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We demonstrate continuous-wave (CW) high power-efficiency terahertz quantum cascade laser based on semi-
insulating surface-plasmon waveguide with epitaxial-side down (Epi-down) mounting process. The performance of the
device is analyzed in detail. The laser emits at a frequency of ~ 3.27 THz and has a maximum CW operating temperature
of ~ 70 K. The peak output powers are 177 mW in pulsed mode and 149 mW in CW mode at 10 K for 130-pum-wide
Epi-down mounted lasers. The record wall-plug efficiencies in direct measurement are 2.26% and 2.05% in pulsed and CW

mode, respectively.
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1. Introduction

Terahertz quantum cascade laser (THz QCL) has become
the most potential terahertz solid-state emitting source due to
the characteristics of compactness, high efficiency and low
consumption since its invention in 2002.['! During the past
years, THz QCLs have experienced great improvement in out-
put power. In 2013, a peak pulsed output power of 470 mW per
facet at 3.9 THz was obtained by stacking two symmetric ac-
tive regions together via a direct wafer-bonding technique.?!
Recently, by designing the active region structure, an uncor-
rected peak output power of ~ 1 W has been achieved in the
broad area THz QCL at ~ 3.4 THz based on semi-insulating
surface-plasmon (SISP) waveguide.®! Such values are high
enough for most of the applications, for example, imaging
through self-mixing technology.*-%! In addition to high output
power, high efficiency, and low consumption are also desirable
for THz QCLs. In 2007, wall-plug efficiencies of 2.4% at 4 K
in pulsed mode and 5.5% at 40 K in CW mode were assessed
for 2.83-THz QCLs via an indirect method based on the analy-
sis of the local lattice temperature as extracted by microprobe
photoluminescence versus electrical power.!”! Actually, high
efficiency THz QCL with high output power and low power
consumption in CW operation is necessary for various ap-
plications, like astronomical spectroscopy, bio-medical appli-
cations, free-space communication and remote sensing. [8-!1]
Most of the high power THz QCLs are fabricated with SISP
waveguide!!'>13] due to the small confinement factor in the
active region (I" ~ 0.1-0.5). However, these lasers often ex-
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hibit large threshold current densities due to the same reason,
thus a severe heat accumulation takes places in the active core.
To improve the ability of SISP waveguide laser to dissipate
heat, epitaxial-side down (Epi-down) mounting of THz QCL
on sapphire submount was presented in 2013.['41 Additionally,
Epi-down mounting technology has been widely adopted in
mid-infrared quantum cascade laser due to its ability to remove

15.16] Therefore, SISP waveguide combined

heat substantially.!
with Epi-down mounting technique is an ideal structure for re-
alizing high power and high efficiency emission for THz QCL.

In this paper, we report high power-efficiency tera-
hertz quantum cascade laser with SISP waveguide and Epi-
down mounting process. The maximum slope efficiencies of
900 mW/A and 678 mW/A are obtained in pulsed and CW
mode, respectively. The measured maximum output power is

149 mW in CW operation with a wall-plug efficiency of > 2%.

2. Device design and fabrication

THz QCL wafer was grown by EPI GENII solid
source molecular beam epitaxy (MBE) system on a semi-
insulating GaAs substrate. The structure was composed of
a bottom 0.5-um highly-doped (Si, 2.5x10'® cm™3) GaAs
layer, active region and a top 0.1-um highly-doped (Si,
5x10" cm™3) GaAs contact layer. The active core in-
cluded 185 periods of Al 5GaggsAs/GaAs heterostructure
with a layer sequence starting from the injector barrier of
54.6/108/18/113/37.8/92.4/41.5/(105 + 76), where the layer
thickness is in unit A, AlGaAs barriers are in bold, and
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the Si-doped layer (3x10'® cm™3) is underlined. An opti-
mized doping profile was adopted to eliminate the influence
of dopant migration. The 130-pum-wide light-emitting ridges
were processed by optical lithography and wet chemical etch-
ing (H3PO4:H>0,:H,0=1:1:10) to the bottom highly-doped
layer. Compared with Epi-up lasers, a supporting ridge was
defined as being adjacent to the light-emitting ridge to fa-
cilitate another electrode for Epi-down mounting. After de-
positing a 450-nm-thick SiO, insulating layer, windows for
metal evaporation were opened by wet etching. Two 15-
um-wide narrow stripes of Ge/Au/Ni/Au (26/54/15/150 nm)
were deposited at the edges of each emitting ridge as well
as on supporting ridges extending to the bottom highly-doped
layer (separated by 55 um from the emitting ridge) by lift-
off technique. Thermal annealing for 15 s at 390 °C was fol-
lowed to provide Ohmic contact under nitrogen atmosphere.

Then Ti/Au layer was deposited, covering both of the emitting
ridges and supporting ridges. An efficient SISP waveguide
was formed by the covering metal on the emitting ridge and
the bottom highly-doped layer. To further improve the ability
to dissipate heat and facilitate wire bonding, a ~ 6-um gold
layer was electroplated, covering the Ti/Au layer. After the
substrate was thinned down to 150 um, Ti/Au metal layer was
deposited on the substrate side. In order to increase the output
power and reduce the threshold current density, lasers with dif-
ferent cavity lengths were coated with an Al,O3/Ti/Au/Al,O3
high-reflectivity (HR) layer on the back facet. Finally, the de-
vice was mounted Epi-down on the patterned aluminum ni-
The AIN sub-
mounts were patterned with gold and indium to separate the

tride (AIN) submount using indium solder.

emitting ridges and supporting ridges. Figure 1 shows the de-

tails of the device structure.
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Fig. 1. (color online) (a) Scanning electron microscope (SEM) image of an Epi-down mounted device. (b) SEM image of a laser with
Au-electroplated layer. (c) Cross section of the device with Epi-down mounting process.

3. Results and discussion

The devices are mounted on the cold finger of a liquid-
helium cryostat equipped with a polyethylene (PE) window, of
which the transmission is nearly 75% in THz range. An f/2
Winston cone with a diameter of 8.2 mm is placed in front
of the laser facet to enhance collection efficiency. The single
facet emitted power was measured by a broadband thermopile
power meter and then corrected by a Thomas Keating (TK)
absolute THz power meter. The measurement of spectrum is
performed through a Fourier-transform infrared spectrometer

(Bruker, Equinox55) with a resolution of 0.5 cm™!

in rapid
scan mode. All pulsed measurements are taken at a 2-ps cur-
rent pulse with a repetition rate of 5 kHz.

Pulsed peak output powers of 146 mW, 170 mW, and
177 mW are obtained from the 130-um-wide Epi-down
mounted devices at 10 K corresponding to the cavity lengths
of 2, 2.5, and 3 mm, respectively. Figure 2 shows the typical

light—current—voltage (L—/-V) curves of a 3-mm-long device

at various heat-sink temperatures in pulsed mode. The mea-
sured peak output power is ~ 177 mW with a threshold density
of 190 A/cm? and a wall-plug efficiency of ~ 1.98% at 10 K.
At 77 K, the peak output power of ~ 83 mW is still obtained
with a wall-plug efficiency of 0.84%. The output power is
high enough for various applications when the device is pack-
aged in liquid nitrogen Dewar. The lasing is observed up to
100 K. The inset of Fig. 2 presents the empirical fitting of the
threshold current density Jy, dependence of the heat-sink tem-
perature 7. The characteristic temperature 7 is extracted to
be 30 K by the exponential function Jy, = Joexp(T /Tp).
Figure 3(a) displays the wall-plug efficiencies of 130-um-
wide Epi-down mounted devices in a temperature range from
10 K to 100 K in pulsed operation. The efficiency arrives at a
maximum value of ~ 2.26% at 10 K from a 2-mm-long device
and decreases with heat-sink temperature and cavity length in-
creasing. Figure 3(b) shows the slope efficiencies of the three
devices the same as those in Fig. 3(a). The maximum slope
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efficiency of ~ 900 mW/A which is equivalent to a differen-
tial quantum efficiency of ~ 65 photons per injected electron
is also obtained from the 2-mm-long device. These slope effi-
ciencies show the same trend as the wall-plug efficiencies, i.e.,
the shorter devices exhibit higher values at a certain tempera-
ture due to the higher mirror loss. Additionally, the efficiency
difference between the devices decreases as the temperature
increases, and at 100 K the wall-plug efficiencies of the three
devices are nearly the same and their slope efficiencies are also
approximately the same. This demonstrates the importance of
temperature which has a great influence on the performance of
THz QCLs.
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Fig. 2. (color online) Light—current-voltage (L—[-V') characteristics of
a 130-um-wide and 3-mm-long Epi-down mounted device working in
pulsed mode at different heat-sink temperatures. The voltages of the
device working at 10 K and 77 K are also presented. The inset shows
the exponential fitting between the threshold current density and the
temperature.
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Fig. 3. (color online) (a) Plots of wall-plug efficiency versus tempera-
ture for 130-pm-wide Epi-down mounted devices with different cavity
lengths. (b) Plots of slope efficiency versus temperature of the same
devices at various temperatures.

The L—I characteristics of 130-um-wide and 2-mm-long
devices working in pulsed mode at various temperatures are
shown in Fig. 4(a). Devices mounted epitaxial-up (Epi-up)
and Epi-down are both presented. At a certain temperature, the
peak output power of the Epi-down mounted device is slightly

higher than that of the Epi-up one. Moreover, the two types
of devices have the same maximum operating temperatures.
It is clear that the Epi-down mounting process does not show
a significant effect on the performances of devices due to the
low heat accumulation in the active region in pulsed opera-
tion. Figure 4(b) shows the L-I-V characteristics of the same
devices operated in CW mode. At 10 K, the peak output pow-
ers of the two types of devices are similar. The maximum
power of ~ 149 mW with a record wall-plug efficiency of
~ 2.05% and a slope efficiency of 678 mW/A is obtained from
the Epi-down mounted sample. With the increasing of temper-
ature, the power difference between the two types of devices
is gradually obvious. The maximum operating temperature of
the Epi-down device is ~ 70 K, which is almost 10 K higher
than that of the Epi-up one. This illustrates that the Epi-down
mounting process does improve the ability of THz QCL to dis-
sipate heat in CW mode especially at high temperatures. The
inset of Fig. 4(a) shows that the threshold current density of the
Epi-down mounted device is always smaller than that of the
Epi-up mounted device at a certain temperature in both pulsed
and CW mode. The inset of Fig. 4(b) displays the emission
spectrum for the Epi-down mounted device at a frequency of
~3.27 THz at 10 K.
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Fig. 4. (color online) (a) LI characteristics of 130-um-wide, 2-mm-
long Epi-down and Epi-up mounted devices at various temperatures in
pulsed mode. The inset displays the threshold current density versus
temperature for devices in both pulsed and CW operation. (b) L-I-V
characteristics of the same devices in CW mode. The inset shows the
lasing spectrum for the Epi-down mounted device at 10 K.
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In order to characterize the ability of the two types of
devices to dissipate heat quantitatively, two-dimensional heat
distribution is simulated based on a finite-element electro-
magnetic solver (COMSOL). The simulated results are shown
in Fig. 5 when the devices are based on CW mode at peak
current density Jpeax = 323 A/cm? with the bottom of heat-
sink at 60 K. The thermal conductivities are assumed to be
kK =200 W/m-K and 230 W/m-K for the highly-doped GaAs
layer and semi-insulating GaAs substrate respectively,!”) and
Kk = 50 W/m-K is adopted for the active region.!'3! The re-
sulting maximum temperatures in the active region are 83 K
and 72 K for Epi-up and Epi-down mounted devices, respec-
tively, which indicates that the thermal transport property of
the Epi-down mounted device is better. Such a discrepancy is
evidence that Epi-down mounting structure improves the abil-
ity to remove the heat of the active region, and thus raises
the maximum operating temperature in CW mode. The low
value of the simulated Tiax active, compared with the measured
Tinax,putsed (100 K) in pulsed mode, may be caused by the poor
heat removal effect of the bonding interface.

A 83.4
- AT1.9

80
70
68

66
65 64
62
60
v 60
60
(b) v 60

Fig. 5. (color online) Two-dimensional heat distributions in (a) Epi-
up mounted device and (b) Epi-down mounted device, simulated with
COMSOL. The temperature of the heat-sink is set to be 60 K.

4. Conclusions

In this work, we demonstrate high power-efficiency oper-
ation of Epi-down mounted THz QCLs. Optical output powers
of ~ 177 mW with a threshold density of ~ 190 A/cm? at 10 K

and ~ 83 mW at 77 K are obtained in pulsed mode respec-
tively. CW emission at ~ 3.27 THz with an output power of
~ 149 mW is achieved at 10 K, and the maximum operating
temperature is up to ~ 70 K. The record wall-plug efficien-
cies of 2.26% and 2.05% are realized in pulsed and CW mode,
respectively. We believe that the development of Epi-down
mounting technology will further improve the performances
for THz QCLs.
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