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We report the development of a quantum cascade laskr87.2 um, corresponding to 3.44 THz

or 14.2 meV photon energy. The GaAs§MGa, g5As laser structure utilizes longitudinal-optical

(LO) phonon scattering for electron depopulation. Laser action is obtained in pulsed mode at
temperatures up to 65 K, and at 50% duty cycle up to 29 K. Operatibgkain pulsed mode, the
threshold current density is 840 A/énand the peak power is approximately 2.5 mW. Based on the
relatively high operating temperatures and duty cycles, we propose that direct LO-phonon-based
depopulation is a robust method for achieving quantum cascade lasers at long-wavelength THz
frequencies. ©2003 American Institute of Physics.

[DOI: 10.1063/1.1554479

The terahertz frequency range—10 TH2 has long re- Both properties are important in allowing higher temperature
mained undeveloped, due mainly to the lack of compactpperation of lasers at longer wavelengths.
coherent radiation sources. Transitions between subbands in While fast scattering out of the lower radiative state is
semiconductor heterostructure quantum wells were suglecessary, a long upper-state lifetime is also desirable. Early
gested as a method of generating radiation at customizabResigns addressed this problem by making the optical tran-
frequencies, including the terahertz, and indeed the first ex§ition diagonal(i.e., between states in adjacent wgliso as
perimental observation of such radiation occurred at thest® réduce upper-state overlap with the collector state. How-
long wavelengthd.However, the first laser based on an in- 8Ver: this resulted in a small oscillator strength, and in a
tersubband transition, the quantum cascade 3agas devel- broad emission linewidth due to interface roughness. A sec-

oped in the mid-infrared, and has been remarkably successfof1d deslgn featured a vertical tran3|.t|*"bmvh|ch |mpr_oveq
. . . . the radiative overlap and had a relatively narrow linewidth
in covering that frequency range. Until very recently, no in-

tersubband laser with an ener maller than  th (~2 meV), but depopulation was nonselective and slow, due
ersibba ase an energy . smate an %o the thick barrier needed to reduce parasitic scattering from
longitudinal-optical(LO)-phonon energy E, o=36 meV in

) the upper state.
GaAs had been made. Aside from the problem of long-~ 11 present design combines the advantages of the two

wavelength-mode confinement, the major challenge is thgreyious ones. The radiative transition is vertical, while the
difficulty of obtaining a population inversion between two gepopulation is highly selective, as only the lower state is
subbands closely spaced in energy, while still maintaininganticrossed with a state in the adjacent well, where fast LO-
sufficient oscillator Strength for Significant gain. The first phonon Scattering takes p|ace. As shown in F|g;1),]_the
terahertz quantum cascade ladérsvere designed around four-quantum-well module grown in GaAsi:Ga, gsAS is
chirped superlattice structures, which are characterized blyased around a vertical transition between levetss and
large dipole strengths and fast electron removal from then=4 (highlighted with thicker lines At design bias(~64
lower state into a miniband of states. This removal occurgnV/module, levelsn=4 andn=3 are brought into reso-
primarily through resonant tunneling and electron—electrorance with an anticrossing gap of 5.3 méenabling fast
scattering, as the miniband width is less thaR,, and LO-  depopulation via LO-phonon scattering into the leveis2
phonons are involved only in cooling the electron distribu-andN=1 (74_,(2,1)=0.55 ps). This allows the barrier to be
tion. kept relatively thick(38 A), which limits parasitic scattering

The direct use of LO-phonons for depopulation of the©Ut Of the upper staterg_1=7.1 ps). These LO-phonon

lower state offers two distinctive advantages. First, when geattering rates are calculated using bulk GaAs phonon

collector state is separated from the lower state by at IeaéPOdes’ WZ'Ch IS agood approximation in strL_Jctures with low
. : | content” Assuming a fully coherent tunneling process be-
E o, depopulation can be extremely fast, and it does no

d d h i t the elect distributi ween levelsn=3 and 4'° additional depopulation afi=4
epend much on temperature or the electron distnbulion,, 15,6 place via electron—electron scattering imto3,

Second, the large energy separation provides intrinsic ProteGunich also has a short lifetime of;_ (5,1)=0.46 ps. Elec-

tion against thermal backfilling of the lower radiative state.;.ons collect in the anticrossed 2-1 doubl&, (= 6.6 meV)

where they are injected into the=5 state in the next mod-
dElectronic mail: ghu@mit.edu ule. In addition to parasitic scattering, the lifetime of the
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S.). Gars FIG. 2. Emission spectrum above threshold biased at 1.64 A with 100-ns
0 pulses repeated at 10 kHz, Bt 5 K. Spectra were measured with a Ge:Ga

0 10 20 Dgtoanoe &Om) 50 60 70 photodetector from Infrared Labs. The inset shows an expanded view of
spectra at various bias points, offset for clarity. The spectra were collected
using a Nicolet 850 Fourier transform spectrometer in linear-scan mode, and

FIG. 1. (@) Conduction band profile calculated using a self-consistent Schro - . ol el . "
the measured linewidth is limited by the instrumental resolution of 3.75

dinger and Poisson solvé80% band offsgthiased at 64 mV/module, which
corresponds to a field of 12.2 kV/cm. The four-well module is outlined. GHz.
Beginning with the left injection barrier, the layer thickness in A are 54/78/
24/64/38/148/24/94. The 148-A well is dopednat 1.9x 106 cm™3, yield-

ing a sheet density of 2:810'° cm~2. (b) Optical mode profile of plasmon
waveguide.

the bias range, the emission is dominated by a single mode,
although the spectrum shifts toward higher energy modes
with increasing biaginset, Fig. 2. This is due to the Stark

) ) . shift of the intersubband gain curve versus applied voltage,
upper state is also determined by sca}termg fro “,(5"3)' which is expected in structures based on a nonintrawell tran-
At low temperatures, electron relaxation fram=5 into n sition

=4 (andn=3) is suppressed as emission of LO-phonons is  \jeasyred optical power versus curref() curves at

energetically forbidden, since the photon ener@, o quty cycle are plotted in Fig.(8). Lasing is observed up

=13.9me\KE o, and electron—electron scattering is ex-(q g4 K with a power level of 25:W, compared to the 2.5
pected to be the limiting lifetime mechanist.

Molecular beam epitaxy was used to grow 175 cascaded ) )
modules, sandwiched between a 60-nm upper contact layer 200 c‘;'ggm De"s%ém"‘) 500 1000
(doped ton=5x10" cm™3) and a bottom 800-nm contact @ 1000 . " ]
layer (n=3%x10"® cm™3) on a semi-insulating GaAs sub- | o | 005%cuny cycle
strate. Special care was taken to limit the drift in the growth
rate to less than 0.7% over the entire growth, to ensure the
accuracy of the doping concentration in the active region
within 10%, and the Al fraction within 14.5%-15.5%. A top I 800
nonalloyed ohmic contact was made by evaporating Ti/Au L Temperature (K)
layers on low-temperature-grown GaAs. Wet etching was
used to define a 15am-wide ridge, and Ni/Ge/Au alloyed
contacts were made to the lower contact layer at the bottom
of the ridge. As the plasma frequency for this lower contact
lies above the frequency of interest, a waveguide is formed
between the upper metallic contact and the surface plasmons
associated with the quasimetallic lower layér?as seen in
Fig. 1(b). A Fabry—Perot cavity was formed by cleaving the
structure into a 1.18-mm-long bar, and the back facet was
coated by evaporating Ti/Au over silicon nitride. The device
was then mounted ridge side up on a copper cold finger in a
helium cryostat. FIG. 3. (a) Emitted light versus current at various temperatures, measured

Lasing at 3.437 THzX=87.2um) was obtained in this _using 10_0-ns pulses repeated at 2 kHz with a Ge:Ga photodetector. The inset

. . is a semi-log plot of the threshold current denslifyversus temperaturéb)
device at a threshold current den5|ty of 840 A?Cm S K. Applied bias and peak optical power versus current, collected at various
Current pulses of 100-ns duration were applied with a puls@uty cycles with a pulse repetition frequency of 1 kHz. The data was taken
repetition frequency of 2 kHz to minimize device heating_with heat sink temperatures of 5 K, except at 10% and 50% duty cycle,

: faai ; : which hadT=8 K and 15 K, due to the large power dissipation. The radia-
Typical emission spectra above threshold are shown in I:Iql'von was measured using a pyroelectric dete€tmodel P4-42, Molectron

2. The emission frequency corresponds to an energy of 14-Izc., Portland, OR and the measured power level was obtained using the

meV, close to the calculated value of 13.9 meV. For much ofmanufacturer’s quoted responsivity.
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mW observed at 5 K. The inset shows the increase in thresh- dp #w am
old current density Ji,) with temperature. This is caused by a - e N
the reduction of the upper-state lifetime due to thermally
activated LO-phonon scattering, rather than thermal backfillwhereN, is the number of cascade periods. Aside from im-
ing of the lower state, as in the case of superlattice teraherterfect optical collection efficiency, the discrepancy arises
lasers® The LO-phonon-based depopulation mechanism i$ince 7; in our structure is certainly less than unity. For
temperature insensitive, and thermal backfilling is expecte@xample, the feature at10 V in theV—I curve seen in Fig.
to be minimal due to the large energy separation between 3(b) corresponds to the injection of current fram=1" into
=4 and the collector states 2 and 1, where most e|ectror@:4. The prOXimity of this feature to the threshold bias of
reside. Often, a phenomeno|ogica| fUnCtm}ﬁT” exp(r/TO) is 12 V indicates that some current is I|ke|y still being injeCtEd
used to characterize the temperature dependence in termsipfo the lower state, reducing efficiency and population in-
a figure of merifT,. While our data is poorly fit by any such Vversion. The existence of two slopes in the low duty cycle
function, the worst case fit for the two highest temperature®—! curves(Fig. 3) supports this understanding. The region
points yieldsT,=120 K, which indicates fairly robust tem- of lower slope efficiency is likely due to the alignment of the
perature performance. upper injector state=2" with n=5, while most of the elec-
Figure 3b) displays the voltage versus current, as welltrons remain im=1’, allowing them to be parasitically in-
as severaP—| curves taken for pulses of increasing width jected inton=4. At higher biasesn=1" is aligned withn
repeated at 1 kHz. The peak power remains largely the sane®, Which results in a higher slope efficiency. The double-
for duty cycles below 1%, but for longer pulses, the powerslope feature disappears for longer pulse widths, since lasing
drops due to heating. Although 0.5 mW was observed at 509! this region occurs only at the beginning of the pulse, be-
duty cycle, the device burned out in continuous wave modefore the active region temperature rises significantly.
when the silicon nitride layer on the coated facet failed due ~ The performance of this device is quite promising, and
to thermal stress at the large dc power dissipation leveo ~ hopefully such minor improvements as fabrication of nar-
W). rower ridges and improved heat sinking will lead to continu-
The lasing threshold is reached when the modal §iajin  0us wave operation and pulsed operation at 77 K. Further
becomes equal to the sum of the waveguide logggsnd refinement of the injector should improve efficiency and re-
the mirror lossesa,,,. Based on the Drude conductivity duce the threshold current density. We believe that selective
model (r=0.5 ps in the active region and 0.1 ps in the con-LO-phonon-assisted depopulation is a robust scheme that
tact |ayer$’ ay is calculated to be 7.1 CTﬁ, with a confine- will enable Operation at even hlgher temperatures and still
ment factor ofl'=0.29. For this rear-facet-coated structure,longer wavelengths.

Pt ay (2

ap=49cm™, which requires a threshold bulk gai9 s work is supported by AFOSR, NASA, and NSF.
=.40.9 cm ~. The bulk gain for an intersubband transition is g5ndia is a multiprogram laboratory operated by Sandia Cor-
given by poration, a Lockheed Martin Company, for the U.S. Depart-
ANEf ment of Energy under Contract No. DE-AC04-94AL85000.
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