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Abstract: An ensemble Monte Carlo method is employed to evaluate the performance of resonant-phonon terahertz 
quantum cascade lasers. Based on our simulation, a device structure is designed to avoid the strong absorption of 
atmosphere. The material growth, structural analyses and optical characteristics of the laser are present. Using 
gold-gold waveguide layers, we demonstrate a device lasing at 3.4 THz, which is just located at a low-loss stage of 
the atmosphere. 
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1. Introduction 

Recently, utilizing the active region of chirped superlattice [1], bound to continue [2] and 
resonant phonon [3] designs, terahertz (THz) Quantum cascade lasers (QCLs) are demonstrated 
as one of the most important laser sources in the applications such as THz communication and 
imaging. Up to now, the highest operation temperature of 186 K in pulse mode [4] was observed 
in GaAs/AlxGa1−xAs THz QCLs without the assistance of an applied magnetic field. At the same 
time, theoretical analyses have been performed by non-equilibrium Green’s functions [5], rate 
equations [6] and Monte Carlo (MC) simulation [7]. Different scattering mechanisms [8-15] are 
included during the analyses of electrons transport in the devices. The output characteristics [16] 
and the temperature performance [15, 17, 18] of THz QCL devices are simulated and the 
influences of the modifications of devices’ structure [19] and growth parameters [20] are 
explored.  

In this paper, we use a MC method to investigate the device performance of a THz QCL, such 
as current-voltage characteristics and the evolution of optical mode gain. Based on our simulation, 
a proper lasing frequency is selected to avoid the strong absorption of atmosphere.  

 

2. Theoretical model 

In our simulation, 5000 electrons are engaged in three modules of devices according to an 
ensemble MC model. We assume that the individual modules are ideally periodic. An electron 
scattered out of a module is reinjected with identical in-plane wave vector. Electron-LO phonon 
(e-LO) and electron-electron (e-e) scattering are included in the simulation. Due to the low Al 
composition, only bulk GaAs phonon mode is considered as a good approximation. Self 
scattering technique [21] and a simplified multi-subband screening mode [22] are used to deal 
with the scattering between two electrons. To avoid introducing artificial error by random 
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selection of the partner electron, the maximum electron-electron scattering probability is 
modified in our model [20]. The Pauli exclusion principle is applied to deal with the degeneracy 
effect. The lattice temperature is set to 25 K and no phenomenal parameters are introduced in the 
simulation.  

 

3. Simulation results 

The simulated device structures are based on GaAs/AlGaAs material system which is grown 
by molecular beam epitaxy (MBE). Fig. 1 shows the conduction band diagrams of four-well 
resonant-phonon THz QCL. Starting from the injection barrier, the layer sequences are 
5.3/7.6/2.3/6.2/3.7/14.9/3.4/8.6 nm, where the barrier layers are shown in bold and the doped 
layer (2.36×1016 cm-3) is underlined. Radiative transition takes place vertically from subband 5 to 
subband 4 with the dipole matrix element of 5.5 nm. The depopulation process is assisted by 
resonant phonons, making sure of a short carrier lifetime of subband 4 and hence the population 
inversion. The devices are fabricated according to the gold-gold waveguide process outlined in 
Ref. 23 and a laser ridge of 100μm×1mm is used in the calculation of waveguide and mirror loss. 

 
Fig.1 Calculated potential profile and squared wavefunctions of the THz QCL. The external applied bias is 68 

mV/module. 

The calculated current density as a function of applied bias is shown in Fig. 2. With a serial 
resistance of 1.2 ohm in the circuit, the calculated current-voltage characteristic is in good 
agreement with the measured one. When the bias is near the designed value, the current increases 
rapidly and population inversion is achieved for lasing operation. If the bias increases further, the 
current will decrease because the resonance between subband 5 and 1’ (the injection subband) is 
broken. At the applied bias around 8.5V, the calculated current is much larger than the measured 
one, which is omitted in the figure and has been attributed to the overestimation of a parasitic 
coupling duo to the neglect of dephasing effects [24]. The optical gain is related with 
Δn54f54(Δν)-1, where Δn54 is the population inversion, f54 is the oscillation strength and Δν is the 
spontaneous emission linewidth. Waveguide loss is analyzed using an effective index method and 
the permittivity of materials is calculated based on the Drude model. The calculated optical gain 
is compared with the threshold gain. As a measured Δν of 1.03 THz is used, the lasing domain 
can be estimated at the bias from 12.1 V to 15.0 V, which is a little smaller than the experiment 
results (from 12.8 V to 17.0 V). Because there is a shift between the curve of Δn54 and f54, two 
peaks are observed for the optical gain which is the possible reason for the enhancement of laser 
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intensity observed in the experiment at bias of 16V [25]. Our results show that the MC simulation 
is a useful method to investigate the electronic transportation in THz QCLs.  

 
Fig.2 The calculated current-voltage and current-gain characteristics of the THz QCL. The current is overestimated 

at the bias of 8.5 V in the calculations, which has been omitted in the figure.  

 

4. Experiment results  

The THz QCL sample was grown by gas-source molecular beam epitaxy (GSMBE, VG90) on 
a semi-insulating GaAs (001) substrate. As the group V source, arsine (AsH3) was cracked into 
As2 at temperature of 1000℃ and its flux was controlled by a Baratron pressure gauge. The 
active region of THz QCL consists of 176 modules described above and the growth sequences 
were 800 nm GaAs buffer layer, 100 nm AlAs etch-stop layer, 98 nm GaAs:Si (5×1018 cm-3), the 
active region, 58 nm GaAs:Si (5×1018 cm-3) and 3.5 nm LT-GaAs layer. The growth temperature 
was 600℃ for the active region and the growth rate was 975 nm/h for GaAs and 176.5 nm/h for 
AlAs, respectively.  

 
Fig.3 GaAs (002) ω-2θ XRD scans of THz QCL structure. The measured and simulated results are indicated by 

scatters and a line, respectively. 
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After growth, structural characteristics were carried out by high-resolution X-ray diffraction 
(HRXRD). Fig. 3 shows the GaAs (002) ω-2θ XRD spectrum of the sample and a theoretical 
simulation curve for the structure with design parameters. The measured results are in good 
agreement with the simulated curve, which indicates that the growth process is well controlled 
and the structure has a good quality. 

 
Fig.4 THz QCL emission spectrum measured at 10K and room temperature atmosphere transmission spectrum with a 

measured humidity of 51%. The inset figure shows the device structure with a metal-metal waveguide.  

The devices are fabricated with Au-Au waveguide structure [23]. To facilitate the electrical 
and optical measurements at cryogenic temperatures, the devices are attached to a copper heat 
sink and the temperature can be changed from 10 K to room temperature by a closed cycle 
helium cryostat. Devices are tested in pulsed mode powered by an AVTECH pulse generator 
with 5μs pulses at a 2 kHz repetition rate (1% duty cycle) and THz spectra are measure by a 
Fourier Transfer spectrometer ( Bruker v60s) with a Mylar beam splitter and a DTGS-PE detector 
included. As shown in Fig. 4, under the bias of 14.8 V, the lasing frequency is 3.4 THz at 10K, 
which is just located at a low-loss stage of atmosphere. Therefore, such a device can be used for 
the optical communication or imaging which is performed in the atmosphere. 

 

5. Conclusions  

An MC simulation is used to investigate the electric and optical properties of THz QCLs. The 
calculated current-voltage characteristics and the evolution of optical gain are in agreement with 
the experiment results. THz QCL samples are grown by MBE and the device is operated at 3.4 
THz which is just located at a low-loss stage of the atmosphere.  
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