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Abstract: We propose the concept and experimentally verify the operation of terahertz quantum
cascade laser sources based on intra-cavity Cherenkov difference-frequency generation on a
silicon substrate with the current injection layer configured as a metal wire grid. Such a current
injector configuration enables high transmission of TM-polarized terahertz radiation into the
silicon substrate while simultaneously providing a low-resistivity metal contact for current
injection.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Compact electrically-pumped narrow-linewidth coherent sources of terahertz (THz) radiation
operating in the spectral range from 1 THz to 6 THz are highly desired for various applications such
as biological and medical sciences, security, atmospheric science, environmental monitoring, and
astronomy [1—4]. THz quantum cascade lasers (QCLs) are currently the only electrically-pumped
semiconductor lasers operating in the 1-6 THz spectral range with a milliwatt-level power output.
However, these devices still require cooling for operation [5—8]. To achieve room-temperature
operation, THz QCL sources based on intra-cavity Cherenkov difference-frequency generation
(DFG) in dual-wavelength mid-infrared (mid-IR, A~3-20 pm) QCLs, referred to as THz DFG-
QCLs, have been proposed and developed [5,9-11]. A particular feature of THz DFG-QCLs
is their ability to provide widely-tunable THz output with a tuning range from 1.2 to 5.9 THz
demonstrated from a single THz DFG-QCL chip in Ref. [12].

The active regions of THz DFG-QCLs are designed so as to provide both optical gain for
the mid-IR pumps as well as a giant second-order intersubband nonlinear susceptibility 2 for
THz DFG in the same laser cavity [13,14]. High THz absorption in the mid-IR laser waveguide
prevents efficient extraction of THz radiation in edge-emitting devices [13,14]. To improve the
THz outcoupling efficiency and to enable broadly-tunable THz output, THz DFG-QCLs with the
Cherenkov phase matching scheme in which THz radiation is emitted from the laser active region
into the device substrate were developed [5,9,15]. The schematic of these devices is as shown in
Fig. 1(a). To enable Cherenkov DFG emission, the epilayer of the THz DFG-QCL needs to be
optically coupled to a substrate with a THz refractive index (ngp) larger than the mid-IR group
index of the laser waveguide (ng~3.3-3.4 for InGaAs/AlInAs/InP QCLs) [15]. Traditionally,
this is achieved by growing QCLs on semi-insulating (SI) InP substrates which have sufficiently
high refractive index, see Fig. 1(b). However, SI InP substrates have significant THz absorption
and strong refractive index dispersion that results in a beam steering in widely-tunable THz
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DFG-QCLs [12,16,17]. It has recently been shown that the THz power output of THz DFG-QCLs
can be improved dramatically if the SI InP substrates is substituted with float-zone high-resistivity
(FZ HR) silicon (Si) substrate that has significantly lower absorption at THz frequencies and
nearly-constant refractive index across the entire THz range as shown in Fig. 1(b) [16].
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Fig. 1. (a) A schematic of ridge-waveguide Cherenkov THz DFG-QCLs. (b) Refractive
indices (left panel) and absorption coeflicients (right panel) of SI InP (black, higher values)
and FZ HR Si (red, lower values) in the THz range. The data is taken from Ref. [16] and
Ref. [17].

Since the substrate material for Cherenkov THz DFG-QCLs is semi-insulating, current injection
into the laser needs to be provided laterally through the use of a current injection layer, shown in
Fig. 1(a). When designing this layer, a balance must be struck between the requirements of low
series resistance for current injection and low THz absorption losses for Cherenkov THz radiation
extraction into the substrate. Traditionally, 100-to-200-nm-thick InGaAs layers with n-doping
of approximately 1 x 10'® cm™ are used in Cherenkov THz DFG-QCLs [10,12,15,16,18-20].
Their THz absorption in such layers varies from 10% to 50% of THz radiation depending on
the frequency and the current-extraction-layer configuration with lower transmission values at
lower THz frequencies [18]. The sheet resistance of such layers is in the range of 70-140 /O]
which translates into 1-5 of Ohms of series resistance for the current injection layer in individual
devices, depending on the waveguide length and the distance to the metal side contact(s) on one
or both sides of the laser ridge [18,19]. Given typical operating currents of 1-2 A and typical
active region bias voltages of 10-15 V of individual DFG-QCL devices, such values of series
resistance are considered acceptable for THz DFG-QCLs [5,9,10,11].

Future THz coherent output-power scaling in DFG-QCLs may be achieved by using DFG-QCL
phase-locked laser arrays [21]. In that case, however, the pump current is significantly higher
and the current-injection-layer path length is significantly longer compared to those in a single
DFG-QCL device. In the first approximation, one may consider that both the current and the
injection-layer path length scale with the number of QCL devices in the array. Given typical
operating currents and bias voltages of individual DFG-QCL devices given above, the current
injection layer, based on doped semiconductor layers, presents a significant limitation for the
DFG-QCL array performance.

Here we propose and experimentally verify a concept of a metal-based current injection
layer for the THz DFG-QCL configured as wire grid injector (WGI), a configuration inspired
by that of a wire grid polarizer [22]. Such a current-injection-layer configuration allows one
to simultaneously provide nearly arbitrarily low series resistance for current injection, while
maintaining high transmission of THz radiation into the substrate. The WGI injection layer
consists of an array of metal lines with sub-wavelength width in the direction perpendicular
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to the orientation of the laser ridge as shown in Fig. 2(a). Since THz radiation generated in
DFG-QCLs is TM-polarized, the WGI current injection pattern is nearly transparent for THz

radiation transmission into the substrate.
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Fig. 2. (a) (left) Schematic illustration of Cherenkov THz DFG-QCLs on a FZ HR silicon
substrate with the WGI current injector; (right)THz generation process, direction of the
nonlinear polarization oscillations due to intersubband DFG process, and the polarization
of the emitted THz radiation [5,13-15]. (b) Ratio of THz power output into the FZ HR
silicon substrate of the device with a WGI injection and an identical device with a traditional
current injector made of 200nm of InGaAs layer n-doped to 1 X 10!8 ¢cm=3. The simulations
assume direct device bonding to silicon (no SU-8 layer), DFG frequency of 3 THz, and a
WGI period of 10 um. The data is shown for the WGI injectors with different gold layer
thicknesses and difterent WGI duty cycles. (c¢) Dependence of the THz DFG power output
into the FZ HR silicon substrate on the SU-8 layer thickness for the THz DFG-QCLs with
the traditional current injector layer made of 200nm of InGaAs layer n-doped to 1 x 108
cm™3 and selected WGI current-injector configurations.

2. Simulation of wire-grid-injector THz extraction

The schematic of the THz DFG-QCL with the WGI current injection layer on a silicon substrate
is shown in Fig. 2(a). The device configuration is similar to that of a Cherenkov THz DFG-QCLs
on silicon [16], with the exception that the metal WGI current injector is used instead of a doped-
semiconductor injector. To verify the concept of the WGI current injection scheme, we performed
two-dimensional (slab-waveguide) electromagnetic simulations with COMSOL Multiphysics and
compared the amount of THz radiation emitted into the substrate for the THz DFG-QCLs, using
a traditional doped-semiconductor current injection layer, with the metal WGI current injection
layer. In the simulations, a 600-nm-thick top gold contact layer is assumed to be placed on top of
a 1 mm long DFG-QCL waveguide structure. We assumed a typical waveguide structure of THz
DFG-QCLs designed for high-power pulsed operation: a 200-nm-thick plasma-enhanced upper
cladding layer (InP, Si: 3.0 x 10'® cm™3), a 4-um-thick low-doped upper cladding layer (InP, Si:
1.2 x 10'® cm~3), a 400-nm-thick upper mode confinement layer that may be used to fabricate a
distributed feedback (DFB) grating (Ing 53Gag.47As, Si: 1.0x10'° cm™), a 4.6 um-thick active
region (Ing 53Gag 47As and Al 4glng spAs, average doping of 3.6 X 10'® cm™3), a 200-nm-thick
lower mode confinement layer (Ings53Gag47As, Si: 1.0 x 10'® cm™3), and a 4-um-thick lower
cladding layer (InP, Si: 1.2x 10'® cm™3) followed by the current injection layer. The WGI
current injection layer is created by etching grooves into the lower cladding layer and afterwards
filling these with gold. The height of the gold layer is chosen to be equal to the groove depth,
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in order to planarize the structure. We compared the performance of the devices with the WGI
current injection layer with that of the devices having traditional 200 nm thick InGaAs layers
with n-doping of 1 x 10'® cm™3 positioned right below the bottom surface of the lower cladding
layer. The simulations further assume that THz DFG-QCL devices are transfer-printed on top of
a float-zone (FZ) high-resistivity (HR) silicon substrate for THz DFG radiation extraction using a
layer of SU-8 epoxy (Kayaku Advanced Materials, Inc.) as an adhesive, similar to that used in
Ref. [16].

The DFG process was modelled by introducing a polarization source in the active region
imitating the 3 THz DFG polarization wave propagating towards the outcoupling facet of the
laser. The mid-IR group index and the THz refractive index of SU-8 layer are assumed to be 3.37
and 1.7 +1ix%0.029, respectively [23]. Figures 2(b,c) shows the comparison of the computed THz
power emission into the FZ HR silicon substrate per unit length of the device for the case of the
WGI injector and a traditional 200-nm-thick InGaAs injector with n-doping of 1 x 10'® cm=3 for
several different WGI-injector thicknesses and duty cycles and for different thicknesses of the
SU-8 adhesive. Figure 2(b) plots the ratio of THz emission from a device with a WPG injector
with a period of 10 um directly bonded to the FZ HR silicon substrate (no SU-8 adhesive) with
an identical device having a traditional 200-nm-thick InGaAs current injector with n-doping of
1 x 10'"® cm™ directly bonded to the FZ HR silicon substrate. The ratio is plotted for different
gold-layer thickness and duty cycles of the WGI current injector. We note that a WGI period of
10 ym is sufficiently small to avoid diffraction of 3 THz radiation. Figure 2(c) shows how the
THz DFG emission into the substrate decreases as the SU-8 adhesive thickness increases for the
case of devices with the WGI and transitional current injectors. The reduction of THz power
emitted into the substrate for thicker SU-8 adhesive layers is primarily due to its low refractive
index of the SU-8 epoxy, which results in evanescent coupling of THz radiation into the substrate.
We note that one can achieve high-quality bonding with the SU-8 epoxy as thick as 100 nm [16].

The data in Fig. 2(c) indicates that, assuming that a sufficiently thin SU-8 bonding layer
is used, THz DFG-QCLs on FZ HR Si with WGI are expected to have similar or better THz
outcoupling efficiency compared to the devices with traditional semiconductor-based injectors,
while providing significantly lower series resistance. Specifically, as mentioned above, the
traditionally-used 200 nm thick InGaAs current injection layer with n-doping of 1 x 10'® cm=3
has a sheet resistance of approximately 70 Q/[J. In comparison, a 75 nm thick WGI with a duty
cycle of 10% is expected to have a sheet resistance of 3.3 Q/[1 [24].

3. Experimental demonstration and discussion

To verify the feasibility of operation of the Cherenkov THz DFG-QCLs on FZ HR Si with
WGI current injection layers experimentally, the THz DFG-QCL structure was grown on
a 350-pum-thick semi-insulating InP substrate. The growth started with a 200-nm-thick
Ing 53Gagp47As etch-stop layer (Si: 1.0x10! cm™3), followed by a 20-nm-thick InP con-
tact layer (Si: 5.0x10'® ¢cm™), a 4.0-um-thick InP cladding layer (Si: 1.2x10'® cm™),
and a 200-nm-thick Ings3Gag47As waveguide layer (Si: 1.0x 10'® cm™). Then, two 31-
repetition stacks of Ing 53Gag 47 As/Ing 5o Alp4gAs bound-to-continuum active regions optimized
for THz DFG nonlinearity with a 300-nm-thick InP spacer layer (Si: 1.0x 10'® cm™3) be-
tween them were grown. The layer sequence of one period of the bottom active region
is 43/20/11/55/11/53/11/48/15/377/15/36/16/33/18/31/20/29/24/29/26/27/30/27, and that of the

where the layer thickness is in Angstroms, and the bold and underlined characters denote the
Ing 5pAlg43As layers and doped (Si: 1.6x10!7 cm™3) layers, respectively. On top of the active
region, a 400-nm-thick Ing 53Gag 47As waveguide layer (Si: 1.0x10'° cm™3), a 4.0-um-thick InP
upper cladding layer (Si: 1.2x10'® cm™3), a 200-nm-thick InP upper plasmon layer (Si: 3.0x10'8
cm™3), and a 20-nm-thick InP top contact layer (Si: 2.0x10' cm™3) were grown.
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The key device processing steps are shown in Fig. 3. For processing, an approximately 1.2
cm by 1.2 cm piece was cleaved from the QCL wafer. Double-channel ridge waveguides with
ridge widths of 16 um were defined by optical lithography and dry etching. The sidewalls
of the laser ridges were insulated with a 500-nm-thick SiN layer. Following the top metal
contact deposition, the processed wafer was thermocompressively bonded, epi-side down, to a
metal-coated n-doped InP host wafer as shown in Fig. 3(a). The n-doped InP host wafer was
used to support the waveguide structure during the following fabrication steps and it served as a
contact to the top of the laser ridge waveguide. The SI InP substrate of the bonded QCL piece
was then removed by selective etching. Following the substrate removal, a 1-mm-wide WGI
pattern was defined on the backside of the laser ridge. First, we used optical lithography and
wet-etching to define approximately 200-nm-deep grooves in the 200-nm-thick Ing 53Gag47As
etch-stop layer. These grooves were then filled with metal for creating the WGI injector. To that
end, the photoresist mask remained on the device and a metal layer (Ti/Au ~ 20 nm/180 nm)
was deposited on top by e-beam evaporation. The photoresist mask was then used in a lift-off
process to create a WGI injector with the metal layers positioned in the grooves etched in the
Ing 53Gag 47As layer. Afterwards, the back side of the n-doped InP substrate was metallized to
form one of the device contacts. The processed wafer, shown schematically in Fig. 3(b), was
then cleaved into single laser devices with the cavity length of 4 mm, and these devices were
spin-coated with a 400-nm-thick SU-8 layer. We note that here we used a rather thick SU-8
layer for the proof-of-concept demonstration to simplify processing and make it less sensitive to
sample surface contamination. The laser facet and the wire-bonding area were covered by the
Crystalbond glue (Ted Pella, Inc., Crystalbond 509) before SU-8 spin coating to protect them
from SU-8 deposition. Finally, a 3-mm-long FZ HR Si wafer piece with the front facet polished
at an angle of 15° was manually bonded to the device and the assembly was baked on a hot plate
at 180 °C for the SU-8 layer to cure. The length of a FZ HR Si prism was slightly shorter than
the length of the laser to enable wire bonding for current injection as shown in Fig. 3(c).

(a) (b) (c)

Substrate Il Current injection Cladding [ SiN
Au I Active region n-doped InP [l SuU-8

Fig. 3. The key fabrication steps. (a) Episide-down thermo-compression metal-metal wafer
bonding of the fully-processed THz DFG-QCLs on their native SI InP substrate onto an
n-doped InP ‘host’ substrate. (b) Following the selective native SI InP substrate removal, the
gold WGI current injector as well as gold contact pads are defined on the exposed device
epilayer. (c) Wafer bonding of the WGI device with a FZ HR silicon substrate using a SU-8
adhesive layer.

The scanning electron microscopy image of the back section of the processed THz DFG-QCL
with WGI current injector and with the attached FZ HR Si prism is shown in Fig. 4(a). Figure 4(b)
is a close-up image that shows the details of the WGI current injector including the metal stripes
in the etched semiconductor grooves and the un-etched semiconductor regions. The WGI metal
wires do not fill the entire etched grooves in the semiconductor, which is due to the underetching
the photoresist mask formed during the isotropic wet-etching process that was mentioned earlier.
Since the same photoresist was used as a lift-off mask for the WGI fabrication, the underetching
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resulted in the incomplete filling of the semiconductor grooves with metal. The problem of
underetching may be addressed in the future by employing dry etching techniques. The image
shows that the period and the duty cycle of the WGI are 10 pm and 60%, respectively. The width
of the un-etched regions is 2 um and the width of the etched regions without metal deposition
is 1 pm. The thickness of the metal lines in the WGI injection were measured to be 210 nm,
while the etch depth of the semiconductor grooves was measured to be 200 nm. This results in a
slightly uneven device surface. This imperfection can, however, be accommodated by the SU-8
adhesive layer that was used for the Si-prism bonding.

(a) (b)
&7

Metal

Un-etched region
Contact
Pad

Fig. 4. Scanning electron microscopy images of the THz DFG-QCL device with a WGI
current injector and the FZ HR Si prism bonded to the front section of the device using an
SU-8 adhesive layer. (a) Top view of the device. The WGI section, SU-8 adhesive layer,
FZ HR Si substrate, and metal contact pad connected to the WGI metal wires for current
injection are indicated with yellow text. (b) Magnified image of a WGI section. Metal stripes
and un-etched semiconductor regions are indicated with yellow text.

For the measurement, devices with a ridge width of 16 um and a cavity length of 4 mm
were indium-soldered to a copper block with the n-doped InP substrate facing the block and
successively wire bonded. The laser device was then mounted into a dual-grating external cavity
setup, which is reported in Ref. [25], that was used to select two mid-IR pump frequencies for
THz DFG. Devices were operated with 50 ns current pulses at 20 kHz repetition rate at room
temperature. Reference 4-mm-long and 16-pum-wide ridge-waveguide Cherenkov DFG-QCL on
SI InP substrate devices were also fabricated from the same QCL wafer and tested to evaluate the
performance of the WGI devices.

Figure 5(a) shows the mid-IR and THz emission spectra measured from the THz DFG-QCL
with the WGI current injector and a silicon prism. Two mid-IR pumps were selected at 978
cm™! and 1079 cm™!, and the THz frequency was measured to be 101 cm™! (3.0 THz), in
agreement with the difference between two mid-IR pump frequencies. Figure 5(b) shows the light
output-current characteristics for the mid-IR pumps of the WGI device. The mid-IR pump powers
were measured using a thermopile detector with two parabolic mirrors and corrected for the
estimated 70% collection efficiency of our setup. The measured current-voltage characteristics
of the WGI device and a reference SI InP device are also shown as a black solid line and a black
dashed line, respectively. The voltage of the WGI device is considerably lower than that of the
reference devices, as expected. The sheet resistance in the WPG structure is estimated to be
around 0.2 Q/C], which results in the expected series resistance of the 1-mm-wide WGI injector
of around 0.025 Q in our 4-mm-long devices. The remaining series resistance of the WGI devices
was attributed to contact resistance.

The THz peak power and the mid-IR-to-THz conversion efficiency, which is traditionally
defined for THz DFG-QCLs as the ratio of the THz peak power to the product of the two mid-IR
pump powers [5,9-15,17-19,25,26], as a function of current are shown in Fig. 5(c) for the WGI
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Fig. 5. Performance of a 16-um-wide and 4-mm-long ridge-waveguide THz DFG-QCL on a
silicon substrate with a WGI current injector. The device was tested in pulsed mode at room
temperature in a dual-grating external cavity setup. (a) Emission spectra of the mid-IR pumps
(top) and THz DFG (bottom). (b) Voltage (solid black line) and the peak power outputs
(dashed blue and solid red lines) of the two mid-IR pumps vs current. The dashed blue line
and the solid red line refer to the power output of the short-wavelength and long-wavelength
mid-IR pumps, respectively. The black dashed line refers to the current-voltage characteristic
of the reference InP device of the same dimensions. (c) THz peak power output (red solid
line) and the mid-IR-to-THz conversion efficiency (blue squares) of the device using the
WGI injection scheme and a silicon prism as a function of pump current.

device. A calibrated liquid helium cooled Si bolometer with two parabolic mirrors was used
to measure the THz power and no collection-efficiency correction were made. The maximum
THz peak power of the WGI device is 10.7 pyW and the mid-IR-to-THz conversion efficiency
at this THz power is 18.8 uW/W?. This conversion efficiency is 1.8 times higher than that of
the reference SI InP device of the same length. As shown in Fig. 2(c), we expect a factor of
2 of further improvement in the THz power for the WGI injectors with lower duty cycles and
silicon prism being bonded with thin SU-8 adhesive. Further improvements in the THz output are
expected in devices with complete filling of the semiconductor grooves with metal and with the
silicon prism covering the entire length of the laser. With these future improvements, DFG-QCL
devices with WGI current injectors on FZ HR silicon are expected to reach THz extraction
efficiency levels similar to that of devices with doped InGaAs current injectors on FZ HR silicon
demonstrated in Ref. [16], while having significantly lower series resistance.

4. Conclusion

We have presented a concept for a metal current injector configured as a WGI for the operation
of Cherenkov THz DFG-QCLs. The WGI current-injector design provides simultaneously low
series resistance for current transport to the device and high transparency for the TM-polarized
THz radiation. We have confirmed the feasibility of the new current-injector operation with
proof-of-concept devices that have shown a factor of 1.8 higher mid-IR-to-THz conversion
efficiency compared to reference Cherenkov THz DFG-QCL on SI InP devices at 3.0 THz.
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