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Abstract Compact semiconductor light sources with high per-
formance continuous-wave (CW) and single mode operation are
highly demanded for many applications in the terahertz (THz)
frequency range. Distributed feedback (DFB) and photonic crys-
tal (PhC) quantum cascade (QC) lasers are amongst the leading
candidates in this field. Absorbing boundary condition is a com-
monly used method to control the optical performance of a laser
in double-metal confinement. However, this approach increases
the total loss in the device and results in a large threshold current
density, limiting the CW maximum output power and operating
temperature. In this letter, a robust surface emitting continuous-
wave terahertz QC laser is realized in a two-dimensional PhC
structure by a second order Bragg grating extractor that simul-
taneously provides the boundary condition necessary for mode
selection. This results in a 3.12 THz single mode CW operation

with a 3 mW output power and a maximum operation temper-
ature (Tmax) of 100 K. Also, a highly collimated far-field pattern
is demonstrated, which is an important step towards real world
applications.
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1. Introduction

Since the first quantum cascade (QC) laser was demon-
strated in 1994 [1] and implemented in THz regime (0.1-
10 THz) in 2002 [2], they have become one of the most im-
portant solid state light sources in this frequency range. The
metal-metal (MM) waveguide was a key improvement in
applying the quantum cascade concept from mid-infrared
to THz range, MM waveguides are inherently broadband
and allow for a sub-wavelength field confinement, ratio of
down to λ/50 [3–5]. Nevertheless, this confinement leads
to a highly divergent beam from the facet. Different strate-
gies like photonic crystal (PhC) or metallic grating DFB
[6] patterning for in plane or vertical emission have already
been demonstrated. Monochromatic, low divergence, verti-
cal emission THz lasers with low threshold current density
(Jth) and high maximum operation temperature (Tmax) have
been achieved [7–12]. However, most of these progresses
were demonstrated in pulsed operation mode. Continuous-
wave (CW) operation performance is still limited and far
from being optimized, despite the fact that it is of a crucial
demand in astrophysics, biology, sensing, environmental
and pollutant monitoring, or security screening [13–16].

For the best of the QC laser and PhC QC laser reported
so far in the THz range, Tmax of CW operation are 117 K
[17] and 85 K [10] respectively [10,18,19]. Because of the
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optimum overlap between the optical mode and the gain
region and the possibility to fabricate very high Q and com-
pact cavities, high index contrast photonic crystals have a
very good potential for high performance CW operation
compared to competing approaches[10, 20]. Both the PhC
QC laser and metallic grating DFB laser rely on an absorb-
ing or reflecting boundary condition for laser mode-control
and for achieving better far-field patterns [21]. In the previ-
ous demonstrations, the energy dissipated at the boundaries
does not contribute to the lasing emission, which addition-
ally challenges the CW performance of the lasing device.

In previous reports, PhC 1st band edge in-plane emis-
sion and PhC 3rd band edge vertical emission QC lasers
have demonstrated the advantages of PhC approaches in
term of single mode operation, reduction of losses and bet-
ter pumping efficiency [11, 12]. Compared to other PhC
QC lasers, which only have PhC structures in the top metal
layer, similar methods also used in this work bring three
main advantages. Firstly, the in-plane propagation of an
electromagnetic wave experiences a two-dimensional (2D)
PhC modulation provided by the high index mismatch (re-
fractive index contrast 1.90: 3.45). This modulation re-
sults in an effective PhC gain enhancement of the band
edge mode and improves the monochromic operation of
the device. Secondly, the mode at the first band edge K
point is a dielectric band edge mode. The major fraction
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Figure 1 Device details and design. (a) 3D
schematic view of the device and side view
of Bragg extractor part. (b) Scanning electron
micrograph of a typical device (top pumping
pas diameter 1000 µm, period of the grating
" 47 µm, duty cycle 62%, lattice constant a
22 µm, filling factor 30%), inset: PhC QC pil-
lars after ICP dry etching and before BCB pla-
narization. (c) Out-of-plane electric field (Ez)
distribution of the device with 3D finite element
methods (COMSOL). (d) Transverse magnetic
photonic band structure of the triangular lattice
used in the design (filling factor is 30%).

of the electric field is distributed inside the high dielectric
constant media consisting of QC pillars. A lower area of
QC active material is pumped (filling factor filling factor
of 20% or 30%) which results in an improvement of the
electrical pumping efficiency. Thirdly, by filling the empty
volume between QC pillars with low loss (3 cm−1 at 3.1
THz and 300 K) Benzocyclobutene (BCB), the surface to
volume ratio and heat flow inside the device are improved
by diluting the active region without significantly increas-
ing the total loss [22]. In the present work, the loss type
boundary conditions which have been used in PhC and
DFB QC laser [8, 23] is replaced by a second order Bragg
grating. This grating has multiple-functions. As a second
order Bragg grating, it can diffract TM polarized in-plane
radiation at the required frequency into vertical emission.
More importantly, instead of absorbing the radiation at the
boundary, to ensure the single mode operation this Bragg
grating scatters them into desired vertical emission. As a
consequence, this design shows significant improvement
for CW operation in terms of maximum output power and
Tmax.

2. Design of the lasers

The QC laser used in this work has a GaAs/Al0.15Ga0.85As
heterostructure active layer with a hybrid of resonant
phonon and bound to continuum scheme [24]. This 11 µm
thick active layer operates at 3.1 THz with a gain band
width of 0.6 THz. 2D triangular PhC patterns are defined
in the QC active layer by inductively coupled plasma (ICP)
dry etching (Fig. 1). The first PhC band edge K point mode

frequency is chosen by appropriately selecting the lattice
constant a and filling factor. Ultra smooth surface (less than
0.3% roughness) and a nearly perfect vertical side wall (ver-
tical angle 89.9◦) of the QC pillars can be observed in the
inset scanning electron microscope (SEM) image of Fig. 1b.
This is a critical factor in reducing the scattering and ab-
sorption losses due to the structural imperfections inside
the device as much as possible.

The vertical field confinement of the QC laser is
achieved by a 1 µm thick bottom Au layer by means of
thermo-compressive gold-gold wafer bonding and a 1 µm
thick top contact Au layer deposited with electron beam
evaporation and lift-off. The hexagonal central pad corre-
sponds to the hexagonal symmetry of the triangular lattice.
The simulated electric field of the lasing mode has a centro-
symmetric distribution at the edge of the central pumping
pad with respect to the central pillar (Fig. 1c). Such in-
phase radiation results in a constructive beam pattern in the
far field. The device is electrically pumped via six centro-
symmetric bonding pads (70 × 70 µm2) which are 300 µm
away from the central pumping pad. A series of metal-
lic absorbers (maximum absorbing frequency at 3.1 THz)
are inserted in between the central pumping pad and the
bonding pads to prevent feedback and uncontrolled THz
emission from the six bonding pads. A new type of vertical
emission extractor is designed so as to decrease the ex-
tra losses due to the absorbing boundary condition used in
PhC QC lasers or DFB QC lasers. A second order Bragg Au
grating is implemented in the #K direction (Fig. 1d) to se-
lect the radiation in this direction from any other directions
(mainly in the #M). The parameters of this Bragg grating
are defined by the Bragg condition: mλB = 2neff" (λB is
the Bragg wavelength, neff is the effective refractive index
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Figure 2 Effect of the Bragg extractor. (a) Simulated distribution of the electric field norm of the device without Bragg extractor. (b)
and (c) Simulated distribution of the electric field norm of the device with standard (duty cycle 50%) and optimized Bragg extractors
(duty cycle 62%) respectively. For each figure, inset is the polar plot of the electric field norm (the amplitude in inset of Fig. 2a has
been multiplied by a factor of 2).

of the QC active layer, " is the period of the grating, m =
1, 2 . . . ). Design of the 2nd order Bragg extractor was per-
formed with the finite elements method (FEM). The 2D far
field pattern of the devices with different configurations are
compared (Fig. 2a–c: without extractor, with the standard
Bragg extractor of 50% duty cycle and the optimized Bragg
extractor of 62% duty cycle respectively) [25]. It can be seen
that without the extractor, the limited part of the in-plane
radiation which comes from the central pad is scattered out-
of-plane with a divergent beam pattern. Improvements can
be observed with the standard 2nd order Bragg extractor,
the scattered radiation has two parts which are 10 degrees
away from the vertical direction. After optimization of ",
duty cycle and distance from the central pumping pad to
the extractor, a considerable part of the in-plane radiation
is scattered into vertical emission. A high intensity central
beam pattern with a divergence angle less than 10 degrees
is modeled with the optimized Bragg extractor.

3. Results and discussions

CW light-current-voltage (LIV) curves measured at differ-
ent temperatures (50% duty cycle with long pulses and
broad-area absolute power meter) for a single laser (the di-
ameter of the central pumping pad is 600 µm, filling factor
is 30%) are plotted in Fig. 3a. This device operates from
10 K up to 100 K with the maximum output power of 3 mW
at 10 K. The LIV curve at 10 K shows a slope efficiency of
30 mW/A, meanwhile, the device has 1.2 mW output pow-
ers at 80 K (liquid nitrogen temperature is 77 K). In Fig. 3c,
the CW spectrum measured at 72 K shows a single mode op-
eration at 3.2 THz with a 25 dB side mode suppression ratio
(not the maximum temperature for single mode operation).
Compact and portable surface emission THz light source
with mW level output power can be achieved under the help
of a Stirling cryocooler (capable of cooling device down to
50 K or 40 K with 5 W or 15 W power dissipation [26]). The
pulsed single mode operation of this laser shows a Jth of

300 Acm−2 at 10 K and Tmax of 120 K. The limited differ-
ences in laser performance between the pulsed and CW op-
eration prove the high pumping efficiency and effective heat
transfer scheme of this design. CW LIV curves at different
temperatures and spectrum at 10 K for another laser with
different filling factor (the diameter of the central pumping
pad is 600 µm, filling factor is 20%) are plotted in Fig. 3b
and 3d. This device operates up to 90 K with the maximum
output power of 6.5 mW at 10 K. For the same filling factor,
devices (filling factor 30%) with different lattice constants
(19, 20, 21 and 22 µm) show a photolithographic tuning
range from 2.95 to 3.45 THz (Fig. 3e). The output power
and Tmax also show a dependence on the size of the device.
As expected, the maximum output power increases with
the dimension of the device. A larger device (the diame-
ter of the central pumping pad is 1000 µm, filling factor
is 30%) has a lower Jth (275 Acm−2), slope efficiency (20
mW/A) and Tmax (89 K) than those of a smaller device
(for 600 µm device with filling factor 30%, Jth, slope ef-
ficiency and Tmax are 295 Acm−2, 30 mW/A and 100 K).
The reasons for these differences are due to the smaller
losses and lower heat flow efficiency inside of the larger
device than those of the smaller one. The CW operation
improvements of this design are summarized in Fig. 3f.
The experimental results of the similar sized (the diameter
of the central pumping pad is 600 µm) devices with differ-
ent filling factor (20%, 30% and 40%) are compared with
the case of in-plane emission FP device (1000*150 µm2).
The above mentioned devices are processed with the same
QC layer. By decreasing the filling factor from 40% to 20%,
the slope efficiency increases from 18 to 100 mW/A as a
result of the higher electrically pumping efficiency. Tmax
increases as a result of the better heat flow and improved
surface to volume ratio in the device. Tmax of 30% device
(100 K) is 42 K higher than that of FP laser (58 K). The
increase in the total loss induced by decreasing the over-
lap between the band edge mode and the QC pillar (67.5%
and 48.0% for filling factor 40% and 20%, respectively)
explains the decrease of Tmax from 100 K of 30% device
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Figure 3 CW light-current-voltage (LIV) and Tmax characterizations. (a) CW LIV characteristics of the device (the diameter of the
central pumping pad is 600 µm, filling factor is 30%) for different heat sink temperatures (10K to 100K). (b) CW LIV characteristics of
the device (the diameter of the central pumping pad is 600 µm, filling factor is 20%) for different heat sink temperatures (10K to 90K).
(c) The lasing spectrum of the device shown in 3a measured at heat sink temperature 72 K. (d) The lasing spectrum of the device
shown in 3b measured at heat sink temperature 10 K. (e) The photolithography tuning of devices (filling factor 30%) with different
lattice constants (19, 20, 21 and 22 µm). (f) Experimental maximum CW operation temperature (in red bar) and slope efficiency (in
green bar) of different filling factor (20%, 30% and 40% with the same size, the diameter of the central pumping pad is 600 µm) and
FP laser (1000 × 150 µm2 on the same QC layer).

to 89 K of 20% device. This indicates the existence of the
optimal filling factor for CW operation, which in this case is
around 30%.

A well-controlled far-field beam pattern is another crit-
ical feature of an efficient laser device. Fig. 4b and 4c (the
same device measured in Fig. 3a) show the measured verti-
cally emitted far field patterns of two devices (the diameter
of the central pumping pad is 600 µm, filling factor is
30%) without and with the optimized Bragg extractor re-

spectively. The device without Bragg extractor has a highly
divergent beam pattern as shown in previous simulations
(Fig. 2). The far field patterns of the device with the op-
timized Bragg extractor show a highly collimated beam
pattern with a central lobe range of 10 degrees in both
directions. The phase relation between the emission from
the opposite Bragg extractors can be controlled by design,
which should lead to a dough nut shape or a real single lobe
far field respectively [21, 27].
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Figure 4 Far field characterizations. (a) Device is scanned both in vertical (θ) and horizontal (ϕ) directions for far field measurements.
(b) Far field pattern of a device (600 µm diameter, filling factor is 30%, a is 21 µm) without Bragg extractor. (c) Far field pattern of a
device (600 µm diameter, filling factor is 30%, a is 21 µm) with Bragg extractor.

4. Conclusions

In this letter, we have demonstrated that by utilizing a Bragg
extractor to realize vertical emission and by introducing a
PhC structure to achieve large pumping efficiency with bet-
ter heat flow dissipation. This work brings the CW operation
of THz semiconductor lasers to a new level. Single mode
surface emission with several milliwatts output power is
observed at 3.12 THz. Thanks to the scalability of PhCs,
this design can be applied throughout the entire THz wave-
length range, especially for longer wavelengths. Further
fine optimization can still be performed depending on the
final applications or the required figures of merit. Larger
devices can contribute for higher output power. A further
optimized extractor design can help for a collimated far
field pattern and larger extraction efficiency. A variety of
real applications of the CW operation THz light sources can
be achieved in the future with optimized slope efficiencies
and remarkable output powers above the liquid nitrogen
temperature.
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