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Threshold reduction in quantum cascade lasers with partially undoped,
dual-wavelength interdigitated cascades
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A dual-wavelength quantum cascade~QC! laser with an interdigitated cascade is presented. Aside
from providing two-wavelength operation at 8.0 and 9.5mm wavelength, 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 8.0mm active regions, but doped injectors bridging 8.0 and 9.5
mm 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 ions. ©2002 American
Institute of Physics.@DOI: 10.1063/1.1472473#
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Quantum cascade~QC! lasers1 have already reached
high level of maturity which is demonstrated by their go
performance.1,2 The conventional QC laser consists of
semiconductor waveguide with an active core comprisin
stack of alternating active regions and injectors. In
former, light is generated by electrons undergoing opti
intersubband transitions in coupled quantum wells or sh
period superlattices. The latter provide electron transport
tween successive active regions. While it is customary
all active regions and injectors are identical, we have
cently shown that this is not a firm requirement.3

In this letter, we investigate and question another co
monly held principle, namely, that the injector requires do
ing. In fact, the early proposals of intersubband inject
lasers4 did not include injectors or extrinsic carriers. As suc
experimental demonstrations failed due to space charge
jection, which did not allow a uniform electric field to b
applied across the structure. As a result, the first demon
tion of the QC laser5 included injectors and extrinsic charge
However, even in the early stages of that work it was und
stood, that—while being seemingly necessary—the dop
do negatively affect some aspects of laser action. First,
purity scattering considerably broadens the gain spectru6

therefore increasing the threshold current density, and sh
ens the nonradiative scattering time of the upper laser le
thus reducing inversion. Second, free carrier absorption
the extrinsic carriers increases the waveguide loss, a
raising the laser threshold.

Here we present a QC laser having a dual-wavelen
interdigitated cascade, i.e., a stack of active regions and
jectors designed for emission at one wavelength interlea
with a second stack emitting at a substantially differe
wavelength. In our case, the two active regions emitted
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two different wavelengths, 8.0 and 9.5mm, and the two in-
jectors were designed to either bridge the 8.0mm active re-
gion to the 9.5mm one, or vice versa. More importantly, i
one sample one injector type was left undoped, while in
reference sample both injectors were conventionally dop

We observe two-wavelength laser action for bo
samples, which clearly demonstrates that it is not an esse
requirement for QC lasers that all injectors are doped. Mo
over, the overall performance of the laser based on the ac
region preceded by the undoped injector was greatly
proved, showing a reduction in threshold by a factor of;2
compared to the same-wavelength laser with doped inject
It is the dual-wavelength QC laser, which by virtue of th
two wavelengths allows a straightforward evaluation of t
doped~represented by one wavelength! versus undoped~rep-
resented by the other wavelength! injectors. However, the
finding of threshold reduction may have impact in particu
also on QC lasers with homogeneous cascades, with iden
active regions but selectively undoped injectors; this work
underway.

The samples were grown by molecular beam epitaxy
the InGaAs/AlInAs material system lattice matched to I
substrate. For both structures a 650-nm-thick low-dopedn
'531016 cm23) InGaAs buffer layer was first grown on
low-doped (n'231017 cm23) InP substrate, which simulta
neously acts as the bottom cladding. The active wavegu
core consisted of a stack containingNp520 periods. Each
period contained two different active regions of the so-cal
‘‘three well vertical transition’’ type7 emitting at 8.0 and 9.5
mm, respectively, interleaved with the corresponding injec
regions. The overall stack has a thickness of 1.91mm. In
both structures the injector region preceding the 9.5mm ac-
tive region was doped in its center portion to a sheet den
of 3.5231011 cm22. Only in the reference sample was th
injector preceding the 8.0mm active region also doped to
sheet density of 3.431011 cm22. The active waveguide core
was subsequently capped by 400 nm of low-doped InGa

e,
5 © 2002 American Institute of Physics
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(n'531016 cm23), 2.9 mm of low-doped AlInAs~2.1 mm
at n'131017 cm23 followed by 800 nm at n'2
31017 cm23!, and 1 mm of high-doped (n'4
31018 cm23) InGaAs. For the partially undoped~u! sample
we estimate waveguide lossesaw8,u and aw9,u of 21.5 and
21.7 cm21, for 8.0 and 9.5mm wavelength, respectively. Th
corresponding, estimated waveguide losses of the refer
sample ~d! are aw8,d526.9 cm21 and aw9,d531.4 cm21,
clearly larger than those of the partially undoped samp
Confinement factorsG8,u,d and G9,u,d for the respective ac
tive regions are computed as 0.14 and 0.15, respectively.
effective refractive indices are calculated asneff,8,d'3.29,
neff,8,u'3.30, andneff,9,d'neff,9,u'3.28.

Figure 1 shows the conduction band diagram of one
riod of active regions with doped and undoped injectors c
culated at the experimentally determined threshold elec
field of 37 kV/cm. As can be seen, the difference in dop
scheme does not significantly affect the band structure.
optical dipole matrix elementsz32,d andz32,u for the 8.0mm
laser transition~between energy level ‘‘3’’ and ‘‘2’’! of the
reference sample and the partially undoped sample are
culated asz32,d'z32,u'2.0 nm. For the 9.5mm laser transi-
tion (‘‘6’’ → ‘ ‘5’ ’) they are computed asz65,d'z65,u

'2.6 nm, respectively. Moreover the electron scatter
times t32,u't32,d and t65,u't65,d as a result of LO phonon
emission are calculated as 3.27 and 2.05 ps, respectiv8

The scattering lifetimes~t2,u , t5,u , t2,d , andt5,d! for elec-
trons in the lower laser level are all calculated as'0.3 ps.
The design energies of the optical transitions,E32,u,d

(5148 meV[8.4mm) and E65,u,d (5127 meV[9.8mm),
are in reasonable agreement with the measured values~8.0
and 9.5mm!.

Figure 2 shows a comparison of the luminescence sp
tra obtained at various current levels for the two samp
measured from deep-etched, round mesas cleaved alon
diameter, and with the light collected from the resulti

FIG. 1. Conduction band diagram and the moduli squared of the elec
wave functions of three active regions with interleaved injectors calcula
using iteratively Schroedinger’s and Poisson’s equations under an ap
external electric field of 37 kV/cm. The dotted line indicates the correct
to the band diagram if the injector preceding the 8.4mm active region is left
undoped. The laser transitions are indicated by the arrows. The nom
layer thicknesses in nanometers of one period from left to right starting f
the first injection-barrier (I 9) are: 3.6/2.7/1.2/7.8/1.0/6.1/2.8/4.8/1.
3.4B /1.9/B 3.2B /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.
3.7/1.3/3.8I /1.0/3.1/0.9/3.3. Theunderlined layers are Si doped in bo
samples to a density ofn'431017 cm23. In the reference sample the do
ted underlined layers are also Si-doped to a density ofn'431017 cm23.
The experimentally obtained peak wavelengths, 8.0 and 9.5mm, are in
reasonable agreement with the design wavelengths of 8.4 and 9.8mm.
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facet. The sets of spectra are normalized to the maxim
intensity at a peak current level of 1 A. The small shifts
the peak wavelengths can be attributed to layer thickn
variations. A clear difference in the overall shape of the sp
tra is observed between the two samples. While the refere
sample displays the larger intensity at;9.5mm, the stronger
emission of the partly undoped sample is at the 8.0mm tran-
sition. The electroluminescence power at each waveleng
approximately proportional toE32(65)@t3(6) /t rad,32(65)#NpIh,
with t3(6) being the nonradiative scattering lifetime of th
upper energy level,t rad,32(65)(@t3(6)) its radiative scattering
time, I is the current, andh is the collection efficiency. Thus
the reversal of the relative emission strengths with wa
length, i.e., the larger intensity of the 8.0mm optical transi-
tion for the partly undoped sample indicates a significan
increased internal quantum efficiency@t3(6) /t rad,32(65)# for
the latter, resulting from an increased upper level scatte
time, which is consistent with decreased impurity scatterin6

The full width at half maximum~FWHM! values were ex-
tracted from the luminescence measurements by fitting
sum of two Lorentzian lineshape functions to the data. T
FWHM values 2g32,u and 2g65,u ~2g32,d and 2g65,d! at a
current level of 0.6 A were 9.5 and 7.9 meV~13.0 and 8.0
meV!, respectively. One clearly sees the reduction in FWH
for the active regions preceded by the undoped inject
Using the equations given in Ref. 7 and the experimenta
obtained FWHM values the gain coefficients for the vario
wavelength lasers under the two doping schemes can be
culated asg9,u'g9,u'157 cm/kA andg8,u'143 cm/kA and
g8,d'101 cm/kA.

Figure 3 shows the light output~L! and voltage (V) ver-
sus current~I! characteristics of two otherwise identica
doped and partially undoped QC lasers operated in pu
mode at various heat-sink temperatures. The fact that
partially undoped sample displays laser action at both wa
lengths clearly proves the viability of undoped injecto
Moreover, the slope efficiency of the partially undop
sample increases to 60 mW/A with respect to the refere
sample~25 mW/A!, which can only partly be explained with
the reduced free carrier absorption and therefore redu
waveguide losses. Figure 3 also shows a laser spectrum
playing simultaneous two-wavelength emission and the ty
cal Fabry–Perot modes of the as-cleaved laser.9
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FIG. 2. Electroluminescence spectra of deep-etched, semicircle shaped
sas operated in pulsed mode at 10 K heat sink temperature and various
current levels. The dashed and solid lines indicate the partially undoped
conventionally doped sample, respectively. The corresponding current
sities are 2.5, 3.8, 5.1, and 6.4 kA cm22.
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Figure 4, finally, shows a comparison of the thresh
current densities of the two samples and the two differ
wavelengths. Laser ridges with a width of 14–18mm were
cleaved to a length of 1.2, 2.25, and 3.2 mm. This result
mirror lossesam8,d'am9,d'am8,u'am9,u of 10.4, 5.6, and
3.9 cm21, respectively. Since the two wavelengths could n
easily be separated during theL – I –V characterization mea
surements, the threshold currents were read from the r
time spectral monitor. The low temperature behavior of
threshold current densities of the reference sample can
understood from the calculated values. Using the estima
waveguide and mirror losses and the calculated gain co
cients, we expect a lower threshold current density~1.6
kA/cm2 for a 2.25 mm long device! for the 9.5mm radiation
than for the 8.0mm radiation~2.3 kA/cm2!. This trend is well
reproduced in the experimental data~4.6 kA/cm2 at 9.5mm,
vs 5.8 kA/cm2 at 8.0mm!.

For the partially undoped structure—with its signi
cantly larger gain for 8.0mm radiation and the generall
lower waveguide loss—we consequently expect a 45%
duction of the threshold current density for the 8.0mm ra-

FIG. 3. Light output~L! and voltage~V! vs current~I! characteristics of
pulsed operated, deep etched ridge waveguide lasers at various hea
temperatures. Top:L – I –V characteristics of a reference laser~14 mm wide
and 2.25 mm long!. Bottom:L – I –V characteristics of the partially undope
laser~14 mm wide and 2.22 mm long!. The arrows indicate the threshold o
the corresponding second wavelength. The lasers were operated with
long current pulses at 84.2 kHz repetition rate. Insets: The insets sho
spectrum of the partially undoped laser operated at 1.6 A.
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diation and 20% reduction for the 9.5mm radiation, respec-
tively, over the values obtained for the conventionally dop
sample. In fact, we observe a large reduction~;47%! in the
threshold current density of the 8.0mm emission~to 3.07
kA/cm2! and only a minor one~13%! for the 9.5mm emis-
sion ~to 4.0 kA/cm2!.
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FIG. 4. Comparison of the threshold current densities of the two differ
samples at the two different wavelengths. The threshold current dens
were measured for various-length lasers as indicated and versus hea
temperature. Squares show the threshold current densities of the 8.0mm
radiation, and triangles indicate 9.5mm emission, the conventionally dope
sample is represented by the filled symbols, and the partially undo
sample by open symbols. The strong reduction in laser threshold for
QC-laser active regions preceded by the undoped injector~8.0mm, j → h!
can clearly be seen and compared to the minor reduction for the con
tionally doped QC laser~9.5mm, m → n!. The temperature behavior of th
lasers can be understood from thermal backfilling~see Ref. 7!.




