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We investigate the growth conditions for lattice-matched InGaAs/InAlAs/InP quantum cascade lasers

(QCLs) by metalorganic chemical vapor deposition (MOCVD). Effect of substrate misorientation, growth

temperature, and V/III ratios of InGaAs and InAlAs layers on the surface morphology, optical quality, and

impurity incorporation were systematically studied. It was found that epitaxial layers and multi-

substrates with an off-cut angle of �0.061 exhibit a stable step-flow growth and low oxygen and carbon

contamination. Using these conditions, a �11.3-mm-thick QCL with an emission wavelength at �9.2 mm

was grown and fabricated, which demonstrated excellent structural quality and operated at room

temperature in pulsed mode with a threshold current density of 2.0 kA/cm2 and a slope efficiency of

550 mW/A.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

Quantum cascade lasers (QCLs) are unipolar light emitting
devices based on resonant tunneling and intersubband transitions
in a multiple-quantum well (MQW) or superlattice (SL) struc-
ture [1]. The emission wavelength of QCLs covers the mid- and
long-infrared region from l¼2.6 to l¼25 mm and part of the
terahertz region of the spectrum [2,3], which opens up many
immediate or potential applications in chemical and biological
sensing, spectroscopy, astronomy and medical imaging. While
tremendous progress has been made in improving the device
performance via QCL structure design since its first demonstration
in 1994 [4–13], there are few studies on the epitaxial growth itself
[14–17], which, indeed, represents one of the most challenging
tasks for semiconductor material growers. The QCL structure, with
total thickness easily exceeding 10 mm and number of layers close
to thousand, requires a precise control over the composition,
thickness, background doping, and interface abruptness of each
layer. This is one of the reasons that molecular beam epitaxy (MBE)
was the only growth method for creating QCLs during their first
10 years of investigation. The demonstration of QCLs grown by
ll rights reserved.

: +1 404 385 6167.

you).
metalorganic chemical vapor deposition (MOCVD) in 2003 [18],
however, provides a growth technique for these devices which is
more suited to mass-production with device performance compar-
able to MBE-grown QCLs through progressive improvements [19].

In this work, we systematically studied the MOCVD growth
conditions for lattice-matched InGaAs/InAlAs/InP heterostructures
and QCLs. We show how the key growth parameters such as
substrate misorientation, growth temperature, and V/III ratios of
InGaAs and InAlAs layers can be chosen to achieve a stable step-
flow growth mode. Using the optimized growth condition, a QCL
with an emission wavelength at �9.2 mm was grown and fabri-
cated, which operates at room temperature with a peak power of
480 mW and a slope efficiency of 550 mW/A.
2. Experimental procedure

Epitaxial growth of In0.53Ga0.47As/In0.52Al0.48As/InP SL struc-
tures and QCLs was carried out by MOCVD in a Thomas Swan 7�200

reactor system equipped with a close-coupled showerhead growth
chamber. Epipure

TM

trimethylindium (TMIn, In(CH3)3), trimethyl-
gallium (TMGa, Ga(CH3)3), trimethylaluminum (TMAl, Al(CH3)3),
and triethylgallium (TEGa, Ga(C2H5)3) were used as column III
precursors [20] and arsine (AsH3) and phosphine (PH3) were used
as column V precursors. The n-type dopant precursor was diluted
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disilane (Si2H6) balanced in hydrogen (H2). The substrate used in
the study was n-type (1 0 0) InP with different misorientations
having tilt angles from 0.02o to 0.25o towards (0 1 1̄). The epitaxial
growth was performed at temperatures of Tg¼680�740 1C at a
reactor chamber pressure of 100 Torr. For material characteriza-
tions, the Nomarski optical microscopy, atomic-force microscopy
(AFM), X-ray diffraction (XRD), transmission electron microscopy
(TEM), photoluminescence (PL), and secondary-ion mass spectro-
metry (SIMS) were used to characterize the morphological,
structural, optical properties, and the chemical analysis of the
epitaxial layers.

QCL epitaxial structure was fabricated into ridge waveguides using
standard optical lithography and wet etching processes. After forming
the metal contacts by depositing Ti/Au stacks on the top and bottom of
the wafer, the laser diode (LD) bars were cleaved and the cleaved facets
were left uncoated. The substrate side was then alloyed onto a Cu heat
sink and wire bonded. The devices were tested in pulsed mode at
80 kHz with 1% duty ratio at room temperature.
3. Results and discussion

InP-based QCL structures typically consist of multi-stage
InGaAs/InAlAs SL active regions sandwiched by InGaAs waveguides
and thick InP cladding layers. In such long growth runs to produce
very thick epitaxial structures, the surface morphology and inter-
face abruptness of the epitaxial layer structure can be strongly
affected by the substrate surface quality and orientations, and
the surface texture of the layers during growth, which makes
Fig. 1. Surface morphology of In0.53Ga0.47As (the first row) and InP (the second row) on In

measured by AFM and (d) is the Nomarski optical micrograph. For the AFM images, the hei

labeled and the color bars for 5 and 20 nm are displayed. (For interpretation of the reference

Fig. 2. AFM images (10�10 mm2) of 30-period of In0.53Ga0.47As/In0.52Al0.48As (8/15 nm) MQW
the material quality of the epitaxial structure very sensitive to the
choice of substrate and the growth conditions. The crystalline
defects and surface features that can be considered negligible
(mainly due to low density and small feature size) become not
negligible for the thick epitaxial layer growth. To find the optimal
process condition window for QCL epitaxial growth, we rely on the
calibration and assessment of thick layers. In the following, some
key growth parameters are evaluated including substrate misor-
ientation, growth temperature, and V/III ratio.

3.1. Effect of substrate misorientation on InGaAs and InP layers

Fig. 1 shows the microscopic surface morphology of unintentionally
doped In0.53Ga0.47As and InP layers grown at 700 1C on InP substrates
with different off-cut angles with respect to the (1 0 0) plane. The layer
thickness is �2 mm for InGaAs layer and �4 mm for InP layer.
As shown in Fig. 1(a)–(c), the InGaAs growth undergoes a step-flow
mode regardless of the substrate misorientation employed in this
study. Consequently, the actual off-cut angles can be estimated from
the AFM images by measuring the average terrace width. However, the
surface of InP layer has different features depending on the substrate
misorientation. At a small off-cut angle of 0.021 in Fig. 1 (d), the surface
is very rough characterized by high-density hillocks. At a relatively
large off-cut angle of 0.251 in Fig. 1(f), a step-bunched surface is
observed. Only at an off-cut angle of 0.061, the InP growth develops a
step-flow mode as shown in Fig. 1(e). Since the hillocks appear when
the surface step density is too low while the step-bunching occurs
when the step density is too high, there should be an optimal off-cut
angle for establishing a stable step-flow growth mode. In the case of InP
P substrates with different off-cut angles: (a)–(c), (e), and (f) are microscopic images

ght scale for (a)–(c), and (e) is 5 nm and one for (f) is 20 nm. The surface orientation is

s to color in this figure legend, the reader is referred to the web version of this article.)

s grown at (a) 680 1C, (b) 720 1C, and (c) 760 1C. The height scale is 5 nm for all images.



Y. Huang et al. / Journal of Crystal Growth 316 (2011) 75–80 77
layer under the growth condition in this study, the optimal angle is
found to be between 0.051and 0.11. Although hillocks or step-bunching
can be mitigated to some degree by changing the growth conditions
such as growth rate and temperature [21,22], the most effective
approach is to use the substrates with an optimized misorientation.
Similar trends have been found in evaluating the optical quality of
InGaAs/InAlAs QWs and morphology of InP and InAlAs on InP
substrates [23,24]. Different device performance characteristics have
also been reported for QCLs grown on GaAs substrates with different
misorientations [25]. In the following studies, all the InP substrates
used are with optimal misorientations with 0.07170.021 off-cuts
from (1 0 0).

3.2. Effect of growth temperature of SL structure

As the core of the active region of a QCL consists of In0.53Ga0.47As/
In0.52Al0.48As SLs, a high growth temperature is generally required to
reduce oxygen (O) and carbon (C) impurities in the epitaxial layers as
well as to enhance the surface mobility of aluminum (Al) adatoms in
Al-containing layers [26]; however, too high growth temperature also
deteriorates the optical and structural quality of InGaAs layers. Using
different growth temperatures for InGaAs and InAlAs in the QCL
structure is not practical in terms of growth time and interface quality
of SL structures. Thus, an optimal window for In0.53Ga0.47As/In0.52

Al0.48As SL growth has to be found. Fig. 2 shows the AFM images of
30-period of In0.53Ga0.47As/In0.52Al0.48As (8/15 nm) lattice-matched
(to InP) MQWs grown at 680, 720, and 760 1C, respectively. Nominal
input V/III ratios are 116 and 21 for In0.53Ga0.47As and In0.52Al0.48As,
respectively. Growth rate is �0.15 nm/s for both materials. A stable
step-flow growth was obtained only at 720 1C, which is characterized
Fig. 3. SIMS profile of O, C, Si, and H atoms with Al marker in an InAlAs/In(AlGa)As/

InGaAs test structure grown at different temperatures.

Fig. 4. AFM images (10�10 mm2) of 30-period of In0.58Ga0.42As/In0.52Al0.48As (8/15 nm) M

scale is 5 nm for all images.
by straight steps and constant terraces width, while irregular terraces
and steps were observed at 680 and 760 1C. PL spectra were obtained
for these MQW structures (not shown here). The full width at half
maximum (FWHM) of the PL peak is also minimal for the MQWs grown
at 720 1C, indicating the lowest well-width fluctuation, which is
consistent with the AFM morphology.

To investigate the impurity concentration in the layers, the
following test structure was grown: starting from the InP substrate,
In0.52Al0.48As (500 nm), In(Al0.6Ga0.4)As (Al mole fraction with
respect to Ga in quaternary alloys: Q 60%, 150 nm), In(Al0.25-

Ga0.75)As (Q 25%, 150 nm), and In0.53Ga0.47As (150 nm) at 680 1C,
followed by In0.52Al0.48As, In(Al0.6Ga0.4)As, In(Al0.25Ga0.75)As, and
In0.53Ga0.47As (150 nm each) at 720 1C, and In0.52Al0.48As (150 nm)
and an InP layer cap layer (100 nm) at 760 1C. The SIMS profile of O,
C, Si, and H atoms of this structure with Al marker is illustrated in
Fig. 3. The O concentration in In0.52Al0.48As at 720 1C is �2�1016

cm�3, which is significantly lower than that at 680 1C. Further
increase in the growth temperature does not affect O concentration
significantly. The O concentration is also strongly dependent on the
Al content of the layers at 680 1C and becomes less sensitive at
higher temperature. For In0.53Ga0.47As layers, there is no noticeable
dependence of the O concentration on the growth temperature,
with the O level being as low as 5�1015 cm�3, close to the
detection limit. The C concentration is below 1�1016 cm�3 in
all layers. The growth temperature of 720 1C is considered as
the optimal temperature for the active region with good surface
morphology, improved optical quality, and low impurity
contamination.
QWs grown with V/III ratios of (a) 32, (b) 64, and (c) 142 for InGaAs layer. The height

Fig. 5. XRD o�2y scans measured near InP (0 0 4) for 30-period of In0.58Ga0.42As/

In0.52Al0.48As (8/15 nm) MQWs grown with different V/III ratios.



Fig. 7. AFM image (10�10 mm2) of the QCL epitaxial structure. The height scale is 5 nm.
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3.3. Effect of V/III ratios of InGaAs and InAlAs

After determining the optimal growth temperature for the
InGaAs–InAlAs SL, the V/III ratios for growth of In0.53Ga0.47As
and In0.52Al0.48As layers were investigated. Fig. 4 shows the AFM
images of 30-period of In0.58Ga0.42As/In0.52Al0.48As (8/15 nm)
MQWs grown at 720 1C with V/III ratios of 32, 64, and 142 for
InGaAs. The V/III ratio of the InAlAs layer was kept at 21. A slight
compressive strain was added to the InGaAs QW to get a better XRD
contrast. From Fig. 4, the stable step-flow dominates the growth at
all V/III ratios and AFM does not reveal any noticeable change in the
microscopic surface morphology. From the XRD o�2y scans
shown in Fig. 5, however, a higher V/III ratio seems to improve
the interfacial quality of the MQW, as implied from the clearer
thickness interference fringes between the satellite peaks. This may
be attributed to the reduced In and Ga evaporation from the
growing surface at higher V/III ratio of the InGaAs layers.

In contrast to the V/III ratio effect for InGaAs layer growth, the
MQW surface morphology shows different behavior depending on
the V/III ratio of the InAlAs layers. Fig. 6 shows the AFM images of
100-period of In0.53Ga0.47As/In0.52Al0.48As (5/5 nm) MQWs grown
with V/III ratios of 5, 21, and 84 for InAlAs. The V/III ratio of
the InGaAs layer was kept at 116. At a V/III ratio of 84 shown in
Fig. 6(c), the surface is relatively rough with dense nucleus on the
terrace after 1-mm-thick MQW growth. A smaller V/III ratio in
Fig. 6(b) allows for step-flow growth due to the enhanced surface
mobility of adatoms. However, at a V/III ratio of 5 in Fig. 6(a), some
pits were observed, as indicated by the arrow. To minimize the
possible AsH3 carry-over effect, a slightly lower V/III ratio in InGaAs
may need to be used. Combined with the previous study, it is
concluded that the optimal V/III ratios are �120 for InGaAs and
�20 for InAlAs during the MQW growth at 720 1C.
Fig. 8. XRD o�2y scan measured near InP (0 0 4) diffraction condition (blue, top)

and the simulated curve (red, bottom) of the QCL epitaxial structure.(For inter-

pretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
3.4. Growth and characterization of the QCL

A QCL structure was grown employing the optimized growth
conditions. The active region of the sample is based on a four-QW
double-phonon resonance design similar to that reported in Ref. [6]
except for the doping in the injector and is composed of 35 stages of
the following sequence of lattice-matched In0.53Ga0.47As/In0.52

Al0.48As layers: 34/14/33/13/32/15/31/19/30/23/29/25/29/40/19/
7/58/9/57/9/50/22 Å, where InAlAs layers are in bold and under-
lined layers are doped with n�6�1016 cm�3. The active region is
sandwiched symmetrically by two In0.53Ga0.47As waveguide layers
(0.52 mm each, n�3�1016 cm�3), two InP cladding layers (3.5 mm
each, n�1�1017 cm�3), and two InP plasmon-confinement layers
(0.5 mm each, n�5�1018 cm�3). The structure is concluded by
a 20 nm InGaAs n+ cap layer. A 30 nm step-graded InGaAsP is
inserted between the InGaAs waveguide and InP cladding layer to
reduce the series resistance. The total thickness of the epitaxial
structure is �11.3 mm.
Fig. 6. AFM images (10�10 mm2) of 100-period of In0.53Ga0.47As/In0.52Al0.48As (5/5 nm) M

is 5 nm for all images.
The QCL was grown at our optimized temperature of 720 1C,
which is higher than the MOCVD QCL growth temperature reported
in the literature [14,15]. The growth rate was �0.15 nm/s for the
QWs grown at V/III ratios of (a) 5, (b) 21, and (c) 84 for InAlAs layer. The height scale
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active region and �0.48 nm/s for the waveguide and cladding
layers. A 3-second growth interruption with group V overpressure
was employed at each interface.

The sample surface was specular after growth with few visible
defects. Fig. 7 shows the AFM image of the QCL wafer. Excellent
surface morphology was obtained with a root-mean-square (RMS)
roughness of only �0.09 nm for 10�10 mm2 scanning area. The
XRD o�2y scans and corresponding simulation of the QCL
epitaxial structures are displayed in Fig. 8. A very small overall
strain of the active region was recorded, with the separation
between the SL zeroth-order peak and InP (0 0 4) being 59 arcsec.
The FWHM of the zeroth order peak is only 42 arcsec. Satellite
peaks are clearly visible. The measured periodicity of the QCL stage
from the spacing of the satellite peaks is 59.3 nm, very close to the
nominal value of 59.8 nm. Fig. 9 is the bright-field TEM images of
the core active region and one magnified QCL stage containing an
injector and an active region. Abrupt interfaces and uniform SL
thickness along the growth direction were observed, indicating
good structural quality and uniformity of the QCL wafer.
Fig. 10. Light output-voltage-current characteristics (L–I and V–I curves) for QCLs.

Fig. 11. Optical spectrum of the QCL.

Fig. 9. TEM bright-field images of (a) part of the 35-stage core active region and

(b) one of the cascade stage. The InGaAs layers are dark and InAlAs layers are bright.
The wafer was processed into 27.5-mm-wide 2-mm-long
ridge structure lasers. Fig. 10 shows the light intensity and voltage
versus current density (L–I and V–I) characteristics of two devices
(P3 and P5) measured at room temperature. Both of them exhibit
similar device performance, with a threshold current density of
Jth�2.0 kA/cm2 and a threshold voltage of �9.1 V. The slope
efficiency is �550 mW/A and the maximum peak power is
480 mW. As indicated in Fig. 11, the emission wavelength of the
laser is l�9.2 mm, close to the designed 9.3 mm. These data
represent a comparable results to that of the QCLs with a similar
design grown by either MBE or MOCVD [6,14,27].
4. Conclusions

Stable step-flow growth and low O and C concentrations have
been achieved in InGaAs/InAlAs/InP heterostructures and QCLs
through optimization of the key growth parameters in MOCVD. It
was found that the misorientation of InP substrates plays a critical



Y. Huang et al. / Journal of Crystal Growth 316 (2011) 75–8080
role in dictating the InP surface morphology and the optimal off-cut
angle is determined to be �0.061, where step-bunching or hillock
formation were completely eliminated. InGaAs/InAlAs MQW struc-
tures exhibit a stable step-flow growth at the temperature of 720 1C
and a V/III ratio of 116 for InGaAs and 21 for InAlAs. As revealed by
SIMS, the O and C concentrations in InAlAs layers is only 2�1016

and 7�1015 cm�3, respectively. When applying these optimized
conditions to a 35-stage QCL growth, step-flow surface, abrupt
interfaces, low strain, and precise periodicity were obtained,
indicating an excellent capability of MOCVD in controlling the
interface, thickness, composition, and morphology of complicated
structures. After processed into ridge waveguide laser, the QCL
demonstrates a threshold current density of 2.0 kA/cm2 and a slope
efficiency of �550 mW/A at room temperature in pulsed mode.
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