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A dual-wavelength quantum cascad@C) laser with an interdigitated cascade is presented. Aside
from providing two-wavelength operation at 8.0 and@hbwavelength, this laser design was used

to test the role of extrinsic carriers in the injectors. An interdigitated cascade was grown with
undoped injectors bridging 9.5 and 8n active regions, but doped injectors bridging 8.0 and 9.5

um active regions. Clear laser action on both wavelengths demonstrates that doping of all injector
regions is not a firm requirement for QC lasers. Comparison with a conventionally doped
interdigitated cascade QC laser shows a threshold reduction by a factor of approximately 2 for the
laser based on the active regions preceded by the undoped injector. This can be understood from the
absence or strong reduction of impurity scattering related to the dopant ion200® American
Institute of Physics.[DOI: 10.1063/1.1472473

Quantum cascadéQC) lasers have already reached a two different wavelengths, 8.0 and 98n, and the two in-
high level of maturity which is demonstrated by their goodjectors were designed to either bridge the 8@ active re-
performance:? The conventional QC laser consists of a gion to the 9.5um one, or vice versa. More importantly, in
semiconductor waveguide with an active core comprising @ne sample one injector type was left undoped, while in the
stack of alternating active regions and injectors. In thereference sample both injectors were conventionally doped.
former, light is generated by electrons undergoing optical We observe two-wavelength laser action for both
intersubband transitions in coupled quantum wells or shorsamples, which clearly demonstrates that it is not an essential
period superlattices. The latter provide electron transport berequirement for QC lasers that all injectors are doped. More-
tween successive active regions. While it is customary thagver, the overall performance of the laser based on the active
all active regions and injectors are identical, we have reregion preceded by the undoped injector was greatly im-
cently shown that this is not a firm requiremént. proved, showing a reduction in threshold by a factor-&

In this letter, we investigate and question another comgompared to the same-wavelength laser with doped injectors.
monly held principle, namely, that the injector requires dop-it js the dual-wavelength QC laser, which by virtue of the
ing. In fact, the early proposals of intersubband injectionyyo wavelengths allows a straightforward evaluation of the
laseré did not include injectors or extrinsic carriers. As such, doped(represented by one wavelengttersus undopettep-
experimental demonstrations failed due to space charge ifgsented by the other wavelengtinjectors. However, the
jection, which did not allow a uniform electric field to be finqing of threshold reduction may have impact in particular
applied across the structure. As a result, the first demonstraygq on QC lasers with homogeneous cascades, with identical

tion of the QC lasetincluded injectors and exirinsic charges. 4.tive regions but selectively undoped injectors; this work is

However, even in the early stages of that work it was underhnderway.

stood, that—while being seemingly necessary—the dopants The samples were grown by molecular beam epitaxy in

do negatively affect some aspects of laser action. First, iMg, o |,Gaas/AlNAs material system lattice matched to InP
purity scattering considerably broadens the gain Spec?rumsubstrate. For both structures a 650-nm-thick low-doped (
therefore increasing the threshold current density, and short- ¢ 4 yi6 cm™3) InGaAs buffer layer was first grown on

ens the nonradiative scattering time of the upper laser Ievel()w-doped fi~2x 101 cm™3) InP substrate, which simulta-

thus reducing inversion. Second, free carrier absorption b%eously acts as the bottom cladding. The active waveguide

thg .extr|n3|c carriers increases the waveguide loss, aga@Ore consisted of a stack containihy=20 periods. Each
raising the laser threshold.

Here we present a QC laser having a dual-wavelen tﬁeriOd contained two different active regions of the so-called
P 9 9% ree well vertical transition” typé emitting at 8.0 and 9.5

interdigitated cascade, i.e., a stack of active regions and in- . ) : o
. . S . Hm, respectively, interleaved with the corresponding injector
jectors designed for emission at one wavelength interleave

with a second stack emitting at a substantially differentri%;]ogtsr' zth?eg\{{f];al_ln_sg;%kr ?;S'oi thrlglégg_sn S ?rf]e’ alg
wavelength. In our case, the two active regions emitted a? ety injector region preceding 5 .
tive region was doped in its center portion to a sheet density

of 3.52x 10" cm 2. Only in the reference sample was the
dpresent address: University of New South Wales, Sydney, Australia. injector preceding the 8 am active region also doped to a
Ypresent address: Southern University and A&M College, Baton Rouge, . 1' 2 . .

LA Sheet density of 34 10" cm™2. The active waveguide core

“Electronic mail: cg@lucent.com was subsequently capped by 400 nm of low-doped InGaAs
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FIG. 1. Conduction band diagram and the moduli squared of the electroFIG. 2. Electroluminescence spectra of deep-etched, semicircle shaped me-
wave functions of three active regions with interleaved injectors calculatedas operated in pulsed mode at 10 K heat sink temperature and various peak
using iteratively Schroedinger’s and Poisson’s equations under an appliegurrent levels. The dashed and solid lines indicate the partially undoped and
external electric field of 37 kV/cm. The dotted line indicates the correctionconventionally doped sample, respectively. The corresponding current den-
to the band diagram if the injector preceding the 8 active region is left  sities are 2.5, 3.8, 5.1, and 6.4 kA cf

undoped. The laser transitions are indicated by the arrows. The nominal

layer thicknesses in nanometers of one period from left to right starting from

the first injection-barrier 1) are: 3.6/2.7/1.2/7.8/1.0/6.1/2.8/4.8/1.9/ facet. The sets of spectra are normalized to the maximum
3.4/1.9/3.2/1.8/2.9/1.7/2.6/3.8/2.3/1.2/6.5/1.2/5.3/2.1/4.8/1.8/ . . .
3.7/1.3/3.81.0/3.1/0.9/3.3. Thenderlined layers are Si doped in both intensity at a peak current level of _1 A. The small Sh_lﬂs of
samples to a density of~4x 10" cm™2. In the reference sample the dot- the peak wavelengths can be attributed to layer thickness
ted underlined layers are also Si-doped to a densitg-e#x 10t cm™3. variations. A clear difference in the overall shape of the spec-
The experimentally obtained peak wavelengths, 8.0 and/®b are in 3 j5 observed between the two samples. While the reference
reasonable agreement with the design wavelengths of 8.4 anah®.8 . . .
sample displays the larger intensity-a®.5 um, the stronger
emission of the partly undoped sample is at the@®tran-

(n~5x%10% cm™3), 2.9 um of low-doped AllnAs(2.1 um  sition. The electroluminescence power at each wavelength is
at n~1x10"cm *® followed by 800 nm atn~2  approximately proportional t&zy(ssf 73(6)/ Trad,32(65)Np! 7:
x10"cm ), and 1 um of high-doped K~4  with 73 being the nonradiative scattering lifetime of the
X 10* cm~3) InGaAs. For the partially undoped) sample  upper energy level g 3265 (> T3(6)) its radiative scattering
we estimate waveguide lossegg, and a,g, of 21.5 and time,| is the current, and is the collection efficiency. Thus,
21.7 cm', for 8.0 and 9.5um wavelength, respectively. The the reversal of the relative emission strengths with wave-
corresponding, estimated waveguide losses of the referendength, i.e., the larger intensity of the 8u0n optical transi-
sample (d) are a,g4=26.9 cm! and awog=31.4 cmt, tion for the partly undoped sample indicates a significantly
clearly larger than those of the partially undoped sampleincreased internal quantum efficienfys g/ 7rag,32(65) for
Confinement factor$’g,, 4 and Iy, 4 for the respective ac- the latter, resulting from an increased upper level scattering
tive regions are computed as 0.14 and 0.15, respectively. Thane, which is consistent with decreased impurity scatteting.
effective refractive indices are calculated &g gq~3.29, The full width at half maximum(FWHM) values were ex-
Netr g™ 3-30, @N0Ngg gy~ Negr g~ 3.28. tracted from the luminescence measurements by fitting the

Figure 1 shows the conduction band diagram of one pesum of two Lorentzian lineshape functions to the data. The
riod of active regions with doped and undoped injectors calFWHM values 2y3,, and 2ygs, (2y3,4 and 2ygsg) at a
culated at the experimentally determined threshold electricurrent level of 0.6 A were 9.5 and 7.9 mg¥3.0 and 8.0
field of 37 kV/cm. As can be seen, the difference in dopingmeV), respectively. One clearly sees the reduction in FWHM
scheme does not significantly affect the band structure. Théor the active regions preceded by the undoped injectors.
optical dipole matrix elements;, 4 andzs,,, for the 8.0um Using the equations given in Ref. 7 and the experimentally
laser transition(between energy level “3” and “2J of the  obtained FWHM values the gain coefficients for the various
reference sample and the partially undoped sample are calravelength lasers under the two doping schemes can be cal-
culated agzg;4~73,,~2.0 nm. For the 9.5um laser transi- culated agyg,~gg,~157 cm/kKA andgg,~ 143 cm/kA and
tion ("6 —*5") they are computed aggsq~Zgs, 0sq~101 cm/KA.
~2.6 nm, respectively. Moreover the electron scattering Figure 3 shows the light outpgt) and voltage V) ver-
times 735~ 7324 and 7g5,,~ 7654 @S a result of LO phonon sus current(l) characteristics of two otherwise identical,
emission are calculated as 3.27 and 2.05 ps, respecfivelydoped and partially undoped QC lasers operated in pulsed
The scattering lifetimeér,,,, 75, 724, andrsgy) for elec-  mode at various heat-sink temperatures. The fact that the
trons in the lower laser level are all calculated=a8.3 ps.  partially undoped sample displays laser action at both wave-
The design energies of the optical transitions;,,, 4 lengths clearly proves the viability of undoped injectors.
(=148 me\=8.4um) and Egsy g (=127 meV=9.8 um), Moreover, the slope efficiency of the partially undoped
are in reasonable agreement with the measured v&Bi8s sample increases to 60 mW/A with respect to the reference
and 9.5um). sample(25 mW/A), which can only partly be explained with

Figure 2 shows a comparison of the luminescence spec¢he reduced free carrier absorption and therefore reduced
tra obtained at various current levels for the two samplesvaveguide losses. Figure 3 also shows a laser spectrum dis-
measured from deep-etched, round mesas cleaved along tpkying simultaneous two-wavelength emission and the typi-
diameter, and with the light collected from the resultingcal Fabry—Perot modes of the as-cleaved l3ser.
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FIG. 4. Comparison of the threshold current densities of the two different
samples at the two different wavelengths. The threshold current densities
were measured for various-length lasers as indicated and versus heat sink
temperature. Squares show the threshold current densities of then8.0
radiation, and triangles indicate 98n emission, the conventionally doped
sample is represented by the filled symbols, and the partially undoped
sample by open symbols. The strong reduction in laser threshold for the
QC-laser active regions preceded by the undoped inj¢8t0um, B — 1)

can clearly be seen and compared to the minor reduction for the conven-
tionally doped QC lasef9.5 um, A — A). The temperature behavior of the
lasers can be understood from thermal backfillisge Ref. V.

3
Current (A)

FIG. 3. Light output(L) and voltage(V) vs current(l) characteristics of
pulsed operated, deep etched ridge waveguide lasers at various heat sink

temperatures. Tof:—1 -V characteristics of a reference lagg4 um wide diation and 20% reduction for the 9/m radiation, respec-
and 2.25 mm long Bottom:L—I -V characteristics of the partially undoped tively, over the values obtained for the conventionally doped

laser(14 um wide and 2.22 mm long The arrows indicate the threshold of .
the corresponding second wavelength. The lasers were operated with 50 sample. In fact, we observe a large reductier#7%) in the

long current pulses at 84.2 kHz repetition rate. Insets: The insets show threshold current density of the 8m emission(to 3.07
spectrum of the partially undoped laser operated at 1.6 A. kA/(;m2) and only a minor oné13%) for the 9.5um emis-

sion (to 4.0 kA/cnf).
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