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ABSTRACT: Mode selection and power extraction are the core of single-mode semiconductor lasers, but generally they re-
strict each other. A large gain area with high radiation efficiency is necessary for high output power but will induce more
competitive modes and increase the threshold gain of the desired mode. Here, we demonstrate a novel laser cavity - an active
distributed Bragg reflector (ADBR) and a grating coupler (GC) are monolithically integrated into a laser ridge - enabling in-
dependent control of mode selection and power extraction. The ADBR features a reflection peak with an extremely narrow
bandwidth which releases the constraint on the cavity length, while the GC provides a controllable high radiation efficiency.
The concept is implemented onto terahertz quantum cascade lasers, exhibiting robust single-mode emission with high output
power and high operating temperature. Given the universality of the ADBR and GC, our concept can be utilized in different
material systems at different wavelengths.
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Monolithic integration.

High power single-mode semiconductor lasers are highly
desired in numerous applications, ranging from high-preci-
sion spectral analysis, high speed communications, real-
time imaging to biological diagnosis. To realize single-mode
emission, distributed feedback and coupled-cavity are usu-
ally implemented in the compact semiconductor lasers!.
The former can further be catalogued into 1D distributed
feedback (DFB) lasers?5, 2D photonic crystal lasers7, dis-
tributed Bragg reflector (DBR) lasers® and vertical cavity
surface emitting lasers (VCSEL)?-11. Although numerous ef-
forts have been devoted to improving the stabilization of
single-mode emission and the output power, in most of the
cases, these two characteristics restrict each other. High
output power demands a large gain area (i.e., laser cavity)
and a high power efficiency. However, a large gain area in-
duces more competitive laser modes in the cavity, while a
high power efficiency indicates a high radiation loss of the
desired mode. Both factors make the mode competition
more complicated and deteriorate the stable operation of
the desired mode.

Up to now, few kinds of laser cavities have been success-
fully proposed to simultaneously realize stable single-mode
emission with an enlarged gain area and a high power effi-
ciency. For the DFB lasers, strategies such as distributed
feedback grating with central phase shift'?, chirped grat-
ing13, graded photonic heterostructure!4, and hybrid Bragg
grating?s have been developed to improve the light emis-
sion efficiency. But the common difficulty is the limitation
on the dimensions of the cavity for the reason to exclude the

high-order longitudinal and transverse modes. For the DBR
lasers, different kinds of DBR gratings such as high-order
grating® 17 and sampled grating!® 19 have been demon-
strated to narrow the bandwidth of high reflectivity. How-
ever, the length of the active region section is still restricted
to a few hundreds of micrometers to make the free spectral
range larger than the reflectivity bandwidth. For VCSELSs, in
the short cavity between the DBR mirrors, the thin active
region should spatially overlap with the intensity peak of
the fundamental mode to enhance the discrimination
against the adjacent longitudinal modes. Also, for the cou-
pled-cavity lasers2%.21, the primary cavity should be short to
enhance the mode discrimination and to avoid mode hop-
ping.

Notably, in the terahertz (THz) frequency range, the
merging between the photonic and electronic concepts
aroused a variety of novel cavity designs for high power sin-
gle-mode terahertz quantum cascade lasers (THz-QCLs)?2-
35, For example, the third-order distributed feedback THz-
QCLs were proven to be promising for low-divergence beam
emission and high power efficiency3!. Biasco et al. demon-
strated continuous-wave highly-efficient low-divergence
terahertz wire lasers32. Schonhuber et al. realized colli-
mated laser beam via a random laser cavity33. Kao et al. de-
veloped phase-locked laser arrays through global antenna
mutual coupling and realized single-mode THz-QCLs with a
high slope efficiency and a nearly diffraction-limited beam
divergence?s. Similarly, Jin et al. demonstrated short-cavity
laser arrays and, by phasing the radiative components,



realized an output power of 2.03 W and a slope efficiency of
1566 mW/A in pulsed modeZ2¢. Alternatively, by integrating
microstrip antennas and micro reflectors in the third-order
DFB grating, Khalatpour et al. demonstrated unidirectional
lasers with a high wall-plug efficiency?’. Furthermore, by
exploiting n coupling, they realized phased arrays of THz
photonic wire lasers with a continuous wave output of ~ 90
mW at cryogenic temperature?s. Recently, Curwen et al. re-
alized quantum-cascade metasurface-based vertical-exter-
nal-cavity surface-emitting lasers (VECSEL) which exhib-
ited broadband frequency tuning with a collimated beam
and a high output power?2°.30, Nevertheless, in each of these
cavities, basically there is only one optical component that
simultaneously controls the mode selection and the power
extraction.

In this work, we demonstrate a novel cavity architecture
to independently control the mode selection and the power
extraction of a compact semiconductor laser (i.e., without
an external mirror). The concept is implemented onto te-
rahertz quantum cascade lasers (THz-QCLs). In our device
an active distributed Bragg reflector (ADBR), a straight
ridge (SR), and a grating coupler (GC) are monolithically in-
tegrated. When a distributed Bragg reflector (DBR) is
loaded with appropriate gain - a so called ADBR - it enables
an extremely narrow reflection peak at each photonic band-
edge. Such a unique character will greatly release the con-
straint on the cavity length of a DBR laser. On the other
hand, it has been proved that a GC can extract THz wave
from a laser cavity with controllable radiation efficiency,
low beam divergence, and nearly unidirectional emission36.
Here, by monolithically integrating the ADBR and the GC
into a laser ridge, we have demonstrated THz-QCLs exhibit-
ing stable single-mode emission, large laser dimensions,
and high power efficiency. The output power achieved in
this work is comparable to the state-of-the-art ever re-
ported in pulsed mode?26.29, The simplicity of the fabrication
and the integrated structure make the mass productions
and portable applications possible.

Results

Concepts. Figure 1(a) shows the schematic illustration of
our proof-of-concept device, which is conceived to inde-
pendently control the mode selection and power extraction
via two individual photonic components. The device is
based on a metal-metal waveguide, where the active region
is sandwiched between the top and bottom metallic layers.
The device consists of three functional sections: an active
distributed Bragg reflector (ADBR), a straight ridge (SR)
and a grating coupler (GC), and all share the same active re-
gion. In the ADBR section, a square lattice photonic crystal
(PhC) - containing 2D periodic air holes in the top metalli-
zation - is formed near the left etched facet of the laser. The
GC comprises 1D periodic air slits in the top metallization
close to the right cleaved facet. Absorbing boundaries,
which are composed by the high-loss n* GaAs top contact
layer uncovered by the top metallization, are set between
the ADBR and the left facet, and along the lateral sides of the
ridge. The role of the absorbing boundaries is to perfectly

absorb the THz wave transmitting through the ADBR, as
well as to eliminate the high order transverse modes, which
are explained in detail in the Supplementary Note 1.

The role of the ADBR is to guarantee stable single-mode
emission in a long cavity. Depending on the bias applied on
the active region, a DBR can be passive or active and its re-
flectivity spectrum is qualitatively different. Considering an
exemplar THz-QCL whose material gain peaks at ~2.9 THz,
Figure 1(b) plots the calculated reflectivity spectra of a DBR
when it is unbiased (corresponding to a waveguide loss of
a=17 cm?) or biased to different levels of net waveguide
gain (g, the gain generated by the active region minus the
waveguide loss). The calculations were carried out by 3D
full-wave finite element method (FEM, see Methods sec-
tion), and the structure parameters of the DBR are given in
the caption of Fig. 1. Here, the key parameters are the radius
of the air hole (r = 5um) and the number of periods along
the ridge direction (Nx = 40), which determines the Q-factor
of the PhC. For the passive DBR (@=17 cm1), the reflectivity
spectrum shows a plateau with a bandwidth of ~300 GHz
which corresponds to the photonic band gap of the 2D PhC.
In the case of g = 3.0 cm™, the reflectivity spectrum features
two sharp peaks whose amplitudes exceed 1. The two re-
flectivity peaks orient from the field oscillation and amplifi-
cation of the two band-edge modes, and their bandwidths
decrease down to the order of 10 GHz. Note, only the low-
frequency band-edge is of interest because the high-fre-
quency one is far away from the peak of material gain. In the
band-edge region, the phase of the reflected wave covers a
range about 7w, as shown in the inset of Fig. 1(b), because the
field oscillation inside the ADBR greatly increases the effec-
tive optical path. Figure 1(b) illustrates that the reflectivity
of the ADBR is very sensitive to the net gain g, and when g
increases from 3.0 cm? to 4.0 cm’, the peak reflectivity
jumps from 1.6 to 5.7. The calculations strongly suggest
that, with appropriate gain, the ADBR can operate as a per-
fect reflector that exhibits high reflectivity, extremely nar-
row bandwidth, and appropriate reflection phase. These
features can be exploited to construct a single-mode laser
with a long cavity.

The GC is utilized to efficiently extract electromagnetic
(EM) wave out of the laser cavity, which is crucial for the
THz frequency range where the high-quality anti-reflection
coating is still lacking. Figure 1(c) plots the calculated re-
flectivity and the radiation efficiency of the GC as a function
of frequency (g = 4 cm!), which indicate low reflectivity but
high emission efficiency at the laser frequency fo (marked
by the vertical dashed line which is determined by the
ADBR). As we demonstrated in Ref. 36, the radiation effi-
ciency of the GC can be flexibly controlled by the width of
the air slit (Wsic) and the number of periods (Nsic). In addi-
tion, because of its large emission aperture and asymmetric
location (i.e., close to the right facet), the GC enables nearly
unidirectional radiation with low-divergence3¢. Conse-
quently, a judicious combination of the ADBR and the GC
will give rise to stable single-mode emission, high output
power and low-divergence.
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Figure 1 Concept of a THz semiconductor laser that independently controls the mode selection and power extraction. (a)
Schematic illustration of the laser in which an active distributed Bragg reflector (ADBR), a straight ridge (SR) and a grating
coupler (GC) are monolithically integrated in a metal-metal waveguide. For an exemplar THz-QCL with the material gain peaks
at 2.9 THz, panel (b) plots the reflection spectra of the ADBR when g is respectively -17, 3.0 and 4.0 cm-L. For the 2D PhC in
the ADBR section, the periodicity (Aapsr) is 13.9 pum, the hole radius (r) is 5.0 um, and the number of periods (Nx) along the
ridge is 40. Panel (c) plots the calculated spectra of reflectivity and radiation efficiency of the GC when g is 4.0 cm™. fo is the
lasing frequency. For the GC section, the periodicity (Asc) is 38 um, the width of the air slit (W) is 10 pm, and the number of

the periods (Nsit) is 25.

Laser with an ADBR only. We firstly prove that a care-
fully designed ADBR can guarantee single-mode emission in
a lengthened cavity. To this aim, we investigate a FP laser
with an ADBR formed near the left facet, i.e., a laser cavity
similar to that shown in Fig. 1(a) but without the GC section.
For simplicity, we term such laser as a THz-ADBR-QCL. Fig-
ures 2(a) and 2(b) show the schematic diagram and a typi-
cal SEM picture of the THz-ADBR-QCL. The intensity condi-
tion of the laser threshold reads

Ruppr X Rpgeer X e?dlsk =1

(1)
where Rapsr is the frequency-dependent reflectivity of the
ADBR which is closely related to its net loss or gain, Ruce: the
reflectivity of the cleaved facet, and Lsz the length of the
straight ridge. The phase condition of the laser threshold
reads:

®aper + 2NesrkoLsr + Pracer = 2mm (2)
where @apsr is the frequency-dependent reflection phase of
the ADBR, nerthe effective refractive index, ko the wave vec-
tor in the free space, and ¢ace: the reflection phase of the
right cleaved facet, and m is an integer.

For the desired lasing frequency (~2.9 THz, close to the
material gain peak), in our designed THz-ADBR-QCL, the
ridge width (Wrigge) is 210 pm, Lsg is 2000 pm, the thickness

of active region is 11.8 um, and the absorbing boundary is
200 pum in length which is sufficiently long to absorb the
THz wave transmitting through the ADBR. In the ADBR sec-
tion, the variable parameters of the square lattice PhC in-
clude the periodicity (Aapsr), the hole radius (r), the number
of periods along the ridge (Nx). The number of periods per-
pendicular to the ridge is fixed as Ny = 14. Here, r and Nx de-
termine the Q-factor of the 2D PhC and are the most critical
parameters for the ADBR.

Here, we present the simulation results of an optimized
THz-ADBR-QCL where Aappr, r and Nx are 13.9 um, 5.0 um
and 40, respectively. In this structure, the modes whose fre-
quencies locate in the photonic band gap of the ADBR reach
the laser threshold first, because at low level of net gain the
photonic band gap causes higher reflectivity than the band-
edges. Figure 2(c) plots the accumulated intensity and
phase - the left parts of Eq. (1) and Eq. (2) - of the THz wave
after one round trip as a function of frequency when g is 1.0
cml. At this gain level, there are several modes - whose fre-
quencies locate in the photonic band gap of the ADBR -
meeting the intensity and phase conditions of the laser
threshold. Also because of the photonic band gap, for these
modes, the EM field penetrated into the ADBR is negligible,
as shown in Fig. 2(d) which presents the intensity



distribution (|Ez|?) in the ADBR for one laser mode (f= 2.960
THz). Because of the spatial hole burning effect, beyond the
threshold and with the increase of the injected current, the
net gain inthe ADBR (g 4pgr) Will not be clamped at the level

(a)

of 1.0 cm't. When g,pgr increases up to 3.0 cm?, as shown
in Figure 2(e), the accumulated round-trip intensity in the
frequency range marked by the grey zone - which corre-
sponds to the band-edge of the ADBR - is obviously higher
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Figure 2 Operation principle of a THz-ADBR-QCL device. Panels (a) and (b) show the schematic diagram and the SEM picture
of a typical THz-ADBR-QCL device. Panel (c) presents the accumulated intensity and phase of the EM wave after a round trip
at different frequencies, where gsz = gapsr = 1.0 cm1, and the modes located in the photonic band gap reach the threshold
conditions. For one of these modes (f=2.960 THz), panel (d) gives the intensity (| E,|*) profile in the cross section (x-z plane)
of the ADBR. Panel (e) plots the accumulated intensity and phase of the EM field at different frequencies, where gsr = 1.0 cm-
1 and gapsr = 3.0 cm1. The mode (f=2.935 THz) near the photonic band-edge meets the phase condition and its accumulated
intensity exceeds 1, dominating the mode competition. Panel (f) shows the intensity (|E,|?) distribution in the ADBR for the
mode f=2.935 THz. Note the field distributions in Panels (d) and (f) are respectively normalized and are not in the same scale.

than that in the photonic band gap. The reason is that, near
the band-edge, the incident EM field will be oscillated, am-
plified and reflected back into the straight ridge, as shown
in Fig. 2(f). Figure 2(e) also indicates that, in the frequency
range marked by the grey zone, the accumulated phase

covers nearly 2m. It means, regardless the uncertainty of the
cavity length, there is always one mode in the band-edge re-
gion that meets the phase condition, and its accumulated in-
tensity is evidently higher than those in the photonic band
gap. As a result, the mode competition tends to force the



device operate on the mode whose frequency is in the band-
edge of the ADBR. It is worth noting that the ADBR should
not be regarded as a seed laser, since its threshold net gain
is calculated to be 8.2 cm, mainly due to the absorbing
boundaries.

The reflection characteristic of the ADBR is closely re-
lated to its Q-factor. When Ny increases to 60, the Q-factor of
the ADBR increases and the reflectivity peak appears with
lower net gain. It makes the mode located at the band-edge
reach the laser threshold first. However, when Nxdecreases
to 20, the Q-factor of the ADBR becomes so low that the re-
flection peak will not appear even when the net gain is as
high as 6 cm1. It suggests that an ADBR with low Q-factor is
not capable of mode selection. For the cases of Ny = 60 and
Ny = 20, the calculated spectra of reflectivity and reflection
phase at different waveguide loss or gain are shown in Fig-
ures S3 and S5 in Supplementary Note 2. The influences of
Q-factor of the ADBR on the mode selection are also detailed
in Supplementary Note 2.

Experimentally, the active region utilized in this work
(wafer M1616) is based on a bound-to-continuum design3?,
and the material gain covers the frequency range of 2.4-3.2
THz and peaks near 2.9 THz. THz-ADBR-QCLs with different
Ny, Aapsr and Lsg have been systematically fabricated and
measured. For all the devices, the values of Ny, r and wrigge
are respectively 14, 5.0 pm and 210 pm. Details of the active
region, device fabrication, and measurements are described
in the Methods section.

We first studied the influence of the Q-factor of the ADBR
on the device performance. To this aim, we compared three
devices with the same Aappr (13.9 pm) and Lsz (2000 um),
but different Ny (20, 40, and 60). Figures 3 (a) - 3 (c) present
the laser spectra of these devices measured at different bias
conditions at a heat-sink temperature of 20 K. The device
with low Q-factor (Nx = 20, Q = 55) operates on multimode
whose frequencies locate in the band gap of the ADBR, as
shown in Fig. 3 (a). In contrast, Figs. 3(b) and 3(c) illustrate
that, devices with high Q-factor (Nx =40, Q =270 or Nx = 60,
Q =464) operate in single-mode and the side mode suppres-
sion ratio (SMSR) exceeds 22 dB during the whole dynamic
range. More importantly, the emission frequency of the sin-
gle mode locates exactly in the band-edge region, which
strongly suggests that the ADBR provides a very narrow re-
flection peak resulting in single-mode emission. It is worth
noting that, multimode emission was not observed for the
devices Nx = 40 or 60, even when the injected current was
just above the threshold. It is reasonable for the device with
Nx =60, since the simulations indicate that the mode located
in the band-edge region reaches the threshold first. For the
device with Nx = 40, the reason could be that the necessary
net gain (g4ppr) for the ADBR to activate single-mode emis-
sion (3.0 cm?) is close to the threshold net gain (1.0 cm),
as shown in Fig. 2.

Figure 3(d) illustrates the light-current-voltage (L-I-V)
curves of the optimized THz-ADBR-QCL device (which is the
same device as that shown in Fig. 3(b), Aapsr=13.9 pm, Nx=
40, Lsk = 2000 pm), measured in pulsed mode at different
heat-sink temperatures. The peak output power and the
threshold current density are respectively 12.5 mW and
226 A/cm? at 20 K, and the maximum operating tempera-
ture is 132 K. In Supplementary Note 3, we experimentally

investigated a reference THz-ADBR-QCL. The only differ-
ence between the optimized and the reference devices is
that, in the latter there is a 3-um-wide air gap in the top met-
allization between the ADBR and the straight ridge. There-
fore, in the reference device the ADBR and the straight ridge
can be biased simultaneously or separately. When only the
ADBR is biased, the related threshold is 355 A/cm?, much
higher than the threshold (233 A/cm?) when the whole de-
vice is simultaneously biased. It confirms that the ADBR acts
as a narrowband reflector instead of a seed laser. Then, we
fixed the current density of the SR at the level of maximum
output (Jsk= 420 A/cm?) and measured the emission spectra
when the current density of the ADBR (Japsr) increased from
0 to 420 A/cm? When Japsr is below the threshold (233
A/cm?), the device operates in multimode whose frequen-
cies locate in the band gap of the ADBR. In contrast, when
Japsr is above the threshold, the device operates in single
mode whose frequency corresponds to the band-edge of the
ADBR. The results unambiguously suggest that the gain in
the ADBR (gapsr) is not clamped by the band gap modes, but
increases with the injected current until the narrow reflec-
tion peak appears and forces the device to operate on the
band-edge mode. The detailed experiment results are given
in Supplementary Note 3.

To further investigate the mechanism of single-mode
emission, we measured the emission spectra of 7 devices
with the same Nx (Nx = 40), but different Aapsr and Lsr. The
results are presented in Fig. 3(e), in which the solid and
dashed curves refer to the devices whose Lsg are 2000 pm
and 2820 pum, respectively. Importantly, the emission wave-
length changes approximately linearly with Aapsr, which in-
dicates that the emission wavelength is determined by the
photonic band-edge of the ADBR.

It is worth emphasizing that, compared to the lasers with
passive DBR16-19, the cavity length of the lasers with the
ADBR increases by approximately one order of magnitude.
Recently Bismuto et al. experimentally demonstrated that,
in a mid-infrared QCL containing a DBR and a FP section
which were simultaneously biased, single-mode lasing can
be realized even when the FP section is 5.25 mm in length38.
However, in that paper, the mechanism of mode competi-
tion was not explained in detail.

Laser monolithically integrated with the ADBR and
the GC. We then consider the whole structure where the
ADBR and the GC are integrated on the two sides of the laser
ridge, as schematically shown in Fig. 1(a). For simplicity, we
term it a THz-ADBR-GC-QCL. The threshold conditions of
the device become:

Rappr X Rge X €294k =1 3)
@apsr t Poc + 2NeprkoLsg = 2mm €))
Here, Ryppr (Roc) and @ ppr (@) are the reflectivity and
the reflection phase caused by the ADBR (GC) section, all of
them are frequency-dependent. Figure 4 explains how the
threshold conditions are satisfied in an optimized THz-
ADBR-GC-QCL, in which the net gain of the waveguide is
uniformly set as 4.0 cm. The GC is designed to exhibit ara-
diation loss (aec) of ~ 50 cmt, which is a tradeoff between
the radiation efficiency and the laser dynamic range. Here,
acc describes the decay of the EM field caused by the THz
wave radiation when it propagates along the GC, and the
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Figure 3 Spectral and light-current-voltage (L-I-V) characteristics of THz-ADBR-QCL devices. Panels (a) - (c) show the nor-
malized laser spectra of 3 devices measured at 20K with different injected currents. Im refers to the threshold current. The
devices have the same Lsz (2000 pm) and Aapsr (13.9 um), and the only varied parameter is Nx, which is 20 (a), 40 (b), and 60
(c). The value of Nx and the injected currents are marked in each panel. Panel (d) plots the L-I-V curves measured in pulsed
mode at different operating temperatures for an optimized device (the same device as that shown in panel (b), Lsr=2000 pm,
Aapsr =13.9 um, Nx = 40, r = 5.0 um). Panel (e) shows the normalized laser spectra of a group of devices in which Nx =40, and
Aapsr changes from 13.7 pm to 14.5 pm. The solid (dashed) curves correspond to the devices where Lsk equals to 2000 pm
(2820 um). The laser spectra are shifted vertically for clarity, and the values of Aapsr are marked. All the spectra are measured
at the bias condition of peak output and at a heat-sink temperature of 20K.

deduction of asc is detailed in Supplementary Note 4. The
details of structure parameters are given in the caption of
Fig. 4. Figures 4(a) and 4(b) show the calculated reflectivity
spectra of the GC and the ADBR, respectively. In the fre-
quency range of interest, the reflectivity of GC (Rec) oscil-
lates slightly around 0.02. The low value of Rsc is caused by
the high radiation loss (50 cm?) of the GC. The oscillation of
Rqc is due to the resonator feature of the GC, as well as the
interference between the GC and the cleaved right facet. Fig-
ures 4(c) and 4(d) respectively present the calculated accu-
mulated intensity and phase after a round trip. In the fre-
quency range marked by the grey zone, the accumulated

intensity excesses one and the accumulated phase covers al-
most 27. It suggests that during the increasement of the net
gain g up to 4.0 cm?, there is only one mode in the band-
edge region that satisfies the threshold conditions.
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Figure 4 Threshold conditions for an optimized THz-ADBR-
GC-QCL. In the ADBR section, N.= 40, Ny=14, r = 5.0 pm,
Aapsr =13.9 um. In the SR section, Lsz = 3200 pm. In the GC
section, Asc= 38 pm, Wisir=10 pm, Ngi:= 25. Panels (a) and (b)
plot respectively the calculated reflectivity spectra of the GC
and the ADBR. Panels (c) and (d) plot respectively the accu-
mulated intensity and phase after a round trip. The net gain
(g) of the waveguide is uniformly set as 4.0 cm-2.

In order to validate our hypothesis, we fabricated and
measured several groups of THz-ADBR-GC-QCLs. In each
group, there are 4 devices that have the same structures of
the ADBR and GC, and the same value of Lsz. The only differ-
ence is the distance (Lyx) between the GC and the right
cleaved facet, and the interval between the values of Ly is
3.5um (defined by the technique of photolithography)
which is approximately the eighth part of the effective
wavelength in the waveguide. Therefore, for a fixed laser
frequency, these 4 devices represent 4 different reflection
phases caused by the grating coupler (¢xc). Figures 5(a) -
5(c) show the measurement results of an exemplar group of
devices. For these 4 devices, the common structure param-
eters are listed in Table 1, and the only varied parameter is
Lpn, which varies from 311.2 um to 321.7 um. Figure 5(a)
shows the SEM picture of the 4 devices. Figure 5(b) presents
their light-current-voltage (L-I-V) curves measured at 20K
in pulsed mode, revealing that the devices exhibit almost
the same threshold current, and their peak output power
reachesaround 185 mW. Most importantly, Figure 5(c) pre-
sents the emission spectra of the 4 devices near the maxi-
mum output, demonstrating single-mode emission with

their laser frequencies locating exactly in the band-edge re-
gion. Figure S10 of Supplementary Note 5 presents the
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Figure 5 Influence of the cavity length on the performance
of the THz-ADBR-GC-QCL devices. (a) SEM images of 4 THz-
ADBR-GC-QCL devices, whose common structure parame-
ters are listed in Table 1, and the only varied parameter is
Lypn. The values of Lpn are 311.2, 314.7, 318.2, 321.7 um for
devices A, B, C and D, respectively. (b) L-I-V curves of the 4
devices. (c) Normalized spectra of the 4 devices at maxi-
mum output. The laser spectra are shifted vertically for clar-
ity. The measurements were carried out at 20K in pulsed
mode. The repeat frequency is 10 kHz, and the pulse length
is 1 ps.

emission spectra at different injected currents for these de-
vices, proving that single-mode emission was realized in
most part of the laser dynamic range. The results reveal
that, despite the uncertainty of the reflection phase ¢gc, the
narrow reflection peak of the ADBR dominates the mode se-
lection. The L-I-V curves of these 4 devices were also meas-
ured at different operating temperatures and the results are
described in Supplementary Note 5.



Tablel Common structure parameters used in the exemplar group of THz-ADBR-GC-QCL devices.

Ridge Straight ridge
width section ADBR section GC section

Wridge Lsr AADBR r Ny Ny Acc Wit Niiie
210 pm 3200 pm 14.1 pm 5.0um 40 14 38 um 10 pm 25

In order to make our concept more solid, we measured
another 4 THz-ADBR-GC-QCLs, where the only varied struc-
ture parameter is Aapsr which varies from 13.7 pm to 14.3
um. The emission spectra of these 4 devices are recorded in
Fig. S11 of the Supplementary Note 6, illustrating that sin-
gle-mode operation is achieved and the emission wave-
length varies linearly with Aapsr, confirming the robustness
of the mode selection.

Figure 6 shows the laser characteristics of an optimized
device, in which the laser frequency aligns with the material
gain peak. Figure 6(a) illustrates L-I-V curves measured at
different operating temperatures. The peak output power
reaches to 214 mW at 20 K, and remains 168 mW at 77 K.
The maximum operating temperature is 121 K. At 20 K, the
threshold current density, the slope efficiency (dP/dI) and
the wall-plug efficiency (WPE) are 228 A/cm?, 188 mW/A
and 0.54%, respectively. The normalized spectra of the de-
vice measured under different injected currents at 20 K are
recorded in Fig. 6(b). Essentially, in the whole dynamic
range, single-mode emission is realized, and the SMSR ex-
ceeds 25 dB under the bias of peak output. Figure 6(c)
shows the measured 2D far-field beam pattern of the device,
which features a single-lobed beam pattern and the FWHM
divergence angle is ~8° x 33°. The definition of the scanning
angles (6 and &) during the measurement of beam pattern
and the simulated beam pattern are given in Figure S12 in
Supplementary Note 7. Good agreement between the simu-
lation and the measurement confirms that the THz wave is
emitted from the GC surface.

In order to exclude the influence of material quality and
highlight the advantage of efficient power extraction in our
THz-ADBR-GC-QCL devices, comparative experiments have
been conducted. Multimode FP lasers with the semi-insula-
tor single-plasmon (SISP) waveguide or metal-metal (MM)
waveguide have been fabricated from the same material,
and the device dimensions are respectively 295x3400 pum?
and 210x3900 um?, similar to that of the THz-ADBR-GC-
QCLs. The L-I-V curves of all three kinds of lasers were
measured under the same conditions in pulsed mode at 20
K, and the typical results are shown in Figure 6(d). Table 2
lists the calculated and measured parameters for the opti-
mized THz-ADBR-GC-QCL, the THz-ADBR-QCL, the FP-MM,
and the FP-SISP laser. Compared with the FP-SISP multi-
mode laser, the THz-ADBR-GC-QCL device doubles the peak
output power and the wall plug efficiency. On the other
hand, the output power and the wall plug efficiency of the

THz-ADBR-GC-QCL device are approximately 20 times
higher than those of the FP-MM laser. The maximum opera-
tion temperature of the THz-ADBR-GC-QCL (121 K) is in be-
tween those of the FP-MM laser (135 K) and the FP-SISP la-
ser (105 K). The tendencies of measured results (Ju, Pout,
dP/dl, WPE, Tna) for these 4 different devices are qualita-
tively consistent with their calculated parameters (7, o,
arad). In Supplementary Note 8, we propose an experimental
approach to determine the reflectivity of the ADBR, and the
related work is under way.

To make our concept more general, the THz-ADBR-GC-
QCL devices were fabricated with a different material (wa-
fer L1162) operating at different laser frequency (~3.3
THz). The results are given in Supplementary Note 9. For a
typical device, the pulsed output power peaks at 366 mW at
20 K, and remains 224 mW at 77 K, comparable to the state-
of-the-art26.2%. The related slope efficiency and the wall plug
efficiency are respectively 152mW/A and 0.4% at 20K. The
maximum operating temperature reaches to 147 K which is
- to our best knowledge - the highest record ever reported
for high power (>100 mW) single-mode THz-QCLs. Single-
lobed beam pattern is obtained, and the divergence angle at
FWHM is about 7°x34°. Stable single-mode operation is ob
served and the emission wavelength varies from 88.9 to
93.2 um when Aapsr changes from 12.0 to 12.6 pm. It is in-
teresting to point out that, these THz-ADBR-GC-QCL devices
have been utilized to detector H2S gas track by means of
photoacoustic spectroscopy, and a detection limit down to
360 ppb has been realized®.

Discussion

By optimizing the structure design, it is available to fur-
ther improve the laser performances. The reflectivity of the
ADBR is highly sensitive to the Q-factor of the 2D PhC. By
modifying the filling factor, utilizing elliptical air holes, and
optimizing the periodicity and the number of periods along
the lateral direction, we can increase the Q-factor of the 2D
PhC and achieve more stable single-mode emission with
lower threshold. Essentially, a 1D grating can also be used
as the ADBR with even better effects. Firstly, a grating pos-
sesses a wider band gap, and therefore we can safely utilize
one reflection peak by pushing the other far away from the
material gain peak. Secondly, compared with the 2D PhC, by
modifying the width of air slits, a grating can reach to the
same Q-factor with less periods and therefore reduce the
power consumption of the device.
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Figure 6 Device performances of an optimized THz-ADBR-GC-QCL (Panels (a) to (c)), and its comparison with the FP lasers
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density-voltage (L-J-V) curves of the optimized THz-ADBR-GC-QCL, the FP-MM laser and the FP-SISP laser measured at 20 K.

All devices were fabricated with the same material.

Table 2 The calculated and the measured parameters of the optimized THz-ADBR-GC-QCL, the THz-ADBR-QCL, the FP-MM,
and the FP-SISP lasers, all from the same material (M1616). I"is the optical confinement factor, a: the total loss, ¢ the
radiation loss, Ju the threshold current density, Pour the peak output power, dP/dI the slope efficiency, WPE the wall-plug-

efficiency, Tmax the maximum operating temperature.
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THz-ADBR 0.98 21 5.6 228 214 188 5.4x10-3 121
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THz-ADBR 0.98 20 0.6 226 12.5 11.5 5.0x104 132
-QCL
FP-MM 0.98 17.6 0.3 212 10.5 6.5 2.8x104 135
(per facet)
FP-SISP 0.26 8.3 1.1 238 102 89 2.2x103 105
(per facet)




The beam quality of the THz-ADBR-GC-QCL device can be
further improved via optimizing the design of the GC. In a
third-order DFB THz-QCL that features low beam diver-
gence, the grating should satisfy the third-order Bragg con-
dition and simultaneously act as an array of phased linear
sources3!. It leads to a rigorous requirement on the design
of the grating, ie. the effective index of the waveguide
should be close to 3. In contrast, in our device the mode se-
lection is controlled by the ADBR, and the GC is used to ma-
nipulate the power extraction and beam pattern. Such strat-
egy makes the design of the GC more flexible, and essentially
there is no constraint on the effective index of the wave-
guide. By tuning the periodicity of the GC and thus making
ky (wave vector along the ridge) of the -1-order diffraction -
which corresponds to the extracted THz radiation - close to
the wave vector in the free space, the GC will enable grazing-
emission with low divergence. On the other hand, the radi-
ation efficiency is mainly determined by Nsic and Wi of the
GC. Careful design is necessary to balance the radiation effi-
ciency, the threshold, and the laser consumption.

To further improve the output power in pulsed mode, a
wide ridge together with correctly designed lateral absorb-
ing boundaries can be exploited to increase the dimension
of the active region. Contrarily, a narrow ridge (< 40 pum)
will significantly decrease the power consumption and im-
prove the heat dissipation in the lateral directions, which is
important for continuous-wave operation.

Conclusion

In conclusion, we realized a new cavity architecture to in-
dependently control the mode selection and power extrac-
tion in the THz-QCLs. In the demonstrated devices, the
ADBR acts as a reflector with high reflectivity and extremely
narrow bandwidth, which enables single-mode emission
and releases the constraint on the cavity length. The GC per-
mits controllably high radiation efficiency, nearly unidirec-
tional emission and low divergence. The combination of
ADBR and GC results in a high output power (224 mW) of
single-mode operation at liquid nitrogen temperature in
pulsed mode, which is comparable to the state-of-the-art.
Essentially, there is no limit on the material system to build
the ADBR and GC sections. Therefore, the concept can be ex-
ploited in a wide spectral range from near-infrared to te-
rahertz frequency range.

Methods

Materials. Two different kinds of QCL active region were
employed, both grown on a semi-insulator GaAs substrate
via molecular beam epitaxy (MBE), and consisting of a
GaAs/ Alo1sGaossAs heterostructure and based on a bound-
to-continuum active transition with one-well injector. The
first structure (wafer M1616) is similar to the design re-
ported in  Ref. 37, with layer sequence:
5.5/11.0/1.8/11.5/3.8/9.4/4.2/184 (in nm), where
Alo.15GaossAs layers are indicated in bold, and the under-
lined number corresponds to the layer with a Si doping con-
centration of 2 x 1016 cm-3. The active region consists of 180
stages with a total thickness of 11.8 um. The frequency
range of the gain is approximately 2.4 - 3.2 THz, deduced
from the results of the second-order DFB lasers. The second
structure (wafer L.1162) is the same as that in Ref. 40. The
layer sequence of each repeated module in the active region
is: 5.2/10.3/1.7/10.75/3.6/8.8/3.95/17.2 (in nm), where

the Si-doped layer (3 x 1016 cm-3) is underlined. The total
thickness of the active region is 11.1 um.

Fabrication. The processes of fabrication are the same as
that described in Ref. 36. After epitaxy, the sample was
bonded on an n* GaAs substrate with an Au-Au interface.
The semi-insulator GaAs substrate was then removed via
mechanical polishing followed by selective wet-etching.
Once the GaAs/AlGaAs epitaxy was exposed, the top n* GaAs
(600 nm in thickness) contact layer was partially removed
by wet etching. After that, the absorbing boundaries were
defined by photolithography. The top metallization was
then formed on the top of the active region, defined by con-
tact photolithography, e-beam evaporation, and lift-off. The
grating coupler and the photonic crystal were also formed
in this step via defining periodic air slits and holes on the
top metallization. Later, the device ridge was defined by
chlorine-based inductively coupled plasma (ICP) etching.
Finally, the back-side process consisted of substrate thin-
ning, Ti/Au evaporation and sample cutting via micro-dic-
ing with a diamond blade.

Simulations. The characteristics of the ADBR and the GC
- including the reflection and radiation spectra, the Q-fac-
tor, and the far-field beam emission pattern - were calcu-
lated by full-wave finite element method (FEM) with a com-
merecial solver of COMSOL Multiphysics. The real part of the
effective refraction index of the waveguide was set as ney =
3.50, and the waveguide loss caused by the free carrier ab-
sorption and the metallic Ohm loss was approximated as 17
cm!, computed by the Drude model. During the calculation
of Q-factor of the DBR, the waveguide loss was not taken
into consider, therefore the Q-factor corresponds to the
leakage of the EM field out of the DBR. To simplify the cal-
culation, the metallization layers are considered as perfect
electric conductors, and the epilayers were considered as a
uniform material with appropriate loss and gain. 2D and 3D
FEM simulations were carried out for the GC and ADBR sec-
tions, respectively.

Measurement details. All the devices were measured in
pulsed mode. The pulse width and the repeat frequency
were respectively 1 pus and 10 kHz. The spectral character-
istics were performed using a Fourier transform infrared
spectrometer (Bruker 80V), operating in fast scan mode
with a resolution of 0.1 cm~1. The output power was meas-
ured by a Golay cell, which was put just in front of the TPX
window of the cryostat and no cone was used, without any
correction for the imperfect collection efficiency and optical
loss from the cryostat window. The Golay cell was cali-
brated by a Thomas Keating absolute THz power meter. The
far-field emission patterns of the devices were measured
with the Golay cell detector, which was scanned ona 15-cm-
radius sphere centered on the device surface. In our meas-
urement setup, we used a 4-mm-thick TPX window whose
transmission coefficient is about 60%. Considering the
beam divergence, the collection efficiency for the THz-
ADBR-GC-QCL was about 50%.
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Synopsis: We have proposed a novel architecture for semiconductor lasers, in which an active distributed Bragg reflec-
tor and a grating coupler are monolithically integrated into the laser ridge, enabling independent control of mode se-
lection and power extraction. The concept has been successfully implemented onto terahertz quantum cascade lasers.
Excellent laser performances have been demonstrated, including robust single-mode emission, high output power and
high operating temperature. Our work provides an avenue to realize high power single-mode lasers in different mate-
rial systems at different wavelengths.
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