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Abstract . In this paper, InAs-based type-II interband cascade lasers operating at the mid-infrared range were fabri-
cated and characterized. The maximum operating temperatures under pulsed and continuous wave (CW) operating
mode are determined to be 275 K and 226 K, respectively. The threshold current density is around 17 A/cm” at 80
K with an emission wavelength of approximate 3.8 pm. We analyzed the self-heating effects under CW mode and
further simulated the temperature contour by the finite element method. The results indicate that the self-heating
effect is a critical factor that limits the operating temperature under CW mode for our devices. Further optimization

of the heat dissipation performance would be an effective way to raise the operating temperature of these devices.
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Introduction

The concept of interband cascade lasers(1CLs) was
proposed by R. Yang in 1994'"). The ICLs have the ad-
vantages of cascade structure and interband carrier transi-
tion, promising for low threshold current and low power
consumption'>’. The first ICL was demonstrated in 1997

with an emission wavelength of 3. 8 pum"’. It reached
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room temperature operation under pulsed mode in
2001, and under continuous wave ( CW) mode in
2008"°'. Since then the structures of ICLs have been sig-
nificantly improved. InAs/GalnSb/InAs “ W’ shaped
quantum wells were used in the active core region to im-
prove optical gain'®’. The strategy called carrier rebal-
ancing significantly reduced threshold current density by
increasing the doping concentration in the electron injec-
tor”". Up to now, the ICLs have shown excellent per-
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formances in the mid-infrared (IR) region and have been
successfully used in gas detection, environmental monito-
ring, and many other fields. In particular, in the Mars
rover “curiosity” launched by National Aeronautics and
Space Administration (NASA) of the United States of A-
merica, the spectrometer was equipped with an ICL"™’.

Although the current ICLs have made significant
progress, self-heating effect is still one decisive factor af-
fecting their performances. Lots of exploration and efforts
have been carried out by researchers on this issue. By
measuring the thermal conductivity tensors of the clad-
ding and active layers using 3w method"*'*" | it has been
found that the poor heat dissipation in ICLs is mainly due
to the low thermal conductivity of the InAs/AlSb cladding
layers. Epitaxial side down ( Epi-down) mounting is an
effective method to alleviate this problem. Theoretical
and experimental results showed that Epi-down mounting
could realize a 4/3 improvement in thermal resist-
ance'""". Another way is to use the heavily doped InAs
as cladding layers ( called InAs-plasmon waveguide) in-
stead of the InAs/AlSb superlattices cladding layers due
to InAs’ s superior performance of thermal dissipa-
tion' ">, The thermal resistance measured for board ar-
ea devices is about 16 K e¢m’/kW for InAs-plasmon
waveguide ICLs, comparable lower than 30 K em’/kW
for InAs/AlISb waveguide devices'"'. In this paper,
we studied the self-heating effect on InAs-based ICLs,
and further obtained the actual temperature of the active
region under CW operating mode by simulation. Firstly,
we report the fabrication and characterization of InAs-
based ICL, then we analyze the self-heating effect under
CW operating mode by comparing the threshold current
densities under pulsed and CW operating mode. Finally,
the finite element method was used to simulate the self-
heating effects.

1 Experiments

The ICL structure consists of ten cascade stages as
the active core. Figure 1(a) shows the band edge dia-
gram of one cascade stage, which consists of an electron
injector, an active region and a hole injector from left to
right. The electron injector is composed of InAs/AlSh
multilayers. The mid four InAs wells in the electron in-
jector are N-doped ( ~1.5x 10" em ™) to act as an e-
lectron reservoir. The radiative transition takes place
from the electron subband of the InAs layer to the hole
subband of GalnSb layer in the active region. The holes
are injected from the GaSb/AlSb multiple quantum
wells. Highly Si-doped up to 1 x 10" ¢m ™ InAs layers
with a thickness of 1.6 um which have lower refractive
index than the core region, were used as both the bottom
and top cladding layers. Two 1.15 pm thick undoped I-
nAs spacers are grown between the cladding layers and
the active core in order to reduce the free carrier absorp-
tion loss. Figures 1(b-c) depicts the layer structure and
the refractive index diagram, as well as the optical mode
profile’>). The entire structure is grown by molecular
beam epitaxy (MBE) with a growth temperature around
500°C. The growth rate is calibrated by in-situ reflection
high energy electron diffraction ( RHEED ). The high-

resolution X-ray diffraction measurement of the epitaxial

structure is shown in Fig. 1(d). More than 30 sharp satel-
lite peaks can be clearly observed. The inset of Fig. 1(d)
shows the first three satellite peaks and the full width at
half maximum (FWHM) of the minus 1st diffraction sat-
ellite peak was only 28. 8, showing a high structural
quality. The periodic thickness of the cascade structure
is evaluated to be 571 A, only 0.35% deviating from the
design value, indicating a precise control of the material
growth.
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Fig.1 (a) Diagram of band edge structure (b) optical
mode profile and index profiles of the InAs plasmon en-
hanced waveguide, (c) InAs plasmon enhanced waveguide,
(d) high-resolution X-ray diffraction rocking curve of the
growth structure
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The epitaxy is then processed into ridge waveguide
devices. Stripes with widths ranging from 18 to 25 pm
are obtained by contact lithography and wet chemical
etching. Figure 2(a) is a scanning electron microscopy
(SEM) image of a device’ s facet with a ridge height of
20.6 pm, in which the top metal contact, cladding lay-
ers and spacers can be clearly observed. Moreover, a
cross-sectional transmission electron microscope ( TEM)
image of a single cascade region is shown in Fig. 2(b),
in which the electron injection, active region, and hole
injection region are marked out. Both pulsed and contin-
uous wave (CW) mode measurements were carried out
on the fabricated devices. Light-current-voltage ( L-I-V)
measurements under pulsed mode were conducted on a
home-made set-up using a mercury cadmium telluride
(MCT) detector. The duty cycle is 0. 5% with a pulse
width of 1us. The optical power under CW mode is
measured by a power meter. The emission spectra at dif-
ferent temperatures are also measured by a Fourier Trans-
form Infrared Spectrometer (FTIR).

2 Results and discussions
Figure 3 shows the emission spectra at different tem-

peratures under both pulsed and CW modes. Under
pulsed mode, the maximum operating temperature was
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Fig.2 (a) SEM image of a processed IC laser’ s facet,
(b) cross-sectional TEM image of a single cascade region
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275 K. The emission wavelength shifted from 3. 80 pm at
80 K to 4. 14 pum at 275 K with a rate of 1. 86 nm/K.
While the maximum operating temperature under CW
mode was 226 K with an emission wavelength of 4. 11
pm. The emission wavelength under CW mode is longer
than that under pulsed mode at the same heat sink tem-
perature,, which is caused by heat production from the
continuous current injection, leading to a higher temper-
ature at the active core region than the heat sink.
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Fig.3 Emission spectra under pulsed and CW
operating mode at different temperatures
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Figure 4 shows the dependence of the threshold cur-
rent density of a device with a stripe width of 20. 6 pm
and a length of 3 mm at different heat sink temperatures
under both pulsed and CW mode. Under pulsed mode it
was 17.0 A/cm” at 80 K (17. 2 A/cm’ under pulsed
mode ) , and increased to 1091.1 A/cm” at 275 K. The
threshold current densities under CW and pulsed mode
were close to each other at temperatures below 200 K,
while the values under two modes shows quite a differ-
ence when temperature is higher than 200 K, indicating
that self-heating starts to become significant at such tem-
peratures. This is consistent with the spectra measure-
ments that the emission wavelength under CW mode is
longer than that under pulsed mode at the same heat sink
temperature. The relationship between threshold current
density and temperature could be modeled as,

T
Jo(T) = J,,(Ty) el , (1)
where T is the characteristic temperature, T=T,, + AT

means the actual temperature at the core region. AT is
the temperature difference between the active core region

and the heat sink. Under pulsed mode, AT is set to be
0, thus 7 = T,,. The calculated result under pulsed
mode was shown as the black solid line in Fig. 4. T, of

50.3 K between 80 K and 230 K was then obtained,
which is a typical value of ICLs""®'.
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Fig.4 Dependence of the threshold current den-
sity on the heatsink temperature under pulsed and
CW operating mode
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Under CW operation, the continuously injected cur-
rents will produce a certain amount of Joule heat causing
a temperature gradient from the active core to the heat
sink. Figure 5(a) shows the temperature contour of an
ICL’ s half facet simulated by the finite element method
(FEM). The solid heat transfer model was used in this
simulation. The heat source was set at the core region,
the temperature of the copper heat sink was set as con-
stant, and adiabatic boundary conditions were set at oth-
er boundaries. The thermal conductivity coefficients of 27
W/(m - K) for InAs and 1.5 W/(m - K) for the active
core region was adopted''”’. The temperature difference
AT between the active core and the heat sink at different
heat sink temperatures obtained through FEM simulation
is shown in Fig. 5(b) as the dotted dash red line. The
temperature difference AT can also be estimated by com-
paring the temperatures at which the pulsed mode and
CW mode have the same threshold currents assuming the
Joule heat is negligible under pulsed mode. For doing
s0, we may go back to Fig. 4. At a certain heat sink tem-
perature T, one may have a threshold current density
under pulsed mode. For this threshold current density,
one may then locate another temperature T, under CW
mode. The AT( =T, - T,) as a function of heat sink
temperature is shown in Fig. 5(b) as black stars. The
simulation results are well consistent with and the experi-
mental data. For example, at a heat sink temperature of
220 K, the estimated AT by comparing threshold currents
at the two operating modes is 29.3 K, and a similar val-
ue of 31.9 K was obtained by FEM simulation. It should
be noticed that AT increases exponentially when the heat
sink temperature is higher than 180 K. This is the major
reason that the maximum CW operating temperature is 49
K lower than the maximum pulsed operation temperature.
Advanced device processing methods, such as electropla-
ting or Epi-side down mounting will help to increase the
CW operating temperature.
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Fig.5 (a) Temperature contour of an ICL’ s half face un-
der the threshold at 220 K simulated by FEM method, (b)
experimental value and model value of temperature difference
between the active region and heat sink under CW mode
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3 Conclusions

In summary, we have grown high-quality InAs
based type-II interband cascade lasers by MBE. The la-
ser emission wavelength is around 4 pm, with a maxi-
mum operating temperature of 275 K under pulsed mode
and 226 K under CW mode. The threshold current densi-
ty at 80 K is 17.0 A/cm’ under pulsed mode and 17.2
A/cm’ under CW mode. At last, the self-heating at the
active region under CW mode has been discussed. The
results show that the self-heating effect would limit the
device performance when operated above 180 K under
CW mode. Further studies are underway on structure op-
timization and device packaging to elevate device per-
formances.
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