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Abstract In this paper, we presented single mode
terahertz quantum cascade lasers (THz QCLs) with
sampled lateral grating emitting approximately 3.4 THz.
Due to strong mode selection, the implementation of
sampled lateral grating on THz QCL ridges can result in
stable single longitudinal mode emission with a side-mode
suppression ratio larger than 20 dB. The measured peak
power of the grating laser is improved by about 11.8%
compared to the power of devices with uniform distributed
feedback gratings. Furthermore, the far-field pattern of the
presented device is uninfluenced by grating structures.
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1 Introduction

Since the first demonstration in 2002, electrically-pumped,
compact, semiconductor terahertz quantum cascade lasers
(THz QCLs) have experienced rapid development in the
last decades [1,2]. For most applications, such as
absorption spectroscopy, telecommunication, and hetero-
dyne mixing in astronomy, single longitudinal mode THz
QCLs with wide tuning ranges are necessary. First-,
second-, and third-order distributed feedback (DFB)
gratings are commonly adopted and designed for THz
QCLs to achieve single mode operation [3—7]. Among
various structures of DFB gratings, lateral DFB gratings
can be simultaneously fabricated with ridge waveguides,
so that no extra steps are needed for the conventional
fabrication process. THz QCLs with first-order lateral DFB
gratings have already been demonstrated for semi-
insulating surface-plasmon waveguides with single mode
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emission [5]. As an alternative to DFB gratings, the
coupled-cavity technique was recently implemented with
success in obtaining stable single mode operation for THz
QCLs with a side-mode suppression ratio in the 30—40 dB
range [8]. On the other hand, THz QCLs with high output
power are desirable in most practical applications due to
the significant attenuation of THz radiation by water vapor
in the atmosphere, which can sometimes decrease the total
output power.

In this work, sampled lateral grating, which is
expansively used in lasers operating in telecom and mid-
infrared wavelengths [9-12], is used to improve output
power and obtain single mode operation for THz QCLs.
DFB gratings are periodically blanked in the sampled
lateral grating, so the optical loss during light propagation
caused by the sudden change of waveguide widths of
lateral DFB gratings has been reduced when compared
with that of DFB lasers with the same device length.
Sampled lateral grating can improve the mode selection of
lasers, leading to single longitudinal mode operation of
devices. In this work, output peak power was improved by
about 11.8% compared with that of DFB THz QCLs. The
side-mode suppression ratio (SMSR) of the proposed
device is larger than 20 dB at 10 K. Sampled lateral grating
implementation does not deteriorate the far-field distribu-
tion of the present device. Furthermore, due to the adoption
of lateral gratings structures, the proposed device has
improved simplicity compared to previous models.

2 Design and fabrication

The active region of THz QCLs is based on a bound-to-
continuum transition with a one-well injector reported in
Ref. [9] (total thickness ~11 um). The designed center
frequency of the laser is ~3.4 THz. The presented device is
processed into a semi-insulating surface-plasmon wave-
guide structure. The optical mode is confined between the
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top metal and the highly n-doped layer below the active
region. Fabry-Perot (F-P) lasers based on this type of
waveguide typically show higher output power and better
beam quality when compared to those based on metal-
metal waveguides [13].

The THz QCL structure with sampled lateral grating is
depicted in Fig. 1(a), where A is the Bragg grating period,
Z is the sampling period, Z, is the length of Bragg gratings
in one sampling period, and Wy and Wy, are widths of
narrow and wide ridges of gratings, respectively. The duty
cycle of the sampled grating, d, is defined as Z, /Z, and the
duty cycle of the DFB grating is 0.5. To achieve single lobe
far-field patterns, Wy and Wy were chosen to be 120 and
100 um, respectively, according to finite element simula-
tion. The corresponding calculated fundamental mode
profile is shown in Fig. 1(b). The effective refractive
indices (n.g) of these two types of waveguides are
calculated to be 3.594 and 3.59, respectively. Therefore,
the average wavelength A in the material was calculated to
be about 24.56 um. For first-order gratings, the grating
period A is 12.28 um (A~A/2), and each sampling period
contains 15 DFB periods. Devices with d = 1 (correspond-
ing to the uniform DFB grating), 1/2, and 1/3 were
fabricated for comparison. The mode spacing of sampled
lateral grating THz QCLs can be calculated by AA =
A%/ (2neeeZ) [14], where Ag is the Bragg wavelength of the
grating. Thus AA are about 2.94 and 1.96 pm for devices
with d = 1/2 and 1/3, respectively, which are much larger
than that of the F-P laser (~0.43 um by AA = A%/ (2nL)).
Therefore, the adoption of sampled lateral grating is
helpful for THz QCLs to operate in single longitudinal
mode.

Following the growth of the sample by molecular beam
epitaxy, Ti-Au metal contacts were evaporated on top of
the active region by the E-beam evaporation and lift-off
process. To construct the ridged waveguide and sampled
lateral grating structures, inductive coupled plasma etching

Fig. 1 (a) Schematic diagram of sampled lateral grating THz
QCLs. (b) Computed two-dimensional fundamental mode profile
of 120 um-wide waveguide. (c) Top view of the fabricated device

technology was utilized to etch about 10 pm of the active
region. Wet etching was then used to polish the side walls
of waveguides and eliminate defects induced by dry
etching. The lateral Ge/Au/Ni/Au non-alloy contacts were
evaporated and annealed to form the bottom ohmic
contacts. After thinning the substrate to about 150 um,
the Ti/Au layers were deposited on the back of the sample.
Then samples were cleaved to about 2.5 mm long, soldered
onto copper heat sinks with an In/Ag alloy and wire
bonded for testing. The final device configuration is shown
in Fig. 1(c).

3 Results and discussion

For measurement, devices were mounted on the cold finger
of a closed-cycle helium cryostat with a polyethylene
window. A Winston cone was used to collect light from the
laser facets. Pulsed power-current (P-I) characteristics
were measured by a thermopile power meter. Spectra were
recorded with a Fourier transform infrared spectrometer
(FTIR) in rapid scan mode using a resolution of 0.25 cm™.
Drive current with pulse width of 5 ps at a repetition rate of
5 kHz (duty cycle 1%) was used in all measurements.

Figure 2 shows power-current (P-/) curves of 2.5 mm
long sampled lateral grating THz QCLs with d=1/3, 1/2,
and 1 in pulsed mode, respectively. Lasing ceased around
70 K. As shown in Fig. 2, the slope efficiency of the device
is 7.32 mW/mA. The threshold current density at 10 K was
measured to be about 550 A/cm? for sampled lateral
grating THz QCLs, slightly lower than that of DFB THz
QCLs (about 600 A/cm?). As clearly shown in Fig. 2(b),
the detected maximum peak power of 18 mW measured at
10 K was obtained for sampled lateral grating THz QCLs
with d = 1/3, while DFB THz QCLs have a maximum peak
power of 16.1 mW. The peak power has been improved by
about 11.8%, which is primarily attributed to the low
optical loss of sampled lateral grating. Devices with d=1/2
have slightly lower output power than that of devices with
d = 1/3 because more periods of DFB gratings are
involved. It can be seen that the peak output power of
devices has been increased with the implementation of
sampled lateral grating. Although devices with lower duty
cycle will have higher output power, the effect of DFB
gratings in mode selection will be further weakened,
leading to multimode operation in devices multimode
operation. A trade-off is necessary between higher output
power and stronger ability in mode selection.

Figure 3(a) compares spectra between the F-P laser
fabricated on the same wafer and sampled lateral grating
THz QCLs with d = 1/2 on a logarithmic scale. F-P lasers
operate with typical multi-longitudinal modes, while the
proposed devices can work in single longitudinal mode by
employing sampled lateral grating. Figure 3(b) shows
emission spectra of sampled lateral grating THz QCLs with
different duty cycles measured at around maximum peak
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Fig. 2 (a) Power-current (P-]) characteristics of sampled lateral grating THz QCLs measured in pulsed mode at 10 K. Voltage-current
characteristics of the device with a grating duty cycle of 1/2 is also shown. (b) Enlarged view of power-current (P-/) characteristics for
different sample grating THz QCLs. (c) Emission spectrum of the THz QCL with d = 1
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Fig. 3 (a) Emission spectra of sampled lateral grating THz QCLs with d = 1/2 and an F-P laser at injection currents near the rollover of
power-current (P-I) curves. (b) Emission spectra of sampled lateral grating THz QCLs with d = 1/3 and 1/2 in pulsed mode at injection

currents around 2.1 A at 10 K

power. It was observed that emission wavenumbers of
these two types of devices were different. This may be due
to the influence of the phase difference caused by the
position of cleaved facets, leading to the high-frequency or
low-frequency DFB lasing modes (both modes are located
in the gain spectrum of the laser active region medium)

[14]. SMSRs are ~20 dB for devices with d = 1/3 and ~24
dB for devices with d = 1/2, respectively. Under the same
device length, devices with d = 1/3 have a lower SMSR
owing to less sampling periods. Higher SMSR can be
achieved when more sampling periods are involved in the
devices with longer device length.
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Fig. 4 (a) Schematic diagram of the scanning angles used in far-field measurements. (b) Measured two-dimensional far-field pattern of
the sampled lateral grating THz QCL at a drive current of 1.86 A with d = 1/2. FWHM is about 44° (0) x 40° (®)

The far-field patterns of devices were measured by
rotating a Golay cell on a spherical surface at constant
distance (about 15 cm) from the laser emission facet.
Figure 4(b) depicts the typical far-field pattern of sampled
lateral grating THz QCLs with d = 1/2. Other sampled
lateral grating THz QCLs have similar far-field patterns
and their results are not shown in this paper. Devices under
test operate in single transverse mode as illustrated in
Fig. 4(a). A portion of the emitted light was blocked by the
cryostat shell when the Golay cell was rotated at a large
scanning angle (6 <-20°), which has little influence on
far-field intensity pattern measurement. Interference rings
appearing in the figure (® >20°) were speculated to be
caused by the interference between the radiation from
different metallic surfaces of the laser chip or two facets of
the laser. The full width at half maximum (FWHM) of the
sampled lateral grating THz QCLs was about 44° () in the
lateral direction and 40° (@) in another direction. Since
FWHM of the presented device is similar to that of F-P
laser, sampled lateral grating implementation does not
deteriorate in the far-field laser distribution.

4 Conclusions

In conclusion, THz QCLs based on sampled lateral grating
were proposed and experimentally demonstrated. Using
the same length, sampled lateral grating THz QCLs have
less gratings area compared with DFB lasers, which causes
optical propagation loss due to sudden changes of
waveguide width reduction. With the decreased d values,
the peak power gradually increases. When d= 1/3, the
peak power is 18 mW. The output peak power of sampled
lateral grating THz QCLs with duty cycle of 1/3 was
improved by about 11.8% compared with that of DFB THz
QCLs. The effects of sampled lateral grating in mode
selection has been analyzed, and SMSR values larger than
20 dB were obtained. Meanwhile, the adoption of sampled
lateral grating has almost no influence on the far-field

device pattern. Furthermore, the presented device can be
easily generated by introducing additional fabrication
steps, providing an approach to achieve THz sources at
low cost, high output power, and single mode operation.
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