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Abstract

In this work, we briefly review the development and status of interband cascade lasers (ICLs) as related
to long-standing issues due to the InAs/AlSb superlattice cladding. By focusing on a hybrid cladding
approach to alleviate these issues, we demonstrate substantially improved device performance of ICLs
compared to earlier reported ICLs of a similar design in the 3 to 4 um wavelength region. These
improvements include a threshold current density for broad-area devices as low as 134 A/cm? at 300 K and
reduced threshold voltage with a peak voltage efficiency of 80%, which is more than 10% higher than that
obtained from previously reported ICLs. Moreover, we have demonstrated continuous wave (cw) operation
of'a broad-area device up to 278 K, the highest cw operating temperature among epi-side up mounted broad-
area type-1I ICLs, implying improved thermal dissipation with the hybrid cladding approach. Additionally,
by conducting a comparative study of ICLs with different GaSb layer thicknesses in the hole injector, we
reveal and discuss an interesting correlation between the carrier transport, threshold voltage, and hole-
induced absorption loss, which may help to guide device optimization for operation in a targeted
temperature range.
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1. Introduction and Brief Review

Interband cascade lasers (ICLs) [1-2] are constructed by taking advantage of the broken-gap alignment
in III-V Sb-based heterostructures [3-4] to form a cascade configuration that reuses every injected electron
to emit multiple photons with a high quantum efficiency as shown in Fig. 1. The ICL’s cascade feature is
similar to the one used by a quantum cascade laser (QCL), which is based on intersubband transitions [5]
within the conduction band. In contrast to the QCL, the ICL is based on electronic transitions across the
bandgap between the conduction (C) and valence (V)
bands (Fig. 1) so that the fast phonon scattering
inherent in QCLs is circumvented. As such, the
population inversion can be more easily established
between two interband transition states with a much
longer carrier lifetime (~ns) compared to a short
lifetime (~ps or shorter) in QCLs. Consequently,
together with the cascade injection, ICLs have a
significantly reduced threshold current density and
voltage, translating to a low power consumption. _
Also, the emission wavelength of ICLs with type-II | Fig- 1 Schematic illustration of an ICL, in which
quantum well (QW) active regions can be tailored to dashed lines indicate seml-metall'lc interfaces where

. . electrons and holes are generated internally duo to the
cover an entire mid-infrared (IR) spectrum (e.g., 3 to broken-band i tin tvpe-IT hoterostruct
L . roken-bandgap alignment in type eterostructure.
15 pm) by merely adjusting QW layer thicknesses.

Since the first proposal of the ICL concept at a conference in 1994 [1,2], followed by encouraging
modeling results [6] and insightful assessments from equivalent circuit perspectives [7] in 1996, as well as
the first experimental demonstration in early 1997 [8], enormous progress has been made in the
development of ICLs [9-24]. This has occurred despite the relative immaturity of the Sb-based material
system and an incomplete understanding of the best practices for epitaxial growth and device
fabrication/packaging techniques. Type-II ICLs now exhibit excellent device performance in continuous
wave (cw) operation at temperatures up to 115°C with low threshold-current densities (e.g., 100 A/cm? at
300 K) [18, 20], low power consumption (<0.1 W at threshold at 300 K), high output power (exceeding
500 mW at 300K [19]), with wavelength coverage from 2.7 to 6.2 um at room temperature (RT) in cw
operation [21-24]. In general, ICLs are an attractive mid-IR source for many applications such as free-space
optical communication, industrial process control, chemical sensing, environmental and greenhouse gas
monitoring, and food safety. The RT threshold-input-power density of recent ICLs is as low as 0.35 kW/cm?,
an order of magnitude lower than that reported for the best QCL [15, 20], indicating the superiority of ICLs
as energy-efficient mid-IR light sources for practical applications. For example, single-mode distributed
feedback (DFB) ICLs [25-27] have been developed and used in the laboratory, on aircraft and high-altitude
balloon instruments, and on the Mars Curiosity rover for measuring H,CO, C;Hg, C;H4, CO, atmospheric
CH,4 and HCI profiles [28-35]. To date, efficient operation of type-II ICLs grown on both GaSb and InAs
substrates have been demonstrated above RT in the wavelength range from 4 to 6 um [21-24, 36-38].
However, extending this efficiency to wavelengths spanning the 6 um to 15 pm region is more challenging
and is being addressed by InAs-based ICLs using a plasmon waveguide approach [21, 39-41] and an
innovative design for the QW active region [42-44], which has resulted in initial demonstration of lasing
up to 14.4 pum [44].

Although excellent device performance has been achieved in the wavelength range from 3 to 6 um,
there are several outstanding issues in GaSb-based type-II ICLs that arise from the use of thick (several
microns) InAs/AlSb short-period superlattice (SL) cladding layers. The SL cladding region typically has
more than 2000 interfaces and is very demanding for growth by molecular beam epitaxy (MBE) with so
many shutter movements. Also, it may be difficult to achieve high-quality strain-balanced material because
of possible beam flux variations over very long (many hours) growth runs. Furthermore, this InAs/AlSb
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SL has a low thermal conductivity k (~3 W/m-K [45-47]) and thick SL layers cause considerable
accumulation of heat, which limits the output power of ICLs and may also lead to reliability issues with
local strain and thermal stress. Additionally, the SL cladding layer has a refractive index (~3.37) that is only
slightly smaller than that of the cascade region (3.43 to 3.47), so the cladding layer must be quite thick to
properly confine the optical wave. Reducing this thickness would lead to substantial leakage of the optical
wave into the GaSb substrate (refractive index ~3.8), resulting in undesirable optical loss and the
interference with substrate modes. Hence, if the SL cladding layer can be replaced even partially so with a
more appropriate material, the ICL performance will improve significantly in terms of attainable cw output
power and reliability.

Alternatively, Al-rich quaternary AlGaAsSb cladding layers were employed in ICLs [48-50] due to its
lower refractive index (~3.3 [51]) and somewhat higher thermal conductivity (~7 W/m-K [46]) compared
to the SL cladding layer. However, the RT threshold current density Js of ICLs with AlGaAsSb cladding
layers was 220 A/cm? in the first two initial attempts, which is higher than 134 A/cm? that was achieved by
a similar ICL with the SL cladding layers [20]. Additionally, ICLs with AlGaAsSb cladding layers had a
larger threshold voltage Vi with a lower voltage efficiency due probably to the higher bandgap of
AlGaAsSb. Recently, the device performance of ICLs with AlGaAsSb cladding layers was substantially
improved with a Ju of 130 A/cm? at 20°C with a cavity length of 2.9 mm [50]. However, the threshold
voltage remained relatively high (~4.12 V) for a 5-stage device operating near 3.4 um, corresponding to a
voltage efficiency of 44%, which is much less than state-of-the-art GaSb-based ICLs (~80%) with the
traditional SL cladding. The AlGaAsSb cladding layers were commonly used in conventional GaSb-based
type-I QW lasers [52-53] and have been used for type-I ICLs with excellent device performance [54-55].
Hence, there should still be potential for AlGaAsSb cladding layers to be explored in type-II ICLs to
advance the device performance further.

On the other hand, heavily doped semiconductors, such as n'-type InAs, can have a much lower
refractive index and should be effective optical cladding materials for achieving superior confinement.
Heavily doped n'-type InAs layers were first adopted as cladding layers in plasmon enhanced waveguide
QCLs [56-58] but should be more favorable for the transverse electric (TE) polarization of ICLs in contrast
to the transverse magnetic (TM) polarization of QCLs. Initial development and study of InAs-based ICLs
were carried out from 2008 at the University of Oklahoma [39-40, 59-61]. However, the tradeoff in using
the heavily doped InAs comes at the cost of a much larger free-carrier absorption loss. To alleviate such a
loss, early InAs-based plasmon waveguide ICLs used relatively thick (e.g., >1 um) undoped InAs layers as
separate confinement layers (SCLs). This resulted in a significant portion of the optical intensity profile
residing in the thick SCL region leading to a reduction of the optical confinement within the cascade active
region, which lowered the attainable optical gain. Therefore, although lasing was demonstrated in a wide
wavelength range beyond 11 pum, desirable device performance such as high output power with low
threshold current and especially cw operation at RT, has not been achieved in these plasmon waveguide
ICLs. To improve upon this, the InAs/AISb SL layer was introduced again in 2015 as an intermediate
cladding layer to replace a portion of the undoped InAs SCL in the plasmon waveguide ICLs [36], which
enhanced the optical confinement with the gain region and suppressed the extent of the optical wave into
the plasmon cladding, simultaneously reducing the free-carrier loss in the n*-InAs outer cladding layers.
Consequently, the threshold current density of these ICLs with the so-called hybrid cladding was reduced
substantially with cw operation at RT and above [36] and with a high voltage efficiency (>85% [37])
demonstrated. Later, this approach was explored in long wavelength InAs-based ICLs [21, 42-44,62] with
improved device performance and GaSb-based ICLs in the wavelength range of 4 to 6 um [63-64]. A
GaSb-based ICL with the hybrid cladding layer showed a RT threshold current density of 220 A/cm? at a
wavelength near 4.8 pm [63], breaking the previous record of 247A/cm? obtained from InAs-based ICLs.
For the GaSb-based ICLs with the hybrid cladding layers, heavily n-type doped InAsooiSboos (lattice
matched to GaSb) plasmon layers were used instead of heavily n-doped InAs for the outer cladding, while
the InAs/AISb SL was used as the intermediate cladding and had a reduced thickness. The SCL was formed
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from relatively lightly n-doped GaSb. The thermal conductivity of InAsSb (15 W/(m-K) [65]) is
approximately five times that of a SL cladding layer, which should help to improve the thermal dissipation
of the GaSb-based ICLs. Recently, we applied this hybrid cladding layer approach to GaSb-based ICLs in
the 3-4 um wavelength region and obtained encouraging results [66]. However, due mainly to the
significant deviations (>10%) in layer thicknesses during MBE growth from the designed values, the device
performance did not meet expectations. Hence, to investigate how well GaSb-based ICLs in this wavelength
range can perform with the hybrid cladding layers, two new ICL wafers were recently grown and
corresponding devices were made from them. As will be described below, the devices showed substantially
improved device performance with the hybrid cladding layers, suggesting promising potential of this hybrid
cladding approach.

2. Material Growth and Device Fabrication

Two ICL wafers, YO88L and YO89L, were
grown by MBE using a Veeco GENxplor with As 30 active
and Sb supplied from valved cracking sources, in [Ee
order to achieve good agreement in grown layer
thicknesses with the designed values. They are based
on the same designs that were used for previous ICL
wafer YO86L [66]. All of the ICL wafers reported
here have six cascade stages (N.) with a commonly
adopted W-QW [4, 67] active region consisting of a
layer sequence of AlISb/InAs/Gag.elng.4Sb/InAs/AlSb
(25/16.5/28/14/12 in A) in the growth direction. W O™ Biectron Injector
They all shared a similar design except the osf hole Imector
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thicknesses of the GaSb layers in the hole injectors 0 10 2 30 40 50 60
for YO89L were increased by ~10% compared to that | _ Distance (am)
for YO86L and YOS8SL. This difference may affect Fig. 2 Band diagram and layer structure of cascade
. - stage. For wafer YO88L, the thickness (in unit of A)

the carrier transport and other device performance . L X

haracteristics. The increase of the GaSb QW of each layer in one stage beginning at the barrier
ch " . separating the electron injector and the active region is
thicknesses will shift the hole levels toward the 25.16.5.28. 14. 12.32. 12.48.21. 41. 12.33. 12.27
valence band edge of GaSb to widen the interband | 12 22,12, 19, 12 and 16.5.

tunneling window [68] under a forward bias voltage,

Top Au/Ti metal contact Broad-area Interband Cascade Laser

\
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Top intermediate cladding \

Connection region
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Bottom n*-InAs,_ Sb, ., outer cladding
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Bottom Au/Ti metal contact

Fig. 3 A schematic layer structure of a broad-area ICL device with hybrid cladding layers, showing various
functional segments and metal contacts.
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leading to a reduced voltage for smooth transport. The effects of this will be discussed in section 3. The
band edge diagram for one and a half cascade periods is shown in Fig. 2 for wafer YO88L, where the center
4 QWs in the electron injector were doped with Si at 4.3x10'® ¢cm™ based on the perspective of carrier
rebalancing [15]. The cascade stages are sandwiched between two 2100 A-thick lightly Te doped (2.7x10'7
cm?) GaSb SCLs and two 0.75-pum-thick n-doped (1.5%10'7cm™) InAs/AlSb intermediate SL cladding
layers, followed by 1.0-um-thick bottom and 0.75-pum-thick top n*-doped (3.2x10"cm™) InAso91Sbo oo
layers as shown in Fig. 3. The InAs/AlSb connection regions between main functional segments are
illustrated in the inset.

The material quality of these ICL wafers and the
surface morphology were examined by X-ray diffraction
(XRD) and differential-interference-contrast microscopy
(DIC). The DIC analysis showed a defect density range
0f 2.4x10% to 3.5x10° cm™ across the two new ICL wafers
(YO88L and YO89L). Fig. 4. depicts the measured (blue)
x-ray diffraction patten for wafer YOS88L and the
corresponding simulated pattern (orange), exhibiting
close agreement. The measured x-ray diffraction patten
for wafer YO89L is similar. According to the satellite 106 U T I T TN
peaks, the eXtraCted InAS/Ale SL perlod 11’1 Y088L and =10000  -7500  —5000 —2‘;}()]-20 (Zrcsc:;[}() 5000 7500 10000
YO89L was thinner by 1.2% and 2.2% than the design,
respectively. Furthermore, the cascade region in YO88L
was about 1.5% thinner than intended, while the cascade
region in YO89L was thinner by just 0.075%. Compared
to the significant deviations of the SL and cascade region
layer thicknesses observed from the previous ICL wafers
[66], the layer thickness errors in the two new wafers were greatly reduced. Table 1 presents a
comprehensive comparison of the measured structural deviations and performance features for three of the
ICL devices measured at 300 K, including their maximum cw operating temperatures Tew,max.
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Fig. 4 The experimental measured XRD pattern
for YO88L (blue) with corresponding simulation
results (orange). The origin for the x-axis is at
(004) peak for the GaSb substrate.

Table 1. Summary of layer thickness and the best device performance features at 300 K.
Thickness deviation

Wafer —gp (%) | Cascade (%) A (um) Jin (A/cm?) Vi (V) Ny (%) Tew.max (K)
YO086L +16.2 +13.4 3.824 154 3.02 64.4 260
YO088L -1.2 -1.5 3.620 134 2.73 74.9 278
YO089L 2.2 +0.075 3.615 138 2.78 73.4 273

Pieces from the two wafers were fabricated into 100-pm-wide (e.g., YOS8LBA1-2B and YOS9LBA1-
4G) and 150 pm-wide (e.g., YOS88LBA1-4C and YO89LBA1-3C) broad area (BA) mesas using wet
chemical etching and standard UV contact photolithography. They were then cleaved into laser bars with
cavity lengths (L) of approximately 2 mm and 3 mm. The substrates were not thinned nor were the facets
coated. The laser bars were mounted epi-side up on copper heat sinks for testing.
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3. Device performance results and discussion

Emission spectra from the fabricated ICLs were
obtained using a Nicolet 8700 Fourier transform M= YOSSLBAI-TH —»— YOSSLBAI-3A P !
infrared spectrometer (FTIR). A PM3 Coherent | ¢ o 1322122:;; +§%§L[i?\',fl') R@ £ 10
PowerMax thermopile power meter was used to § 10005 i_:_igig:gﬁ:;z P P
collect the cw output power of the ICLs, in which the = Q] —4— YORILBA [-3C & ~
beam divergence loss was not included. Hence, the | 'z triangles: L=3 mm ﬁ;.’?' B 8=
reported output power and EQE of the devices | & jqoJ Ohers:£=2mm &N ¢ b &
presented later are conservative. Fig. 5 summarizes | & T, ~ 56K - e <
the threshold characteristics of many devices made 5 v =
from both ICL wafers, which were able to operatein | = | | solid: cw E g
cw and pulsed modes. Among them, YO88LBA1-1F, | £ open: pulied 4 kg
YO088LBA1-4C, YO88LBA1-4D, and YO89LBA1- | E a8 _3
3C are 150-um-wide devices, while the other devices a Y
are 100-pm-wide devices. In cw operation, there T e Y A 2
were noticeable variations in the threshold current Temperature (K)
density (Jm) and maximum operating temperature, |Fig. 5 Threshold current density (Ji) and threshold
which we attribute to heating effects within the | voltage (Vi) as a function of temperature for devices
devices due to various device size as well as possible | from the two new ICL wafers.

nonuniformities among the wafers. In pulsed
operation with 1 ps pulses at a repetition rate of 5 kHz in the temperature range from 200 to 360 K, the
devices exhibited quite similar Ji values, which were somewhat lower with the 3-mm cavity length due to
a smaller mirror loss compared to the 2-mm cavity. In this temperature range, the characteristic temperature
(To) is estimated to be about 56 K for the 3-mm-long devices from wafer YO88L, and 54 K for the devices
from wafer YO89L. These values are higher than the Ty of~ 48 K reported in Ref. 66 for devices from the
early wafer YO86L. When the devices were operated above 360 K, the heating became non-negligible under
pulsed operation due to the large (~ several Amperes) injection current required to achieve lasing along
with a relatively high threshold voltage (>5 V), and consequently the Ji increased with temperature at a
fast pace. Nevertheless, the relatively small (100 pumx2 mm) BA devices YOS8LBA1-1H and YOS8LBA1-
2B could still be operated at temperatures above 380 K or even slightly above 400 K. At 395 K and above,
the pulse width was reduced to 200 ns to minimize the heating. Compared to devices made from previous
ICL wafers [66], the devices from the two new wafers could operate over a wider temperature range and
had reduced threshold current densities in pulsed et

T~3.63

|

operation at 300 K and above as shown in Table 1 and YOSSLBAL-2B 100 pm x 2 mm
Fig. 5. In the following subsections, detailed
performance characteristics for the representative
devices from each of the new ICL wafers will be

described and discussed.

550mA, 3.50V, 278K

cw

3.1. Device performance of YO88L

~3.42
92mA, 3.32V, 200K

As shown in Fig. 6, a representative 100-um-
wide and 2-mm-long device (YO8SLBA1-2B) lased

SomA, 3.48V, 160K

Normalized Intensity (arb. u.)

in cw mode from 80 K with an emission wavelength _A_J.\‘" N {0mA, 3,74V, 120K
of 3.18 um up to 278 K at 3.63 um with a Jy, of 275 o~

A/cm? and a Vi of 3.5 V, corresponding to a voltage

efficiency (7v) of 59%. This Tew.max of 278 K is 18 K s a2 s 34 s 36 37

3J\I\/avelength (um)
Fig. 6 The cw lasing spectra for YOS8LBA1-2B along
with the threshold current and threshold voltage and
emission wavelength at each temperature.

higher than the maximum cw operating temperature
0f 260 K for ICLs made from the early wafer YO86L
[66], and is the highest cw operating temperature ever
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reported among BA epi-side up mounted type-II ICLs, suggesting improved thermal dissipation due to the
hybrid cladding layer approach. This device had a cw threshold current density Ju of 14.4 A/cm? and a
threshold voltage Vi, 0f 4.04 V at 80 K, which is acceptable, but significantly higher than the lowest value
(2-3 A/cm? [21]) reported among BA ICLs at 80 K. Another 150 um-wide and 3-mm-long device
(YO88LBA1-4D) had a smaller Ji of 11.5 A/cm? due to a smaller mirror loss, which is substantially larger
than the Ju (~7 A/cm?) of a 3-mm-long device from the early wafer YO86L. All of these devices have a
similar defect density in the range from 1-5x10° cm? from DIC microscopy and are expected to have
comparably low Shockley-Read-Hall (SRH) recombination losses, except for a 100 pm-wide and 3-mm-
long device YOS88LBA1-3A that was cleaved from the edge of the wafer and had a Ji of 16.6 A/cm? at 80
K. The higher Ji for YO88L at 80 K might be related to possible variations in device processing/mounting.
Nevertheless, the observed external quantum efficiency (EQE) at all temperatures for devices from Y088L
is somewhat higher than that for the device from the early wafer YO86L. For example, the cw current-
voltage-light (IVL) characteristics shown in Fig. 7 for device YO88LBAI1-1F, yield an extracted EQE of
248% at 80 K, that falls to 101% at 250 K, which is higher than the reported EQE of 210% and 85% for a
device from the early wafer YO86L at the same temperatures. This implies the internal optical loss in wafer
YO88L could be lower compared to that in YO86L, which may have played an important role in the
improved high temperature operation of devices made from YO88L. This will be elaborated below.

. . 160 | | 000 s Liiiiaais, Laiaisausns Liasisiin, Lisiiaaia,
4] - YO088LBA1-1F Y088LBA1-4C/D 150 pm x 3 mm ~3.78
150 pm x 2 mm ; ) ) .
1140 5.06 A, 5.56V, 380K
—_ - N
11203 3
34 =]
BOK EQE = 248% IOOQ g o
. E
> = z
= 160K EQE =235% | 20 é % ~~3.67
%‘3 2 5 2 | 097A, 294V, 320K
S 200K EQE=172% J¢q 2 2 ~3.64 e
3 2 8 | Pulsed mode 604mA, 2.74V, 300K
=}
= 1 s, 5 kHz ~SN3.59
! 140 E‘ g - A 9 130mA, 2.69V, 280K
— = z ey
ssox 320 ©
EQE=101%{ | | = e i e e Aias e
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Current (mA) Wavelength (um)
Fig. 7 The cw IVL characteristics for YOS8LBA1-1F Fig. 8 The pulsed lasing spectra for YO88LBA1-4C/D
from 80K to 250K along with the corresponding EQE along with the threshold current, threshold voltage,
values. and emission wavelength at each temperature step.

As mentioned earlier, wafers YO88L and YO86L shared the same design, but the actual SL and cascade
layer thicknesses from MBE growth, according to XRD measurements, were more than 10% thicker in the
early wafer YO86L, compared to the intended design as shown in Table 1. As XRD can only probe the
average cascade period, it can be hard to know exactly where deviations occurred during growth. However,
as the strain balance is maintained in the entire structure with an average defect density below 5x10° cm?,
it is reasonable to assume a uniform distribution in the growth error of the cascade period. As a result of
this increased thickness, the hole levels in the hole injector shifted toward to the GaSb valence band edge
and the electron levels in the electron injector shifted towards the InAs conduction band edge, which
widened the interband tunneling window between the GaSb valence band edge in the hole injector and the
InAs conduction band edge in the electron injector [68] under a given bias voltage, resulting in a smoother
carrier transport and a reduced threshold voltage at 80 K. This might be a factor as to why the Vi, was
higher in devices from YOS88L at 80 K, as such large structural deviations were remedied in the growth
process for the newer ICL wafer. The resulting thinner QW layers in YO88L would require a larger voltage
to open up the interband tunneling window, leading to a relatively higher threshold current density at 80 K.

7
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On the other hand, the thicker GaSb layers in the early wafer YO86L provided more space for holes, which
may have caused additional absorption loss. This extra absorption loss due to more holes in the GaSb layers
could become more significant with increasing temperature, while the interband tunneling window widened
with improved carrier transport due to the narrowing of the bandgap at the higher temperatures.
Consequently, the threshold current density Ji for devices made from YO86L increased with temperature
at a faster pace with a lower Ty (48 K), while the threshold voltage Vi for devices made from Y088L
decreased in the range from 80 to ~260 K as shown in Fig. 5 and its Ji increased with temperature at a
slower pace with a higher Ty (56 K), resulting in relatively low Ju at high temperatures as also shown in
Fig. 5. For example, device YOS8LBA1-4D at 360 K had a pulsed Ju of 569 A/cm?, which is significantly
lower than the value (Js, = 1100 A/cm?) for a device from Y086L at the same temperature.

YO8SLBAI-IH 100 pm * 2 mm ~a 7 N 0 0 N N O O O O A
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Fig. 9 The pulsed lasing spectra for YO88LBAI-1H | Fig. 10 Voltage efficiency at cw and pulsed modes as a
along with the threshold current, threshold voltage, and | function of temperature for YO88L and YO89L.
emission wavelength at each temperature step.

In pulsed operation, two 150-um wide and 3-mm-long devices (YO88LBA1-4C/D as shown in Fig. 8)
lased at temperatures up to 380 K, while two 100-um wide and 2-mm-long devices (YO88LBA1-1H/2B as
shown in Fig. 9 and Fig. 5) lased up to 400 K. These devices exhibited an emission wavelength of
approximately 3.78 and 3.76 um at their maximum operating temperatures, with J;, = 1120 A/cm? and 3850
A/cm?, respectively. This operating temperature is 20 K higher than that of the device from Y086L. At 300
K, these devices emitted at wavelengths of 3.64 (Fig. 8) and 3.62 um (Fig. 9) with measured Ji, of 134
Alem?, 152 A/em? (Fig. 9) and 148 A/cm? (for YOS88LBAI-2B in Fig. 5), respectively. The Ju for the
comparable 3-mm-long device is 12.9% smaller than that of the device from Y086L, which could be due
to the lower absorption loss from the GaSb layers as discussed above. Their Vg at 300 K were 2.74 V (Fig.
8) and 2.92 V (for YO88LBA1-2B in Fig. 5), respectively, which for the comparable device is 9.2% lower
than that of YO86L. The voltage efficiency 7, for YO88L reached ~75% at 300 K as shown in Fig. 10 and
might peak at about 80% near 250 K. The value of 7, is generally higher for the 3-mm-long devices due to
their lower Ji, compared to the 2-mm-long devices. However, for all of them, the voltage efficiencies have
a similar non-monotonic relation with temperature. This was due to the improvement of carrier transport
with narrowing the bandgap and widening the interband tunneling window when temperature was increased,
which resulted in a reduced threshold voltage before Ji, was increased overwhelmingly. The increase of the
voltage efficiency when the temperature was raised from 80 to 240-250 K (depending on individual devices
with different sizes) indicates an additional benefit of improved carrier transport with increasing
temperature. This behavior was also observed in InAs-based ICLs [37] and should provide helpful guidance
in the optimization of ICL performance at the targeted temperature range.
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3.2. Device performance of YO89L

A 100-pm-wide and 2-mm-long representative device from the second ICL wafer (YO89LBA1-4G),
which included the thicker GaSb hole injector, lased at 80 K in cw mode with an emission wavelength of
3.19 um, Ji of 11.5 A/em?, and Vi, 0f 3.51 V, as shown in Fig. 11. This Vi is 13% lower than that of YOSSL,

corresponding to a voltage efficiency of 68%, which
was higher than achieved (~ 62% at 80 K as shown in
Fig. 10) for the device from YO88L. This is attributed
to the improved carrier transport from the thicker
GaSb layers in the hole injector compared to YOS8L,
supporting the earlier discussion in subsection 3.1 in
comparison with devices from Y086L. This device
lased in cw mode at a temperature up to 273 K at an
emission wavelength of 3.67 um with a Ju of 300
A/cm? and Vi, 0f 2.80 V. This temperature is similarly
higher than what was previously reported for BA ICLs
and again demonstrated the associated improved
thermal dissipation with the hybrid cladding layer
approach. As shown by the IVL characteristics in Fig.
12 for another representative 100-pum-wide device
(YO89LBAI1-2@G), the extracted EQEs of 231% at 80
K and 126% at 240 K were comparable to, but slightly
lower than that for devices from YO88L. This could
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Fig. 11 The CW emission spectra for YO89LBA1-4G
along with the threshold current, threshold voltage,
and emission wavelength at each temperature.

be due to the extra absorption loss in the thicker GaSb
layers discussed above, which resulted in a slightly higher threshold current density at 300 K as shown in
Table 1 and a lower Ty (54 K) in pulsed operation.

In pulsed operation with 1 ps pulses at 5 kHz, a 150-um-wide device (YOS89LBA1-3C) lased up to 380
K, while the 100-um wide devices lased up to 390 K as limited by the pulsed current source. The pulsed
spectra for the representative 150-pm-wide and 3-mm-long device YOS9LBA1-3C are shown in Fig. 13.
At the maximum operating temperature, the 150- and 100-pm wide devices had an emission wavelength of
3.76 um and 3.77 um with threshold current densities of Ju = 1044 and 2705 A/cm?, respectively. At 300
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Fig. 12 The cw ICL characteristics for YOS9LBA1-2G
from 80K to 260K along with the corresponding EQE
values.

Fig. 13 The pulsed lasing spectra for YOS9LBA1-3C
along with the threshold current, threshold voltage and
emission wavelength at each temperature step.
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K, their emission wavelengths were 3.60 um with Ji, of 138 A/cm? for a 3-mm cavity length and 162 A/cm?
for a 2-mm cavity length, which are slightly larger values than the Ju of YO88L. Their threshold voltages
were Vi = 2.79 and 2.93 V, respectively, leading to voltage efficiencies of 74% and 70%. Their voltage
efficiencies, in most cases as shown in Fig. 10, are slightly larger than their counterparts from the YO88L
wafer with thinner GaSb layers in the hole injector, further supporting the improvement of the carrier
transport associated with widening the interband tunneling window via increased GaSb layer thickness in
the hole injector. Their voltage efficiencies have a similar non-monotonic relation with temperature as
shown in Fig. 10, which will be explored by further studies of device performance optimization at a targeted
temperature range.

3.3. Modeling and Further Discussion

To evaluate the free-carrier absorption loss and other associated optical properties for these new ICLs,
a waveguide simulation was generated based on ICL wafer YO88L at 300 K, as shown in Fig. 14. The small

1.4 ‘ ‘ , 4.0 adjustments to the GaSb hole injector layer thickness
SCL - SCL in the cascade active region for devices from Y089L
(35 are not anticipated to affect the overall optical wave
profile and the subsequent optical properties of the
device. In the simulation, the estimated waveguide
loss reported is due only to free-carrier loss, and
therefore possible absorption loss due to inter-
valence-subband transitions is not included. Also,
the effect of a potentially reduced electron
concentration due to diffusion of electrons across the
injector to recombine with holes is not considered.
The displayed results include calculated values of the
free-carrier loss (o), optical confinement factor (I'),

Int. SL cladding Int. SL cladding

o
=
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0917 70,09

ot
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I~ 21.96%
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Position Z (um) (ner). The estimated value of the free-carrier
Fig. 14 The calculated optical modal profile and | 4pqrption loss is 6.67 cm™!, which is slightly higher
refractive index for YO88L at 300K and the observed han the calculated free-carrier absorption loss of
lasing wavelength. than g P
6.52 cm™ for YO86L [66]. It should be noted that
devices made from YO086L lased at a longer
wavelength of 3.824 um at 300 K, which might cause more free-carrier absorption loss in the plasmon
cladding layers as the emission wavelength was closer to the plasmon wavelength A;, despite the three ICL
wafers (YO86L, YO88L, and YO89L) having the same electron concentration. However, as indicated in
Table 1, the SL cladding layers in YO86L are more than 15% thicker than the designed value, which
suppresses the wave penetration into the heavily doped InAsSb layer and consequently can reduce the free-
carrier loss from the InAsSb outer cladding layers. Hence, considering the nearly identical free-carrier
absorption loss for wafers YO86L and YOS8L, the differences in threshold current density at high
temperatures might be caused mainly by the possible additional loss from the GaSb layers in the hole
injector, which again supports the analyses presented earlier. Besides, due to the substantially increased SL
cladding layer, thermal dissipation in YO86L might be worse, which could have contributed to the lower
maximum cw operating compared to YO88L. Moreover, this waveguide structure was initially designed for
devices emitting at 3.3 um at 300 K, but devices made from the two new wafers lased at 3.6 um, which is
0.3 um longer than the targeted value. Since this waveguide is not optimally designed for this emission
wavelength, the optical field leaks more into the high-doped plasmon cladding layer with a 30% higher
free-carrier absorption loss than the intended design of ~5.13 cm!. Hence, the device performance of ICLs
with the hybrid cladding layer can be improved further with adjustments of the waveguide parameters.

(=]
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4. Summary and Concluding Remarks

By briefly reviewing the development of ICLs, long-standing issues related to the SL cladding layer
were discussed with possible solutions and efforts. Focusing on the hybrid cladding layer approach, devices
made from two recently grown ICL wafers were investigated and compared with previously reported ICLs.
Significantly improved device performance was achieved for these ICLs with hybrid cladding layers. This
includes cw operation of a BA device up to 278 K, the highest among reported BA type-II ICLs, suggesting
improved thermal dissipation with the hybrid cladding approach. Also, despite the possible high free-carrier
absorption loss from the heavily doped n"-InAso.01Sbo.oo outer cladding layer and a non-optimal waveguide,
the threshold current density was as low as 134 A/cm? at 300 K, similar to that from state-of-the-ICLs with
traditional SL cladding layers. Furthermore, these ICLs exhibited a substantially reduced threshold voltage
with a peak voltage efficiency of 80%, which is more than a 10% increase compared to similar ICLs
reported earlier [66]. On the other hand, through comparative study of ICLs with different layer thicknesses
of GaSb QWs in the hole injector, an interesting relation between the carrier transport, threshold voltage
and additional hole-induced absorption loss was revealed and discussed. Its temperature dependence, as
reflected by a non-monotonic relationship between the voltage efficiency and temperature, may shed light
that can guide device optimization for operation at a targeted temperature range. These findings and
improved device performance features suggest significant room for ICLs with the hybrid cladding to
advance further. Additionally, this ICL configuration with the highly doped InAsSb outer cladding layer
will be beneficial to lateral current conduction when the ICL structure is grown on a semi-insulating
substrate such as Si [69] or GaAs.
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