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Distributed feedback terahertz quantum-cascade lasers emitting at 4.34 and 4.43 THz are presented.
Mode selection is based on a complex-coupling scheme implemented into the top-contact layer by
a combination of wet chemical etching and ohmic-contact deposition. Single-mode emission stable
at all injection currents and operating temperatures is shown, with a side-mode suppression ratio
exceeding 20 dB. Peak output powers of up to 1.8 mW are obtained at low temperatizeg4 ©
American Institute of PhysicgDOI: 10.1063/1.1767957

The terahertz regiofil—10 TH2 of the electromagnetic frequencies, leading to a very weak accessible modulation.
spectrum has long been of great interest in astronomical andet, the peculiar structure of terahertz O@aveguides still
atmospheric sensing. Over the past decade several applioaakes it possible to implement this scheme. In fact, the low-
tions such as tomography, biological analysis, and chemicaloped stack of active regions is sandwiched between a bot-
monitoring have evolved. Progress in these areas, howevegm contact layer and a top contact layer/metallization.
has been hampered by the lack of compact, convenie/hile doping and thickness of the bottom contact layer are
sources providing narrow-band, tunable emission. Recenthgngineered to control the mode profile and its penetration
terahertz semiconductor lasttsased on the quantum cas- Into the substrate, the semiconductor top contact lgygi-
cade(QC) principlé® were realized, and very promising per- cally, 200 nm GaAs, doped to=5x 10'® cm™®) does not
formance has since been demonstrat@dhese lasers em- Ccontribute substantially to waveguiding. Its thickness is
ploy a multimode Fabry—Pérot cavity; therefore, single-modd™uch smaller than radiation penetration depth and, conse-
operation is observed only occasionally with very short resoduently, the laser mode is driven mainly by the top gold
nators and over a limited range of injection curretftStable ~ Metallization. The influence of the doped GaAs layer is

single-mode emission at a precisely designed frequency iéhrough its impact on mode boundary conditions and the

h highl irable f lications. This hasnsuing effegt on propagation _coefficients. Plasmon energy
owever, highly desirable for most applications 'S asp such semiconductor layers is less than 100 meV, much

been achieved in conventional interband lasers and in miqower than that of gold. An effective refractive index modu-
infrared QC lasers by using distributed feedbadk-B) lation can therefore bé created by patterning a grai

re_zor|1ator§;| mdze_d QC'?FB Iase?sdare nﬁow becoming the GaAs layer. Figure 1 shows a computation of the vertical
widely employed in spectroscopy and sensindere, we re- profile of the guided mode for a laser structure identical to

port the realization of terahertz QC-DFB lasers showingat of Ref. 3. Together with the unperturbed waveguide,
well-defined, consistent single-mode emission with & sidetegits are also reported for the cases where the thickness of
mode suppression ratio of better than 20 dB. , the top contact layer was reduced to 50 nm or the latter was
Unlike in mid-infrared QC-DFB lasers, which employ gngirely removed. The mode profiles were calculated using a
a dielectric W%‘f?gu'd& the waveguide of far-infrared pryde model for the refractive indices of the semiconductor
(A~17-24um) and  terahertz  QC  lasers |ayers, and solving Helmholtz equations for a slab wave-
(\~65-106um)"******relies on the formation of surface guide model. For the unperturbed region we fing
plasmons. These optical modes propagate along the interfae€3. 728 at an emission wavelength of 147¢énin the region
between materials with dielectric constants of opposite signef 50 nm top layer thickness we fing,=3.739. There is
and decay exponentially perpendicular to the interface, witlalso a modulation of the propagation losges,=1.5 cn1!
a skin depth controlled by the relevant dielectric constantsand of the modal gaig,AI'=1.3 cnit. While the mode in
At far-infrared wavelengths, this allows the implementationthe regions of reduced top layer thickness experiences lower
of DFB directly into the top contact by producing a grating gain, it also has lower losses. As a result, the DFB is essen-
of two different metals, which causes a modulation of thetially purely index-coupled. If we compute the coupling con-
complex refractive indeX’ Unfortunately, at terahertz fre- stant considering just the differencengy of the two modes
quencies, all common metals become very much like perfeave obtain k=mAngg/ (4nezA)=2.5 cmit. This value may,
conductors, owing to the very high values of the plasmahowever, be an underestimate since it does not take into ac-
count the strong modulation of the spatial mode profiles
¥Also with: Department of Physics, ETH Zurich, CH-8093 Zurich, Switzer- Sh,own in Fig. 1. In fact, the latte,r mtro_duces an impedance
land. mismatch between the modes existing in the crest and trough
PElectronic mail: koehler@sns.it regions of the grating. The values of; are anyway highly
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indices of 3.95 to 3.47. Samples were processed from a
nominally identical replica of the original heterostructure de-
scribed in Ref. 1, first introducing a periodic corrugation by
wet chemical etching to a depth of 150 nm, then following
the protocol described in Ref. 3. Laser bars were cleaved,
soldered onto copper blocks, and mounted on the cold finger
of a liquid-helium cryostat. The experimental apparatus is
identical to that of Ref. 3: Spectra were recorded using a
——w top cont. . . . .
----- wio top cont. Fourier-transform infrared spectrometer in rapid scan mode
S0t iopicont with a resolution of 0.125 cm, driving the lasers at duty
0.00 L . cycles between 1 and 10%, and using either a He-cooled
0 2 4 & &0 bolometer or a DTGS pyroelectric for detection.
Distance (um) Figure 2 shows five spectra recorded from devices of
FIG. 1. Calculated mode profiles of the waveguide for different thicknessed€NgthL;=2.8 mm with grating periods. equal to 8.6, 9.2,
of the top contact layer: 200 nxsolid line), 50 nm(dotted ling, and after ~ and 9.4um, respectively. ForA\-8.6 um, a nearly perfect
complete removal of the laygdashed ling With decreasing layer thick-  Fabry—Pérot spectrum, shown in the bottom panel, is ob-
ness, the mode is pushed further into the substrate causing a modulation fﬁined, indicating either an insufficient coupling strength or a

the complex effective refractive index. The inset shows a microscope imagF detuni f th fi ith t 1o th
of a 9.2um grating etched to a depth of 220 nm, i.e., following complete arge detuning o € gratng resonance with respect o the

removal of the top contact layer. Annealed Au/GeAu ohmic contacts, whicHaser gain. In the two devices with=9.2, 9.4um, again a
are deposited on the crests of the grating, appear brighter than the Gasegularly spaced Fabry—Pérot spectrum is obsefdeshed

surface. On the upper right part of the figure the edge of the ridge is visible"nes)’ but two modes are strongly suppressed. This is a typi—
cal feature of index-coupled DFB lasers with only moderate

sensitive to the choice of carrier—carrier scattering times an0upling strength but strong reflectivity at the Fabry—Pérot
static dielectric constants in the calculation. It should also bdacets.” Small values ofk-L considerably increase the
noted that, owing to the large spectral dispersion, the groughreshold gain for two of the original Fabry—Pérot modes
refractive index of 4.14 inferred from the mode spacing incentered around the grating resonance, while the modes left
the Fabry—Pérot spectrésee Fig. 2 differs substantially and right of this stop-band experience a lower threshold, but
from the effective refractive index needed to compute thevith weak selectivity. Moreover, in the case of snialL, the
correct grating period. Moreover, since the spectral width ofnode spacing of the lasing modes remains almost unchanged
the gainAv does not exceee6 cnil, even small variations ~With respect to the Fabry—Pérot spacing. For this reason, the
in the refractive index lead to a substantial detuning of gairstop-band width cannot be used to derive a measurement of
and grating resonance. Consequently, in order to account féhe coupling constant. The spectral position of the stop-band,
these uncertainties, a set of devices was fabricated with grafowever, is in fair agreement with the average effective re-
ing periods fromA =8.6 to 9.8um (steps of 200 nmcorre-  fractive index from our simulation, and the position shifts

sponding, for nearly 50% duty-cycle, to average refractiveprecisely with the grating period.
The large number of Fabry—Pérot modes observed at

high current excitation could also be related to spatial hole
burning in these devices. In fact, the optical power inside the
resonator is close to the saturation inten$'g1;§76 which, in

our case, is estimated of the order of few kW Pcdetailed
theoretical analysg predicts that in index-coupled lasers the
mode selectivity in the vicinity of the saturation decreases
strongly with increasing output power owing to the addi-
tional “gain grating” arising from spatial hole burning. In
contrast, gain-coupled DFB lasers are found to be much less
sensitive to this effect.

In order to enhance the coupling constant we increased
the corrugation depth of the grating to 220 nm. Furthermore,
to increase mode discrimination and reduce the extent of
possible spatial hole burning effects, an additional loss
: _ . . . . modulation was introduced by depositing and annealing
142 143 144 145 146 147 148 149 GeAu/Au contacts selectively on the crests of the grating

Wavenumber (cm™) (inset: Fig. 3. By comparing devices with an annealed con-
tact across the entire ridbcand devices, where only two
FIG. 2. Spectra of five different lasers with grating periods of 9.4, 9.2, andngrrow ridges have been contac?eﬂh,is further processing

8.6 um, respectively, collected at an injection current close to the maximum ep is estimated to introduce a difference in waveguide

. {
output power. In the upper two panels, dashed lines correspond to specti% 1
recorded from devices in which the distributed feedback was implemented0SSes 0f~8 cni=. Thus, complex-coupled DFB resonators,

only by removing 150 nm of the top contact layer. The appearance of avhich are much more effective in achieving single-mode op-
stop-band in the original Fabry—Pérot spectrum indicates a predominargration than bare index-coupled devices, are obtained with an

index-modulation. Solid lines are spectra recorded from devices in which akstimated coupling constant of 4 emDevices were accord-
additional loss-modulation was introduced by an annealed-contact gratin . : . .
(see text In this case, the stronger modulation leads to stable single-mod(ﬁ"gIy fabricated with grating perlods of 9.2 and Q. No

emission. In the bottom panel, the spectrum of a 150 nm etched device Witﬁ’?her changes were intrOdU(_:ed_ in the fabrication process.
no annealed-contact grating and=8.6 um is shown. Figure 2 shows the spect(aolid lineg of two such devices
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Current Density (Acm’®) most likely a result of the higher waveguide losses caused by
0 100 200 300 400 500 the loss modulation, but could also be linked to the concen-
tration of the emitted power close to the center of the device
caused by the large coupling constémssuming an increase
in the average waveguide losses of 4 ¢mnd a reduction of
the outcoupling loss owing to the longer device and the DFB,
this compares well to the 25 mW/A observed in lasers with
a Fabry—Pérot cavityThese characteristics indicate that the
introduction of the gratings does not lower device perfor-
R Y Y — mance substantially. _
Current (A) In summary, we have demonstrated stable single-mode
emission with side-mode suppression ratios of better than
FIG. 3. Light-current and voltage-current characteristics of a 3.2 mm long20 dB in THz QC-DFB lasers. The single-mode emission
a_nd 150um wide laser with a grating period of 9.2m, collected at heat was achieved by implementing a Comp'ex_coup”ng scheme
islnk temperatures of 5, 30, 40, and 50 K. Values represent the power cobased on a combination of wet chemical etching and depo-
ected(efficiency 33% from one laser facet by the bolometer after correc- ~.”. .
tion for the transmittance of the polyethylene windew63. Lasing ceases  Sition of annealed ohmic contacts on the topmost layer of the
at 55 K. The voltage-current characteristics are similar to those of devicefleterostructure. This result should further accelerate the
processed with the standard protocol, indicating no problems with electricaimplementation of terahertz QC lasers in many spectroscopic

contacting. The inset shows an example laser spectrum recorded at 30 épplications with particular relevance to astronomical and
under an injection current of 2.3 A. A side-mode suppression of more than

20 dB is obtained; the linewidth of the laser is limited by the resolution of atmOSphe”C sensing.
the experimental apparat(8.125 cm*=3.75 GH2.
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