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We compare the performance of 10 µm and 5 µm thick metal-metal waveguide terahertz quantum-cascade laser ridges 

operating around 2.7 THz and based on a 4-well phonon depopulation active region design. Thanks to reduced heat 

dissipation and lower thermal resistance, the 5 µm thick material shows an 18 K increase in continuous wave operating 

temperature compared to the 10 µm material, despite a lower maximum pulsed-mode operating temperature and a 

larger input power density. A maximum continuous wave operating temperature of 129 K is demonstrated using the 

5 µm thick material and a 15 µm wide ridge waveguide that lased up to 155 K in pulsed mode. The use of thin active 

regions is likely to become increasingly important to address the increasing input power density of emerging 2- and 

3-well active region designs that show the highest pulsed operating temperatures. 

THE MANUSCRIPT 

THz quantum-cascade lasers (QCLs) are compact, efficient semiconductor sources of coherent radiation in the 1 - 6 

THz range [1, 2], but they require cryogenic cooling, which limits the actual size and power of a usable laser to that 

of the cryocooler. In the laboratory environment this is an inconvenience, but in certain applications, such as space-

based astrophysical heterodyne receivers, it is unacceptable. To date, the maximum operating temperature of a THz 

QCL in continuous-wave (cw) is 129 K [3]. Higher temperatures can be achieved by operating devices in a low duty-

cycle pulsed mode (e.g. 1 µs bias pulses repeated at 10 kHz), but this makes many applications difficult, if not 

impossible (heterodyne local oscillators, dual frequency comb spectroscopy, etc.). The pursuit of maximum pulsed 

operating temperature has garnered significant attention in the field, and the best report now stands at 250 K using a 

thermoelectric cooler [4]; however the strategies for obtaining maximum pulsed and maximum cw temperature do not 

necessarily align. Part of the trend to achieve higher pulsed operation has been to reduce the number of quantum-wells 

in a single period of the active gain material, and increase the barrier heights to reduce leakage into higher energy 

states and the continuum [4-14]. Shorter period designs lend themselves to higher gain thanks to more transitions per 

volume (larger average doping for the same sheet doping), and faster depopulation of the of the lower laser level 
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(enabled by direct optical phonon scattering) [4, 11, 14]. Additionally, they tend to show less temperature-induced 

leakage current (and a higher characteristic temperature T0), which may be due to more diagonal radiative transitions 

with longer upper state lifetimes, and/or a reduced state space for temperature-induced non-radiative scattering out of 

the upper laser level. However, these short period designs tend to require larger applied electric fields and draw larger 

current densities. This increased input power dissipation density works against high temperature cw operation due to 

increased heating. This trade-off must be optimized to achieve the highest cw operating temperature. So far, the 

thermal benefit of low-bias, long-period designs has outweighed the higher pulsed operating temperatures of high-

bias, short-period designs, as the current record cw temperature performance was achieved with a low-bias 9-well 

active region design [3]. 

Aside from active region design, improving cw operating temperature can be approached via waveguide design. 

Metal-metal waveguides have been used for the majority of high temperature cw THz QCL demonstrations thanks to 

(a) the strong mode confinement which maximizes modal gain and minimizes losses, and (b) the transverse waveguide 

dimensions can be scaled below far below the wavelength, which reduces total power consumption [15]. Epitaxy-side 

down mounting to sapphire and AlN substrates allows heat extraction from both the top and bottom sides of laser 

ridges, and has demonstrated improved cw operation for surface plasmon THz QCLs, as well as mid-IR QCLs [16, 

17]. Buried heterostructures are a key technology that has improved cw operating temperatures for narrow mid-IR 

QCL ridges via improved heat removal from the sidewalls [18-20]. While the use of buried heterostructures has also 

somewhat improved the cw operation of THz QCLs, the strategy has not been widely adopted as it requires an 

inconvenient ion implantation step [21, 22].  

One simple route to reduce heating during cw operation is to use thinner QCL gain material, which is the primary 

thermal bottleneck due to its large out-of-plane thermal conductivity (κ⊥) around 5-10 W/(m·K) [23-25]. This is close 

to an order of magnitude lower than bulk GaAs material due to the reduced phonon velocities and increased phonon 

scattering that takes place within the GaAs/AlxGa1-xAs heterostructures. In Figure 1, the simulated temperature 

difference ΔT between the heat sink and the average temperature in the QCL (approximately the temperature in the 

middle of the device) is plotted as a function of input power density and device thickness, assuming a thermal 

conductance of 7.5 W/(m·K). A number of data points on high-temperature devices from existing literature are 
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indicated by the dashed vertical green (3-well) and red (2-well) lines. Reducing the thickness by a factor of two should 

reduce ΔT by a factor of 3 to 4. 

While the thermal benefits of a reduced active region are clear, it must be considered that reducing the thickness 

of the active region also increases the threshold gain of the laser. The waveguide design becomes critical in this case. 

With surface-plasmon (SP) waveguides, the confinement of the THz mode to the gain material decreases as the active 

region is made thinner, and previous studies indicate it is unlikely the that the thermal advantage will outweigh the 

increase in threshold for cw operation [26]. On the other hand, metal-metal (MM) waveguides provide nearly unity 

mode confinement even as the thickness decreases. Though the waveguide loss coefficient related to the metallic 

cladding increases inversely with active region thickness, it is only one component of the total loss, and experimental 

pulsed-mode data indicates much less penalty in reducing the active region thickness of a MM waveguide compared 

to SP waveguides [27, 28]. The strong mode confinement of MM waveguides results in low outcoupling efficiency 

and poor beam quality from typical facet emitting devices, and thinner waveguides make these problems worse. 

However, large area MM surface-emitting [29, 30] and end-fire arrays [31] can provide much better power and beam 

quality, and such arrays should benefit from thin active regions, which allow for larger area arrays for a given total 

input power. Cw lasing was demonstrated with a 6 µm thick MM waveguide and a 9-well active region design in Ref. 

[32], but the maximum cw temperature was only 60 K, and no direct comparisons were made to thicker active regions.  

In this Letter we demonstrate that the thermal benefit of reducing the active region thickness from 10 µm to 5 µm 

in a MM waveguide can outweigh the increase in threshold gain, which results in a net increase in cw operating 

temperature. The active region is a 4-well phonon-depopulation design used for this study is similar to that in [33], 

but modified to operate around 2.7 THz. The specific layer sequence for a single module (in Å, GaAs/Al0.15Ga0.45As) 

is 106/20/106/37/88/40/172/51. The middle 88 Å of the underlined well is Si-doped at 5×1016 cm-3. Two wafers were 

grown, one with 162 modules for a total of 10 µm of material, and one with 80 modules for a total of 5 µm of material. 

The 10 µm thick wafer was grown at Sandia National Laboratory (wafer number VA1034), while the 5 µm thick wafer 

was grown by a commercial vendor, IQE plc. The growths were capped with a 50 nm n++ GaAs layer (5×1018 cm-3) 

and a 35 nm low-temperature grown GaAs layer to enable an Ohmic contact. The wafers were processed via Cu-Cu 

thermocompression wafer bonding into 50 µm × 1 mm metal-metal waveguides with dry etched facets. Waveguiding 

was obtained by a Ta/Cu (15/600 nm) bottom cladding/contact layer, and a Ti/Au (15/250 nm) top cladding/contact 
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layer. Capacitance vs. voltage measurements estimate average doping levels of 6.4×1015 cm-3 (10% lower than design) 

and 7.8×1015 cm-3 (10% higher than design) for the 10 µm and 5 µm thick material, respectively.  

Pulsed and cw data from the two wafers are presented in Figure 2. First, we note that the subthreshold leakage 

current and the maximum current density Jmax is larger in the 5 μm wafer. This is likely due to the different doping 

densities in the two growths. Interestingly, in pulsed mode, the maximum operating temperature for the 5 µm thick 

material (Tmax=156 K) was only 5 K lower than that of the 10 µm material (Tmax=161 K). This is much smaller than 

the 20 K difference observed in [27], and is likely explained by the higher Jmax in our 5 µm material, which may result 

in increased gain that compensates for the increased waveguide loss (larger population inversion). 

The threshold current density is plotted as a function of the heat-sink temperature in the insets of Fig. 2, and the 

characteristic temperatures, T0, as determined by fitting the data to the expression Jth =J0 exp(T/T0), is 112 K and 102 

K for the 10 µm and 5 µm thick material, respectively. In cw, T0 is 55 K and 65 K for the 10 µm and 5 µm thick 

material, respectively. The 5 µm shows reduced degradation in characteristic temperature when operating in cw, which 

demonstrates the advantages of the improved heat sinking. Absolute power data was not collected as the high 

temperature, small device size, and poor outcoupling and collection efficiency from a metal-metal facet result in low 

power levels, close to the noise level of our calibrated power meters. 

In cw, the 5 µm thick material lases up to 118 K, while the 10 µm material only lases to 100 K. Not only is the 

maximum operating temperature of the 5 µm material higher, but the difference between the maximum pulsed and cw 

operating temperatures is smaller for the 5 µm material than the 10 µm material, despite the fact that the input power 

density is >50% larger for the 5 µm material than the 10 µm material (12.8×1012 W/m3 versus 8.0×1012 W/m3, 

respectively). Based on the experimentally observed difference between pulsed and cw temperatures, by fitting to 

simulation data we can estimate κ⊥ of the 5 µm and 10 µm thick wafers to be 4.5 and 6.5 W/(m·K), respectively 

(effective thermal resistance values of 12.4 K/W and 14.9 K/W respectively). This estimate is made using a basic 2-

D FEM model of an infinitely long ridge, assuming no thermal resistance at the metal ground plane of the QCL or the 

substrate contact to the heat sink. Ideally the voltage on the 5 µm device would be half that of the 10 µm device, but 

in experiment, the voltage was only reduced by the ~60% due to the existence of a Schottky contact voltage drop that 

is not affected by device thickness. We also note, it is possible that the 10 µm thick material would show a higher 

pulsed temperature if the doping was increased to that of the 5 µm material. Simulations indicate that, with the current 
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density the increased to 900 A/cm2 (assuming κ⊥ = 6.5 W/(m·K) and 11.5 V bias), the 10 µm thick material would 

have to lase up to 200 K in pulsed mode just to match the 129 K cw operating temperature of the 5 µm material. This 

is possible, but seems unlikely as it would imply a 45 K difference in pulsed temperature between a 10 µm and 5 µm 

ridge, which is much larger than previously observed. Based on the results in [27] and this study, it seems unlikely 

that the reduced waveguide loss of a 10 µm waveguide would increase the pulsed operating temperature by such a 

large margin. 

To further push the cw limit, we fabricated 15 µm wide MM ridges using the 5 µm thick material, which according 

to simulation (κ⊥ = 6.5 W/(m·K)), should reduce ΔT from 38 K to 31 K. Indeed, we achieve (Fig. 3) a maximum 

pulsed operating temperature of 155 K, identical to the 50 µm wide ridge, but we achieve a maximum cw operating 

temperature of 129 K, 11 K higher than the 50 µm wide device. This is exactly tied with the current cw temperature 

record achieved with a 10 µm thick, 9-well design in [3].  

 In conclusion, we have demonstrated the advantages of thinner MM waveguides for optimization the cw 

operating temperature of THz QCLs. By using a 4-well phonon depopulation design, a 5 μm thick active region device 

was demonstrated up to 129 K at 2.7 THz. We propose that the value of this approach will be even greater for the new 

generation of active region designs with Tpulsed >200 K. These designs exhibit very large power dissipation densities, 

and due to the larger Al fraction in the barriers may have even worse thermal conductivity. Considering the 2- and 3-

well designs in Fig. 1, and the effects of thinner waveguides reported in [27, 28], it is possible that some of these 

devices might already be able to operate at cw temperatures in the 140 - 150 K range if thinner active regions were 

used.  Together with strategies to reduce power dissipation density in the direct phonon depopulation scheme (e.g. the 

split-well design of [13]), this provides a path to cw operation of THz QC-lasers at temperatures reachable by 

thermoelectric coolers (~200 K).  
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Figure Captions 

Fig. 1. Overview of THz QCL thermal dissipation problem. (left) Simulated temperature difference (ΔT) between the 

average temperature within the QCL active region and heat sink as a function of active region input power density 

and three different device thicknesses (10 µm, 5 µm, and 2.5 µm, solid black lines). The input power density and 

Tmax,pulsed for a number of samples from the literature are indicated by the dashed vertical lines and the blue shaded 

region [4, 6, 7, 9, 12-14]. The expected Tmax,cw for each design can be inferred by subtracting the simulated ΔT for a 

given active region thickness. It should be noted that the Tmax,pulsed values from the literature were reported for 10 µm 

thick devices and will be impacted by reduced active region thickness. (right) Thermal simulation setup (not to scale).  

Fig. 2. Pulsed (top) and cw (bottom) L-I-V data for the a) 10 µm thick and b) 5 µm thick devices. I-V’s are taken at 78 

K. Threshold current versus heat-sink temperature and the fitted characteristic temperatures (T0) are plotted in the 

insets of the figures. 

Fig. 3. Cw L-I-V data for a 5 µm thick, 15 µm wide, 2.7 mm long MM ridge waveguide at 78 K. Inset shows lasing 

spectrum. 
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