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Room-temperature terahertz (THz) quantum cascade laser sources with intracavity difference-frequency nonlin-
ear mixing are electrically pumped monolithic semiconductor laser sources operating in the 0.6-6 THz spectral
range. We report widely tunable, low-frequency THz quantum cascade laser sources using a lens-coupled
Cherenkov waveguide scheme. Based on a watt-class high-power, A~13.7 pm quantum cascade laser, the mono-
lithic THz source is strongly coupled with a high-resistivity silicon lens, which causes a major increase in the THz
coupling efficiency and demonstrates significant performance improvements. A room-temperature 1.5 THz device
produces a 0.2 mW peak output power with a high-quality beam pattern. Improved THz outcoupling efficiency
using the lens-coupled scheme enabled the demonstration of a high-performance external-cavity semiconductor
THz source that is tunable from 420 GHz to 2 THz. The external-cavity, lens-coupled device configuration can
technically be assembled into a butterfly-style package for a thumb-sized, widely frequency tunable THz semi-

conductor source. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.443819

1. INTRODUCTION

Room-temperature, broadly tunable, electrically pumped semi-
conductor sources for operation in the terahertz (THz) spectral
range, which offer a similar operational simplicity to diode la-
sers, are highly desirable for a range of potential applications,
including communications, imaging, spectroscopy, and chemi-
cal analysis [1,2]. With the drive toward widespread commer-
cial use of THz technology, there is growing demand for a
compact, tunable mass-producible coherent semiconductor
source. On the low-frequency side of the THz range, many
electron devices, including resonant tunnel diode (RTD) oscil-
lators [3,4], heterojunction bipolar transistors (HBTSs) [5,6],
and CMOS transistors [7-9] have been developed to act as
THz emitters. Simultaneously, on the high frequency side, a
variety of technologies have been reported to date [10-13].
A THz quantum cascade laser (THz-QCL) is a powerful semi-
conductor source. The operating temperature of conventional
THz-QCLs is improved at frequencies above 2 THz [14,15].
However, the laser’s performance is highly limited in the lower
frequency range; i.e., below 2 THz [16]. Recently, among ef-
forts to develop room-temperature compact continuous wave
(CW) sources, QCL-pumped molecular lasers have been pro-
posed and demonstrated [17-19].
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In addition, with regard to the frequency tunability of THz
semiconductor sources, very wide frequency tuning over several
hundred GHz is difficult to achieve for both electron devices
and THz-QCLs. As compact semiconductor sources, uni-
traveling-carrier photodiodes have demonstrated wide fre-
quency tuning properties, mainly in the frequency range below
1 THz, with an average power of more than 1 pW [20]. These
devices are used extensively in THz communications research
[21]. Recently, QCL-pumped molecular lasers, which have
potential for use as compact CW sources, have been shown
to achieve wide frequency tuning over the range from 0.25
up to ~1 THz [18]. However, it is currently still challenging
to realize a high-power, widely tunable THz semiconductor
source for operation around 1.0 THz (i.e., at the center of
the THz gap), in real-world applications.

THz-QCL sources with intracavity nonlinear difference fre-
quency generation (DFG) mixing [22] are electrically pumped
monolithic semiconductor sources operable at room tempera-
ture [23-27]. These room-temperature QCL devices have
made dramatic advances in performance in recent years with
use of active regions with properties that include giant second-
order nonlinear susceptibility and the Cherenkov phase-
matching scheme [28-30]. To date, these nonlinear QCL
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devices have allowed production of milliwatt-level output
powers [26,27], wide frequency tunability [29,31-33], broad-
band terahertz emission [34], and comb generation [27,35,36].
Extremely wide frequency tuning between 1.2 THz and
5.9 THz has been demonstrated using an external cavity
(EC) setup at room temperature [29,31]. Furthermore, THz
imaging has also been demonstrated with these nonlinear
QCL devices [37]. Because of their ultra-broadband emission
spectra, the devices have also proven highly suitable for use in
THz spectroscopic applications [38]. However, the perfor-
mance of nonlinear QCLs tends to deteriorate in the low-
frequency range below 2 THz [31]. Nevertheless, based on
a long-wavelength dual-upper-state (DAU) active region de-
sign, we have demonstrated sub-THz nonlinear QCLs that
produced output power of 11 pW at ~700 GHz at room tem-
perature [39]. In addition, single-frequency operation of a
1.0 THz-QCL device also has been demonstrated at room tem-
perature [40]. For operation at lower frequencies using QCL
technology, intracavity millimeter wave emission has been ob-
served with THz-QCLs at a temperature of 10 K [41].

Here, we report widely tunable, low-frequency THz nonlin-
ear QCLs using a lens-coupled Cherenkov waveguide scheme,
in which the device’s semi-insulating InP substrate is closely
appressed to a high-resistivity silicon (Si) lens. Because this
leads to a major increase in the THz coupling efficiency, these
sources demonstrate significant performance improvements.
A 1.5 THz lens-coupled device based on a watt-class high-
power, 13.7 pm mid-IR (MIR) QCL produced 0.2 mW peak
output power at 288 K, along with a far-field beam pattern with
an FWHM value of ~9° on both the fast and slow axes, while
the same device without the Si-lens produced 60 pW peak
power using two off-axis parabolic mirrors. The high terahertz
generation efficiency and relaxed outcoupling conditions pro-
vided by the lens-coupled Cherenkov scheme allowed us to
demonstrate a high-performance, EC THz-QCL source that
was tunable between 0.42 and 2 THz.

2. DEVICE FABRICATION

In the experiment, the nonlinear QCL device is based on the
DAU active region [30,42], which has a broadband gain band-
width and very high nonlinearity for the low-frequency range.
The lattice-matched Ings3Gag 47As/Ing 5,Aly 4gAs layer se-
quence for a single period of the active layers, starting from
the injection barrier (i.e., toward the right), is given in ang-
stroms as 34/43/20/93/9/76/10/62/11/54/12/51/13/46/15/
45/17/45/22/45/27/44, where the InAlAs barrier layers are
in bold font, the InGaAs QW layers are in normal font,
and the doped layers (Si, 1.5 x 107 cm™) are underlined; fur-
ther details about this nonlinear active region design are given
in Ref. [39], while the active region doping is slightly reduced.
This structure consists of 70 stages of lattice-matched QCL ac-
tive region structures (total thickness: ~5.6 pm), and a semi-
insulating InP wafer was used as the substrate for QCL growth.
Growth of all the QCL structures was performed using the
metal organic vapor phase epitaxy (MOVPE) technique.
The growth process begins with the formation of a 200 nm
thick InGaAs current spreading layer (Si, 1.0 x 10'® cm™)
and a 5.0 pm thick n-InP (Si, 1.5 x 10'® cm™) film that is
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used as a lower cladding layer. The QCL active region is sand-
wiched between a 0.2 pm thick n-Injs53Gag4sAs layer (Si,
1.5 x 10'° cm™) and a 0.45 pum thick n-Ing 53Gag 4 As layer
(Si, 1.5 x 10'® cm™). The upper cladding layer consists of a
5 pm thick n-InP (Si, 1.5 x 10'® cm™) layer followed by a
15 nm thick n*-InP (Si, ~10'® cm™) cap layer. The wafer
was processed into buried heterostructure waveguides with
double-sided current extraction schemes. The buried hetero-
structure waveguide is critically important to improve the QCL
performance. After laser ridge waveguide formation via dry
and wet etching to a depth of ~15 pm, regrowth of the
semi-insulating Fe:InP layer is performed by MOVPE to form
a buried heterostructure. In our previous works, a Fe-doped
InP buried layer was undergrown, with half of the depth
(>3 pm) left unfilled to avoid overgrowth, as shown in
Fig. 1(a). Because very thick active regions (>5 pm) are re-
quired to obtain the high output powers required for the
long-wavelength QCL, it is still difficult to planarize the active
region containing the Fe-doped InP buried layer. In this work,
by optimizing the wet etching process used for ridge structure
formation, we fabricate a thick Fe-doped InP layer for the
buried heterostructure in which the active region is almost
filled, as shown in Fig. 1(b). This approach reduces the wave-
guide losses of the long-wavelength QCL and also improves its
thermal conductivity. The laser waveguide was designed to be a
dielectric confinement structure for MIR light. The THz DFG
emission is radiated into the semi-insulating InP substrate be-
cause of Cherenkov phase matching. A uniform single-period
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Fig. 1. Scanning electron microscope images of (a) a partially buried
heterostructure quantum cascade laser (QCL) device and (b) the im-
proved buried heterostructure device in this work. (c) Temperature-
dependent mid-IR (MIR) light-current-voltage curves of a 13.7 pm
quantum cascade laser. A room temperature emission spectrum is
shown in the inset.
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buried grating was defined for single-wavelength emission to
achieve a distributed feedback (DFB)/Fabry—Pérot (FP) pump
device configuration [34]. The grating period was designed to
A ~2.02 pm via nanoimprint lithography and was etched to a
depth of ~200 nm into the upper n-Inj 53Gag 47As waveguide
layers to provide feedback single-mode lasing at the MIR
wavelength of Appg ~ 13 pm, away from the FP lasing center
at App ~ 13.7 pm; a similar procedure was described in our
previous work [39].

Figure 1(c) shows the current-light-voltage (/ - L - V) char-
acterization of a 16 pm wide, 3 mm long, uncoated FP QCL
device on a semi-insulating InP substrate operating in pulsed
mode (pulse width = 250 ns; duty cycle = 2.5%) at various
temperatures. The inset shows the lasing spectrum at 1.7 A.
The FP (without the grating) device outputs a maximum power
of 1.1 W (from a single facet) and a threshold current density of
3.0 kA/cm? at 293 K. The slope efficiency is 1.1 W/A at
293 K. The device performance is improved when compared
to that of the previous device, which exhibited an output power
0f 0.76 W with a slope efficiency of 0.86 W/A. Although a high
output power (830 mW) from a A = 14 pm QCL with a
diagonal transition and nonresonant extraction design has been
reported previously [43], this is the highest peak power re-
ported to date for long wavelength (4 > 13 pm) QCLs. High
peak output power for a long-wavelength QCL with large tran-
sition dipole moments is essential for THz generation in the
lower frequency range [39]. Note that the efficiency of the de-
vice on the semi-insulating substrate is reduced with an addi-
tional voltage drop because of side current injections that occur
through the bottom contact. Besides, the side current injection
scheme increases the thermal resistance of the devices. In fact,
the maximum duty cycle of the devices is limited to approxi-
mately 10% at room temperature, which is similar to our
previous devices [34], despite fabricating the full buried heter-
ostructure. To achieve a higher duty cycle, epi-down mounting
is necessary, as demonstrated for continuous wave nonlinear
QCLs operating at higher frequencies [33]. However, it is
not easy to apply devices with the side current injection
scheme.

Retaining

Clip Copper submount

(a)
Fig. 2.

| | 30
::*\\\?“wmi"j lzg

) O Vol. 10, No. 3 / March 2022 / Photonics Research 705
—

3. PERFORMANCE OF Si LENS-COUPLED
DEVICE

In this work, a Si lens (n5; = 3.42), which is nearly index-
matched to both the QCL active region (n, = 3.46) and the
semi-insulating InP substrate (7;,p & 3.52), is placed in direct
contact with the polished QCL device substrate to increase the
THz outcoupling efficiency. Enhancement of the THz output
powers due to increased radiation in the forward direction using
the Si lens has been achieved in both QCL devices [44] and slot
antennas on dielectric substrates [45], which radiate THz waves
into the substrate and the air in accordance with the ratio of
their dielectric constants, as reported previously. Further en-
hancement is obtained by increasing the beam directivity using
the lens; as a result, this approach leads to higher output powers
and improved beam patterns. In the THz-QCL source based
on DFG, performance improvements with the use of high-
resistivity Si materials have been demonstrated for transfer-
printed devices on Si wafers [46]. This approach results in
dramatic enhancement of both the THz outcoupling efficiency
and the output power. However, as in this case, when ng is
higher than #g;, it is difficult to adopt this approach since a
Cherenkov phase-matching condition is not satisfied.

For ease of extraction of the THz radiation, the output front
facet of the substrate of THz nonlinear QCL device was pol-
ished to an angle of 10°. Substrate polishing is required for two
major reasons. First, it is necessary to avoid damaging the laser
facet used for MIR lasing, and second, the major components
of the generated THz power are distributed around the area
within a distance of 100 pm from the active region. The output
facet of the QCL device is projected from the carrier edge by
0.5 mm. The hyper-spherical Si lens has a diameter of 6 mm
and a center thickness of 3.7 mm, with a high resistivity of
>1 kQ - cm. The lens is designed to have a focal point at the
near surface of the Si lens to collimate THz waves emitted from
the device. This lens was pressed onto the polished facet of the
device [Fig. 2(a)]. Direct contact between the lens and the de-
vice facet was critically important for THz power output extrac-
tion. The lens was positioned and pressed against the device
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(a) THz nonlinear QCL device with abutted Si lens. (b), (c) Results of 3D COMSOL simulations of the Cherenkov THz power intensity

when outcoupled from the device into (b) Si and (c) air. Upper figures of (b) and (c) display the simulated magnetic field (#,) of the THz output of

the device, respectively.
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Fig. 3. Performance of a 3 mm long, 16 pm wide nonlinear-QCL with multimode spectra when operated at 288 K. Emission spectra for (a) MIR
and (b) THz at various currents. (c) Peak THz output powers versus products of the MIR pump powers for the device with and without the Si lens.

using a screw clamp. The lens position was aligned roughly by
monitoring the MIR output powers from the device using an
infrared camera. Figures 2(b) and 2(c) show the results of a 3D
COMSOL simulation of the Cherenkov THz emissions that
are outcoupled into Si [shown in Fig. 2(b)] and the air [shown
in Fig. 2(c)] from the polished facet of the device with a length
of 500 pm when operating at 1.5 THz. The laser ridge width
was assumed to be 16 pm and the waveguide structure used in
the simulations was almost identical to the waveguide structure
of the QCL device that was tested experimentally, although it
was slightly simplified. The nonlinear THz polarization waves
are simulated using DFG, where two MIR pumps propagate in
the active region. The simulated THz output power for the
extraction to Si was approximately three times as high as that
for the extraction to air. These results indicate that the Si lens-
coupled Cherenkov scheme enables much more efficient ex-
traction than previous schemes.

Measurements of the device were taken using 250 ns current
pulses at a repetition rate of 100 kHz to gather both MIR
and THz data. The emission spectra of the device were mea-
sured using a Fourier transform IR (FTIR) spectrometer and
recorded using a helium-cooled bolometer and a mercury cad-
mium telluride (MCT) infrared detector for the THz and MIR
data, respectively. Figures 3(a) and 3(b) display the room-
temperature MIR and THz spectra measured for the as-cleaved
nonlinear QCL devices. Dual wavelength operation with peak
wavelengths of ~730 and 780 cm™! is observed for the device.
We confirm that the peak wavelengths of the MIR pumps are
identical for the devices with and without the Si lens. The THz
emission from the device shows good agreement with the fre-
quency separation of the MIR pumps. Figure 3(c) shows the
THz power output as a function of the product of the two
MIR pumps. The lens-coupled device produces 203 pW of
peak output power with a 0.9 mW /W? MIR-to-THz conver-
sion efficiency, which is defined as the ratio of the measured
THz output power to the product of the two MIR pump
powers, around the rollover point. The THz power of the lens-
coupled device was measured with the bolometer positioned
approximately 5 mm away from the Si lens. After removal
of the Si lens, the device provides 62 pW peak output power
with a conversion efficiency of 0.25 mW /W? when two off-
axis parabolic (OAP) mirrors with 5 cm focal lengths were used

to collect and refocus the THz output onto the bolometer in
a nitrogen-purged environment (a maximum collection effi-
ciency of ~70% is estimated). For the lens-coupled device,
nearly 30% of the THz light is reflected at the Si/air interface.
However, the THz output powers for both of these measure-
ments are not corrected for the THz power measurements.
Comparison of these results indicates improvement by a factor
of ~3.3 in the THz power and conversion efficiency. A clear
improvement has thus been observed for the lens-coupled
device and this shows reasonable agreement with the simula-
tion results, as shown in Figs. 2(c) and 2(d). The slightly
higher THz power when compared with the value from the
COMSOL simulations in Fig. 2 may be a result of the different
collection efficiency for the THz measurement setup.

Figure 4 shows the measured far-field profiles of the no-lens
and Si lens-coupled devices. These profiles were obtained by
scanning a Golay cell at a distance of 5 cm from the
laser facet. The device without the Si lens produced a far-field
profile that was close to a Gaussian shape and the FWHM val-
ues for the device are 26° for the fast axis and 20° for the slow
axis. In contrast to the results for Cherenkov QCL devices
emitting at higher frequencies (>2.5 THz) [26,27,29], a nar-
rower FWHM is observed along the slow axis; this may be be-
cause of the higher MIR group index (ny ~ 3.46) of the device
when compared to that of the QCL in the A~ 10 pm range
(n, ~ 3.36). The group index of the device is better matched
to the THz refractive index value of the SI InP substrate. In
contrast, the lens-coupled device shows beam widths that
are approximately 2.5 times narrower than the case without
the Si lens. The FWHM values of the lens-coupled device
are 9.8° for the fast axis and 9.0° for the slow axis. Figure 5(a)
depicts the temperature dependence of THz / - V' - L charac-
teristics for the lens-coupled device in the 210-300 K tem-
perature range when operating in the same pulsed mode
(100 kHz, 250 ns). Figure 5(b) shows the THz spectra of
the presented device when measured at different temperatures
in the 210-288 K range, which can be obtained using a
thermoelectric cooler (TEC). The results show a THz output
power of approximately 0.5 mW at 210 K at emission frequen-
cies in the 1.4-1.8 THz range. We observe that the maxi-
mum THz average power of >25 pW at 240 K is obtained
at a duty cycle of 8%. The higher THz output power at lower
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Fig. 4. Measured far-field beam patterns: (a) no-lens device and
(b) lens-coupled device. A 2D far-field profile for the lens-coupled
device is also shown in the inset.

temperatures is attributed to the increased output pump powers
for the MIR light, as shown in Fig. 1(a).

4. BROADLY TUNABLE SOURCE IN SUB-THz
TO THz RANGE

The broadly tunable THz-QCL source based on DFG can be
operated using an EC QCL system, which has been demon-
strated for the frequency range from 1 to 6 THz [29,31]. Using
a long-wavelength DAU QCL gain medium (3 mm long,
16 mm wide), which was taken from the same wafer described
above, we constructed an EC setup using a Littrow configura-
tion, similar to that of our previous work in MIR-QCLs [47].
A schematic of this setup is shown in Fig. 6(a). In the system,
one MIR pump frequency (wpgg) is fixed using a monolithic
DEFB grating that was fabricated in the laser cavity, while the
other MIR pump frequency (wgc) is tuned using an EC
diffraction grating, where the THz radiation is achieved at a
difference frequency of @y, = wprp - @gc. The lens-coupled
approach can be applied to the EC-QCL system. The collimat-
ing ZnSe aspheric lens that introduced the laser light to the
external grating (100 grooves/mm) was anti-reflection (AR)
coated and had a focal length of 1.8 mm. The grating period
was designed to be constant to provide feedback at the MIR
wavelength of 777 cm™. The EC was then used to vary the
second lasing wavelength of the MIR pump (from 710 to
763 cm™). To suppress FP lasing, one of the cleaved facets
was coated with an AR dielectric multilayer and the other
facet was used as cleaved, and the substrate was polished to ap-
ply the Si lens-coupled scheme for THz extraction. Note here
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Fig. 5. (a) THz light output-current-voltage characteristics of the
16 pm wide and 3 mm long QCL device at different heat-sink temper-
atures when measured in pulsed mode (pulse width of 250 ns and
repetition rate of 100 kHz). (b) THz spectra at different temperatures.

that the EC lens-coupled device configuration can technically
be assembled within a butterfly-style package (dimensions:
13 mm x 30 mm x 13 mm) through application of a microelec-
tromechanical systems (MEMS) external grating and associated
optical mounting technology developed by our group [48].
Figure 6(b) shows the 7 - L characteristics for the THz
emission and the MIR pumps for the case when the EC grating
is positioned to select the pump frequency at approxi-
mately 763 cm™!, which corresponds to the lowest difference-
frequency of the present work at approximately 14.1 cm™ or
420 GHz, and is close to device gain peak. The MIR power
increases as a function of the input current up to the rollover
point and, as a result, a peak THz power of approximately
15 pW is obtained. The inset in Fig. 6(b) shows the THz emis-
sion spectrum recorded at 2.4 A and 293 K. The operating
frequency of 420 GHz at room temperature is the lowest re-
ported in monolithic THz DFG sources based on MIR QClLs.
The MIR spectra and powers of the mid-infrared pumps at wgc
and wppp are shown in Fig. 6(c) for various grating angles. The
spectra were measured at room temperature at a pump current
of 2.4 A, which is close to the rollover point. The correspond-
ing THz spectra in Fig. 6(d) show the recorded emission spectra
of the EC QCL system for operation between 0.42 and
2.0 THz. Single-frequency emission with a side-mode suppres-
sion ratio of more than 10 dB is observed for nearly all the THz
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angle 0 is defined relative to the direction normal to the laser facet, as
shown in the right inset of (a).

signals. The measured power at each THz wavelength varies
from 15 pW at 420 GHz to 0.25 mW at 2 THz. The
MIR to THz conversion efficiency is maximized at the highest
frequency peaks at 2 THz with a value of 2.0 mW /W?, and
decreases toward the lower frequencies; this is a result of the
decreasing nonlinearity and the increasing optical absorption
occurring in the doped QCL waveguide [39].

The far-field THz emission profile of the EC tuned lens-
coupled device is shown in Fig. 7 for the vertical [Fig. 7(a)]
and horizontal [Fig. 7(b)] directions. Significant broadening
of the FWHM of the beam profiles in both the vertical and
horizontal directions is observed when the THz emission fre-
quency is reduced. The far-field angle in the vertical direction is
steered with the THz emission frequency by varying the angle
of the Cherenkov DFG emission into the InP substrate [31].
Although it is difficult to estimate the steering angle for the
lens-coupled device, the peak of the beam patterns is steered
according to the angle of the Cherenkov DFG emission.

5. CONCLUSION

In conclusion, we have reported widely tunable THz nonlinear
QCLs using a Si lens-coupled Cherenkov waveguide scheme.
As a result of the significant enhancement of the THz coupling
efficiency, the lens-coupled device exhibits a THz output power
that is ~3.3 times higher and improved conversion efficiency
when compared to the corresponding quantities of the device
without the Si lens. Relying on a high-power, long-wavelength
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QCL, a room-temperature device emitting at 1.5 THz pro-
vided 0.2 mW peak output power with a high-quality beam
pattern. Additionally, we constructed an EC setup that incor-
porated the Si lens-coupled gain medium for frequency tuning
in the low-frequency region below 2 THz. As a result, we
achieved wide frequency tuning of between 0.42 and 2 THz.
The operating frequency of 420 GHz is the lowest reported
operating frequency for room-temperature QCL sources. In the
near future, a much wider tuning range toward the higher fre-
quency direction could be made possible by optimizing the gain
medium and the position of the DFB emission. Furthermore,
different lens coupling configurations could be adopted for
more efficient outcoupling, including metasurface technology
[49]. By improving all these aspects of the devices, this tech-
nology can bridge the THz gap and may open up new appli-
cation areas for THz technology.
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