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Abstract— We report the performance of room temperature,
single mode terahertz sources based on intracavitdifference
frequency generation in mid-infrared quantum cascaé lasers
with a common dual-upper-state (DAU) active regionAs a result
of designing of DAU active region for giant opticalnonlinearity,
the DAU devices with a dual-period buried distribued feedback
grating operate in two single-mode mid-infrared waelengths at
10.7pm and 9.7um, and produce single-mode THz output at ~2.9
THz with a side mode suppression ratio of ~25 dB. Aigh
mid-infrared to THz conversion efficiency of 0.8 mWW? is
obtained at room temperature.

I. INTRODUCTION

which are also designed to have large nonlinedxf®) for
DFG. Assuming the parameters described in Refwj@lpbtain
IX?|~23 nm/V at the designed electric field, whicthigher
than the average value for the dual-stack bourmbtdinuum
type active region. In addition, in order to obthigh mid-IR
laser performance the wavefunction of state 4 igresered to
be highly diagonal for both active regions.

All the layer structures were grown on an undope# |
substrate by metal organic vapor phase epitaxyntquk. The
growth starts with a 400 nm thick InGaAs currentesling
layer (Si, 1.5<10" cmi®) and a 5.Qum thick n-InP (Si, 1.%
10" cm®) is used as a lower cladding layer. The lattice

T HE 1-5 THz Spectra| range iS Very important for manwatched InGaAS/InAIAS aCtiVe .regions W|th 50-Caﬁ:8ﬂiges
applications, such as imaging, chem/bio sensiny/€re used as the emitting region and sandwichedeaet a

heterodyne detection, and spectroscopy. Howe\ersfiectral
range still lacks high performance compact semiootat
sources operable at room temperature. Recently, Stideces
based on intracavity difference-frequency genemafibFG)
[1] in dual-wavelength mid-infrared (mid-IR) quanticascade
lasers (QCLs) have been demonstrated. The perfaesanf
these devices have improved considerably [2-4]thay have
recently achieved mW-level peak THz output poweplifsed
mode and a few microwatt THz output in continuous+ at
room temperature [4]. In order to obtain higher Tpéaver and
higher mid-IR to THz conversion efficiency, improwents in
the active region design are crucially importanirréntly, two
wavelength stacks of active regions were utilizedtfie THz

DFG QCLs [1-4]. Here, we present a THz DFG-QCL with

identical dual upper-state active regions. Our pafeoncept
devices demonstrate single-mode THz emission with h
mid-IR and THz conversion efficiency of 0.8 mWA\at room
temperature.

Il. DESIGN OF ACTIVE REGION

For efficient THz generation, the following criterfor a
gain medium should be, in general, satisfied: étye dipole
matrix elements associated with transitions invdlvia
generation of intersubband nonlinear susceptibii®), (2)
large population inversion, and (3) broad gain spet. In the
active region with single upper laser state [l-djtical
nonlinearity for DFG is created by designing amtssing
between the lower laser states in miniband, regulti one set
of three subband states that produce gi&hfor DFG. On the
other hand, in the dual-upper-state active reg[bhsseveral
triplets of states contribute to resongfitfor DFG as shown in
Fig. 1. As a result, an efficient THz conversionotigh DFG
process is expected to be achieved in the DAU QChe
waveguide core in our proof-of-concept devices igf
DAU active region designed for emission aroundut® [6],

0.25um thick n-Inys{Ga 4As layer (Si, 510 cm®) and a
0.45um thick n-InsdGay47As layer (Si, 5< 10 cmi®). Two
separate buried grating sections were defined foo t
wavelength emission [3] and etched 250 nm deep upfuer
N-Iny 548G & 47AS guide layers. The upper cladding layer consists
of a 5um thick n-InP (Si, 1.5 10 cm®) followed by a 15 nm
thick n'- InP (Si, ~18® cm®) cap layer. The waveguide was
designed for efficient extraction of THz radiationia
Cherenkov emission into the substrate [2, 3]. Atftergrowth,
the wafer was processed into ridge waveguide amd facet is
polished into 20to facilitate the THz output.
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Fig. 1 Band diagram and moduli squared of the relevanefuamctions ér one
period of active region biased atik88cm. Schematic description of the D
process is shown in ins



The pulsed current-light output (I-L) charactedstifor
mid-IR and THz signals for a }an-wide, 3 mm-long device at
room temperature are shown in Fig 2. The DFB laghibits a
mid-IR peak power of ~400 mW and an approximat@ly\a/
of THz peak power at 2% duty cycle. Despite homegess
active region structure, the laser operated two eleangth
emission akyong=10.7pm andig,o=9.7 um. Threshold current
densities were observed to be 2.5 kAfand 3.7 kA/crh for

RESULTS

Mong and Ashor respectively. After the lasing at shorter

wavelengthisyor, the output power at longer wavelen@th,

decreases with increasing the output poweéraf; likely due
to gain competition between the two pumps. The doetb
mid-IR power increases as a function of input auretil the
rollover point.

The THz power versus a product of the two mid-irgca
pump powers at room temperature is shown in Figtge
mid-IR to THz power conversion efficiency is obsaivto be
~0.8 mW/W, which is highest in THz DFG-QCLs. As
comparison, figure 3 also shows a performance of
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_Fig. 3 THz peak power versus the product of mid-infrarechpwypowers for
various temperatures. The result of heterogeneousdsto-continuum devic
at 300K is also shown as a comparison (dashed. linsgt shows aonr

heterogeneous bound-to-continuum device with thmeséemperature THz emission spect.

cladding structure. Obviously, the higher mid-IR Tz

conversion efficiency is obtained for the DAU dexig he high
conversion efficiency of the DAU device is attribdtto higher
values of nonlinear susceptibility®, compared to that of

IV. CONCLUSION

We discussed the performance of room temperature,
single frequency terahertz quantum cascade lasecesobased

heterogeneous-type devices. The conversion effigieny, ihe homogeneous DAU active region design. Théces

decreases as a function of temperature, possitdytduthe
increase in transition linewidth broadening factarsd the
corresponding reduction in the value of optical lmw@arity.
The THz spectrum of the present device, showngn Finset,
exhibits single-mode operation at 2.9 THz with desmode
suppression ratio of ~25 dB. The frequency of thgls mode
THz spectrum was in good agreement with the spaoing
mid-IR pump spectra.
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Fig. 2 Pulsed current-light output characteristics of a 3.0 mm-long,
12 pm wide buried hetero-structured device for THz peak power and
the mid-IR pump power. Solid blue line is the emission centered at
940 cm! and dashed blue line is emission at 1040 cm'!. The laser was
operated at room temperature with 200 ns pulses at 100 kHz. Inse
showsroom temperature mid-IR emission spectra of the device, taken
at various currents.

provide THz output at 2.9 THz with a record-high
mid-IR-to-THz conversion efficiency of 0.8 mWAMt room
temperature reported for THz DFG-QCLs with emission
frequency below ~3 THz to date. The DAU active oegi
design may offer advantages for intra-cavity terghe
generation in mid-IR QCLs over heterogeneous-tygivey
region designs in terms of higher values of opticailinearity

for THz DFG.
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