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A systematic study was performed to elucidate the properties of strained-layer InGaAs/AllnAs superlattices (SL)
on metamorphic buffer layers grown by MOVPE on GaAs substrates. Differences observed in surface morphology
indicate relatively tight control over the SL average net-strain is required for the growth of micron-thick SL
structures, as needed for quantum cascade laser (QCL) active regions. Using such conditions, 5.7 pm-emitting,
strain-balanced InP-based QCLs grown on (001) GaAs were demonstrated with comparable device performance
to their counterparts grown on native InP substrate. 3 mm-long and 25 pm-wide uncoated-facets devices, grown
on GaAs and having epi-side lateral contacts, provide peak-pulsed output powers of 2.65 W per facet at room
temperature. The corresponding threshold-current density and maximum wall-plug efficiency is 1.61 kA/cm?

and 6.0% respectively. HR-XRD measurements of the strain-balanced QCL grown on GaAs show broadened
satellite peaks which are well aligned with the peaks from their counterparts grown on InP.

1. Introduction

Mid-infrared (IR) (i.e., 3-16 pm) is an important wavelength range
for applications ranging from chemical sensing to free-space optical
communications. Over the past decade, strained-layer InGaAs/AlInAs-
based quantum cascade lasers (QCLs) grown on InP substrates have
achieved great advancements in the mid-IR spectral region by displaying
low threshold-current densities and high output powers [1-3]. The
development of InGaAs/AllnAs-based light sources grown on other
substrate platforms, such as GaAs or Si, is desirable for reducing cost as
well as for integration with mature electronic and photonic devices.
Among all possible integration methods, integration via heterogeneous
epitaxy is most attractive for silicon photonics involving massive chip-
scale fabrication. Mid-IR QCLs employing strained-layer InGaAs/All-
nAs-based active regions on mismatched substrates such as GaAs or Si
have been demonstrated but have been reported only when employing
molecular beam epitaxy (MBE) growth [4-7]. To date, there are no re-
ports of using metalorganic vapor phase epitaxy (MOVPE) method to
realize such devices, while MOVPE is particularly suitable for industrial
high-throughput and large-scale production of QCLs and is already
widely established for other semiconductor lasers.

Previously, we have demonstrated the first InGaAs/AllnAs-based
QCLs on GaAs substrate employing lattice-matched SL active regions
(nominally zero individual layer strain) grown by MOVPE on meta-
morphic buffer layers (MBLs) for the long-wave mid-IR (8-16 pm)
spectral region [8]. Those devices did show similar device performance
compared to their counterparts grown on native InP substrate, thus
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confirming earlier findings on long-MIR (8-12 pm) wavelength QCLs,
that performance metrics are relatively insensitive to high dislocation
densities. In this work, we investigate the factors triggering crystal
structural degradation of high-strain InGaAs/AllnAs superlattices (SLs)
grown on an MBL, which had previously inhibited the growth of thick
(micron-range thickness) strained SL active-regions, which are critical to
realizing higher performance mid-IR QCLs.

We find that, although the InP buffer layer is up to 95-97% relaxed,
the residual strain strongly affects the growth of 1 pm-thick InGaAs/
AlInAs SLs grown atop the MBL. SL surface morphology measurements
using atomic force microscopy (AFM) and HR-XRD measurements,
indicate that a small net-strain tolerance is present for QCL active re-
gions formed without strain relaxation. Under appropriate growth
conditions, a strain-balanced QCL on GaAs is demonstrated to display
performance comparable to devices grown on native InP substrates.

2. Materials and methods

In this work, all materials, including the superlattices and the full
laser structure, were grown at low pressure (100 torr) in a close-coupled
showerhead (CCS) vertical MOVPE (3 x 2 in. multi-wafer) reactor, using
TMIn, TMAI, TMGa, AsHs, and PHs as group III and group V precursors,
diluted SisHg as the doping source, and Hj as the carrier gas at a tem-
perature of 605 °C. The surface temperature is confirmed using in-situ
pyrometry measurements. The InP buffer layer on (001) on-
orientation GaAs used in this study was the same as that employed
previously for realizing lattice-matched active- region QCLs on GaAs.
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Low surface roughness, as low as 0.4 nm over 10 x 10 cm? area, and a
threading-dislocation density around mid of 10% cm ™2, was reported for
these buffer layers [8]. The value of the in-plane lattice constant for the
InP buffer was estimated to be 0.5867 nm [8].

To examine the net strain effect and mimic the growth of the QCL
active region, a 250-repetition SL structure composed of 2 nm InyGaj xAs
and 2 nm AlyIn;.yAs layers was chosen for reference. The fraction of
indium (x) for the quantum wells and of aluminum (y) for the barriers
was targeted at ~0.7, which is frequently employed for InP-based QCLs
operating in the 4-6 pm wavelength range. The SL net strain was
calculated based on the thickness-weighted model without considering
the elastic constant [9-11]:
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where agy, is the in-plane lattice constant of the InP buffer, which acts as
the pseudo-morphic substrate, and the in-plane lattice constants for
ternary wells (amgqas) and barrier layers (aammas) are calculated using
Vegard’s law, with lattice constant values used for the relevant binary
materials as, ageas= 5.6533 10\, Apas= 5.6605 108, Apas= 6.0584 f\, anday,p
= 5.8687 A. The strain of InGaAs layer is designated as €pGaas and strain
of AlInAs layer is €jpma5, While the net strain of the SL is identified as €.

Since the designed thicknesses for InGaAs and AllnAs layers are
identical, the calculation of the superlattice net strain can be simplified
as such:

_ Zasub — QinGaAs — QAlinAs

€ =
net
24,

4

In the current study, the zero-stress method [12] was not utilized,
which is an alternate strain-balancing approach that has been used in
estimating the critical thickness. However, we find that the differences
between zero-stress method and the thickness-weighted model are small
for the strain values of interest in this study.

The individual layer composition/strain, V/III ratio, growth rate,
and target net strain for the SL samples under study are shown in
Table 1. Although the growth rates and V/III ratios utilized vary among
samples, the differences are relatively small, thus it can be assumed that
the growth conditions for all superlattice growths in this study are
nominally the same.

The same growth conditions used for the superlattice study were
then applied to the QCL growth, starting with a 200 nm-thick InP buffer,
followed by a 300 nm-thick heavily doped (3 x 10 cm™)
Ing 53Gag 47As for lateral contact, and then the 2000 nm-thick lower-
cladding InP layer (1 x 107 cm™3), followed by 300 nm-thick
Ing.53Gag.47As (5 x 1016 cm™3) light-confining layers on each side of the
SL active region. The upper InP cladding layers consisted of 2000 nm-
thick layer (n ~ 2 x 10%¢m ™), a 1000 nm-thick (n ~ 2 x 107cm ™)
layer, and a 1000 nm-thick heavily doped (n ~ 2 x 10%cm~3) layer

Table 1
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serving as top contact layer. 2-inch, low-roughness InP-buffer-on GaAs
[8] and another 2-inch native n-doped InP wafer were placed into the
reactor at the same time as the laser growth, thus a direct comparison of
device performance could be obtained.

A QCL based on a moderately-strained 30-stage active region,
Ing 60Gag.40As/Alp 44Ing s6As, of double-phonon-resonance design
[13,14], was adopted, except that the Ga composition was increased by
2.5% in the wells in order to shift the net strain of the QCL design from
the originally compressive strain value of — 4.94(x10) to a net tensile
strained value of 4.80 (x10™) relatively to the InP buffer’s in-plane
lattice constant. As discussed below, we find that within the scope of
the growth conditions utilized in this study, studies on SL samples
indicate that a net tensile strain is preferred. This active region design
was chosen to avoid excessive individual-layer strain, while maintaining
a relatively low net-tensile-strain value. The schematic diagram of the 1
pm thick SL with InP capping layer, and the completed QCL structure
grown on InP or GaAs, is shown in Fig. 1.

3. Material characterizations

The surface morphology/roughness and structural properties from
atomic force microscopy (AFM) and high-resolution X-ray diffraction
(HR-XRD) measurements were used to identify an optimal net-strain
value for the SL growth. Fig. 2(a) to (e) shows the surface morphology
of the InP cap layer on top of the 250 repetitions of 2/2 nm InGaAs/
AlInAs superlattices for five samples (A to E) with different net strain
target presented in Table 1. The upper left image, sample A (Fig. 2 (a)),
shows high peak-to-valley amplitude likely generated from a 3D growth
mode due to an excessive amount of net compressive strain. As the net
strain is increased towards the tensile side, different surface morphology
was observed, from large pinholes (Fig. 2(b)) to grains (Fig. 2(c)),
smooth surface with less pinholes (Fig. 2(d)), to stepped surface with
micro-cracking (Fig. 2(e)) from sample B to sample E. Only sample D has
a shiny mirror-like appearance; others are hazy in appearance to the eye.
The surface morphology of InP capping layer should roughly reflect the
morphology of superlattice underneath, given the InP thickness is rela-
tively thin, and the SLs do not exhibit significant strain relaxation, as
confirmed from asymmetric reciprocal space mapping (RSM) XRD
measurements.

HR-XRD 0-20 scans along (004) InP diffraction are shown in Fig. 3.
Narrow —1st satellite peak width (196 vs. 278 arcsecond) was observed
for sample D compared to sample C and even the higher order satellite
peak at large angle (around —18000 arcsecond) position could be seen
on the compressive strain side, although significantly wider than the
simulation. The simulation also fits well for sample D in terms of the
expected target composition and layer thickness. Another observation is
from sample A in that the zero-order superlattice peak is coincident with
the InP peak, due to the out-of-plane lattice constant of sample A being
matched to the InP buffer layer. Also, for samples B and E, we can
observe that partial relaxation is evident for those net SL strain values,
given the fact that all superlattice peaks are relatively broad and weak in
intensity, and that shoulder peaks are observed just to the right of the
superlattice peaks near —9000 and —13000 arcseconds. As little strain
relaxation was observed for the SL samples from reciprocal space

V/III ratios and growth rates for strained InGaAs and AlInAs superlattices grown on an InP buffer layer with designed net-strain target. The InP buffer’s in-plane lattice
constant is taken to be 0.5867 nm. The negative sign corresponds to compressive strain.

Sample A B

250x 2/2nm SLs Ing 75Gag 25As Ing.72Gag 28As
Alo.70Ino 30As Alp 685In0.315A8

Individual layer strain (x1072) -3.07/2.97 —2.66/2.77

V/III ratio 217.9/256.1 243.0/250.3

Growth rate (nm/s) 0.394/0.331 0.350/0.339

Target net strain (x107%) —2.55 2.72

C D E
Ing.73Gao.27As Ing 712Gao.288AS Ing.71Gag.20As
Alo.70Ino 30As Alp 685In0.315A8 Alg 685In0.315As
—3.00/2.97 —2.55/2.77 —2.52/2.77
234.7/256.1 249.7/250.3 251.3/250.3
0.363/0.331 0.340/0.339 0.338/0.339
4.35 5.48 6.17
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2 pm InP upper cladding, 2e16

0.3 pm InGaAs WG, 5e16

30stage Active Core
In 5;5GaAs/Ing 44AlAs, 217

0.3 pm InGaAs WG, 5e16

2.0 pm InP lower cladding, lel7

0.3 um 3e18 InGaAs side contact
0.2 pm InP, unintentional doping

(InP) or (InP MBL on GaAs)

Fig. 1. (left). Diagram of 250 repetitions of 2/2 nm InGaAs/AllnAs superlattices grown on InP metamorphic buffer layers on GaAs with 300 nm capping; (right).
Schematic representation of the completed 30-stage, strain-balanced QCL laser structure on n-doped InP or InP MBL on n-doped GaAs.
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Fig. 2. Atomic force microscopy images of surface morphology after growing 250-repitation of 2 nm (Aa/a~ — 1.4%) InGaAs and 2 nm (Aa/a~ + 1.4%) AllnAs
superlattices with different net strain targets, capped with a 300 nm InP layer. Sample A to sample E shown in Table 1 was labeled as (a) to (e), respectively.

mappings (RSM) XRD measurements, the —2nd and +2nd additional
satellite peaks, observed in sample B and E, may originated from layers
with different periodicity but same net-strain. The dual peaks may be
explained by the discrepancy in arrangements of group-III atoms relative
to group-V atoms, which is caused by the atomic ordering in the pres-
ence of large dislocation density at interfaces and excessive local strain

[15]. Thus, a distortion in lattice spacing would give the rise of the
secondary peaks while the net strain was maintained as same, in turn, no
peak splitting is observed for the Oth satellite peak. However, further
investigations are required to confirm the wunderlying growth
mechanism.

In theory, an infinite stack of alternating tensile and compressive
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Fig. 3. HR-XRD 0-26 measurements of 250 repetitions of 2/2nm InGaAs/AllnAs grown on an InP buffer. The dynamic XRD simulation was fitted for sample D with a
result of 2.08/2.08 nm Ing 712Gag 288As/Alg 6ssIno.315As and a 97.4% relaxed InP cap. The intensity is offset to see each sample’s satellite peaks.

layers could be designed and grown as long as there is zero net strain
relative to the native substrate, and for such low net strain in this study,
on the order of 10~ range, the critical thickness for the onset of strain
relaxation of the SL is expected, based on the Matthews-Blakeslee model
[16,171, to be greater than 1000 nm on a native (001) InP substrate. The
“effective” critical thickness of the SL epilayers could be significantly
reduced by CuPt-type atomic ordering effect, which has been intensively
studied in photovoltaics employing a strained-layer InGaAs/GaAsP
MQW system [18]. However, when considering the large density of
dislocations and misfits present in the InP buffer [8], dislocations gliding
through ordered planes (typically 60° on {111} planes for III-Vs) or
glide plane switching generated by a new dislocation formation led to
the creation of anti-phase boundary (APB), in order to minimize the
strain energy, while group-III sublattice ordering in III-V epilayers could
be altered to distort bonding [19-21]. Also, the CuPt ordering process is
strongly dependent on the growth conditions as well as the use of sur-
factants [21]. By contrast to MBE growth, the MOVPE growth process
promotes ordering, since hydrogen atoms assist in the surface recon-
struction by providing additional electrons so as to satisfy the electron
counting for group-V neighboring atom pairs [21,22]. We previously
observed that dislocations prohibited the planar-layer growth of similar

counts/s

strained QCL structures grown on Si, for which only 5 stages of SL active
region could be successfully grown, and large pits were observed to
disrupt the consecutive superlattice layers in the vicinity of the
threading dislocations by high-resolution transmission microscope (HR-
TEM) [23]. The low mobility of Al atoms may be a contributing factor
for non-step-flow growth mode which leads to material degradation for
thick SL films.

Through careful SL strain balancing by taking into account the InP
buffer layer in-plane lattice constant, tight net-strain control was ach-
ieved allowing for the growth of relatively higher strained InGaAs/All-
nAs SL materials, which is essential for realizing mid-IR light sources on
mismatched substrates.

Our previous attempts in growing strain-balanced QCLs on mis-
matched substrate, revealed a rapid intensity reduction of the in-situ
reflectance measurement after growing about 10 stages of the active
region [24]. In the current work, by optimizing the net strain of the
active region, we observe that the in-situ reflectance intensity reduction
is minimal during the entire strained 30-stage active region growth,
similar to that observed for the growth of the lattice-matched QCL [8]. In
addition, sharp and clear reflection interference fringes were observed
and maintained for the entire growth.
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Fig. 4. Comparison of HR-XRD ®©-20 measurements for completed QCL structure with 30-stage, strain-balanced In Gag 425As/Alg 56Ing 44As active region grown on
InP, and on InP buffer on GaAs with simulation. The intensity is offset to see the satellite peaks.



S. Xu et al.

HR-XRD measurements along the (004) direction for the completed
strain-balanced QCL structures grown on InP, and on InP buffer on GaAs
are shown in Fig. 4. Although satellite peak broadening is observed for
the QCL on GaAs compared with the QCL on InP, superlattice peaks are
clearly defined, in contrast to the observation of weak intensity satellite
peaks for MBE-grown strained QCLs on GaAs [6] and Si [7]. The full-
width at half-maximum value (FWHM) for the QCL on GaAs was
~119 arcsecond for the InP main peak and increased to ~171 arcsecond
for the highest satellite peak, while the FWHM value for the QCL on InP
was ~31 arcsecond for the InP peak and was reduced to ~29 arcsecond
for the highest satellite peak. Relatively high dislocation density [25]
and possibly rougher interfaces of active-region superlattice may be
further contributing to satellite peak broadening. Further studies are
required to understand the interfacial structure of strained QCLs on a
mismatched substrate using atom probe microscopy (APT), similar to
the interface roughness analysis that we have done for strained QCL on
native InP previously [26].

4. Device performance characterization

The laser fabrication process was identical that used previously for
realizing deep-etched 8.5 pm-emitting lattice-matched QCLs with epi-
side current injection [8]. As shown in Fig. 5(a), the threshold-current
density of the device on InP is about 25% higher than that for the de-
vice on GaAs, 2.16 vs. 1.61 kA/cm?. Higher maximum output power is
observed on InP, 3.79 vs. 2.65 W respectively. In addition, the dynamic
range for the devices grown on InP is also larger than for those grown on
GaAs. This trend was also observed in a prior study on MOVPE-grown
8.5 pm-emitting lattice-matched QCL on GaAs [8]. By contrast, data
for MBE-grown ternary InP-based InGaAs/AllnAs QCLs on mismatched
substrates show significantly higher threshold-current densities than on
native substrate [4-7]. The series resistance for the device grown on
GaAs is higher than for that grown on InP, 1.75 vs. 1.24 Ohms, although
the peak voltages are similar, indicating the structural properties for
growths on GaAs and InP were similar, also evident from HR-XRD
measurements described above. The slope efficiency and wall-plug ef-
ficiency values are 1.35 W/A and 6.0% for devices on GaAs and are 1.23
W/A and 5.5% for devices on InP, respectively. The high density of
defects present on the MBL may result in reduced silicon-dopant incor-
poration or in reduced electron concentration in the QCL injector region,
leading to the observed performance trends. Based on temperature-
dependence measurements, from 20 to 60 °C, the extracted
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characteristic temperatures, Ty and T7, are 188 K and 324 K for devices
grown on GaAs, and 159 K and 319 K for devices grown on InP. Fig. 5(b)
and 5(c) show the lasing spectrum for devices operating just above the
threshold current, at room temperature. The emission wavelength is
centered around 5.71 pm for devices grown on both InP and GaAs. Note
that the performance achieved here is comparable to that reported
previously for a similar QCL active-region design grown on InP substrate
[9]. The wavelength shift from 5.29 pm [9] to 5.71 pum is expected since
for the current work the Ga composition was increased by 2.5% in the
quantum wells.

5. Conclusion

Through a systematic study on the impact of net strain on the growth
of 1 pm-thick strained superlattices on buffer layers with a high density
of dislocations, we have found, a small mismatch between the in-plane
lattice constant of the InP buffer and native InP can lead to undesir-
able surface morphology and structural degradation of the SL. The
sensitivity observed for the overall net strain stems from the critical
thickness for strained-layer materials being significantly reduced in the
presence of defects and a net tensile strain condition was established
which allows for the growth of thick SLs and QCL active regions,
although this strain value may be dependent on specific MOVPE growth
conditions. Based on the above findings, we adjusted the compositions
to more effectively balance the net strain to allow for the growth of the
QCL active region and, in turn, we demonstrated the first InGaAs/
AllnAs/InP-based strained-balanced QCL grown by MOVPE on GaAs.
The QCL devices emit at 5.7 pm wavelength and show comparable laser
performance to their counterparts grown on native InP. This work helps
elucidate the growth-condition optimizations required for realizing
high-strain thick superlattices via MOVPE on lattice mismatched sub-
strates, and subsequently for the realization of high-performance QCLs
on non-native substrates.
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