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TECHNICAL ABSTRACT
Quantum cascade laser (QCL) technology has undergone tremendous development in the last decade [1]. The
current state-of-the-art QCL gain medium gives a wall plug efficiency (WPE) of 21% in room temperature continuous
wave (cw) operation [2]. This was achieved in conventional edge-emitting devices without intentional spectral and
spatial beam quality control. Add-on features, such as one dimensional distributed feedback (1D-DFB) [3], photonic
crystal distributed feedback (PCDFB) [4], or ring cavity surface emitting (RCSE) QCLs [5], allow for spectral and/or
spatial beam shaping to some extent. However, except for the conventional edge emitting 1D-DFB, which has been
demonstrated with watt-level cw operation at room temperature [6], the rest are limited to pulsed mode operation.
According to diffraction principles, the far field divergence is inversely proportional to the size of the emitting
aperture in the near field. Therefore, a low divergence beam calls for a large emitting aperture on the device. For edge
emitting devices, although the lateral dimension of the emitting aperture can be increased, such as in the case of the
PCDFB, the vertical beam divergence is still limited by the thickness of the laser core. An exception is using plasmonics
to expand the near field toward the substrate on the edge emitting facet [7], but this technique is still limited by the
thickness of the substrate, and has not been proven under cw operation. In comparison, surface emitting devices can
make use of a much larger aperture, in some cases the size the entire device. Therefore, they are ideal candidates for
extremely directional beams.
However, cw operation of surface emitting QCLs poses a significant challenge. For conventional edge emitting
QCLs, cw operation is usually realized with all or some of the following thermal management techniques: thick gold
plating, narrow ridge widths, buried heterostructures, epilayer-down bonding, etc. For the RCSE QCL demonstrated in
[8], a narrow ridge width has already been implemented. Room temperature cw operation is precluded not only due to a
high threshold gain medium, but also the lack of efficient heat removal mechanisms. Considering the small grating size,
electroplating of thick gold on top of the device would block the emission. Epilayer-down bonding, on the other hand, is
a viable choice for efficient heat removal. With this technique, the heat generating surface is placed in close proximity to
the heat sink. As such, the light has to be extracted from the substrate side. Although substrate emitting QCLs have been
demonstrated [9-11], no cw operation has been reported. Here, we show substrate emitting quantum cascade ring lasers
with high cw power at room temperature. The emission wavelength is around 4.85 μm with a high power output of 0.51
W. Single mode operation persists up to 0.4 W (Fig. 1). Far field exhibits concentric ring features. Modal behavior is
analyzed using the coupled mode theory, which suggests that the device operates in an extremely high order mode.
Polarization measurement indicates that the beam is azimuthally polarized.
Many applications can be envisioned using the demonstrated high power quantum cascade ring lasers as the
building blocks. First, surface emitting devices can be arranged in a two-dimensional array, which is an excellent
platform for power scaling, beam combining, and wide range tuning with DFB. Second, the ring laser concept can be

used in the recently developed THz sources based on intracavity difference frequency generation, which allows for a
compact room temperature THz source with single mode emission, good beam quality and continuous wave operation.
Third, the unique polarization state with high power output may find applications in tight focusing, optical tweezers, and
plasmonics.
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Fig. 1 (a). Schematic for the substrate emitting quantum cascade ring laser epilayer-down bonded to an AlN submount.
(b). Voltage, power, and wall plug efficiency as a function of current in room temperature cw operation for the substrate
emitting quantum cascade ring laser.
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