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ABSTRACT

Room-temperature, pulsed-operation lasing of 8.5 um-emitting InP-based quantum cascade lasers (QCLs), with low threshold-current den-
sity and watt-level output power, is demonstrated from structures grown on (001) GaAs substrates by metal-organic chemical vapor deposi-
tion. Prior to growing the laser structure, which contains a 35-stage Ings;Gag47As/Ings,Alp45As lattice-matched active-core region, a
~2 um-thick nearly fully relaxed InP buffer with strained 1.6 nm-thick InAs quantum-dot-like dislocation-filter layers was grown. A smooth
terminal buffer-layer surface, with roughness as low as 0.4nm on a 10 x 10 um?® scale, was obtained, while the estimated threading-
dislocation density was in the mid-range x 10°cm™>. A series of measurements, on lasers grown on InP metamorphic buffer layers (MBLs)
and on native InP substrates, were performed for understanding the impact of the buffer-layer’s surface roughness, residual strain, and
threading-dislocation density on unipolar devices such as QCLs. As-cleaved devices, grown on InP MBLs, were fabricated as 25 um x 3 mm
deep-etched ridge guides with lateral current injection. The results are pulsed maximum output power of 1.95 W/facet and a low threshold-
current density of 1.86kA/cm® at 293 K. These values are comparable to those obtained from devices grown on InP: 2.09 W/facet and
2.42kA/cm’. This demonstrates the relative insensitivity of the device-performance metrics on high residual threading-dislocation density,
and high-performance InP-based QCLs emitting near 8 um can be achieved on lattice-mismatched substrates.
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Since its first demonstration in early 1990s, the quantum cascade
laser (QCL) has achieved high-power continuous-wave (CW) opera-
tion and wide- and tunable wavelength in the mid-infrared (IR) and
terahertz wavelength ranges, suitable for various applications, such as
remote gas sensing, biomedical diagnosis, and free-space communica-
tion." ” To adapt the mature Si-based CMOS fabrication techniques
and functionality of the optoelectronics platform developed in indus-
try, direct integration by heteroepitaxy becomes appealing to achieve
low cost, high-yield, and high-performance III-V semiconductor light
sources on chip.’  Several wafer-bonding methods for III-V devices
onto Si have been developed and demonstrated, but the limitations for
such heterogenous integration are not negligible in terms of wafer size
mismatch, precise waveguide alignment, and device reliability, there-
fore inhibiting large-scale production.” '’

The growth of InP-based QCLs on GaAs (~4% lattice mismatch)
is viewed as the intermediate first step toward realizing high

performance mid-IR lasers on Si, due to the large mismatch between
InP and Si (~8% lattice mismatch). To date, only a few monolithic
QCLs on lattice-mismatched substrates have been demonstrated. Go
et al'' reported the first experimental demonstration of InGaAs/
InAlAs/InP QCLs grown on GaAs using an InAlAs compositionally
graded bulffer layer, achieving pulsed output powers of only a few tens
of milliwatts at room temperature. More recently, Slivken and
Razeghi'” reported high peak-pulsed power (>10 W from both facets)
InGaAs/InAlAs/InP QCLs grown on GaAs by employing a single InP-
buffer layer, both devices emitted in mid-IR wavelength range
(4-5 pum), but suffered from high threshold-current densities, 4.1 and
34kA/cm’, much larger than those on native substrate, 1.3 and
L4kA/cm?, respectively. The same InGaAs/InAlAs/InP QCL design
on GaAs was later integrated onto a Si substrate, 6° miscut toward
[111], with GaAs on Ge-terminated Si substrate as well as previous
composite InAlAs buffer layer by Go et al;'” however, lasing was
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observed only up to 170 K. While these prior reports are promising,
the underlying mechanisms responsible for performance degradation
on lattice-mismatched substrates need further investigation.

Interestingly, longer wavelength (8-11 um) QCLs, consisting of
binary InAs-based materials, have shown a high tolerance to disloca-
tions, and the performance is close to that grown on a native sub-
strate.'*"” To date, all demonstrated QCLS’ active-core regions have
been grown by either solid-source or gas-source molecular beam epitaxy
(MBE). Herein, we report the metalorganic chemical vapor deposition
(MOCVD)-grown low-strain  InGaAs/InAlAs/InP  ~8 um-emitting
QCLs on GaAs substrate, which exhibit the lowest threshold current
density reported for InGaAs/AllnAs/InP QCLs on lattice-mismatched
substrate. In addition, these data demonstrate that the performance of
InP-based QCLs employing “low-strain” ternary materials, such as
InGaAs/InAlAs, is relatively immune to dislocations.

In this work, all material growths were carried out at 100 Torr
within a vertical chamber (3 x 2 in. multi-wafer) MOCVD reactor,
close-coupled showerhead (CCS) configuration, using H, as a carrier
gas, and TMIn, TMAI, TMGa, AsHj;, and PHj as precursors, and
diluted disilane (Si,Hg) as doping source. The metamorphic buffer
layers (MBLs) employed a conventional two-step growth method on
n-doped (001) GaAs substrate, with first growing a 70 nm-thick InP
nucleation layer at 475°C, and the chamber temperature was then
raised to 650 °C under PHj, and a 500 nm-thick high temperature InP
layer was grown. Then, the chamber temperature was reduced to
480 °C where three repetitions of 1.6nm InAs and 37 nm InP pairs
were grown under abrupt AsH; and PH; gas switching at each inter-
face. This process was repeated four times totally with 200 nm InP
spacers in-between and a final 500 nm-thick InP top layer grown at
650 °C. The thermal cycling approach and strained dislocation filter
layers (DFLs) were used to improve the overall buffer quality™'®'” and
are similar to the approach used for demonstrating 1.55 yum-emitting
quantum well diode lasers on mismatched GaAs substrate.'”

Then, native n-doped InP wafer and InP MBL template with
1.6nm InAs DFLs were placed into the reactor for completing the
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laser structure growth at the same time. Before laser growth, a
300 nm-thick heavily doped Ing 53GaAs layer for lateral current injec-
tion and a 200nm-thick intentionally un-doped InP layer were
grown to avoid unnecessary current spreading into the n-doped
InP substrate. The laser structure consists of a 2 um-thick n-doped
(2 x 10" cm™?) lower InP cladding layer, followed by 300 nm-thick
n-doped (5 x 10" cm ™) Ing 53GaAs optical confinement layers, with
a 35-stage, lattice-matched to InP, Ings;Gag47As/Ing s,Aly 48As QCL
active region designed for ~8.2 um-emission using a two-phonon res-
onance design.'” The injection layers in active region were doped to a
target of 2 x 10" cm . Then, a 3 um-thick lightly doped (2 x 10"
cm ) and a 500 nm-thick higher doped (2 x 10'” cm ™) thick upper
InP cladding were adopted for reducing plasmonic losses, followed by
a heavily doped InP layer for metal contact. The wafers later were fab-
ricated into 25 um-wide and 3 mm-long deep etched ridge configura-
tion, as shown in Fig. 1(a). Schematic representations of the completed
laser structure on InP MBL are included in the supplementary mate-
rial, Fig. S1, and the detailed fabrication procedure has been previously
reported."”

The InP MBL on GaAs with four-periods of three-repitition
1.6nm InAs and 37 nm InP has root-mean-squared roughness value
~0.4nm on 10 x 10 um? scale, as measured by atomic force micros-
copy, and the threading dislocation density (TDD) was estimated to
be in the mid-range x 10® cm ™2 by electron channeling contrast imag-
ing (seen in the supplementary material, Fig. S2). The cross-sectional
transmission electron microscopy (TEM) under (220) dark field view
reveals that the dislocation filter layers appear to be quantum dot-like,
and some stacking faults were also seen penetrating through the buffer
to the top surface (seen in the supplementary material, Fig. S3). From
symmetrical (004) and asymmetrical (-2-24) high-resolution x-ray dif-
fraction (HRXRD) reciprocal spacing mappings, the relaxation degree
of the InP buffer was measured to be as high as 97%.

Although threading dislocations and stacking faults were
observed in the buffer layer region, a planar and defect-free QCL active
region was observed in Fig. 1(b) by scanning transmission electron

(b). HAADF STEM

QCL active core

InGaAs lower conf

FIG. 1. Cross-sectional microscopy images of lattice matched 35-stage QCL on InP MBL with 4 x 3 1.6 nm InAs DFLs. (a) Cross-sectional scanning electron microscopy
(SEM), the ridge width is ~25 um, and interested layers are labeled; (b) high angle annular dark field (HAADF) scanning transmission electron microscopy (STEM) of active
region. (c) Inset: finer resolution of a few stages of active region from (002) dark field transmission electron microscopy (DF-TEM).
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FIG. 2. Comparison of »—260 measurements for completed laser structure with 35-
stage Ing 53GaAs/Ing 5,AlAs active region grown on InP and InP MBL on GaAs with
simulation. The intensity is offset to see the satellite fringe peaks.

microscopy (STEM) under high-angle annular dark field (HAADF)
conditions, within the sample’s limited field of view. It is suspected
that the lateral contact, lower cladding, and optical confinement layers
grown below the QCL active core, providing additional thick buffer
layers and helping with the migration of misfit dislocations to the
edges. In addition, well-defined quantum wells and barriers with vari-
ous thicknesses were observed from enlarged view by (002) dark field
(DF) TEM in Fig. 1(c). Thus, a high structural quality of the laser core
consisting of InGaAs/AlInAs materials lattice-matched to InP was
achieved by MOCVD.

In contrast to our previous observation, for which a rapid reduc-
tion of the in situ reflectance occurred during the growth of a higher-
strain QCL superlattice active region on a similar type of InP MBL,
here only a slight reflectance reduction is observed during the last 5
stages of the “lattice-matched” active region for the growth on the
MBL template, with well-defined in situ reflection interference fringes

scitation.org/journal/apl

were maintained during the entire laser growth. The lattice-matched
materials in the laser core were chosen to avoid potential strain relaxa-
tion, which was expected to have occurred in our previous attempts at
the growth of strain-compensated active region QCLs. The completed
QCL structure grown on InP and MBL was then characterized by
(004) HRXRD. The XRD fringes are broadened relative to the growth
on InP substrate, as seen in Fig. 2, similar to a prior report of QCL on
mismatched substrates.'” The XRD fringe broadening of QCL on InP
MBL, compared with QCL on InP, may originate from the relatively
high dislocation density, and the increased surface roughness after
growing the thick laser structure on the MBL template.'”*” However,
the x-ray diffraction peaks for the QCL core region grown on MBL are
aligned well with those of the QCL core on InP and simulation.
As-cleaved devices with lateral top-side contacts were measured
at room temperature under pulsed operation with a cavity length of
3mm and ridge width of ~25um. The threshold current density is
1.86 kA/cm® for the QCL on GaAs, surprisingly, values that are ~20%
smaller than that of the QCL on InP, ~2.42 kA/cm?. The maximum
output power of QCLs on the MBL with 1.6 nm InAs DFLs was found
to be ~1.95W from one facet, which is comparable to that on InP,
~2.09W per facet, even in the presence of relatively high residual
MBL threading dislocation density, as shown in Fig. 3(a). We attribute
this high performance in part to the use of a lattice-matched active
region with a low roughness buffer layer, only 0.4 nm RMS roughness
over 10 x 10 um” area, as the roughness in the prior reports of InP-
based QCLs on GaAs is significantly larger, 1.1nm over 1 x 1 ym?
area'' and 1.2nm over 10 x 10 um” area,'” respectively. Similar insen-
sitivity in device performance with respect to dislocation density was
only observed previously in studies on (all-binary) InAs/GaSb/AlSb
QCLs grown on lattice-mismatched substrates.*'” The 20% lower
threshold current density and smaller dynamic range for the QCL
devices on GaAs, compared to the counterpart on InP, might be
related to reduced silicon dopant incorporation in the active region
originating from the preexisting defects. Nevertheless, the 3 mm-long

T T T ] @~ lth, 293K
16 === QCL on InP (a) 3.0 | on InP
{===QCL on InP MBL with 1.6nm InAs DFLs
14 293K, RWG L 25 ~ “m
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FIG. 3. (a) Characteristics of light power and applied voltage vs current density for ~25 um-wide and 3 mm-long uncoated ridge-guide devices on InP and on GaAs, at room
temperature under pulsed operation. The right shows the lasing spectra for devices (b) on InP and (c) on InP MBL with 1.6 nm InAs DFLs around threshold current at RT.
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uncoated devices on GaAs show slightly superior performance, com-
pared to the counterpart on InP, in slope efficiency, 0.66 vs 0.56 W/A,
and maximum wall-plug efficiency, 3.40% vs 3.05%. It should be also
noted that the QCL devices on GaAs only have 4% higher turn-on
voltage at threshold than the QCL on InP, but at least 20% higher volt-
age value at peak power, due to a higher series resistance. This may be
related to non-uniform growth around defect sites, as indicated from
the intensity reduction observed in the in situ reflectance measurement
during MOCVD growth, which reduces the carrier mobility and
tunneling efficiency locally, leading to a higher device series resistance.
The lasing spectrum for QCL on GaAs is centered around 8.42 um,
while for QCL on InP, it was red shifted to 8.55 um, at threshold con-
ditions, seen in Figs. 3(b) and 3(c). This small emission wavelength
shift might be due to the layer thickness variations or composition
grading of the active core. Simulations indicate that the slight residual
strain of the buffer layer is likely not the reason for the observed wave-
length shift. The temperature dependence measurements were con-
ducted, ranging from 20 to 60 °C, and then exponential fits were used
to calculate the characteristic temperature coefficients for threshold
current density (T,) and slope efficiency (T,) values. The extracted T,
value is 218 K and T, value is 194 K for the QCL on GaAs, and the val-
ues for the QCL on InP are 172 and 410 K, respectively, which is com-
parable to prior reported characteristic temperature T, values (217 K)
for this active region under pulsed operation."” Cavity-length studies
were also performed on devices that were HR-coated on the back facet
and cleaved to lengths varying between 2 and 4 mm; the internal loss
for QCL on GaAs, extracted from a linear fit, is slightly higher than
that on InP, 3.26 vs 2.76 cm ™}, and the internal quantum efficiency for
the QCL on GaAs is also slightly higher, 26.2% vs 21.8%, although we
expect that these differences may fall within the error bars of standard
cavity length measurements.

In conclusion, we demonstrate the ~8 um-emitting InP-based
quantum cascade laser monolithically integrated onto a (001) GaAs
substrate by adapting strained InAs quantum-dot-like dislocation filter
in InP buffers by MOCVD with low surface roughness. Similar device
performance was achieved for QCL on GaAs compared to the coun-
terpart on native InP substrate, with low threshold current density
(1.86 kA/cm?) and high-output power (~1.95 W/facet), in pulsed cur-
rent operation at room temperature, from deep etched ridge-
waveguide lasers with lateral current injection architecture. The
achievement of high-performance ternary material QCL on GaAs also
demonstrates the nature of the unipolar intersubband device’s insensi-
tivity to high dislocation density and provides insights into realizing
QCLs on other non-native substrates, such as GaAs on Si.

See the supplementary material for the schematic representation
of lattice-matched QCL laser structure on InP or InP MBL on GaAs
and material characterization data.
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