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We present second-order grating surface-emitting terahertz quantum cascade lasers based on
metal-metal waveguides. A maximum peak power of 12.2 mW is realized at 5 K in the pulsed mode,
and the maximum operation temperature is 105 K. Stable single-mode emissions at ~89 um with a
side-mode suppression ration at about 25 dB is achieved at all operating conditions. By inserting a
central 7-phase shift in the device, a single-lobed far-field radiation pattern is obtained with a small
divergence angle of 4° in the cavity-length direction.

Keywords: Terahertz, Quantum Cascade Lasers, Single-Mode, Distributed Feedback Gratings.

1. INTRODUCTION

Terahertz (THz) quantum cascade lasers (QCLs) have
been one of the most potential solid sources in the
terahertz region during decades of development. For a
variety of applications, such as local oscillators, THz
spectroscopy, wireless communication' and stable single-
mode emissions with a good beam pattern is highly
desired. Nowadays, the commonly employed solution for
realizing single-mode emission is fabricating distributed
feedback (DFB) gratings on the surface of the devices.*”
For semi-insulating surface-plasmon (SISP) waveguides,
a first-order DFB grating edge-emitting structure is pre-
ferred, rather than a second-order DFB grating surface-
emitting structure due to the small light confinement factor
that results in a low surface extraction efficiency.® How-
ever, the radiation from the facet always presents a double-
lobed beam pattern because of the leakage mode in the
SI-GaAs substrate.® The only method to improve the pat-
tern shape without external instruments is defining the slit-
grating plasmonic collimator on the output facet,” ' but it
is very difficult in processing. Compared with SISP waveg-
uides, metal-metal (MM) waveguides provide strong mode
confinement, resulting in a high surface extraction effi-
ciency and high operating temperatures.® Using monolithic
integrated second-order grating structures, surface-emitting
perpendicular to the plane is feasible, which is provided

*Authors to whom correspondence should be addressed.

7554 J. Nanosci. Nanotechnol. 2018, Vol. 18, No. 11

by the first-order diffraction of the second-order DFB
gratings.'!

There are two classes of modes at the band-edge states
within the second-order grating surface-emitting mecha-
nism: the anti-symmetric and symmetric mode. These two
modes have similar material and cavity losses, but exhibit
significantly different radiative losses. The anti-symmetric
mode, which has lower radiative loss than the symmetric
mode in a finite-size device, is normally favorable to lasing
due to the lower total losses. However, the anti-symmetric
mode lasing generally leads to a double-lobed far-field
pattern along the cavity-length direction.'?> The simplest
method to improve the beam pattern is inserting a central
m-phase shift in the cavity to make the field distribution
symmetric with respect to the center of the device.'’?
This solution enables a single-lobed beam pattern.

In this paper, we present high-performance operation of
surface-emitting second-order grating THz QCLs with a
central m-phase shift based on metal-metal waveguides.
A maximum peak power of 12.2 mW is realized at 5 K
in a pulsed mode, and the device lases up to 105 K. Sta-
ble single-mode emission at ~89 um with a side-mode
suppression ration (SMSR) at about 25 dB is achieved at
all operating conditions. Due to the central 7r-phase shift
in the cavity, single-lobed far-field radiation patterns are
obtained with a small divergence angle of 4° in the cavity-
length direction.
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2. DEVICE DESIGN AND FABRICATION

The grating periods of A = A/ng =25 um were defined
with the calculated effective index n = 3.5 and central
wavelength 87.7 um. To obtain a stable single-mode, we
simulated the second-order grating structure with different
grating duty cycles o based on the finite-element method
with periodical boundary conditions to find the optimal
grating design. In Figure [, the results are plotted with a
constant grating depth d =350 nm (etching the top highly-
doped GaAs layer completely) and various duty cycles o.
There exists two modes, anti-symmetric mode (mode 1)
and symmetric mode (mode 2), in the active region which
are located beneath the grating peak and slit, respectively.
As presented in Figure 1, the coupling coefficient gets the
maximum value at o = 0.95. In addition, both the largest
losses difference between the two modes and the minimum
value of losses for anti-symmetric mode appear at o =
0.85. Thus, the anti-symmetric mode is favorable to lasing,
and the far-field radiation pattern is predominantly two-
lobed with a null in the center. Considering a compromise
between coupling coefficient and losses, 2.5-um-wide slits
were selected, i.e., duty cycle of 90% was obtained cor-
responding to grating period A =25 um. In addition, we
employed a central mr-phase shift in the grating region to
flip the phase of emission from all slits in one half of the
grating region by 7 with respect to the other half to enable
a single-lobed beam pattern.

The material structure was grown by EPI GENII solid
source molecular beam epitaxy (MBE) system on a
SI-GaAs substrate. After a 150-nm-thick Al ;Gaj sAs etch-
stop layer, a 150 nm highly-doped (Si, 2.5 x 10'® ¢cm™)
GaAs layer was grown, followed by the active core, which
was composed of 185 periods of Aly,5GaygsAs/GaAs het-
erostructure that is similar to that in Ref. [16]. The growth
was concluded by a 100 nm (Si, 5 x 10'® cm~) GaAs layer
that was highly-doped.

The fabrication of metal-metal waveguides was fol-
lowed using an In—Au thermoscopression method.!” Bond-
ing took place at approximately 250 °C as pressure to the
stack was applied for 15 minutes. Then, the substrate was
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Figure 1. The simulated coupling coefficient and losses of the band-
edge modes as function of grating duty cycle o.
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removed via lapping and selective etching with NH,OH:
H,0, (1:19 v/v). The AlysGaysAs etch stop layer was
removed by immersion in 48% HF acid for 1 minutes.
After that, the gratings were defined followed by metal
deposition (Ti/Au) and lift-off. Wet chemical etching was
employed to remove the highly-doped GaAs layer in the
slits entirely and smooth the grating grooves. Finally, the
ridges were formed by optical lithography and inductively
coupled plasma reactive 1on etching. The top doped GaAs
contact layer was left at each end of the ridges and also
along the sides of the grating to provide absorbing bound-
ary conditions. After polishing and back-contact deposi-
tion, the laser chips were cleaved into 150-um-wide and
I-mm-long devices.

3. RESULTS AND DISCUSSION

The devices were indium-soldered onto copper mounts for
characterization in a helium cryostat. The powers were col-
lected by an absolute THz power meter and not corrected
by the transmission of the polyethylene window. The mea-
surement of the lasing spectra was operated through a
Fourier-transform infrared spectrometer with a resolution
of 0.5 cm™' in rapid scan mode. The beam divergence
measurement was done by placing a Golay cell detector
on a 15-cm-radius sphere centered on the emission facet
to collect lasing light with a resolution of 0.5°. All pulsed
measurements were performed at a 5 kHz repetition rate
with a pulse of 2 us.

Figure 2 shows the lasing spectra of a surface-emitting
DFB device and a normal Fabry-Perol (F-P) device at 5 K
when they reach the maximum power. The spectrum of
the F-P device centers at ~87.7 um and the DFB device
lases at ~89 um with the SMSR of ~25 dB. Stable
single-mode emission is realized at all operating condi-
tions. The refractive index of the active region is extracted
to be 3.56, which is very close to the calculated value.
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Figure 2. The lasing spectra of the surface-emitting DFB device and

normal Fabry-Perol (F-P) device at S K. The inset shows the lasing spec-
trum of the DFB device at 77 K.

7555



Single-Mode Surface Emitting Terahertz Quantum Cascade Lasers

Li et al.

14 414
124 5K 412
g
10+ 30K 110
2 =
o 84 50 K 18 g
8 5K [
T o 7K Jo 2
> >
e
4 4 44 =S
(@)
24 100K 42
Al
O T T T T 0
0.0 0.2 0.4 0.6 0.8 1.0
Current (A)

Figure 3. The typical light—current-voltage (L-/-V) characteristics of
the single-mode device in pulsed mode.

The inset shows the lasing spectrum of the DFB device in
logarithmic scale at 77 K.

Figure 3 presents the typical pulsed light—current—
voltage (L—I-V) characteristics of the single-mode DFB
device at different heat sink temperatures from 5 K to
105 K. The maximum peak power of 12.2 mW is realized
at 5 K with a threshold current density of 360 A/cm?® and
a maximum slope efficiency of 60.4 mW/A. Higher power
may be obtained by choosing a more appropriate grating
period to shift the emission wavelength to the center of the
gain spectrum. The maximum optical power of 0.5 mW is
still obtained at 105 K with a threshold current density of
580 A/cm? and a maximum slope efficiency of 5.9 mW/A.

Figure 4 shows the normalized beam pattern of the
device in pulsed operation at 77 K. Due to the insertion
of central 7-phase shift, a single-lobed pattern is observed
in the direction along the cavity-length with a full width
at half maximum (FWHM) of 4°. On the other hand, the
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Figure 4. (a) The far-field beam pattern in cavity-length direction of

the single-mode device in pulsed operation at 77 K. (b) The far-field
beam pattern in ridge-width direction of the single-mode device.
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beam in the ridge-width direction is relatively divergent
with a FWHM of 43° due to the waveguide width being
in the order of the wavelength. Concentric-circular-grating
design may further optimize the far-field beam pattern.

4. CONCLUSION

In conclusion, we report high performance surface-
emitting THz QCLs at ~89 um. Peak power of 12.2 mW
is realized in pulsed mode with a maximum slope effi-
ciency of 60.4 mW/A at 5 K. The device can lase up to
105 K with 0.5 mW. Stable single-mode emission with a
SMSR of ~25 dB is achieved under all operating con-
ditions. Single-lobed far-field beam patterns with a small
divergence of 4° in the cavity-length direction are also
observed by inserting a central 7-phase shift in the cavity.
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