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In this study, in-plane interface roughness (IFR) values are extracted via atomic probe tomography (APT) for a
few key interfaces within a quantum cascade laser (QCL) active region composed of compressively-strained
InGaAs quantum wells (QWs) and tensilely-strained AllnAs barriers. The structure was grown by organome-
tallic vapor phase epitaxy (OMVPE) at 605 °C, 100 rpm, 100 torr, with a 5 s interruption time between layers.
The full-stage thickness measured via high-resolution x-ray diffraction (HR-XRD) is used to calibrate the
reconstruction to within 5%. From the APT results, it is found that interfaces to two barriers of different tensile-
strain value (i.e., of different Al concentration) have different RMS-roughness amplitude. Specifically, barriers of
higher Al concentration have ~50% larger RMS-roughness amplitude, as the strain differential increases by a

factor of 2.2. To the best of our knowledge, this is the first experimental data showing that roughness parameters
within a QCL active region are different for different interfaces within the same grown structure.

1. Introduction

Since the first experimentally demonstrated quantum cascade laser
(QCL) in 1994 at Bell Labs, achieving high output power, low threshold-
current density, and reduced temperature sensitivity of the devices
electro-optical characteristics have been active areas of research. Many
QCLs that are grown via molecular beam epitaxy (MBE), as well as
fabricated in industry, generally employ a conventional structure having
constant composition alloys, while varying the well and barrier widths.
However, it has been shown that for state-of-the-art devices targeting
high power and, more importantly, strong carrier-leakage suppression
for high efficiency, deviation from the conventional structure to a step-
tapered active-region (STA) structure is necessary [1].

Until recently, the carrier-leakage process in QCL structures was
modeled assuming longitudinal-optical (LO)-phonon scattering as the
only scattering mechanism between energy states. However, recent
studies have shown that the addition of interface roughness (IFR) scat-
tering as another carrier-leakage trigger is essential to bridging the gap
between theoretical and experimental internal efficiency values [2]. As
QCLs are becoming more commercially available and volume
manufacturing is emerging, the need for accurate modeling and device-
performance projections is essential for device design and material
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growth.

Characterizing the IFR parameters of the interfaces between the
layers comprising the QCL-superlattice (SL) active region is necessary to
further optimize device performance and potentially achieve higher
wall-plug efficiencies. Previous work has focused on interface grading
via transmission electron microscopy (TEM) [3] and extracting the IFR
parameters from device performance of MBE- grown [2,4-7] and
OMVPE-grown QCLs [2,8]. Here we use APT to directly characterize the
interface roughness for specific interfaces of varying Al concentration
within a single QCL- structure growth performed via OMVPE. Previously
APT has been used to investigate the amount of intermixing [9], the
effect of thin layers on Al incorporation [10], and indium segregation at
interfaces [11]. The method of extracting in-plane IFR parameters uti-
lized here is described by Grange et al. [12] and Mukherjee et al. [13],
however, instead of investigating Si to SiGe interfaces for THz devices
grown via ultrahigh-vacuum chemical vapor deposition (UHV-CVD), we
are investigating interfaces between InGaAs and AllnAs layers for mid-
IR-emitting devices grown via OMVPE.

A typical QCL structure has 30 to 50 stages; each stage containing ~
20 interfaces. These interfaces play a direct role in carrier lifetimes and
carrier transport. The scattering rate due to IFR is proportional to the
conduction band (CB) offset squared and the overlap of the
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wavefunctions at the interface [1]. The largest CB offsets occur on the
downstream side of the active region as well as in the extractor region,
leading to IFR scattering dominating the lower-laser level lifetime as
well as the shunt-type carrier leakage triggered from the upper-laser
level and injector-region states [2]. Thus, IFR scattering is a critical
parameter which directly impacts the threshold-current density and
internal efficiency.

Individual interfaces were probed using isoconcentration surfaces
between the peak InGaAs-layer composition and peak AllnAs-layer
composition to best represent the center of the compositionally graded
region. This was done for layers of different aluminum and gallium
concentrations across multiple stages. Using a height-height correlation
function (HHCF) we were able to extract the roughness amplitudes (A)
and in-plane correlation lengths (A). We find a large difference in the
roughness amplitude between InGaAs/AlInAs interfaces of different Al
concentrations and, in turn, different strain differentials.

The current models for IFR scattering use two parameters for the
entire QCL structure, assuming constant roughness. However, high-
power QCL designs employ a step-tapered active region (STA) or a
linear-tapered active region with varying layer compositions [1,14,15].
Employing APT, we have analyzed the IFR of strained InGaAs/AlInAs
STA-type QCLs grown by OMVPE and show that the roughness of in-
terfaces vary for different layer compositions in a full QCL structure,
thus more complex models are required to properly account for the
impact of IFR scattering on state lifetimes and carrier leakage.

2. Materials and methods

A full QCL structure emitting at A ~ 4.55 pm was grown on a (001)
InP substrate by OMVPE in a close-coupled showerhead (3 x 2")
configuration at a temperature of 605 °C. The reactor pressure was held
at 100 torr, a 5 sec interruption time was used between layers, and the
susceptor was rotated at 100 rpm. The target compositions, V/III ratios,
group-1II partial pressures, and growth rates are shown in Table 1.

Growth sources included: trimethylindium (TMIn), trimethylgallium
(TMGa), trimethylaluminum (TMAL), phosphine, and arsine. An Epison
was employed in a feedback loop to control the TMIn concentration.

The structure analyzed is a 40-stage QCL. The active region consists
of the following: (14), 30, [14], 34, 11, [42], 11, [11], 34, (19), 23, 20,
21,24,19,22, 14, [20], 14, (21), [13], and [(22)], where the bold script
is Ing 65Gag 35As, underlined is doped, italicized is Ing 75Gag 25As, itali-
cized in parenthesis is Ing2AljgAs, bracketed script is AlAs, bracket
bolded is Ing g9Gag.31As, bracket italic is Ing g5Gag.35As, parenthesis bold
is Ing 62Gag 3gAs, regular script is Ing gGag 4As, italic bold is Ing 3Alg 7As,
parenthesis bold italic is IngyGag3As, bracket bold italic is Ing as5A-
lp.75As, and bracket and parenthesis is Ing 76Gag 24.As. Below the core
region there is a 0.1 pm-thick Ing 53Gag 47As layer lattice-matched to InP
and doped atn =5 x 10'® cm™ that acts as the lower part of waveguide
to increase the optical-mode confinement factor, followed by a lower
cladding layer consisting of a 2 pm-thick, doped at n = 2 x 10'® em ™3,
InP. Directly above the core region there is another 0.1 pm-thick
Ing 53Gag 47As layer, doped atn =5 x 10'® cm ™3, as the upper part of the

Table 1
V/III ratios and growth rates for layers grown within the active region.
Layer Target V/1I Group III Partial Growth
Composition Ratio Pressure (Torr) Rate (nm/s)
2nd Well Ing.69Gag.31As 321.4 1.55E-3 0.120
3rd Well Ing 75Gag.25As 256.4 1.94E-3 0.151
1st & 2nd Al 65Ing 35As 499.3 9.96E—4 0.081
Active-
Region
Barrier
3rd Active- AlAs 741.1 6.71E—4 0.059
Region
Barrier
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waveguide, a 3 pm-thick InP upper cladding layer, doped atn = 2 x 10®
cm™3, and finally a 1 pm-thick highly-doped InP (2 x 10'° cm™3) layer
that acts as the contact layer. The full structure was calibrated post-
growth with high-resolution x-ray diffraction (HR-XRD).

A Ga'-focused ion beam (Ga-FIB) was employed to create lift-out
samples to prepare APT tips. A thin (~500 nm) Pt layer was used as a
protective cap layer for the lift-out preparation and tip shaping. The tips
were welded onto a Si micro-post array using Pt. The APT tips were
shaped with an accelerating voltage of 30 kV and progressively lower
beam currents. After shaping, a final cleaning step was performed at an
accelerating voltage of 2 kV and a beam current of 100 pA to remove
Ga™ that implanted during the tip shaping.

The atom probe data was collected with a LEAP5000XS in the pulsed-
laser mode at a sample temperature of 30 K to maximize the spatial
resolution with a pulse frequency of 500 kHz and an energy of 1.0 pJ.
This instrumentation is capable of reaching a collection efficiency of
nearly 80% allowing the investigation of extremely thin layers and
interfaces.

Reconstruction was performed using the shank angle method in
order to account for the changing evaporation field between alternating
layers of AllnAs and InGaAs. The reconstruction was calibrated such that
the full stage thickness is within 5% of the measured value from HR-
XRD, as shown in Fig. 1, which correlates with a potential 5% error
within each interface. The voxel size is 2 nm by 2 nm in the in-plane
direction and 0.5 nm in the growth direction. A small voxel size in-
creases resolution at the expense of potential statistical error and the
inverse is true as well. Three interfaces of interest were analyzed across
three stages of the full reconstruction. These interfaces are identified in
Fig. 2. Also shown in Fig. 2, are the calculated fractions of leakage-
current densities relative to the threshold-current density at each
interface, which are influenced by the IFR scattering occurring at a
particular interface [2].

In Fig. 2, the growth direction is from right to left. The first interface
is Ing g9Gag 31As — Alg g5Ing 35As and the second interface is in inverse
order: Al g5Ing 35As — Ing goGag 31As. These two interfaces were chosen
to be analyzed as they are the thinnest layers in the structure (1.1 nm),
have the same compositional target, and bound the same InGaAs well,
allowing us to observe any difference in roughness parameters when
entering or exiting an AllnAs barrier which has previously been shown
to have an asymmetry for MBE-grown devices [5]. The third interface
analyzed is AlAs — Ing75Gag 2sAs since it has the highest Al concen-
tration, and thus the highest strain. This interface typically plays the
largest role in active-region carrier leakage because it has overlap with
the energy state above the upper-laser level and the largest conduction
band offset.

Isoconcentration surfaces were defined at each identified interface as
outlined by Grange et al. [12], however, we are analyzing a more
complex system which includes ternaries and quaternaries [9,10]. As
such, we define the interface as the point at which the Al concentration
is half the value between the maximum value in the AllnAs barrier and
the minimum value in the adjacent InGaAs well. The isoconcentration
surfaces can then be investigated using a height-height correlation
function (HHCF) as shown in Equation (1).

H(T) = (h(7) =h(p + 7)) M

h(7) is the height of the isoconcentration surface relative to the mean
plane as a function of position and 7 is a vector such that the depen-
dence of the difference in height squared can be plotted as a function of
position throughout the isoconcentration surface.

3. Results
Using the methods outlined above, we generated HHCF graphs for

the various interfaces across three stages. Examples of these graphs are
shown in Figs. 3 and 4. At small 7 values there is a strong dependence
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Fig. 1. Experimental HR-XRD is shown in blue, and the simulation is shown in red. Using the simulation, the thicknesses and compositions of the final structure can

be extracted by matching the simulated to experimental spectra.
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Fig. 2. Conduction band diagram of the active region corresponding to the left
y-axis, the percent of threshold-current density that is lost at each interface
corresponds to the black dots and the right y-axis for the analyzed structure.
The red curves represent ground states and the upper lasing level wavefunctions
while the green curve is the wavefunction above the upper laser level (ul + 1).
The growth direction is from right to left.

on position, however, as 7 increases it becomes less dependent. Ideally,
at large 7 values this dependency is lost. However, we have seen that at
larger 7 values there can be oscillations, as shown in Fig. 3. These os-
cillations may be an artifact reflecting some degree of non-planarity in
the APT reconstruction over the entire iso-concentration surface and can
also be found in previous work extracting these parameters [12,13]. To
avoid the impact on the fit, we focus on fitting the knee of the HHCF
where the two relevant IFR parameters are located.

Using Equation (2), we can extract the relevant in-plane IFR pa-
rameters, A and A, which correspond to the RMS roughness and in-plane
correlation length, respectively, by fitting the HHCF.

H(7T) =24 [1 - exp( - (%2) ) } (2

This calculation was performed for the three identified interfaces
through three stages of the evaporated structure. The average values and
their standard deviations are shown in Table 2.

The interfacial mixing width was also investigated, as this was also
previously analyzed by Rajeev et al. [9] for the same material system.
The mixing width here was extracted by fitting the 1-D concentration

profile with the function in Equation (3), where ¢y and dy are the offset
and scaling parameters, respectively, 2, is the position offset, and L is
defined as the distance over which the composition changes from 12% to
88% of the peak and minimum values [12].

c(z) = co +doerf |:21\/T2)L(ZZ°):| .

The extracted interfacial mixing widths are compiled in Table 2. The
average interdiffusion length found previously [9] was 0.55 nm, which,
although was extracted assuming diffusion-driven intermixing, is char-
acterizing a similar property. This is well in-line with the extracted
interfacial mixing widths extracted here. Our extracted values are half
the value extracted by Grange et al. [12] for Si/SiGe THz QCLs grown via
UHV-CVD. The stages analyzed here were consecutive within the
growth. As we do not have the upper or lower confinement layers we
cannot tell where within the 40 stages these are located. Previously we
looked at 12 stages within a growth and based off of the diffusion con-
stant extracted by Rajeev [9] we would expect the change in interfacial
mixing width to be quite small, and we did not see any change across 12
stages [10]. Ideally, all 40 stages are identical, practically there are
likely some differences between the first and last stage.

The strain by layer relative to InP, shown in Table 2, is calculated
using Equation (4) below.

amp — a
Sinb — CinGaAS _ Strain Relative to InP (@]
App

app is the lattice constant for InP, apgeas is the lattice constant for
In,Gaj 4As, and the same calculation can be performed for Al; 4InyAs by
replacing the InyGa; xAs lattice constant with that of the Al; x\InyAs. The
differential strain relative to InP is calculated by taking the magnitude of
the difference in strain at each interface.

From Table 2, we can see that the first two interfaces have very
similar A and A values, showing that entering versus exiting a barrier or
well for layers that share the same level of strain appears to not play a
significant role in interface roughness. Bouzi et al. [5] have previously
reported on 7.2 pm-emitting devices grown by MBE that there may be
some degree of asymmetry; however, for the results shown here, the
difference is within the error bars. It is possible that different interfaces
within the structure have higher asymmetry; extracting the remainder of
the interface parameters is ongoing and will lead to a better under-
standing of all the interfaces. The interfaces here were chosen as they
included the barrier with the highest aluminum target concentration,
barriers with lower aluminum targets, and allowed the comparison of an
upstream vs downstream interface. Comparing the AlAs —
Ing 75Gag.25As interface with the other two interfaces we can see a large
discrepancy in the extracted A values. We see roughly a 50% increase in
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Fig. 3. HHCF plotted for an interface corresponding to the first interface of interest. Using Equation (2), to fit this data, the in-plane IFR parameters are extracted to
be A = 0.122 nm and A = 5.94 nm. The isoconcentration surface analyzed is inset.
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Fig. 4. HHCF plotted for an interface of the 3rd active-region barrier which has the highest aluminum concentration target, AlAs. The extracted in-plane IFR pa-
rameters are A = 0.234 nm and A = 8.21 nm. The isoconcentration surface analyzed is inset.

Table 2

Extracted IFR parameters and interfacial mixing width from the three interfaces of interest averaged across 3 stages. The column labeled differential strain relative to
InP is the magnitude of the strain between the compressive-strained barrier and tensile-strained well. The contribution from each layer is shown in the column labeled
as strain by layer where negative values correspond to layers compressive-strained and positive for tensile-strained.

Interface A (nm) A (nm) Interfacial Mixing Width (nm) Strain by Layer Relative to InP (%) Differential Strain Relative to InP (%)
Ino.0Gao31As — Alggslng 3sAs  0.145 (£ 0.02)  6.61 (£0.76)  0.54 (+ 0.05) -0.011 — 0.012 2.3
Al ¢5Ing 35As — Ing ¢oGags1As  0.120 (£0.01)  5.75 (£ 0.36)  0.61 (+ 0.08) 0.012 — -0.011 2.3
AlAs — Ing 75Gag 25ASs 0.201 (£ 0.02) 7.08(+1.06) 0.68 (+ 0.2) 0.035 — -0.015 5.0

the RMS roughness amplitude, A. We can also see that the differential
strain, defined to be the sum of the strain between the two layers of
interest relative to InP, increases by a factor of about 2.2, thus showing a
potential correlation with the increase in the A value squared. This could
additionally be the result of higher oxygen incorporation in the higher
aluminum containing layers. These values are similar in magnitude to
values previously extracted [4,6-8].

T,/% A’ASU? )

The IFR scattering rate is proportional to A%, A%, and 6U? as shown in

Equation (5) [1], where §U is the conduction band offset. A 50% increase
in the A value, as measured here, would result in a scattering rate more
than two times higher than the previous value for a particular interface.
Variations in the roughness values for different interfaces will, in turn,
have a significant impact on the IFR scattering rates and leakage cur-
rents for these devices. For an accurate model, one should consider
varying roughness parameters for interfaces throughout a full QCL
active-region structure.
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4. Conclusion

We have shown that layers of different Al concentration and, in turn,
different levels of differential strain result in significantly different RMS
roughness values in InGaAs/AllnAs SL structures. However, we are un-
able to decouple the strain effects from effects originating from different
Al contents. When comparing an interface of a barrier with a target
composition of AlyesIng 3sAs to that of a barrier with a target compo-
sition of AlAs, we see that the interface to the barrier with the higher Al
concentration shows a nearly 50% greater RMS amplitude, which cor-
relates with the change in differential strain at the respective interfaces.
Characterizing the IFR parameters for all interfaces within the QCL
structure will enable IFR engineering of the QCL structure for achieving
further enhancements in device performance. In addition, OMVPE-
growth optimization can be carried out to reduce the roughness-
parameters values for key interfaces within QCL structures. Future
work will focus on extracting parameters from more interfaces and the
integration of these variable parameters into a full scattering model.
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