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Abstract

The measured emission wavelengths of AllnAs/GalnAs/InP quantum cascade lasers
(QCLs) grown by metal organic vapor phase epitaxy (MOVPE) have been reported to be ~ 0.5 to
1 um longer than the designed QCL wavelength. This work clarifies the origin of the red-shifted
wavelength. It was found that AlinAs/GalnAs heterointerfaces are compositionally graded over
~2.5t04.5 nm, and indium accumulates at the AllnAs-to-GalnAs interface. Thus, the as-grown
QCLs are far from the ideal abrupt interfaces used in QCL modeling. When graded layers are
incorporated in QCL band structure and wavefunction calculations, the emission wavelengths are
red shifted. Furthermore, we demonstrate that QCLs with graded interfaces can be designed
without compromising performance and show greatly improved correlation between designed
and measured emission wavelength. QCLs were designed for emission at 7.5 and 8.5 um. These
QCLs exhibit room temperature peak power exceeding 900 mW and pulsed efficiencies of ~8.5
to 10%.

Keywords: Al. Interfaces, Al. Segregation, A3. Metalorganic vapor phase epitaxy, A3.
Quantum wells, B2. Semiconducting I11-V materials, B3. Infrared devices, B3. Quantum cascade
lasers.

1. Introduction

Quantum cascade lasers (QCLSs) [1] based on the AllnAs/GalnAs/InP materials system
are optical sources that can be designed to operate at emission wavelengths over a wide
wavelength range from the mid- to long-wave infrared (~3-25 um). This versatility in
wavelength design, coupled with watt-level continuous-wave output power [2-4], makes these
compact lasers extremely attractive for a variety of applications including infrared (IR)
countermeasures, free-space communications, and chemical and biological sensing. The QCL
wavelength is determined by the energy separation of sub-band states in the conduction band of a
coupled quantum-well structure, where the energy separation for a given material system and
strain state is dependent on the thickness of the quantum wells and barriers. Thus, it is important
to maintain precise control over alloy composition, layer thickness, and heterointerface quality of
the many hundreds of ultra-thin epilayers (typically 0.6 to 5 nm thick) in the realization of high-
performance QCLs with predictable emission wavelength.

Previously, it was reported that measured emission wavelengths of mid-wave and long-
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wavelength infrared QCLs grown by metal organic vapor phase epitaxy (MOVPE) are ~0.5t0 1
um longer than the calculated QCL wavelength [5-8]. It was proposed that the QCL red-shifted
wavelength is due to indium surface segregation and graded interfaces [6]. That conclusion was
based on the observation of increasing compressive strain with decreasing layer thickness, as
measured by high-resolution x-ray diffraction (HRXRD), in AlInAs/GalnAs/InP superlattices.
While indium segregation is qualitatively consistent with longer QCL emission wavelengths and
HRXRD is useful in establishing MOVPE growth parameters to control the average strain in
QCLs, further optimization of QCL performance is limited since quantitative measurements of
individual layer compositions are not known. Thus, QCL modeling of bandstructure and energy
levels can only assume nominal AlInAs barrier and GalnAs well alloy compositions and abrupt
interfaces. In a recent report, the Al composition and layer thickness in QCL structures were
calculated from intensity profiles of high-angle annular dark-field scan images that were
obtained in scanning transmission electron microscopy and energy-dispersive x-ray spectroscopy
[7]. It was found that many of the barrier layers are AlGalnAs quaternaries instead of AlInAs,
and the Al content decreased with decreasing layer thickness. To correct the composition, a
secondary flow of the Al precursor was added during MOVPE growth to increase Al content in
QCLs. The resulting emission wavelength decreased.

The objective of this work is to investigate underlying factors that lead to non-idealities
in the MOVPE growth of QCLs and clarify origins of the red-shifted wavelength offset in
previously reported QCLs [5-8]. Results from a combination of in-situ and ex-situ
characterization of a specially designed set of AllnAs/GalnAs multiple-quantum-well (MQW)
structures, along with QCL modeling are presented. It was found that decreasing the AlInAs
thickness (with constant GalnAs thickness) resulted in increasingly compressive structures, as
measured by ex-situ HRXRD, while changes in GalnAs thickness (with constant AllnAs
thickness) had no significant effect on overall strain. In-situ measurements of wafer curvature
show that compressive strain accumulates at the AllnAs-to-GalnAs interface, but not at the
GalnAs-to-AllnAs interface. These observations are further clarified by atomic concentration
profiles of AlInAs/GalnAs heterointerfaces as measured by atom-probe tomography (APT). The
data show that heterointerfaces are compositionally graded, with excess indium at the AllnAs-to-
GalnAs interface. The GalnAs-to-AllnAs and AllnAs-to-GalnAs interfaces are asymmetric with
a longer grading width at the GalnAs-to-AllnAs interface. The concentration profiles are
consistent with indium surface segregation and lower indium solubility in AliInAs compared to
GalnAs. Since the grading width is larger than individual layer thicknesses in the QCL, the
nominal ternary composition is not obtained. The AllnAs barrier layers in the QCL active region,
which are typically 0.1 nm or less, are particularly impacted, and bandstructure modeling results
confirm that the laser transition energy is reduced and responsible for the red-shifted wavelength
observed in our QCLs grown by MOVPE. Not all QCLs grown by MOVPE exhibit the same
extent of difference from the intended design wavelength [9-11], and we also discuss growth
parameters and processes that can be modified to significantly affect interface grading and
indium surface segregation.

2. Experimental Methods

AllnAs/GalnAs multiple quantum well (MQW) structures and QCLs were grown on



(100) n-InP substrates by MOVPE in a Veeco D125 multi-wafer (3x2) reactor with 28 slpm H2>
as the carrier gas and reactor pressure of 60 T. Trimethylaluminum (TMAI), trimethylgallium
(TMGa), and trimethylindium (TMIn) were used for group 11 precursors, and phosphine and
arsine as group V precursors. Si2He (diluted 200 ppm in H2) was used as the n-type dopant. The
growth temperature was 625 °C as measured by emissivity corrected optical pyrometrey. AllnAs
and GalnAs were grown with a single TMIn source at a growth rate of ~0.3 nm/s. No growth
interrupts were used between AllnAs and GalnAs interfaces. InP layers were grown at a higher
rate of 0.6-0.7 nm/s. The V/I1I ratios were ~90 for AlinAs and GalnAs, and ~130 for InP. All
epilayer structures were grown nominally lattice matched (strain less than 0.2%) to the (100) n-
InP substrates, doped 2-5 x 10%cm. A limited number of growth runs were performed with an
EpiCurveTT in-situ optical system to simultaneously monitor epilayer growth at 450 nm
reflectance and wafer curvature. The structures were characterized ex-situ by high-resolution x-
ray diffraction (HRXRD). Average layer strain and MQW period thickness was determined
using Philips X’pert software (PANalytical Inc.). APT was used to measure chemical
composition at heterointerfaces.

QCLs were fabricated by conventional photolithography and wet etching techniques. The
ridge lasers were either 20 or 25 um in width. Following the wet etching, the side-walls were
electrically insulated with a 0.3 pm-thick SiNx dielectric layer. Ti-Au metallization was used for
top and back contact. Lasers were cleaved into 3-mm-long bars and the facets were uncoated.
QCLs were probe tested as fabricated in chip form on a temperature-controlled stage at 15 °C.
Laser testing was performed under low-duty factor pulsed conditions, 200 ns at a repetition
frequency of 1 kHz. The laser power was coupled into an integrating sphere with HgCdTe
detector (Vigo PCI-3TE-12). Power calibration of the photodetector signal was made by
measuring the laser power using a thermal detector. The lasing wavelength was measured using
a Fourier-transform infrared spectrometer.

3. Results and Discussion
3.1 Heterointerfaces in AllnAs/GalnAs MQWSs

A series of AlInAs/GalnAs MQWs was grown in which either the AlInAs barrier or the
GalnAs well layer thickness (ds or dw, respectively) was separately reduced so that interface
effects at AllnAs-to-GalnAs or GalnAs-to-AlInAs heterointerfaces could be independently
revealed. By maintaining dg constant and reducing dw, it is possible to study the GalnAs-to-
AllInAs transition. Similarly, with dw held constant while reducing dg, the AlInAs-to-GalnAs
transition can be studied. Details of the MQW samples with various layer thickness changes are
listed in Table 1. Layer thicknesses were varied from 10 to 1.25 nm. The number of MQW
periods was changed in order to keep the total layer thickness at ~0.4 pum.

The HRXRD scans of the MQWs are shown in Figure 1 and are aligned with the InP
substrate peak at O rel arc sec and offset for clarity. The scan from the thickest barrier and well
layers (ds = dw = 10 nm) is the bottom (sample a), and either dw or dg is decreasing towards the
top. The spacing of satellite peaks increases as the period decreases as expected, and all scans
exhibit sharp satellite peaks and highly resolved thickness interference fringes. The full-width at



half-maximum of the n=0 peak is nominally similar for all MQWs. It ranges between 41.8 arc
sec for the 20-nm-period MQW (sample a) and 44.7 arc sec for the 3.75-nm-period MQW
(sample f). These results indicate that the interfaces are well-defined and very flat with excellent
repeatability in thickness and composition throughout the structure, even for sample f with dg as
thin as 1.25 nm.

Also to be noted in Figure 1 is the position of the zeroth order satellite (n=0 peak near the
substrate peak), which determines the average perpendicular lattice parameter. The n=0 peak
position is listed in Table 1. For samples a-c with ds = 10 nm and varying dw from 10 to 2.5 nm
(GalnAs-to-AlInAs interface), the n=0 peak position is nominally similar. However, for samples
c-f with constant dw = 2.5 nm and varying dg from 10 to 1.25 nm (AllnAs-to-GalnAs interface),
the n=0 peak position moves toward lower negative diffraction angles and indicates a systematic
trend toward more compressively strained structures. The change in strain with either dg or dw is
plotted in Figure 2, where the data have been referenced to sample a with 10-nm-thick AlInAs
and GalnAs layers. Varying dw with constant ds has a negligible effect on the change in strain,
while varying ds with constant dw results in a dramatic increase of nearly 0.15% compressive
strain. This compressive strain is likely due to interfacial strain that accumulates at the AlInAs-
to-GalnAs heterointerface.

It has been reported that strain accumulation in InGaAs/GaAsP strain-balanced MQWs
can be effectively monitored during growth by in-situ wafer curvature measurement [12, 13].
Therefore, to further investigate the origin of compressive strain accumulation in our nominally
lattice-matched AlInAs/GalnAs MQWs, we used in-situ optical monitoring during the growth of
MQW test structures to probe both the GalnAs-to-AllnAs and AllnAs-to-GalnAs
heterointerfaces. In one experiment, dg was constant at 10 nm while dw was reduced from 10 to
0.65 nm (GalnAs-to-AlInAs interface). In the other experiment, dw was constant at 10 nm while
ds was reduced from 10 to 1.25 nm (AllnAs-to-GalnAs interface). The number of periods was
increased as the period thickness decreased. The reflectance, monitored at 450 nm, and wafer
curvature from the two growth runs are shown in Figure 3. Reflectance oscillations correspond to
the each barrier and well layer and each layer is easily resolved. For the growth run shown in
Figure 3a with decreasing dw with constant dg, wafer curvature is relatively constant. However,
for the structure with decreasing ds with constant dw (Figure 3b), the wafer curvature becomes
increasingly negative when dg is reduced below 5 nm. The increase in negative curvature is due
to the accumulation of compressive strain at the AlinAs-to-GalnAs interface. These results are
consistent with the ex-situ HRXRD data obtained for the series of MQWs listed in Table 1 and
previously discussed, providing further support that compressive strain accumulates at the
AllnAs-to-GalnAs heterointerface.

APT is a nano-characterization technique that has the ability to map chemical
compositions on an atomic spatial scale, and has been demonstrated to be particularly useful in
characterizing interfaces in multilayer films [14]. APT was used to analyze AlInAs/GalnAs
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to-AllnAs interfaces. The width of the AllnAs-to-GalnAs transition is 2.5 nm compared to a
transition width of 4.5 nm at the GalnAs-to-AllnAs interface. In addition, there is an abrupt
increase in excess indium (0.57) at the AllnAs-to-GalnAs interface, which then decreases over
~0.8 nm to the steady value in the GalnAs layer. The In-rich region will lead to interfacial
compressive strain at the AlInAs-to-GalnAs interface. The width of this interfacial layer is
relatively constant. Thus as dg is reduced, the extent of the In-rich region becomes an
increasingly greater fraction of the period thickness, and contributes more in the average strain in
the structure. As shown in the ex-situ and in-situ measurements of strain in the MQWs discussed
in Figures 1-3, compressive strain increases with decreasing dg.

We attribute both the excess indium and asymmetrically graded interfaces to indium
surface segregation whereby an In-rich region tends to form at the growing surface, and the
tendency for indium surface segregation is higher in AllnAs than GalnAs [15-17]. Indium
surface segregation has been observed in both molecular beam epitaxy (MBE) [15, 17-19] and
MOVPE [20] and leads to interface broadening. Segregation lengths of 2.9 nm are reported for
MBE [19] and 3-4 nm for MOVPE [20]. Based on the results of this work and surface
segregation studies, the AllnAs surface is enriched in indium during growth. When GalnAs is
grown on top of AllnAs, the indium surface atoms incorporate into the GalnAs since it has a
higher solubility for indium than AllnAs. Subsequently, when AlInAs is grown on GalnAs,
indium incorporation is slower and this leads to a wider grading length for GalnAs-to-AllnAs
compared to AllnAs-to-GalnAs.

It is important to point out that even in the absence of surface segregation,
heterointerfaces can be compositionally graded in MOVPE-grown heterostructures due to gas
diffusion and hydrodynamic dispersion in the MOVPE reactor [21, 22]. Dispersion is a
fundamental process operating in MOVPE and smears out the compositional gas front so that the
concentration at the wafer surface exhibits a transient before reaching its steady state value rather
than exhibiting an abrupt step change. The time required to reach steady state concentration
depends mainly on the gas residence time. Growth parameters that can minimize interfacial
grading include reducing the gas residence time, reducing the epilayer growth rate, and adding a
growth interruption at each heterointerface.

It is also recognized that not all MOVPE-grown QCLs have been reported to exhibit red-
shifted emission wavelengths. In those reports [9-11], the growth conditions were more conducive
to reducing indium surface segregation and hydrodynamic dispersion effects. Such parameters
included reduced gas residence time via reactor geometry [9, 10], higher V/I1I ratios than used in
this study [9-11,19], high growth temperatures [10, 20, 23], very low growth rates of 0.1 nm/s [9]
or growth interruptions [9, 11] .

On the other hand, growth conditions could be more conducive indium segregation
compared to the conditions used in this study. It is was reported in [6] that the QCL emission
wavelength was red-shifted ~1 um. Those QCLs were grown by MOVPE with tertiarybutyl arsine
as the group V, precursor and the /111 ratio was only 5. In that work, MQW test structures showed
an increase in compressive strain with not only decreasing ds, but also decreasing dw. Thus, it is
highly probable that indium surface segregation was operative in both the AllnAs and GalnAs
under the growth conditions used in that work.



3.2 QCL Devices

In order to further study the impact of compositional interface grading as well as obtain
better correlation between experimentally measured and calculated QCL wavelengths, QCLs
were modeled to account for graded interfaces, grown, and evaluated. As a first approximation
and to first establish the method, a relatively simple model was adopted to represent intermixing
between AllnAs and GalnAs. The resulting graded interface produces a quaternary alloy
AlGalnAs, where the function 1/(1+exp(x/L)) defines the mixture between lattice-matched
GalnAs and AlInAs. A barrier has then the concentration shape 1/(1+exp((x-dg)/L)) -
1/(1+exp(x/L)), where L is the grading width. While this is an oversimplification of the
compositional profiles shown in Figure 4, there are many additional unknown parameters that
could further influence energy levels. L was empirically determined from in-house historically
measured QCL electroluminescence wavelengths to be 0.22 nm.

A QCL based on single-phonon continuum depopulation [24] was adopted as the baseline
structure for study, as this scheme yields high device performance and is robust against layer-
thickness fluctuations. The AllnAs/GalnAs layer sequence of one period starting from the
injection barrier is as follows:
3.8/1.5/0.9/5.3/0.8/5.2/0.9/4.8/1.6/3.7/2.2/3.0/1.8/2.8/1.9/2.7/2.0/2.6/2.5/2.7/3.1/2.5. The AlInAs
barrier layers are in bold print, and the underlined layers are Si-doped injector layers. A
comparison of the bandstructure and moduli squared of the wavefunctions in the active region in
which the barrier and well layers are compositionally abrupt or graded are shown in Figures 5a
and 5b, respectively. The grading has a dramatic change on the alloy composition and energy
levels in the active region, where the three barrier layers have the quaternary AlGalnAs
composition. The calculated transition energy for the QCL with abrupt interfaces corresponds to
a wavelength of 8.2 um. With the graded interfaces, energy barrier heights are lower and
consequently the lasing transition energy is reduced by 15 meV, or equivalently a lasing
wavelength of 9.1um. These results show that the graded interfaces can be responsible for red-
shifted QCL emission wavelengths.

To further support this hypothesis, a series of QCLs were designed with the same graded
interfaces. Bandstructures of QCLs designed for emission at 7.5 and 8.5 um are 7hown in Figure
6. QCLs were grown with 35 periods and injector sheet doping of ~1.1 x 10* cm™. The lower
and upper InP cladding layer thickness was 3.5 pm, and was Si doped 5 x 10%* cm™. GalnAs
waveguide layers were Si doped 2 x 10%° cm® and were 0.5 um thick. A heavily Si-doped (>5 x
108 cm®) plasmon-confinement layer was 0.5 um thick, followed by a 0.2 pm-thick GalnAs
contact layer (>2 x 10*° cm®).

Pulsed light-current (L-1) and voltage-current (V-1) characteristics of uncoated QCL
devices are shown in Figure 7, and the insets shown the lasing spectrum. The 7.5 um laser has a
threshold current density Ji of 0.85 kA/cm?, slope efficiency/facet of 0.82 W/A, and maximum
total power conversion efficiency nmax of 8.2%. The 8.5 um laser has a slightly higher threshold
current density Ji of 1.1 kA/cm?, slope efficiency/facet of 0.85 W/A, and maximum total power
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conversion efficiency nmax of 10%. Both devices emit over 900 mW/facet of peak output power.
The lasing wavelength of these devices is 7.46 and 8.5 pm and very well correlated with the
design wavelength. In addition, a QCL was designed for 8.0 um emission. The measured
emission wavelength was 8.0 um, and similar high performance with nmax of 9.4%. The
performance of these devices with graded heteroineterfaces is comparable or slightly better than
the pulsed performance reported in [24], and thus, QCLs with graded interfaces can operate with
no compromise in performance.

4. Summary

This work investigates the origin of the measured red-shifted emission wavelengths of
AllnAs/GalnAs/InP QCLs grown by MOVPE, as compared to calculated QCL wavelengths.
AllnAs/GalnAs multiple quantum well (MQW) test structures were grown by MOVPE with
successively decreasing barrier and well layers to reveal heterointerface effects. It was found
from both in-situ optical monitoring and ex-situ HRXRD that decreasing the AlInAs thickness
resulted in increasingly compressive structures, while changes in GalnAs thickness barely
affected overall strain. APT revealed compositionally graded interfaces and indium accumulation
at the AllnAs-to-GalnAs interface. The GalnAs-to-AllnAs and AllnAs-to-GalnAs interfaces are
asymmetric due to this indium surface segregation, with more interfacial grading at the GalnAs-
to-AlInAs interface. QCL modeling of graded interfaces clearly indicates that the barrier layers
in the QCL active region are AlGalnAs instead of AllnAs, and the calculated emission
wavelength is red-shifted compared to structures modeled with abrupt ternary heterointerfaces.
Even if indium surface segregation can be eliminated, attainment of compositionally abrupt
heterointerfaces grown using MOVPE will be fundamentally limited by hydrodynamic
dispersion. In addition, we demonstrate greatly improved agreement between designed and
measured emission wavelength in QCLs operating at 7.5 and 8.5 um, with high-performance
QCLs exhibiting room temperature peak power exceeding 900 mW and pulsed efficiencies of
~8.5 to 10%.
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Table 1. Details of AllnAs/GalnAs MQW structures. Samples were grown without growth interruption.

Sample Barrier Well thickness SL period Number of n=0 peak position
thickness (nm) (nm) periods (rel arc s)

a 10 10 20 20 199
b 10 5 15 26 194
c 10 2.5 12.5 32 176
d 5 2.5 7.5 52 95

e 2.5 2.5 5 80 -36
f 1.25 2.5 3.75 100 -140
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Figure 1. High-resolution x-ray diffraction scans of AlinAs/GalnAs MQWs listed in Table 1: (a)

10/10 nm (x20); (b) 10/5 nm (x26); (c) 10/2.5 nm (x32); (d) 5/2.5 nm (x52); (e) 2.5/2.5 nm (x80);
(f) 1.25/2.5 nm (x100).
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the open circles dg = 10 nm and the filled circles dw = 2.5 nm.
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Figure 2. Relative change in strain of AllInAs/GalnAs MQWs grown with constant dg = 10 nm

(open circles) and varying dw or constant dw = 2.5 nm (filled circles) and varying dg. | _—{ commented [cAW6]: OK.
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Figure 3. In-situ optical monitoring of AlinAs/GalnAs MQWs: reflectance at 450 nm (upper
curve) and wafer curvature (lower curve). (a) Varying dw with constant dg = 10 nm and (b)
varying dg with constant dw = 10 nm.

13



—e—Al/Al+In+Ga -e—Gal/Al+In+Ga —*-In/Al+In+Ga

07

GalnAs AllInAs GalnAs

Cation Fraction

0 5 10 15 20 25 30 35 40
Distance from Bottom (nm)

Figure 4. Cation concentration profiles of Al, Ga, and In in AllnAs/GalnAs MQW. The growth
direction is from left to right.
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Figure 5. Calculated conduction band diagram and moduli squared of the wave functions for the
active region of the QCL with compositionally (a) abrupt interfaces (8.2 um lasing transition)
and (b) graded interfaces (9.1 um lasing transition). The barrier heights of the three thinner

barrier layers are considerably lower and consequently the lasing transition energy is reduced by
15 meV.
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Figure 6. Calculated conduction band diagram and moduli squared of the wave functions for
QCLs designed for (a) 7.5 um and (b) 8.5 um emission. The AllnAs/GalnAs layer sequence of
one period starting from the injection barrier is as follows:

(@) 4.1/1.1/1.1/4.65/0.95/4.55/1.05/4.2/1.7/3.3/2.3/2.5/1.9/2.4/2.0/2.3/2.2/2.1/2.7/2.15/3.3/2.0;
(b) 3.9/1.3/0.95/5.1/0.85/5.0/0.95/4.6/1.6/3.5/2.2/2.9/1.8/2.7/1.9/2.6/2.0/2.4/2.5/2.45/3.1/2.3. The
AllInAs barrier layers are in bold print, and the underlined layers are Si-doped injector layers.
The AllnAs barrier layers are in bold print, and the underlined layers are Si-doped injector
layers.
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Figure 7. Room-temperature pulsed power-current-voltage characteristics of uncoated QCL ridge
(@) 7.5 um design and (b) 8.5 um design. Measurements were made on unmounted bars under
pulsed conditions.
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