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We report a type-1I GaSb-based interband cascade laser operating a continuous wave at room temperature. The cas-
cade region of interband cascade laser was designed using the “W’ configuration of the active quantum wells and the ‘Carrier
Rebalancing’ method in the electron injector. The devices were processed into narrow ridges and mounted epitaxial side
down on a copper heat sink. The 25-pm-wide, 3-mm-long ridge without coated facets generated 41.4 mW of continuous
wave output power at T = 15 °C. And a low threshold current density of 267 A/cm? is achieved. The emission wavelength

of the ICL is 3452.3 nm at 0.5 A.

Keywords: interband cascade laser, mid-infrared, GaSb-based, type-1I W quantum well

PACS: 42.55.Px, 78.55.Cr, 78.67.Pt, 42.60.Pk

1. Introduction

The mid-infrared (defined here as 3 um—4 wm) spectral
region is getting more and more attention, because it includes
many ‘fingerprint’ spectral lines of gases such as methane, car-
bon dioxide, carbon monoxide formaldehyde, efc. At present,
there are three kinds of lasers that can realize 3 pm—4 pum
spectral region including type-I quantum well laser (and type-
I quantum well cascade laser),!!™ quantum cascade laser
(QCL),[®7] and interband cascade laser (ICL).!®! However,
the type-I quantum well laser and type-I quantum well cascade
laser are limited by the Auger non-radiative decay and the car-
riers escape associated with insufficient valence-band offset
under 3 um—4 um. Besides, the quantum cascade laser (QCL)
is suffered from the rapid phonon-assisted scattering and the
insufficient conduction-band offset which result in QCL’s high
threshold current density. The interband cascade laser can
make up for these shortcomings and cover the whole 3 pm-—
4 um spectral region.

The interband cascade laser is a promising 3 pm—-4 pm
source which can be used in medical devices, industrial gas
detection!'”! and free-space optical communications. For the
traditional diode laser, the carrier injection is realized by paral-
lel in the multi quantum wells (MQWs). However, in the cas-
cade laser (ICL and QCL), the active regions are in series.!!!]

DOI: 10.1088/1674-1056/27/12/124207

Ideally, the number of photons produced by an electron is
determined by the cascade number N, which results in the
quantum efficiency of the cascade structure being greater than
100%. At the same time, the working current of cascade laser
is N times smaller than the traditional parallel diode laser, but
the corresponding voltage will increase substantially. The re-
sult of trading a higher threshold voltage for a lower threshold
current is that the power consumption from the parasitic resis-
tance is N2 times smaller than traditional parallel diode laser.
This leads to higher quantum efficiency and lower threshold
current for interband cascade laser.l'?! Although both the in-
terband cascade laser and quantum cascade lasers have cas-
cade structures, the quantum cascade lasers are unipolar de-
vices, and the transport and recombination processes of the
electrons occur in conduction band which cannot avoid the
participation of the rapid phonon-assisted scattering. How-
ever, the interband cascade laser is based on the type-II inter-
band transition, and the recombination is complete in the elec-
trons in the conduction band and the holes in the valence band.
Because of the two opposite dispersion curves of conduction
band and valence band, the electron interband transition does
not allow the participation of the rapid phonon-assisted scat-
tering. This makes it unnecessary for a interband cascade laser

to achieve population inversion by means of rapid phonon-
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assisted scattering and multi-level as quantum cascade laser.
Therefore, the threshold current, voltage and power consump-
tion can be significantly reduced in the interband cascade laser
than QCL.!3!

Another difference between interband cascade lasers and
conventional quantum well lasers is that the interband cascade
lasers use type-II interband transitions. For traditional type-
I quantum well laser, the wave function of the electron and
hole is confined in the same layer and its transition is a kind
of direct transition. However, for the interband cascade lasers,
the combination of the electrons and holes is not in the same
layer, and the wave functions of the electrons and holes are
also distributed in different layers. In interband cascade laser,
the luminescence wavelength is not determined by the band
gap E; = E. — E\, but by the electrons and holes in the differ-
ent layers of two quantum well for which the E; = E, — Ej,. (141

At present, there are only a few research units in the
world which can achieve the interband cascade lasers includ-
ing the University of Oklahoma, the Naval Research Lab-
oratory (NRL), the Wurzburg University, and our group of
the semiconductor in Institute of Semiconductor, the Chi-
nese Academy of Sciences, reported in this work. In
2008, the Naval Research Laboratory (NRL) first realized
the continuous operation of interband cascade laser at room
temperature.”) And after further optimization, in 2014 the
NRL has achieved continuous-wave 592-mW output power at
room temperature.'>) And the lowest threshold current den-
sity of interband cascade laser has been as low as 98 A/cm?.[13]
However, there is no report of interband cascade laser operat-
ing at room temperature in China.

In this paper, we present a process of fabricating inter-
band cascade laser operating at room temperature in continu-
ous wave. We will start from the growth of materials, espe-
cially the structure and design of cascade region, such as the
rebalancing of carries and the type-II ‘W’ configuration of the
active quantum wells. On the basis of this, we will fabricate
the full structure of interband cascade laser and then charac-
terize the growth of the materials. Finally, we will introduce
the fabrication process of the devices and analyze the result of
ICL in this work.

2. Material structure and characterization

The interband cascade lasers in this work were grown
on Te-doped n-GaSb substrates by a Gen-II molecular beam
epitaxy machine with solid sources for the group-III elements
and valved cracker cells for both arsenic and antimony. And
the Si and Te crackers were used for doping. The growth
temperature was ramped down for epitaxial growth after ther-

mal oxide desorption under Sb, stabilization at 560 °C for

15 min.['8] Subsequently, the growth was initiated with a
300-nm thick Te-doped (1 x 10'® cm~—3) GaSb buffer layer
This buffer was
followed by a thick superlattice (SL) lower cladding. The

for a better surface and Ohmic contact.

lower cladding comprised InAs/AlSb superlattice with a pe-
riod of 4.73 nm which was lattice-matched to GaSb substrate.
Then a Te-doped GaSb separate-confinement layer (SCL) was
grown. The GaSb SCL was used to concentrate the optical
mode in the active region because of the high refractive in-
dex of the GaSb layer.!”! After the SCL growth, it came to
the cascade region. The cascade region comprised 5 active
stages published in Ref. [12]. The layer structure of one pe-
riod of active region was as follows: 2.5-nm AISb/1.7-nm
InAs/3.0-nm Ing35Gag g5Sb/1.4-nm InAs/1.0-nm AISb/3.0-
nm GaSb/1.0-nm AlSb/4.5-nm GaSb/2.5-nm AlSb/4.2-
nm InAs/1.2-nm  AISb/3.2-nm InAs/1.2-nm  AlSb/2.5-
nm InAs/1.2-nm AlSb/2.0-nm InAs/1.2-nm AlSb/1.7-nm
InAs/1.2-nm A1Sb/1.7-nm InAs.!8]
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Fig. 1. (color online) The band structure of the cascade region of ICL.

As shown in Fig. 1, one period of active stage consisted
of the ‘W’ active region, the hole injector, and the electron
injector.'”) The advantage of using the ‘W’ configuration of
the active quantum wells is to enhance the electron—hole wave-
function overlap in comparison to that for an InAs/InGaSb
QW with a single type-II interface.l?"! Besides, the four InAs
layers in the electron injector were heavily n-type doped with
Sito 5 x 10" cm™3 so that the internally generated carriers
were rebalanced. It has been reported that the ‘Carrier Rebal-
ancing’ in the ICL provided better performance for the ‘W’
active region with regard to lowest threshold current densities
and turn-on voltages.[?!! Right after the cascade region, the
top SCL was grown in a symmetrical fashion. Then, a less
thick top cladding (a period of 4.73-nm InAs/AlSb superlat-
tices) was grown. The interband cascade laser was finalized

with a heavily Si-doped (5 x 10'® cm™3) InAs contact layer,
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which was about 20 nm to reduce the contact resistance. In
addition, the transition layers were inserted in the boundary of
different regions to minimize the parasitic voltages drops. The

device is schematically shown in Fig. 2.
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Fig. 2. (color online) The full structure of the interband cascade laser.

Fig. 3. 10 umx 10 um AFM scan of the interband cascade laser.
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Fig. 4. The HRXRD spectrum of the 5 stages ICL ( [004] reflection). The
InAs/AlSb superlattices in the picture respond to the sharp peaks. The small
peaks correspond to active cascade region. And the wider peak to the right
of the center peaks arises from the 20 nm-thick InAs cap layer.

The high-resoltion x-ray diffraction (HRXRD) and
atomic force microscopy (AFM) were used to characterize the
growth quality of the material. Figure 3 shows the AFM im-
age of a 10 umx10 pm size of the interband cascade laser.
The long atomic steps on the surface with a root mean square
(RMS) surface roughness of 1.33 A show the excellent mate-
rial growth quality. The HRXRD curve is shown in Fig. 4. The

central peak for the InAs/AISb superlattices cladding layers is
nearly coincident with the GaSb substrate peak indicating the
lattice-matched growth.

3. Laser performance

Using standard contact lithography in combination with
inductively coupled plasma (ICP) etching techniques, the 25-
pm-wide narrow ridges were fabricated. To prevent current
diffusion, the etch had to stop in the bottom GaSb SCL. Af-
ter the dry etch, the clean-up phosphoric-acid-based wet etch
is followed to minimize the damage to the side wall. A 250-
nm thick SiO; insulation layer was deposited using plasma
enhanced chemical vapor deposition (PECVD) and a 15-pum-
wide injection window was opened with dry-etching. Then
50/50/1000-nm Ti/Pt/Au was sputtered as the contact elec-
trode. Following substrate mechanical thinning and chemical
mechanical polishing, the bottom Ohmic contacts are achieved
by metallization and annealing.

All devices are mounted epi-side down on a copper
heatsink. The FTIR (Fourier-transform infrared) method is
used to measure the emission spectra. Figure 5 shows the
emission spectra of the interband cascade laser with a cur-
rent of 0.5 A. The emission wavelength of the interband cas-
cade laser is 3452.3 nm at 0.5 A. The full width at half maxi-
mum (FWHM) of the interband cascade laser is about 52 nm
which shows that the emission spectrum is comprised of mul-
tiple longitudinal modes and the existence of higher-order op-
tical modes exists in the 25-pm-wide narrow ridges. The las-
ing wavelength is relatively stable and does not change over a
long period of time under the temperature control platform at
T=15°C.
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Fig. 5. (color online) The light-current—voltage characteristics of the
interband cascade lasers at room temperature in continuous wave.

A calibrated thermopile detector and current source are
used to measure the output characteristics. The 25-pm-wide,
3-mm-long devices without HR/AR coated facets are mea-
sured. Figure 6 shows the light-current—voltage characteristics
of the interband cascade lasers at room temperature in con-
tinuous wave (CW) regime. The 25-pum wide ridge devices
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without coated facets show a low threshold current density of
267 A/ecm? and the lasers emit more than 41 mW of optical
power with a current of 0.6 A. Thus the differential quantum
efficiency is estimated to be 113.8 mW/A. In addition, we find
that when the current is greater than 0.5 A, the slope efficiency
of the device has decreased due to the thermal accumulation
effect. The degradation of the devices occurs when the cur-
rent is added to more than 0.6 A. The maximum output power
of 0.6 A is limited by thermal rollover. The turn-on voltage
is 3.8 V and the operation voltage increases rapidly as the
current increases which is mainly caused by the large series
resistance. The parasitic voltage drop is about 2.5 V and a
“voltage efficiency” is about 35%. The high parasitic voltage
drop and low voltage efficiency indicate that the series resis-
tance is very large compared to the result of NRL (voltage ef-
ficiency > 67%). At maximum current, the differential series
resistance tested at room temperature is 3.6 mQ.-cm? while the
differential series resistance is only 0.5 mQ-cm? of NRL.[!”]
This can be improved by optimizing the material growth espe-

cially the interface of different layers and the growth quality

of cladding layers.
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Fig. 6. (color online) The light-current—voltage characteristics of the
5-stage 25 pmx3 mm interband cascade lasers at room temperature in
continuous wave.

4. Conclusion and perspectives

In summary, we successfully grew the interband cascade
lasers by using optimal growth parameters. The cascade re-

gion of interband cascade laser was designed according to the

‘W’ configuration of active region and the ‘rebalancing of the
carriers’. The full structure of ICL includes lattice matched
superlattice cladding layers, GaSb SCLs, and cascade region.
The ICL was fabricated in a standard process. The 25-pum-
wide, 3-mm-long narrow-ridge devices (uncoated) emit up to
41.4 mW at room temperature in continuous wave. The thresh-
old current of ICL is about 267 A/cm? and its emission wave-
length is about 3.45 pm. Room-temperature continuous-wave
interband cascade laser has been realized. We believe that we
can get better device performance after further optimization.
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