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ABSTRACT

In the talk we present our recent modeling results for THz frequency QCLs including electronic structure and transport
calculations of exemplary GaAs-based devices, investigation of alternative material platforms based on wide-bandgap
semiconductors, modeling passive mode-locking with saturable absorber, and study of optical feedback effects. Moreover,
we employ a machine learning framework for THz QCL design optimization. Methods include a Schrodinger-Poisson
solver for calculating eigenenergies and wave functions, a density matrix carrier transport model, Maxwell-Bloch
equations for passive mode-locking and self-mixing dynamics, and a multi-layer perceptron neural network to predict the
laser transition figure of merit.
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1. INTRODUCTION

Terahertz (THz) frequency quantum cascade lasers (QCLs) have remarkably improved since the first demonstration [1] in
terms of optical bandwidth, optical power levels, and spectral purity, representing an enabling quantum technology with
the potential of bridging the dead zone between electronics and optics, the so-called THz technology gap [2]. Namely, it
opens fascinating perspectives in quantum science with an impact on all main areas, from sensing and metrology to
communication, computation, and simulation [3], [4]. Non-ionizing THz radiation is suitable for medical imaging and
studying cellular and molecular biology. However, for further advances in the field, the reduction of the cost and
complexity of THz spectroscopy and imaging systems are desirable and this can be achieved by using high-performance
computing and machine learning techniques [5] for designing higher power sources with near room temperature operation,
sources of ultra-short and high-intensity THz pulses [6], as well as more sensitive detectors. Furthermore, self-mixing with
the THz QCL is a fast and sensitive technique that removes the need for an external THz detector, which is essential for
emerging applications ranging from imaging of human skin pathologies [7] to the hydration sensing of leaves [8].

2. METHODS

We calculate QCL electronic structures by solving the Schrodinger equation within the electron effective mass formalism
using the derivative transfer matrix method (dTMM) developed in [9]. Depending on the underlying material systems and
crystal structure, the solutions deviate from parabolic dispersion and require treatment of nonparabolicity, especially in
semiconductor structures with small bandgaps and multiple quantum well (MQW) systems, which comprise narrow energy
spacing between the subbands, as well as MQW systems possessing high-energy subbands. The most common approaches
for the calculation of the nonparabolicity effects in the conduction band are the two-band Kane model, which takes into
account the interaction of the conduction band and the light-hole valence band, and a more complex treatment that uses a
14-band k-p model [10].
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The density matrix (DM) quantum transport model, which we use, was developed in [11], [12]. It employs the first neighbor
and tight binding approximations, together with the infinite period QCL consideration. It is a multipurpose model with low
numerical complexity that incorporates coherence effects and accurately describes resonant tunneling through the injection
barrier, making it excellent for the intensive optimization of THz QCL structures in high-performance computing facilities.
All of the scattering mechanisms of interest are described as perturbations with Fermi's golden rule.

For modeling QCL active region dynamics, we use macroscopic Maxwell-Bloch (MB) equations, a widely used
semiclassical model to describe optical propagation and coherent light—matter interaction in media consisting of discrete-
level quantum systems [13]. We study the pulse formation in a bound-to-continuum (BTC) QCL from [14] operating at
~3 THz, with a graphene saturable absorber (SA) stripes, which exhibited passive mode locking in an experiment in [6].
Our time-domain simulations are performed on a system with eleven quantized energy states, and we apply rotating wave
approximation (RWA) and slowly varying envelope approximations (SVEA). We also compare results with our 2-level
full-wave model with SA and the 2-level model from [15] which uses RWA and SWEA.

We perform time-domain simulations of a 2 THz BTC QCL design [11] in laser feedback interferometry (LFI)
configuration, by adopting effective semiconductor Maxwell-Bloch equations approach from [16]. Parameters for self-
mixing simulations are extracted from the DM transport model.

Finally, we use a multi-layer perceptron (MLP) neural network to predict the laser gain, current density, and frequency of
~175 thousand QCL designs using layer thicknesses and the applied electric field as inputs, following the approach from
[5]- The reference QCL is a record-high-temperature 2-well design reported in [17].

3. RESULTS

In this Section we present a portion of the numerical results which are presented during the talk and available on the
presentation, namely time-domain simulations of QCL with SA and prediction of transport parameters using MLP.

Figure 1 shows conduction band profile and squared wavefunctions obtained by self-consistently solving the Schrodinger—
Poisson system. Design is from reference [14] and it was used in an experiment in which passive mode-locking was
demonstrated in THz QCL for the first time [6].
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Figure 1. Conduction band potential of the 3 THz BTC THz QCL, along with moduli squared of the corresponding wave
functions [14]. The figure shows two adjacent active regions.

We calculate transport parameters (gain, current density, and peak gain frequency) using the DM transport model, and
extract eigen energies, dipole moments, wavefunctions and all the scattering rates for subsequent time-domain simulations.
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Then, we numerically solve the MB equations in RWA and SVEA for the 11 states shown in Fig. 1. The graphene saturable
absorber is modeled as a slow absorber, as in [6]. Intensity waveform and its spectrum are plotted in Figs. 2 and 3,
respectively. Results show good agreement with the experiment [6] in terms of pulse width (~4 ps) and optical spectrum
shape around 3 THz, and also with numerical simulations reported in [6] for 9 states. We can also generate similar
waveforms and output power spectra using simplified 2-level models with or without RWA and SVEA. However, this
simplification is artificial; it requires fitting of parameters to the model with N>2 states and, although it catches the mode-
locking dynamics with graphene saturable absorber, it is in our opinion necessary to consider all of the 11 states in the
simulation to correctly catch all the dynamic peculiarities. Nevertheless, the larger the number of states considered in the
simulation, the larger the number of equations and consequently the execution time of the time-domain simulations over
several thousands of round trips.
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Figure 2. Intensity waveform from a QCL in Fig. 1 with distributed graphene saturable absorber. Pulses are ~4 ps wide in
agreement with the experiment reported in [6]. In simulation we use group velocity dispersion value B2=1072?s’m™.
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Figure 3. Normalized optical power spectra that correspond to the intensity waveform shown in Fig. 2.

In the following, we show numerical results of MLP neural network, which was used to search for the optimal structures
around the reference design from the literature [17] The dataset is divided into 80% random configurations for training
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and 20% for testing. We use a batch size of 32, as a loss function, we use mean square error and L2 regularization, Adam
optimizer with a learning rate of 0.001, and 300 epochs. MLP architecture consists of the input layer, three hidden layers
and the output layer. The input layer has 7 values (6 material layer widths and external electric field). Each material layer
is varied around the reference value by +2 monolayers with one monolayer thickness step, while the electric field is varied
from 17.5 to 27.5 kV/cm with a 2 kV/cm step. First hidden layer has 7 inputs and 64 outputs, PReLU activation function.
Second hidden layer has 64 inputs and 128 outputs, PReLU activation function. The third hidden layer has 128 inputs and
64 outputs. Figures 4, 5 and 6 show a comparison between the predicted and the results from the QCL simulator (actual)

for material gain, current density, and peak gain frequency, respectively. Figure 7 shows how the loss function evolves
with the number of epochs.
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Figure 4. Results of our MLP neural network trained to predict material gain. On 20 random samples, we show a comparison

between the predicted (MLP) and the results from the QCL simulator (actual) employing DM quantum transport [11], [12].
Reference structure is 261 K 2-well design [17].
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Figure 5. Results of our MLP neural network trained to predict current density. On 20 random samples, we show a comparison

between the predicted (MLP) and the results from the QCL simulator (actual) employing DM quantum transport [11], [12].
Reference structure is 261 K 2-well design [17].
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Predicted vs Actual for Frequency (20 random samples)
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Figure 6. Results of our MLP neural network trained to predict THz QCL operating frequency. On 20 random samples, we
show a comparison between the predicted (MLP) and the results from the QCL simulator (actual) employing DM quantum
transport [11], [12]. Reference structure is 261 K 2-well design [17].
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Figure 7. Loss function (mean square error and L2 regularization) as a function of the number of epochs.

4. CONCLUSION

To conclude, in this talk, we have presented our recent modeling results for terahertz frequency quantum cascade lasers,
devices with applications in imaging, sensing, and metrology. These results include electronic structure and transport
calculations, time-domain simulations, and optical spectra of intensity waveforms, as well as the application of a neural
network for predicting transport parameters.
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