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Terahertz quantum cascade lasers with wide-ridge metal-metal waveguides are prone to lasing in
high-order lateral modes, which reduce the maximum light output power from these devices. We
have demonstrated, theoretically and experimentally, that the output power can be improved
severalfold by introducing “side absorbers” into the waveguide structure, which enforce lasing in the
TM,, mode with minor temperature performance deterioration. Lasers without side absorbers
operate up to 168 K, a current record for devices processed using indium/gold wafer bonding.

© 2008 American Institute of Physics. [DOI: 10.1063/1.2835202]

Terahertz quantum cascade lasers (QCLs) are an emer-
gent compact source of narrowband terahertz radiation in the
wavelength range of 60—350 um (5-0.85 THz)." In order to
achieve lasing, the laser mode requires strong confinement
within the active region. This challenge is addressed by the
use of surface plasmon waveguides, of which two types have
been reported: the semi-insulating surface-plasmon (SI-SP)
waveguide and the metal-metal (MM) waveguide. The SI-SP
waveguide2 utilizes a metal film on top of the QCL active
region and provides mode confinement of ~15% -50%.°
The MM Waveguide‘t’5 comprises metal films on both sides
of the active region and provides mode confinement of
nearly 100%.%7

The MM waveguide design, compared to the SI-SP
waveguide design, empirically provides the best temperature
performance for terahertz QCLs,S’6 but it suffers from poor
radiation out-coupling efficiency and a highly divergent far-
field profile because the mode is confined to subwavelength
dimensions.” While some applications, such as heterodyne
detection, do not require high output power, other applica-
tions such as imaging7’8 require both a good far-field profile
and high output power. These parameters can be improved
by using wide-ridge (>100 uwm) waveguides; however, we
will show that wide-ridge MM waveguides are prone to
high-order lateral mode operation. This is undesirable be-
cause it yields a highly divergent, multiple-lobe far-field pro-
file. In addition, as we will further analyze, the facet reflec-
tivity for higher order lateral modes is significantly higher
than that for the TM,, mode, yielding reduced radiation out-
coupling efficiency.

A number of approaches addressing the problem of poor
terahertz outcoupling in MM terahertz QCLs have been pro-
posed, including the use of a silicon microlens at the wave-
guide facet’” and surface-emission schemes that utilize
second-order diffraction gratingslo’11 or two-dimensional
photonic crystal structures.'> However, the positioning of a
microlens onto the waveguide facet is difficult,” and edge-
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emitting lasers are significantly easier to fabricate than
surface-emitting lasers.

In this letter, we demonstrate lasing mode control in
wide-ridge MM terahertz QCLs. We fabricate 150- um-wide
edge emitting MM terahertz QCLs operating at 3 THz with
thin strips of highly doped GaAs exposed along the ridge
waveguide edges [the “side absorbers,” Fig. 1(a)]. These de-
vices operate in the TM;, mode and demonstrate a threefold
increase in power output with little temperature degradation
compared to devices without side absorbers. We note that
this laser mode control technique may be used to improve
the outcoupling efficiency and the far-field profile for edge-
emitting devices equipped with microlenses, and can be
implemented in surface-emitting MM terahertz QCLs with
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FIG. 1. (Color online) (a) Cross-sectional schematic diagram of the MM
waveguide QCL with side absorbers. Layer thicknesses are marked in pa-
rentheses; the GaAs layers are doped to 5X 10'® cm™. The side absorbers
consist of exposed plasmon layer at the edges of the top metal cladding and
are marked with arrows. (b) Facet reflectivity as a function of lateral mode
order for a 10-um-thick and 150-um-wide MM waveguide. (c) Cross-
section plots of the H, component of two lateral waveguide modes. The
upper plot is the TM, mode and the lower plot is the TM; mode. The metal
waveguide claddings are shaded in vertical stripes. (d) Threshold gain as a
function of lateral mode order for laser structures with and without side
absorbers.
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wide ridges, which suffer from high-order lateral mode
lasing.10 T'We also report devices without side absorbers that
operate up to a maximum temperature of 168 K, which con-
stitutes the highest operating temperature achieved to date
with MM terahertz QCLs processed using In/Au wafer
bonding.

To understand the modal structure of the emission in
wide-ridge MM devices, we calculated the lasing threshold
for various lateral modes using COMSOL MULTIPHYSICS. First,
we calculated the facet reflectivity for different lateral modes
using three-dimensional simulations. We assumed a lossless
active region with a refractive index of 3.5, a free space
wavelength of 100 wm, and a perfectly conducting metal
cladding. The waveguide width and thickness were chosen to
be 150 and 10 um, respectively. The simulation results are
shown in Fig. 1(b); the facet reflectivity increases from 84%
for the TM, mode to 96% for the TM; mode. The physical
origin of the high facet reflectivity and subsequent low out-
coupling efficiency for higher order lateral modes can be
understood by considering the mode lobes as radiation
sources at the laser facet: the lobes are separated by a dis-
tance much smaller than the free space wavelength due to the
high mode confinement provided by MM waveguides [Fig.
1(c)]. This results in strong destructive interference for emis-
sion into free space.

To calculate the threshold gain g, for the various wave-
guide modes, we used the expression I'gy,=a,,+a,,, where
I is the mode confinement factor, a,, is the waveguide loss,
and «,, is the mirror loss calculated from the reflectivity data
in Fig. 1(b). We first calculated e, by solving for modes in
the 150- um-wide waveguide structure depicted in Fig. 1(a)
with and without 2.5- um-wide side absorbers. We used
the Drude model with relaxation constants 7=1 ps and
7=0.1 ps for hghtly and heavily doped semiconductor
layers, respectlvely For the GaAs plasmon layers, n-doped
at 5% 10" cm™3, we calculate the refractive index to be
5.93+23.32i. The active region refractive index was calcu-
lated to be 3.49+0.0061i and the gold refractive index was
taken from Ref. 13 to be 240+400i. Waveguide losses from
the 10-nm-thick top titanium cladding layer were neglected.
The simulations indicate that for MM waveguides without
side absorbers, a,,, and I" are approximately the same for all
lateral mode orders due to the very strong confinement pro-
vided by the MM waveguide. For example, the TM, and
TM,; modes have ay, of 14.1 and 14.2 cm™!, respectively,
and I' of 99% each. On the other hand, we obtained very
different «, for different lateral modes in the MM wave-
guide with side absorbers. The threshold gain calculated for
different lateral modes in a 1.3-mm-long MM waveguide
with and without side absorbers is plotted in Fig. 1(d). For
the waveguide without side absorbers, the TM,, TM,;, and
TM,, lateral modes all have thresholds of within 0.1 cm™' of
each other, indicating little mode discrimination between the
TM,, and higher order lateral modes. For the waveguide
with side absorbers, the TM,, mode clearly has the lowest
threshold gain of all the lateral modes with mode discrimi-
nation on the order of a few cm™!. Furthermore, the side
absorbers introduce very small additional loss to the TM,y
mode.

To demonstrate the improvement of power output from
devices with side absorbers, we processed and characterized
MM waveguide terahertz QCLs with and without side ab-
sorbers. The QCL material was grown by molecular beam
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FIG. 2. (Color online) (a) Light output as a function of current (LI) of a
representative MM waveguide device with no side absorbers. Upper inset:
current-voltage characteristics of the device at 78 K. Lower inset: LI char-
acteristics of the device close to the maximum operating temperature. (b) LI
characteristics of a representative MM waveguide device with side absorb-
ers. Upper inset: image of the top of a MM waveguide device with side
absorbers delineated by arrows. Lower inset: LI characteristics of the device
close to the maximum operating temperature.

epitaxy; the growth started with a 250-nm-thick GaAs buffer
layer, followed by a 300-nm-thick Alj,sGagysAs layer, a
75-nm-thick layer of GaAs n-doped to 5X 10'8 cm™, 226 3
stages of the active region design similar to that of Ref. 14
with a lower doping sheet density of n,=2.75Xx 10'° cm™
and finally a 50-nm-thick GaAs layer n-doped to 5
X 10" cm™. The material was processed into gold MM
waveguides following the procedure outlined in Refs. 4 and
5. The 150- um-wide ridges were defined via dry etching
with a Microposit SU-8 2005 photoresist mask. After SU-8
removal, metal (Ti/Au, 10/200 nm) was evaporated on top
of the laser ridges. Side absorbers were fabricated on some
devices by depositing photoresist onto the ridges, opening
thin strips along the ridge edges with optical lithography, and
removing the strips of gold and titanium by wet etching. The
final side absorbers were measured to be approximately
3- um-wide [inset of Fig. 2(b)]. The processed wafers were
cleaved into approximately 1.3-mm-long bars and indium
mounted on gold-plated copper blocks.

The devices were placed in a helium flow cryostat and
terahertz radiation was detected with a calibrated helium-
cooled silicon bolometer. Light was collected with two 2 in.
parabolic mirrors: one with a 5 cm focal length to collimate
the light from the source, and another, 5 cm away from the
first one, with a 15 cm focal length to refocus the light into
the bolometer. The devices were operated in pulsed mode
with 30 ns pulses at a 100 kHz repetition rate, with an addi-
tional 600 Hz modulation for lock-in detection. The light
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FIG. 3. (Color online) Representative spectra of lasers with (top) and with-
out (bottom) side absorbers operating at a temperature of 78 K and a current
density of 900 A/cm?.

intensity-current (LI) and current-voltage (IV) characteristics
of a representative device without side absorbers are shown
in Fig. 2(a) for different heatsink temperatures. At a heatsink
temperature of 78 K, the threshold current density was mea-
sured to be 710 A/cm? and the maximum peak power was
measured to be 0.92 mW. The LI characteristics of a repre-
sentative device with side absorbers are shown in Fig. 2(b).
The threshold current density for this device at the heatsink
temperature of 78 K was 685 A/cm?, similar to that for de-
vices without side absorbers, and the maximum peak power
was measured to be 3.0 mW, which is over three times larger
compared to that from devices without side absorbers.

Representative emission spectra of the devices with and
without side absorbers are shown in Fig. 3. The mode spac-
ing in the spectra of the device without side absorbers is
nonperiodic, indicating lasing in multiple lateral order
modes. In comparison, devices with side absorbers showed
emission spectra with mode spacing indicative of Fabry
Perot lasing under a single lateral mode. The spectra and
enhanced power outcoupling indicate that the side absorbers
enforce lasing in the TM,, mode.

The devices without side absorbers operated up to a
maximum temperature of 168 K [see Fig. 2(a)], which is the
highest reported temperature for terahertz QCLs processed
with In/ Au bonding. We note that the gold MM waveguide
devices reported in the original publication14 operated only
up to 142 K. The improved performance of our devices may
stem from better growth and/or processing quality, as well as
lower doping density. The devices with side absorbers had a
slightly worse temperature performance, with a maximum
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operating temperature of =160 K [see Fig. 2(b)]. This reduc-
tion in temperature performance is attributed to the small
amount of losses introduced by the side absorbers. The ex-
ceptional temperature performance of our devices demon-
strates the potential of a three-well design14 for increasing
the maximum operating temperature of terahertz QCLs. We
note that the temsperature performance of our devices may be
further boosted' bg/ using a copper cladding since copper
has better thermal'® and optical1 properties than gold.
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