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Abstract—The room-temperature (300K), pulsed mode operation of
InP-based quantum cascade laser (QCL) is reported. This has been
achieved by the use of a lattice matched AlInAs/InGaAs/InP
heterostructure. Its design follows a 4-well, 2-phonon resonance scheme.
The QCL structures were grown by MBE in a Riber Compact 21T
reactor. The lasers utilize an AllnAs waveguide and were grown
exclusively by MBE without MOVPE regrowth. High operating
temperatures have been achieved by careful optimization of growth and
processing technology.

Coherent sources in the mid-IR spectral range are of great
interest due to a large number of their applications in
high-resolution molecular spectroscopy, industrial control
and medical diagnostics. For the above reasons, over the
last twenty years a big effort has been made to develop
highly efficient quantum cascade lasers (QCLS) operating
at this wavelength range.

In this paper we present the development of lattice
matched ("‘92”11’1) A10.48|n0.52AS/|n0.53Ga0.47AS/|nP QCLS
technology. The laser structures consisted of 30-
segments. The active region of the lasers was of 4-well 2-
phonon resonance design [1]. The layer sequence of one
period of the structure, in nanometers, starting from the
injection barrier is: 4.0, 1.9, 0.7, 5.8, 0.9, 5.7, 0.9, 5.0,
22,34,14,33,13,32,15,3.1,1.9 30,23, 2.9, 2.5,
2.9 nm. The AllnAs layers are denoted in bold. The total
thickness of one period is 59.8 nm. The underlined layers
are n doped to 1.5x10™cm? or 2.0x10"cm? The
conduction band profile and moduli squared
wavefunctions in an injector/active/injector segment of the
Alg 45ng 52AS/INg 53Gag 47AS/INP  laser under the applied
field of 50 kV/cm are shown in Fig. 1. The electronic
band structure of QCL has been calculated by solving the
Schrodinger equation with a position dependent effective
mass.

The waveguide from the bottom side was formed by a
low doped InP substrate and from the top by a 2.5um
AllnAs layer covered by a heavily doped InGaAs layer.
The details of the layer structure of the investigated
devices are listed in Table 1. The laser structures were
grown exclusively by MBE without necessity of InP
MOVPE regrowth. For epitaxial process control, high
resolution X-ray diffraction (HR XRD) was used.
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Fig. 1. Conduction band profile and moduli squared wavefunctions in
an injector/active/injector segment of the laser under an applied field
F=50kV/cm (at threshold). The wavefunctions have been shifted to
energy positions of respective levels. E4, E3, E2 and E1 refer to the
upper, lower and ground state of lasing transitions. The black dashed
line denotes the "spurious"” excited state in the injector minigap. The
lowest energy state in the injector couples directly to the upper laser
level E4.

Table 1. Layer structure of AllnAs/InGaAs/InP lasers.

500nm InGaAs n=8e18cm’
2.5um AllnAs n=lel7cm* Upper
500nm InGaAs n=4el6cm™ Waveguide
Active
~1.8 pm 30 x AllnAs/InGaAs Region
500nm InGaAs n=4e16cm’
500pm _ 3 Lower
Substrate InP n=2el7cm Waveguide

The XRD 20/ scan of the QCL epitaxial structure is
displayed in Fig.2. The period thickness determined by
superlattice peaks spacing for the structures grown in the
same campaign deviated less than 2% from the intended
design. This growth accuracy guaranteed the lasing of all
fabricated devices. The high crystal quality of the
structures was additionally confirmed by reciprocal lattice
mapping (Fig. 3) which shows negligible diffuse scattering
and low residual mismatch strain.
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Fig. 2. Comparison of the experimental and simulated HRXRD 20/®
profiles for the QCL structure. The period length and Al content in
barriers are determined by fitting a simulated curve to an experimental
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Fig. 3. Reciprocal lattice map of an Alg 4glng 52As/Ing 53Gag 47As/InP
QCL structure.

The fundamental TM mode profile in the structure is
shown in Fig. 4. The 2D waveguide analysis has been done
by using a fully vectorial waveguide solver based on the
film mode matching method [2].

2.0 5 T vods kz=(2.198140.0
1,64 32
1 x
3
1,2 128 €
O
G = 2
L 5 Jaa g
) &
0,4 2 120
3 i
0,0

. A =
0 1 2 3 4 5 6 7 8 9 10
cross — section/ym

Fig. 4. The fundamental TM mode profile in the lattice matched an
A|0‘48|n0,52A5/|n0‘53Ga0‘47AS/|nP laser.

The double trench lasers were fabricated using
standard processing technology, i.e., wet etching and
SigN, for electrical insulation. Low resistivity, RTA

alloyed at 370°C for 60s, Ti/Au ohmic contacts to epi-side
and AuGe/Ni/Au at the substrate side of the device were
used. For current injection, 15um and 25um wide
windows were opened through the insulator. The lasers
were cleaved to bars 1mm and 3mm long and soldered
epi-side down to Au-plated copper mounts. We have used
an indium soldering or direct Au/Au bonding. A device

http://www.photonics.pl/PLP

mounting technique has been optimized for efficient heat
management [3].

The room-temperature light-current and current-
voltage characteristics of the laser are shown in Fig. 5.
The threshold current density at the room temperature Jy,
is ~ 5kA/cm?, which is roughly 3 times lower than in the
case of AlGaAs/GaAs lasers emitting at the same

wavelength.
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Fig. 5. Light—current and current-voltage characteristics of the
Alg.agIng 52As/Ing 53Gag 47As/INP (X=9.5um) laser driven by 200ns pulses
with repetition rate of 2.5kHz.

Figure 5 shows L-I-V characteristics for two injector
doping values. For lower doping (1.5x10"cm?) we
observe power rollover due to level misalignment with a
current increase. For higher doping the dynamic range of
operation extends and higher powers can be obtained
before either pure Stark or thermal rollover [4]. However,
the penalty for higher power is an increase in threshold
current density of the laser. To lower the absolute
threshold current, one can use a shorter cavity. This is
illustrated in Fig. 6, which shows the characteristics of a
1mm laser exhibiting the threshold <1A. Despite the small
volume of active region, due to a relatively low amount of
heat which has to be dissipated, the laser is able to emit
comparable powers to 3 mm cavity lasers.
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Fig. 6. Light—current and current-voltage characteristics of the
Al a5Ing 52A8/INg 53Ga0.47AS/INP (A=9.2um) laser driven by 200ns pulses
with a repetition rate of 1kHz.
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The lasers worked up to 340K (~60°C) emitting tens of
mW of pulse power. At 20°C the optical power per
uncoated facet was of the order of 0.6W. The slope
efficiency was up to 1W/A at room temperature; the wall
plug efficiency was ~4%. The waveguide losses estimated
by measuring devices with different resonator lengths,
fabricated from the same epitaxial wafer are of the order
of 18cm™. This value can be further improved by
optimizing the waveguide design, i.e., by employing a
symmetric InP waveguide. In this case a conductive
substrate can be used to grow a lower waveguide by
MOVPE, then an active region is grown by MBE and
finally the upper waveguide is completed by MOVPE.
That complicates technology. although the clear
advantage, despite the increase of a confinement factor, is
the suppression of free carrier absorption in the lower
waveguide.

The threshold current density can be calculated from the
equation [5]:

1 80”7\.Lp"{43

2

th =
Teff 47'[6[“243‘

where the effective lifetime te = 14 (1-13/143). In this
equation, & is the vacuum permittivity, n is the effective
refractive index of the laser mode, A is the emission
wavelength, L, is the length of one period, y43 is the full
width at the half maximum (FWHM) of a spontaneous
emission spectrum, e is the electron charge, I is the active
region confinement factor and z,3 is the matrix element of
laser transition. The scattering times z; from the states i to
j are dominated by LO-phonon emission. The mirror
losses am=amc=In(R)/2L, where R=0.297 is the uncoated
mirror reflectivity. Taking experimentally determined
waveguide losses o, equal to 18cm™, the confinement
factor '=0.56 and the effective refractive index n=3.4 as
well as A=9.2um, 1.=2.1ps, y43=16meV and z43=2.37nm
we get Jy, for the 3-mm-long device equal to ~3.5kA/cm?,
which is basically what we observe experimentally. The
possible reason for high internal losses is not optimized
injector doping.
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Fig. 7. Room temperature emission spectrum of Fabry-Perot (FP) laser
(W=15pm, L=3mm) at I=1.15l,
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The room temperature (RT) spectrum of an
Alg4glng5,As/  Ing53Gag 47AS/INP  laser driven by 50ns
pulses with a repetition rate of 5kHz is shown in Fig.7.
The spectrum shows a number of longitudinal modes,
belonging to fundamental transverse mode, with spacing
of ~0.44cm™, determined by the length of the resonator.

In conclusion, we have demonstrated the room
temperature  (P~0.6W) pulsed operation of an
AllInAs/InGaAs/InP  mid-infrared (~9.2um) laser. This
has been achieved by careful optimization of the epitaxial
process and device fabrication technology. The
parameters of developed devices are summarized in Table
2.

Table 2. Basic parameters of AllnAs/InGaAs/InP lasers.

Parameter Symbol Value
Threshold current Jin (77 K) 2 kA/cm? — 3 kAlcm?
density Jin (300 K) ~5 kAlcm?

Vi (77 K) 10V
Threshold voltage Vi (300 K) TRy,
Peak power P (77 K) ~2W
(per facet) P (300 K) ~0.6 W
Max operating T T imax 340 K
Characteristic T To (K) 120 K-140 K
. o gl (77K) (5.7- 6) cm /KA
Differential gain gT (250K) (19-2.5) cm kA
Waveguide losses | a,, (77-300) K ~18 cm™
Wall-Plug
efficiency WPE ~4%
Slope efficiency Next ~1W/A

The 9.2um - AlInAs/InGaAs/InP lasers utilize an AllnAs
waveguide and were grown exclusively by MBE without
MOVPE regrowth. They have the state-of-the-art
parameters for this type of design.
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