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The research in the area of terahertz (THz) radiation is a subject of intense discussion in the international scientific community owing to its various applications in the fields of defense systems, security, interstellar studies, imaging, and agriculture. Although most of these applications have captured the attention of researchers in recent years, the development of a THz radiation source that meets specific requirements remains a challenging task. In this regard, the emission frequencies of terahertz quantum-cascade lasers (THz QCLs) can be fine-tuned by adjusting the thickness of the quantum well and the height of the barriers. The electron distribution among three periods of a hybrid active region design QCL structure is numerically simulated to estimate the optical gain spectra and electric field strength values. The results of the numerical simulations are compared with those of the experimental investigations by fabricating a 23 μm-thick active region THz QCL wafer by using the molecular beam epitaxy (MBE) technique. The wafer is split into six portions (A–F) to investigate the transport and the lasing properties. The electrical power dissipated at 10 K for the 23 μm-thick active region THz QCL stripe processed from the central portion (B) of the wafer is found to be approximately 56 W at the current density value of 0.53 kAcm−2. The thick active region THz QCL investigated in the present work operates in both pulsed and continuous-wave modes at the desired emission frequencies, which is a unique feature of the interlaced design. The optical output power of the 23 μm-thick active region THz QCL stripe compared to the 12 μm-thick active region is enhanced, attributed to improved mode confinement. Therefore, optimal performance in the pulsed mode can be achieved with thick active region THz QCL stripes fabricated near the center of the parent wafer. Nevertheless, thin active region THz QCLs are more suitable for continuous-wave operation due to reduced heat dissipation.
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1 INTRODUCTION
Terahertz quantum-cascade lasers (THz QCLs) are semiconductor lasers which can produce lasing action by using the intersub-band transitions within the heterostructure of quantum wells and barriers [(Williams, 2007; Vitiello et al., 2012; Sharma et al., 2021; Xu et al., 2007; Lee et al., 2010; Amanti et al., 2009; Benz et al., 2009; Qin et al., 2009; Mahler et al., 2010; Barbieri et al., 2004; Williams et al., 2006; Wienold et al., 2010; Jirauschek, 2010; Schrottke et al., 2010)]. The main emphasis of the researchers was to put forward significant efforts to obtain low threshold current density values, high temperature operation, stable emission frequencies, and high optical output powers of THz QCLs. Many researchers have devoted efforts to increase the efficiency of THz sources [(Terazzi and Faist, 2010; Strupiechonski et al., 2011; Sirtori et al., 1998; Gmachl et al., 2001; Lu et al., 2006; Sharma et al., 2011; Han et al., 2018; Kainz et al., 2018; Albo et al., 2019; Chassagneux et al., 2007; Röben et al., 2021; Hempel et al., 2016; Röben et al., 2019; Li et al., 2014)]. Fathololoumi et al. investigated the THz QCL structures and obtained an operating temperature of 200 K in the pulsed-wave mode operation (Fathololoumi et al., 2012). After this, the scientific community had accelerated the research efforts to obtain higher operating temperatures in the pulsed- and the continuous-wave (CW) mode operation of THz QCLs; however, the researchers were not able to achieve any significant increase in the operating temperature for many years. It was reported that two-quantum well active region design and selection of a special Cu–Cu waveguide can elevate the operating temperature to 210.5 K in the pulsed-wave mode (Bosco et al., 2019). The non-equilibrium Green’s function model was applied to optimize the THz QCL structure.
The maximum operating temperature in the pulsed-mode operation of THz QCLs was recently demonstrated to be 250 K at 4 THz by use of a clean n-level system of the active region, where n is the number of upper sub-bands responsible for the lasing action (Khalatpour et al., 2021). The threshold and maximum current density values are found to be 1.54 and 2.60 kA cm−2, respectively. The emission spectra of the single-stage thermoelectric cooled laser were recorded by using a pyroelectric detector (Khalatpour et al., 2021). In 2023, Khatalpour et al. reported the operating temperature of the THz QCL to be 261 K (Khalatpour et al., 2023). It is interesting to note that modeling the THz QCL structure is essential for optimizing device performance. Although a higher operating temperature is obtained in the recent reports (Khalatpour et al., 2023; Gao et al., 2023; Chen et al., 2024; Levy et al., 2024), a high threshold current density value is required to overcome the losses in the optical resonator, which makes it difficult to operate the THz QCL in the CW mode. The highest operating temperature of a CW-mode THz QCL with observable optical output power is 129 K, as reported by Wienold et al. (2014). A more recent study also reports achieving the same operating temperature of 129 K with an output power of 0.3 W (Curwen et al., 2021).
The optical output power of the THz QCL devices can be improved in the pulsed and the CW operation mode by varying the active region thickness, which was explored to some extent in the recent reports of the literature (Brandstetter et al., 2013; Li et al., 2017; Salih et al., 2013). The variation in the active region thickness was investigated for three-well, resonant-phonon depopulation THz QCLs with semi-insulating surface-plasmon waveguide (Salih et al., 2013). The operating parameters of THz QCLs with active-region thicknesses of 10, 7.5, 6, and 5 μm were investigated, and the sample with a 7.5-μm-thick active region was found to attain the best performance (Salih et al., 2013). On the other hand, thickness increases beyond the 10 μm-thick active region THz QCLs were also explored by the scientific community. Consequently, the researchers have tried to increase the output power of the THz QCLs by bonding the wafers of two symmetric active regions (Brandstetter et al., 2013). The optical output power and the maximum operating temperature values were found to be 470 mW at 5 K and 122 K, respectively. The range of the emission frequencies of the THz QCL was approximately 420 GHz, centered at approximately 3.9 THz. The wafer bonding process requires symmetric wafers and expertise.
In another report, 24 μm-thick active region THz QCLs with a facet coated with high-reflectivity layers was demonstrated to produce 2.4 W optical output power in the pulsed-mode operation at an emission frequency of approximately 4.4 THz at a temperature of 10 K (Li et al., 2017). Although the high optical output power in the pulsed-mode operation of 24 μm-thick active region THz QCLs was observed in the report by Li et al., the electrical power dissipated causes thermal failure if these THz QCLs (Li et al., 2017) are driven in the continuous-wave operation mode. In the case of continuous-wave THz QCLs based on a hybrid bound-to-bound quantum design, the dissipated power ≤30 W has been reported for an active region thickness of approximately 19 μm by Li et al. (Li et al., 2022). Moreover, the investigation of inhomogeneity during the fabrication and schematic processing of the stripes from the central slot to the edge slot of the wafer of the thick active region THz QCLs are still necessary.
In the present article, the threshold optical gain and the optical confinement factor are calculated as a function of the active region thickness, which is followed by numerical simulations to deduce the energy sub-band structure diagram of the GaAs/AlGaAs heterostructure. The optical gain spectra and electric field strength of THz QCLs with the interlaced active regions are estimated by using the self-consistent numerical solutions of the Schrödinger and Poisson equations. As far as the experimental investigations are concerned, we fabricate a 23 μm-thick active region THz QCL wafer in a single-growth run by using the molecular beam epitaxy technique (MBE). The wafer is split into six portions to schematically investigate the transport and lasing characteristics from the center slot to the edge slot. The letters A, B, C, D, E and F only indicate randomly selected portions and different processing runs. Different slots of one of the portions (B) of the parent wafer are processed for many 23 μm-thick active region THz QCL stripes to investigate the effect of homogeneity during the growth as a function of the distance from the center of the wafer. Moreover, the light–current–voltage (LIV) and emission spectra measurements of approximately 14 such THz QCL stripes are investigated from the six portions of the parent wafer where the active region thickness is 23 μm and 12/10 μm.
2 SIMULATIONS OF TRANSPORT AND LASING CHARACTERISTICS
The threshold optical gain (gth) and the optical confinement factor (Γ) are illustrated by Figure 1a as a function of the active region thickness (Kohen et al., 2005). It is quite evident that the threshold optical gain is high for smaller active region thicknesses, while the optical confinement factor has low values. The optical confinement factor increases with the increase in the active region thickness; however, the threshold optical gain is reduced. The threshold deriving electric power estimated for the 0.75 mm, 1.00 mm, and infinite long ridge lengths is highlighted in Figure 1b. The parameters used to estimate the threshold deriving electric power are wavenumber (ν̃); electric field; series resistance having values of 158 cm−1, 3.3 kV/cm, and 0.75 Ω, respectively; and Jth∼gth. The threshold optical gain is higher for smaller active region thicknesses in the THz QCL due to the limited amplification region and increased cavity losses. At lower active region thicknesses, the optical confinement factor is also low because of the reduced mode overlap. As the active region thickness increases, there is an enhancement in optical confinement factor; however, the threshold optical gain correspondingly decreases. The energy sub-band structure diagram of the interlaced active region THz QCLs at a field strength of 6.5 kV/cm is depicted in Figure 2 where the vertical laser transition occurs in the same quantum well. In the interlaced active region of the THz QCL, the lower laser level is depopulated through phonon-assisted transitions, while the upper laser level can either be the miniband or a bound state. In normal situations, the layer structure is engineered in such a way that the longitudinal optical phonon emission depopulates the lower laser level. Designs involving photon emission followed by the phonon emission are also called hybrid designs. The numerical simulations are carried out on the basis of the theoretical details reported in Schrottke et al. (2010), where three periods of the QCL structure are taken into account for the electron distribution.
[image: Graph showing two plots. In plot (a), the gain threshold (gₜₕ) in reciprocal centimeters versus active region thickness in micrometers displays two curves: black circles increase, while white circles decrease. An arrow denotes direction. Plot (b) shows threshold power (Pₜₕ) in arbitrary units against active region thickness, with three curves: green triangles for 0.75 mm, black squares for 1 mm, and red circles labeled “Inf. long,” all varying with thickness.]FIGURE 1 | (a) Calculated threshold optical gain (gth) as well as the optical confinement factor (Γ) and (b) threshold driving electric power of the THz QCL structure.[image: Graph depicting energy levels and wave functions within a quantum well and barrier structure. The x-axis shows position in nanometers, and the y-axis indicates energy in millielectronvolts. Various colored lines represent energy levels under an electric field of 6.5 kilovolts per centimeter. Labels indicate regions of quantum well, barrier, and a laser mark.]FIGURE 2 | Energy sub-band structure diagram of the interlaced active region THz QCL. The sequence of various layers is 3/25.4/1.7/16.6/0.8/10.3/1.2/9.4/1.6/7.8/1.9/7.0/1.9/17.2/3.8/15.5 nm. The bold numbers indicate the thickness of barriers, while the underlined number corresponds to the Si-doped GaAs quantum well.Figure 3 shows images of the THz QCL stripe processed at a distance of 11.6 mm from the center of the wafer with a ridge width of 200 μm and length of 3413 μm. Figure 3a illustrates a scanning electron microscope image of the THz QCL stripe while Figure 3b shows an image of one portion of length of the wire bonded stripe recorded by using an optical microscope. Note that the total length of the stripe is 3413 μm. The images are taken from portion B of the 23 μm-thick active region wafer.
[image: Panel a shows a close-up of a microstructure with a probe measuring dimensions of 109.7 micrometers by 25.46 micrometers. Panel b displays an array of vertical and horizontal wires with labeled measurements of 2661 micrometers for spacing.]FIGURE 3 | Images of the THz QCL stripe processed at a distance of 11.6 mm from the center of wafer with a ridge width of 200 μm and length of 3413 μm. (a) Scanning electron microscope image; (b) image of one portion of the length of the wire bonded stripe recorded by using an optical microscope. The images are taken from portion B of the 23 μm-thick active region wafer.The outcome of the numerical computation is depicted in Figure 4 where the variations in the electric field strength as a function of the frequency and current density are highlighted. It is to be noted that the maximum value in the optical gain occurs from 4.06 to 5.02 THz, which is illustrated by the vertical dashed lines in Figure 4a. Nevertheless, the onset of the negative differential conductivity (NDC) in Figure 4b is marked by the horizontal dashed line at 6.7 kV/cm and the current density of 517 A cm−2. The electric field increases with increasing current density due to enhanced carrier mobility. However, with a further increase in the current density, carriers transition from the Γ-valley to the L-valley, leading to negative differential conductivity (NDC). The THz QCL turns off at the onset of NDC, which is a well-known issue in GaAs/AlGaAs heterostructures.
[image: Panel (a) displays a color map of field strength versus frequency, highlighting regions of gain (blue) and loss (red) with green dashed lines. Panel (b) shows a scatter plot of current density with a green dashed line indicating NDC.]FIGURE 4 | Calculated (a) optical gain spectra and field strength values of the THz QCL structure with the interlaced active region design. The vertical dashed lines indicate the optical gain region from 4.06 to 5.02 THz. (b) The electric field strength profile where the horizontal dashed line indicates triggering of negative differential conductivity (NDC) of the THz QCL structure.3 EXPERIMENTAL CONFIGURATIONS
The standard 23 μm-thick active region THz QCL sample is fabricated by using the MBE technique on a semi-insulating GaAs substrate, which is further processed into single-plasmon waveguides. The details of fabrication, processing, and experimental configuration utilized for recording LIV and emission spectra measurements are already reported in our publications (Sharma et al., 2011; Sharma et al., 2013; Wienold et al., 2012; Wienold et al., 2014). Owing to the rotation during the growth procedure in the MBE machine, the THz QCL wafer has a radial symmetry and a negative thickness gradient of approximately 1 to 3% from the central portion to the edge of the wafer. After the fabrication, the parent THz QCL wafer is split into six pieces, i.e., A, B, C, D, E and F, which are further processed to produce several THz QCL stripes. The details of different wafers are highlighted in Table 1 and discussed later in Section 4.
TABLE 1 | Details of the different portions of THz QCLs from the parent wafer. Here ENDC is the electric field at the onset of the negative differential conductivity, and AR refers to the active region.	S. N	Wafer portion	AR thickness (μm)	Number of stripes tested	Transport recorded	Lasing recorded	ENDC (kV/cm)
	1	A	23	1	Yes	Yes	7.2
	2	B	23	5	Yes	Yes	6.7
	3	C	12	2	Yes	No	9.4
	4	D	23	2	Yes	No	6.4
	5	E	12	3	Yes	Yes	8.4
	6	F	10	1	Yes	Yes	8.1


4 EXPERIMENTAL RESULTS AND DISCUSSION
A THz QCL stripe of dimensions 200×3555 μm processed from a slot of the wafer portion A is characterized in the pulsed mode, which has shown the output optical power of 4.3 mW and the threshold current density of 475 A cm−2 at 5 K. The THz QCL stripe has shown lasing up to a temperature of 45 K. The emission frequencies of the THz QCL are in the range of 5.15–5.23 THz.
In order to understand the growth homogeneity of the fabricated wafers, we have thoroughly investigated portion B of the parent wafer by processing approximately 5 THz QCL stripes from the center to the edge of the wafer. The experimental light–current density–voltage curves of the 23 μm-thick active region THz QCL stripes processed from different parts of the wafer (portion B from the parent wafer) at 5 K temperature are illustrated in Figure 5.
[image: Graph showing voltage versus current density with an inset graph in the bottom left corner. Five main curves, each representing different cavity lengths (11.6 mm, 13.0 mm, 15.4 mm, 17.4 mm, 19.3 mm), are plotted at 5 K. The vertical axis depicts voltage and peak power, while the horizontal axis shows current density. Different colors indicate different cavity lengths. The inset shows voltage versus current density for 11.6 mm at 10 K.]FIGURE 5 | Experimental results of light–current–voltage (LIV) curves of the 23 μm-thick active region THz QCL stripes processed from different parts situated at distances of 11.6 mm, 13.0 mm, 15.4 mm, 17.4 mm, and 19.3 mm from the center of the wafer. Refer to the wafer portion B in Table 1. The inset is the LIV measurements at 10 K of the 23 μm-thick active region THz QCL stripe processed at a distance of 11.6 mm from the center of the wafer. The electrical power dissipated at 10 K is estimated for the device (see text for details). A pulse width of 500 ns is used to derive the laser at a repetition rate of 5 kHz.All of the QCL stripes are 200 μm wide, while the lengths are 3.41, 3.40, 3.44, 3.45, and 3.46 mm, respectively, for the THz QCL wafers processed at distances of 11.6 mm, 13.0 mm, 15.4 mm, 17.4 mm, and 19.3 mm, respectively, from the center to the edge of the wafer. The threshold current density values are 258, 311, 366, 454, and 608 A cm−2 for the QCL wafers processed at distances of 11.6 mm, 13.0 mm, 15.4 mm, 17.4 mm, and 19.3 mm from the center of the wafer, respectively. The optical output power is found to be 57.3, 31.1, 28.4, 18.4, and 3.1 mW for the QCL stripes processed at distances of 11.6 mm, 13.0 mm, 15.4 mm, 17.4 mm, and 19.3 mm from the center slot to the edge of the wafer, respectively. Moreover, there is a general trend of smaller voltages (Figure 5) for the THz QCL sample from the center to the edge of wafer. The enhancement in the threshold current density of the QCL stripes from the central slot to the edge of the wafer is consistent with the decrease in the optical output power. The average period length variation from the center to the edge of the THz QCL wafer is found to be 1.5% at a distance of 20 mm from the wafer center. This deviation is not sufficient to explain the increased threshold current density toward the wafer edge.
The elevated threshold current density values can be understood on the basis of increasing interface roughness from the average distance from the center to the edge of the wafer, which can significantly affect the lasing of the THz QCLs (Kumar et al., 2007; Jenichen et al., 1997). The temperature gradient, growth rate modulation, and rotation of the wafers during the growth procedure are possible reasons for increased interface roughness toward the edge of the wafer. Surface roughness of the wafer is not so critical; however, interface roughness can significantly influence the emission frequencies of THz QCLs. This effect can be attributed to composition grading at the interfaces between the quantum wells and barriers in the wafer (Sharma et al., 2013). A strong decrease in the optical output power of the THz QCLs processed away from the central slot to the edge of the wafer can be explained by a significant inhomogeneity in the growth direction. The performance of 23 μm-thick active region QCL stripes is degraded for the laser ridges processed at 11.6 mm distance from the central slot of the wafer.
As found in the inset of Figure 5, the electrical power dissipated for the THz QCL stripe processed at the distance of 11.6 mm from the center to the edge of the wafer at 10 K is found to be approximately 56 W at the current density value of 0.53 kAcm−2. We believe that the thick active region THz QCLs are suitable for obtaining the highest power in the pulsed-mode operation, as investigated in this study and also in the reports of the literature. However, for the continuous-wave operation mode, the THz QCL fabricated in the present investigations coupled with the study of the thin active region may be preferred due to the thermal effects.
The emission spectra of standard 23 μm-thick active region THz QCLs measured in the pulsed-mode operation are illustrated in Figure 6.
[image: Graph displaying intensity versus wavenumber for different current densities and voltages. Four line spectra are shown, with the top at 85 Kelvin and the rest at 5 Kelvin. Peaks are noted around 160 and 165 wavenumbers. Frequencies range from 4.50 to 5.10 terahertz.]FIGURE 6 | The emission spectra measurements in the pulsed-mode operation for the 23 μm-thick active region THz QCL stripe of dimensions 200×3413 μm. This THz QCL stripe slot is processed at a distance of 11.6 mm from the central portion of the wafer (refer to LIV characteristics in Figure 5). At 5 K, the emission spectra are recorded near the threshold, intermediate and maximum values of the current density. Only one emission spectrum is obtained at the maximum operating temperature owing to the smaller dynamic range of the current density values.The spectral mode emission shown in Figure 6 originates from the Fabry–Perot laser cavity modes. The emission spectra cannot be interpreted as a transition from single-mode to multimode emission due to the limited dynamic range of the current density at elevated temperatures. The spectral broadening is governed by lifetime broadening between the two energy states responsible for lasing, along with an additional broadening factor attributed to the interface roughness. The inhomogeneous broadening of the gain spectrum is influenced by this interface roughness, which can be partially controlled through optimized growth conditions. The internal slope efficiency is affected by the inhomogeneous line broadening of the gain spectrum, which typically determines the threshold and operational current density values (Schrottke et al., 2010). Longitudinal mode shifting is primarily governed by the optical gain medium and resonant cavity. These THz QCLs are specifically designed for heterodyne detection and interstellar applications targeting a specific emission frequency of 4.745 THz, where only the central emission frequencies are of significance. For portion B of the parent wafer, the dual mode emission of approximately 4.94 THz is obtained at 5 K at the current density of 276 A cm−2. The relatively broad emission frequency between 4.73 and 4.98 THz is obtained at the current density of 527 A cm−2.
The threshold current density values from the center of wafer are shown in Figure 7A. The maximum and minimum values of the threshold current density are 608 A cm−2 and 258 A cm−2 at distances of 11.6 and 19.3 mm from the center, respectively. The emission frequencies as a function of distance from the central slot of the wafer are highlighted in Figure 7B. The wide spectrum and blue shift in the emission frequencies from the center slot to the edge slot of the thick active region THz QCL stripe can be explained by homogeneity during the growth of the wafer, which is consistent with recent reports in the literature (Lü et al., 2021). The increase in the threshold current density is attributed to higher effective losses from the center to the edge of the wafer. The emission frequency of the THz QCL depends on the energy difference between subbands, which is directly influenced by the thicknesses of the quantum wells and barriers, as well as the electric field distribution across the device. The observed blue shift in the emission frequencies is attributed to the Stark effect and variations in the thickness of the quantum wells and barriers toward the edge of the wafer.
[image: Graph (a) shows a linear increase in Jth values ranging from 300 to 550 A/cm² as distance from the center increases from 12 to 20 mm. Graph (b) displays a similar trend for frequency, with values rising from 4.7 to 5.3 THz. Error bars in graph (b) indicate variability.]FIGURE 7 | (a) The threshold current density and (b) emission frequency values versus distance from the central slot of wafer for 23 μm-thick active region THz QCL.Portion C of the parent wafer is processed in such a way that only 12 μm of the active region is retained. The transport characteristics of 12 μm-thick active region THz QCL stripes are recorded; however, the device has not shown lasing, which may be due to the inhomogeneities in the growth of THz QCL wafers. We have also processed and tested two stripes of the THz QCL from portion D of the parent wafer where the transport characteristics are recorded. The investigation of the transport measurements of THz QCL stripes from different portions of the parent wafer are illustrated and discussed at length in the text/caption of Figure 10.
Next, we investigate the LIV and the emission frequency spectra of the THz QCL stripe from portion E of the wafer, which is 200 μm wide and 2.93 mm long. In the pulsed-mode operation, the threshold current density and the optical output power are 140 A cm−2 and 28 mW, respectively, as depicted in Figure 8. In the pulsed-mode operation, the emission spectra are recorded and are shown in the inset of Figure 8 where the central emission frequency of 4.66 THz is obtained at the bias voltage of 7.3 V at 5 K. At 8.7 V and 9.9 V, the central emission frequencies are shifted to 4.64 and 4.61 THz at a temperature of 5 K. Since the dynamic range of the applied current densities is limited at the elevated temperature of 89 K, only one emission spectrum could be recorded where the emission frequency is centered at approximately 4.59 THz. In the inset of Figure 8, the emission spectra cannot be interpreted as a transition from single-mode to multimode emission due to the limited dynamic range of current density at the elevated temperature of 89 K. At 5 K, emission spectra are recorded near the threshold, at intermediate, and at maximum current density values. However, at 89 K, only a single emission spectrum is obtained at the maximum current density, owing to the narrower dynamic range. Since the output power at 89 K is significantly lower than that at 5 K, it has been multiplied by a factor of 5 to enhance the visibility—this is a common and accepted practice in QCL literature.
[image: Graph depicting voltage vs. current density with corresponding peak power readings, showing data at different temperatures: 5 K, 30 K, 50 K, 80 K, 85 K, and 89 K. Voltage increases with current density. Inset graph illustrates intensity vs. wavenumber for 89 K and 5 K at various densities and voltages. Arrows indicate measurement directions. Legend distinguishes different conditions using color coding.]FIGURE 8 | The LIV characteristics of 12 μm-thick active region THz QCL stripe with dimensions of 200×2925 μm, processed from portion E of the parent wafer. The inset shows the emission spectra measurements at various temperature values. The device is driven in the pulsed operation mode.In the next step, we have investigated a 12 μm-thick active region stripe with an intention to operate the device in the pulsed-mode operation and in the CW mode operation. The THz QCL stripe of dimensions 120×1205 μm is processed from portion E of the parent wafer. The pulsed-mode operation results of the THz QCL stripe are illustrated in Figure 9a. At 5 K, the threshold current density and optical output power are 230 A cm−2 and 3.9 mW, respectively. The limited dynamic range of the current density, Jmax-Jth, is approximately 24 A cm−2 which indicate that the higher operating temperature would be difficult to obtain in the case of this stripe. The THz QCL stripe lased up to a temperature of 70 K in the pulsed-mode operation. The same THz QCL stripe of dimensions 120×1205 μm is investigated for the LIV measurements in the CW mode operation, and results are depicted in the main panel of Figure 9b. An increase in current density enhances the optical gain of the THz QCL, which saturates at the threshold value. Further increases in the current density lead to higher optical output power. However, electrical power dissipation and thermal effects limit the overall performance of the THz QCL (Kruger et al., 2013). The underlying scattering mechanisms can be understood from Sharma et al. (2021).
[image: Two-panel graph depicting voltage and power characteristics against current density. Panel (a) shows voltage and peak power curves for different temperatures (5 K to 70 K), with varying peak power outputs increasing with higher current densities. Panel (b) illustrates voltage and optical power at 30 K and 20 K, showing higher optical power at 20 K. An inset in panel (b) displays intensity peaks at frequencies around 155 wavenumbers and corresponding current densities and voltages.]FIGURE 9 | (a) The measured LIV curves of the 12 μm-thick active region with the dimensions of 120×1210 μm QCL strip, which is processed from portion E of the parent wafer. The device is driven in the pulsed operation mode. (b) The CW mode operation LIV characteristics of the 12 μm-thick active region THz QCL stripe with dimensions of 120×1210 μm. The inset of (b) is the emission spectra measurements in the CW operation mode.At 20 K, the optical output power and threshold current density are 1.3 mW and 318 A cm−2, respectively. The maximum value of the current density at which the device has shown lasing is 484 A cm−2. At 30 K, the optical output power and threshold current density are 0.9 mW and 338 A cm−2, respectively, while the maximum current density is found to be 473 A cm−2. The emission spectra are illustrated in the inset of Figure 9b. At 22 K, 331 A cm−2, 7.3 V, the emission frequency is centered at approximately 4.67 THz, which remains around a similar value for 387 A cm−2, 7.8 V at 26 K. This indicates that the output frequency of the THz QCL remains stable in the CW operation mode, although the dynamic range of the current density values is limited.
It is quite obvious from Figure 9b that it is difficult to obtain higher operating temperatures when the device is driven in the CW operation mode because of the thermal effects. It is also reported in the literature that the thicker active region QCL (24 μm) can be exploited for higher optical power in the pulsed mode; however, the thinner active region (5.86 μm) is suitable for the CW operation mode (Chassagneux et al., 2007). The broad surface area stripes are used to obtain the pulsed-mode LIV characteristics of the THz QCLs. Nevertheless, the smaller surface area stripes are preferred for the CW operation of the THz QCL to minimize the effects of thermal heating. The thermal conductance of the THz QCL stripe can be estimated by formula G = (JthVth)/ΔT, where Jth and Vth are the threshold current density and the threshold voltage, respectively. The ΔT is the difference between the pulsed and CW operation temperature. For Jth = 340 Acm−2, Vth = 7.4 V, ΔT = 40 K, the thermal conductance value is estimated to be 62.9 W K−1cm−2, which is less compared to our previously investigated devices of epitaxy-up (120 W K−1cm−2) and epitaxy-down (160 W K−1cm−2) mounting schemes (Kruger et al., 2013). In the pulsed-mode operation of the THz QCL, the peak power is calculated by dividing the average power by the duty cycle. In contrast, during the continuous-wave operation, the optical power is directly measured as no pulses are involved. The Y-axis of the emission spectra represents the intensity in arbitrary units. The emission frequency remains unchanged in the continuous-wave operation mode due to the limited dynamic range of the THz QCL under these operating conditions.
The measured electric field strength versus the current density of the THz QCL structures for different portions (A, B, C, D, E, and F) of the parent wafer is illustrated in Figure 10. The circles 1 and 2 represent the onset of the NDC for 12/10 μm and 23 μm-thick active region THz QCL stripes, respectively. The thickness of the active region is 23 μm for the wafer portions A, B, and D.
[image: Graph showing the relationship between field strength (kV/cm) and current density (A/cm²) for various samples. Each curve represents different parameters labeled A to F with nanometer dimensions. Curves are marked with a legend and two notable regions are circled and labeled one and two. The curves are plotted with varying line styles, including solid, dashed, and dotted lines. Field strength generally increases with current density.]FIGURE 10 | The measured electric field strength versus the current density of the THz QCL structures for different portions (A, B, C, D, E, and F) of the parent wafer. The circles 1 and 2 indicate 12/10 μm and 23 μm-thick active region THz QCL stripes, respectively.In the case of the THz QCL stripe processed from portions A and B of the parent wafer, the onset of the NDC occurs at the electric field strength values of 7.2 and 6.7 kV/cm at the maximum current density values of 553 and 524 Acm−2, respectively. On the other hand, the onset of the NDC occurs at the electric field strength of 6.4 kV/cm at the maximum current density value of 519 Acm−2 for the THz QCL stripe processed from portion D of the parent wafer. The thickness of the active region is 12 μm for the wafer portions C and E, while the 10 μm-thick active region is retained from portion F of the parent wafer (refer to Table 1).
In the case of the THz QCL stripe processed from portions C and E of the parent wafer, the onset of the NDC occurs at the electric field strength values of 9.4 and 8.4 kV/cm at the maximum current density values of 542 and 433 Acm−2, respectively. Nevertheless, the onset of the NDC occurs at the electric field strength of 8.1 kV/cm at the maximum current density value of 491 Acm−2 for the THz QCL stripe processed from portion F of the parent wafer. Carrier injection and energy subband alignment in the THz QCL structure are essential to achieve lasing action. The lasing performance also depends on the processing conditions of the wafers, which typically determine the measurable optical output power. The electric field strength in wafer C is higher than in the other stripes, and the onset of negative differential conductivity occurs at higher voltages. In contrast, the electric field strength in THz QCL stripes processed from wafer D is lower compared to that of wafer B. As a result, the variation in voltages across wafers C and D in the THz QCL structures leads to reduced optical gain, which in turn limits the optical output power to a measurable level. The onset of negative differential conductivity in THz QCLs depends on the thickness of the active region, the stripe dimensions, and the operating temperature. Circles 1 and 2 represent THz QCL stripes with 12/10 μm-thick and 23 μm-thick active regions, respectively. The onset of negative differential conductivity in the 12/10 μm-thick active region occurs at higher electric field strengths and lower current density values compared to the 23 μm-thick region. This behavior is attributed to the etching of the top layer. Furthermore, the onset of NDC occurs at a higher voltage at 5 K than at 89 K as additional voltage is required to trigger instabilities at lower temperatures (Figure 8). In contrast, at elevated temperatures, the thermal energy of the carriers combined with the applied voltage is sufficient to reduce the onset voltage.
5 SUMMARY
In summary, we have performed calculations of the threshold optical gain and the optical confinement factor as a function of the active region thickness, which is followed by the numerical simulations to deduce the energy subband structure diagram, the optical gain spectra, and field strength as function of the current density of the THz QCL structure with the interlaced active region design. We have fabricated the 23 μm-thick active region THz QCL wafer in a single-growth run by using the molecular beam epitaxy technique, which is split into six portions. One of the portion (B) of the parent wafer is processed for many 23 μm-thick active region THz QCL stripes, where LIV and emission spectra are measured as a function of the distance from the center of wafer. We investigated the light–current–voltage (LIV) and emission spectra measurements of approximately 14 such THz QCL stripes from the six portions of the parent wafer, where the active region thicknesses are 23 μm, 12 μm, and 10 μm. The thick active region THz QCL investigated in the present work operates in both pulsed and continuous-wave modes at the desired emission frequencies, which is a unique feature of the interlaced design. The optical output power of the 23 μm-thick active region THz QCL stripe shows enhancement compared to the 12 μm-thick active region, attributed to improved mode confinement. Therefore, optimal performance in the pulsed mode can be achieved with thick active region THz QCL stripes fabricated near the center of the parent wafer. Nevertheless, thin active region THz QCLs are more suitable for continuous-wave operation due to reduced heat dissipation.
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