can figure out the relationship between the GVD and the refractive index,
𝐺𝑉𝐷 =

𝜕𝑛(𝜔)

𝜕 𝑛(𝜔)+𝜔 𝜕𝜔
𝜕𝜔
𝑐

,
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where, 𝑛(𝜔) is the refractive index. Fig. 2(c) shows the calculated GVD, which indicates a small GVD value in

the spectral coverage. In a wide emitting range, dispersion can cause the spacing of adjacent longitudinal modes
to change with different frequencies, so that the frequency comb device cannot be guaranteed to present a single
beatnote signal, which would result in the device operating in non-OFC mode. When the dispersion is
unmanageable, the farther from the center frequency the mode is, the greater the frequency offset will be. In Fig.
6

2(c), the small simulated GVD value ensures that the device has the potential to be a proper OFC.
To verify the simulation results, the device based on the SISP waveguide was fabricated[21]. The
photolithography and wet etching were used to obtain the ridges. Two 20-µm-wide stripes in the ridges and the
area of the bottom contact layer were covered with Ge/Au/Ni/Au under thermal annealing at 360℃ for 15 s. Then,
5-nm-thick Ti and 200-nm-thick Au were deposited covering both the top of the ridge and the bottom contact
layer to allow wire bonding. At last, the substrate was thinned down to ∼150 µm and a device with a 3-mm-long
cavity and 150-µm-wide ridge was fabricated. The positive electrode was connected to the SMA center pin and

the negative electrode was grounded. Finally, the device with lens collimation is packaged into the test system for
subsequent tests, as shown in Fig. 3.

Results and discussion
The light-current-voltage (L-I-V) characteristic curve as shown in Fig. 4 are measured while driving the QCL
in continuous-wave (CW) by a power supply (THORLABS ITC4005 QCL) as a function of the setpoint
temperature (Ts), which show the laser action up to a maximum setpoint temperature of Ts = 65 K. At Ts = 10K,
the CW threshold current density Jth = 64.4A·cm−2, the maximum current density Jmax = 142.2A·cm−2, the
operational dynamic range Jdr = Jmax/Jth = 2.2, and the maximum peak output power is 22mW.The spectra of
devices were tested by a Fourier transform infrared spectrometer with a resolution of 0.2 cm−1. The L-I-V
characteristics of the devices were tested by a calibrated thermopile detector. The laser was mounted on a holder
containing a thermistor combined with a thermoelectric cooler to monitor and adjust the sub-mount temperature.
The emitted optical power was measured with the calibrated thermopile detector placed in front of the laser facet
without any correction.
The CW Fourier transform infrared spectra (FTIR) acquired under vacuum with a 0.2 cm -1 spectral resolution
7

while progressively increasing the current indicates that the device is initially emitting a single frequency mode
(∼4.4 THz) at the threshold and then turns to multimode with a series of equidistant optical modes (Fig. 5), spaced
by the cavity round-trip frequency. The overall spectral coverage reaches 300 GHz (4.4-4.7THz). The central
frequency at ∼4.6 THz matches the design of the energy band.

In order to explore the comb operation, an intermode beatnote emitting from the device is detected to

characterize the coherence properties by an RF spectral analyzer (MXA Signal Analyzer N9020A). In Fig. 6(a),
without any dispersion compensation, a single beatnote signal is presented from 12.2GHz to 11.9GHz. This
confirms that the comb operation is achieved with the current range of more than 97% (from 0.3A to 0.7A), or the
near-full-current range. The intensity of the beatnote signal increases with the increase of current. The highest
signal noise ratio is 35dBm, as shown in Fig. 6(b); and the narrowest beatnote linewidth at 0.6A is 7.2KHz, as
shown in Fig. 6(c). The resolution bandwidth is set as 100KHz. The qualified coherence properties of the combs
are suitable for the simulation calculation, especially flattening dispersion control.
We also investigate the effect of low threshold current density on OFC. For the OFC devices, only a small
part of the excitation energy provided by the power source is converted into the light energy, with most into the
heat energy. A device with a low threshold current density can reduce the total heat consumption, minimize the
negative impact of temperature rise on the gain and achieve better OFC operation in a more stable environment.
For this purpose, we calculated the effect of temperature on the gain and the results are shown in Fig. 7. In the
emitting range, the temperature fluctuation is fairly small, only from 6K to 10K. Considering that the heat sink
temperature is detected, the core region temperature of the device will be at least 20K higher, so the temperature
of 25-65K is taken for the simulation, and it is also found that the temperature fluctuation has caused only 0.6%
on the gain at 26-30K. It can be seen from Fig. 7 that the calculated gain decreases with the increase of temperature,
which is mainly due to the decrease of the population inversion with the increase of temperature. The rate of the
8

gain decrease is estimated to be 0.31 cm-1·K-1 at 25-65K, which shows great temperature stability.

Conclusions
We have developed a low dispersion THz QCL for optical frequency comb (OFC) purpose with the semiinsulating surface-plasmon (SISP) waveguide structure by adjusting the material thickness, composition and
doping concentration of the active region design of the homogeneous gain medium based on the hybrid bound-tocontinuum transition and resonant phonon extraction. For the device fabricated with 3-mm-long cavity and 150µm-wide ridge, the maximum power achieves 22mW emitting at ∼4.6 THz with Jth = 64.4 A·cm−2 and a total
spectral emission of about 300 GHz at 10 K. Without any dispersion compensation, the comb operation is achieved
over the near-full-current (>97%) dynamic range and the narrowest beat line width is 7.2 kHz. The simulation
results show that the device has low dispersion value and high temperature stability, ensuring the proper OFC
operation.

Abbreviations
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LIV: light-current-voltage; CW: continuous wave; Ts: setpoint temperature; FTIR: Fourier transform infrared
spectra;
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Captions
Fig. 1. Conduction band diagram and energy level profile of a 4.6 THz QCL structure. An electric field of 9.3
kV/cm is applied to the structure. The red arrow marks the radiative transition. The upper laser level (level 5) and
the lower lasing level (level 4) are shown in red and green, respectively. The ground state of the injector (level g)
is shown in blue. ‘In Barrier’, ‘Ex Barrier’ and ‘Ph&In Well’ are the abbreviation of ‘Injection Barrier’,
‘Extraction Barrier’ and ‘Phonon & Injective Well’, respectively.
Fig. 2. The calculated GVD. (a) Waveguide loss as a function of frequency and the illustration is a twodimensional model by COMSOL. The inset shows the calculated two-dimensional mode at 4.6THz. (b) Clamped
gain and total loss as a function of frequency for devices. (c)Total GVD, Gain GVD, Material GVD and
Waveguide GVD as a function of frequency.
Fig. 3. QCL in test after the encapsulation.
Fig. 4. The L-I-V characteristics of the 150-µm-wide and 3-mm-long device at 10-65K temperatures in the cw
mode.
Fig. 5. The CW emission spectra of the 3-mm-long device at 10K at various injection current. The red dashed
lines show the noise floor of the spectra.
Fig. 6. (a) Free running beatnote mapping as a function of drive current measured at 10 K in CW mode. The
resolution bandwidth is set as 300 KHz. (b) All beatnote mapping at the current of 0.3-0.7A with an RF spectrum
analyzer (resolution bandwidth (RBW): 300KHz, video bandwidth (VBW): 3KHz). (c) The narrowest beatnote
linewidth at 0.6Awith an RF spectrum analyzer (RBW: 100KHz, and VBW: 1KHz).
Fig. 7. (a)Without temperature control, temperature as a function of current. (b)The simulated gain as a function
of temperature.
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Figure 1
Conduction band diagram and energy level pro le of a 4.6 THz QCL structure. An electric eld of 9.3
kV/cm is applied to the structure. The red arrow marks the radiative transition. The upper laser level (level
5) and the lower lasing level (level 4) are shown in red and green, respectively. The ground state of the
injector (level g) is shown in blue. ‘In Barrier’, ‘Ex Barrier’ and ‘Ph&In Well’ are the abbreviation of ‘Injection
Barrier’, ‘Extraction Barrier’ and ‘Phonon & Injective Well’, respectively.

Figure 2
The calculated GVD. (a) Waveguide loss as a function of frequency and the illustration is a twodimensional model by COMSOL. The inset shows the calculated two-dimensional mode at 4.6THz. (b)
Clamped gain and total loss as a function of frequency for devices. (c)Total GVD, Gain GVD, Material
GVD and Waveguide GVD as a function of frequency.

Figure 3
QCL in test after the encapsulation.

Figure 4
The L-I-V characteristics of the 150-µm-wide and 3-mm-long device at 10-65K temperatures in the cw
mode.

Figure 5
The CW emission spectra of the 3-mm-long device at 10K at various injection current. The red dashed
lines show the noise oor of the spectra.

Figure 6
(a) Free running beatnote mapping as a function of drive current measured at 10 K in CW mode. The
resolution bandwidth is set as 300 KHz. (b) All beatnote mapping at the current of 0.3-0.7A with an RF
spectrum analyzer (resolution bandwidth (RBW): 300KHz, video bandwidth (VBW): 3KHz). (c) The
narrowest beatnote linewidth at 0.6Awith an RF spectrum analyzer (RBW: 100KHz, and VBW: 1KHz).

Figure 7
(a)Without temperature control, temperature as a function of current. (b)The simulated gain as a function
of temperature.

