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Extending Device Performance in Photonic Devices using Piezoelectric
Properties

Gregory E. Triplett®
Dept. of Electrical and Computer Engineering, Univ. of Missouri, Columbia, Missouri USA 65211

ABSTRACT

This study focuses on the influence of epi-layer strain and piezoelectric effects in asymmetric GalnAs/GaAlAs action
regions that potentially lead to intra-cavity frequency mixing. The theoretical limits for conduction and valence band
offsets in lattice-matched semiconductor structures have resulted in the deployment of non-traditional approaches such as
strain compensation to extend wavelength in intersubband devices, where strain limits are related to misfit dislocation
generation. Strain and piezoelectric effects have been studied and verified using select photonic device designs. Metrics
under this effort also included dipole strength, oscillator strength, and offset of energy transitions, which are strongly
correlated with induced piezoelectric effects. Unique photonic designs were simulated, modeled, and then fabricated
using solid-source molecular beam epitaxy into photonic devices. The initial designs produce "lambda" wavelength, and
the introduction of the piezoelectric effect resulted in "lambda/2" wavelength. More importantly, this work demonstrates
that the theoretical cutoff wavelength in intersubband lasers can be overcome.

Keywords: quantum cascade lasers, molecular beam epitaxy, frequency mixing, strain, active region

1. INTRODUCTION

Historically, the development of optoelectronic devices, such as thermal detectors and lasers, has been especially
instrumental particularly regarding the advancement of infrared applications and capabilities. Such technological
improvements have revealed greater flexibility in bandstructure engineering and advanced photonic technologies for
navigation and reconnaissance. Despite recent surges in laser technology, the development of state-of-the-art devices that
operate in the <3.5um region will stem from advancements in materials integration, device design, synthesis, as well as
fabrication. Recent efforts to achieve 3-5 pm quantum cascade laser (QCL) devices have included wider-bandgap
materials (i.e. nitrides) with large conduction band offsets (~2 eV), strain compensated QCLs, and harmonic generation
processes; however, there is still much room for improvement. In this work, the ability to extend device operation within
the 3-5 um region is investigated through nonlinear processes within the cavity, with AlGaAs/(In)GaAs QCL structures
as the test vehicle. The GaAs-based material system is appropriate for this study because it is technologically mature and
it already has demonstrated the flexibility to achieve a uniquely wide range (7 to 100 um) of wavelength.

There has been steadily growing interest in QCL devices, whose physical characteristics can be a few billionths of a
meter. Since their demonstration in 1994 by Faist, et al. [1], these complex structures are the subject of intense research
activity due to the quantum mechanical behavior of isolated charged particles (electrons) [2]. Through careful bandgap
engineering of sequential semiconducting layers in a QCL device, an isolated charged particle can generate numerous
photons with specific quantum properties. Until now, these unipolar devices have demonstrated photon emission across
the mid-IR region of the electromagnetic spectrum making them useful for numerous IR applications that include remote
sensing of chemical agents, detection of trace gases (CH; and N,0), combustion diagnostics, LIDAR, and pollution
monitoring. Despite the wide range of lasers previously available, QCLs have successfully filled some significant
technological gaps. They are capable of kilohertz linewidth, providing lasing wavelengths far beyond the near IR region.
Based on their design, most of the mid-IR spectrum can be covered by the same material. In comparison to other laser
device designs, the key advantages of QCL devices are higher power and the intersubband transition that provides lasing
at longer wavelengths, where narrow bandgap materials in interband devices are typically considered. For conventional
laser diode structures, lasing wavelength is dependent on material bandgap and availability of both electron and hole
states in the conduction and valence bands, respectively. Conversely, in QCL structures, only one #ype of particle is
necessary and the wavelength of produced photons is not related to the bandgap of the semiconductor material.
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Furthermore, each isolated electron in a QCL device can produce an individual photon at each stage in a series of
sequential stages.

Over the past decade, the study of intersubband transitions in QCL devices have revealed numerous possibilities to
produce photons that span the IR region of the electromagnetic spectrum, but this is limited to wavelengths above ~3.5
pm. Because QCL structures are unipolar, a large (~1 eV) conduction band offset (AE.) could potentially extend
operation well below 4 um. For example, to achieve 1.55 um (a typical free space optical communications wavelength),
an 800 meV intersubband energy separation in a QCL structure is necessary, which includes II-VI materials [3], type-II
heterostructures [4], and nitride materials [5]. However, experimental results have suggested that significant
advancements in device simulations, growth, and fabrication are still necessary. One course of action includes the use of
the nonlinear susceptibility. Nonlinear susceptibility can facilitate nonlinear polarization in a lasing medium, and as a
result provide components with twice the frequency component, i.e. second-harmonic generation (SHG). In a report by
Gmachl, et al. [6], devices demonstrated SHG in AllnAs/InGaAs QCLs with power levels up to 2 pW. Here, an
AllnAs/InGaAs QCL laser designed for 7.5 pum light emission produced modes at 7.5 and 3.75 pum, respectively. In
another report, Qu et al. [7] achieved a maximum linear-to-nonlinear power efficiency of 500uW/W? for AllnAs/InGaAs
grown by molecular beam epitaxy on InP substrates. While important, these demonstrations only focused on InP-based
systems and the second harmonic was more of a natural occurrence due to the large conduction band offset of lattice
matched systems. Meanwhile, other materials technologies remain unexplored.

This technical approach involves molecular beamy epitaxy (MBE) growth of AlGaAs/(In)GaAs structures. The
proposed test vehicles [8] are particularly appropriate for this study because AlGaAs is closely lattice matched to the
GaAs substrate on which it is grown and various AE, are not achievable without significant strain incorporation (i.e. the
addition of indium). There exists, however, some design constraints. The AlGaAs alloy has a maximum ['-point
throughout the compositional range, and the aluminum composition must remain below 45%, otherwise the X-valley
becomes lower than the I'-point and QCL device performance quickly degrades. So, in order to get a larger conduction
band offset, AE., at a fixed Al-concentration, indium is added to the GaAs quantum well region where the optical
transition of the QCL takes place. In a strained Ing 04GagosAs well, for example, a 26 meV larger band offset compared to
pure GaAs is obtained. Therefore, the use of AlGaAs/(In)GaAs strained quantum wells proposed will increase AE, as
well as the intersubband transitions [9-11].

At the same time, the InGaAs quantum well increases epi-layer strain between the AlGaAs layers. As a result, small
critical layer thickness is expected along with modifications to conduction band properties. Fittingly, this work includes
the use of (111) GaAs substrates for QCL growth, as this orientation strongly influences the strain relaxation
mechanisms from the proposed laser design and allows for greater indium incorporation. Successful growth of QCLs on
(111) is important for 3-5 pum emission in that it is a critical step in a series of steps for producing higher optical
harmonic power [12].

2. QCL FUNDAMENTALS AND TECHNICAL CHALLENGES

The basis of a QCL structure is a quantum well, a three-layer structure where a smaller bandgap material is sandwiched
between wider bandgap materials. This quantum well provides energetically favorable states (energy levels, E,) for
charged particles to reside. The flexibility in QCL design involves a mixture of various semiconductor materials through
alloying and well and barrier thicknesses. There are several essential degrees of freedom to highlight. When the barriers
(larger bandgap material) on each side of the quantum well are appropriately thick, the isolated charged particles are
confined to the quantum well. When barriers are thinner, the charged particles can tunnel through the thin barrier into the
adjacent quantum well. When the quantum well (lower bandgap material) is appropriately thick, the charge particles
reside in lower energy states in the conduction band. When the quantum well is thinner, the ground state is “squeezed”
upwards as a result of quantization and the charged carriers exhibit specific energetic properties. QCLs utilize a
cascading active core (sequences of quantum wells/barriers) so that electrons essentially travel (through control of
tunneling) downstream emitting photons at the steps of the cascading layer.

QCL emission is based on intersubband transitions involving electrons and electron energy levels, E,, where n is 1,
2, 3, etc. The intersubbands, E,, in these structures are controlled by the applied bias (V,) and properties of the quantum
wells and barriers. The quantum wells and barriers in QCLs are thin for the purpose of coupling the electron
wavefunctions, which is essential for the lasing medium. As the electrons leave the injector region and tunnel into the
active medium, they reside in the quantum well at the high energy level (E;). After some time, 13, electrons fall to a
lower available energy state, E,, and emit photons with energy, E,;, correlating with the change (AE) in energy states
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(i.e. E35 — E,= AFE). As is the case for conventional lasers, the necessary condition for lasing in QCLs is population
inversion—N3;>N,, where Nj is the population at E; and N, is the population at E,.

In order for population inversion to be maintained in these structures, the lower level, E,, needs fast depopulation of
electrons to the ground state or E; level. Taking into account resonant longitudinal-optical (LO)-phonon scattering times
that are very short, (<1 picosecond), the E, — E, transition is appropriately designed for the LO-phonon energy (~30
meV). Ironically, this LO phonon energy makes it challenging for AlGaAs/GaAs QCLs to emit in the THz range at room
temperature. As Es, transition lifetime remains longer than E, carrier lifetime (13, > 1,), population inversion is obtained.
Typically, 13, is on the order of several picoseconds. With appropriate selection of the scattering rates, only E; and the
ground state have significant electron population. Evaluation of a QCL design using the gain coefficient, g, can be
calculated as follows [13]:

2
gar|l-t2 |4 1 )
T3 ﬂ’lluefpr V3

where 7, is the LO-phonon scattering time between E; and Ey, e is the electron charge, A, is the laser wavelength, perr is

the modal effective refractive index at A,, L, is the thickness of one pair of active region and injection, z3, is the optical
dipole matrix element, and ys, is the full-width-half-maximum (FHWM) of the E;, transition. As apparent from Equation
1, gain can be enhanced when the E;; transition time is long and the dipole matrix element is large.

Because alignment of injector subbands and upper radiation levels in the active region is necessary, changes in
thickness over a few monolayers stemming from strain effects can have significant effects on subband energy
separations, which are already small for wavelengths in the mid-IR region. Strain control remains a challenge for broad
implementation and high-volume production of QCLs. For example, the emission spectrum for a well-designed QCL is
so narrow that broadening of intersubband transitions due to strain effects is associated with a FHWM of 10-20 meV in
the mid-IR range [14]. Since the proposed structures are based on AlGaAs/(In)GaAs material systems, where the strain
increases with indium composition, the lattice mismatch (f) between InAs and (Al)GaAs must be carefully managed.
These and other factors make it particularly challenging (and interesting as well) to synthesize AlGaAs/(In)GaAs QCL
structures. Fittingly, the experimental methods for synthesizing these structures is MBE, a technology that provides strict
atomic layer control for multi-layer structures. MBE allows strain monitoring of InAs-based quantum wells [15, 16].

Overall, the design of a QCL structure can be very involved. A typical QCL structure can include up to one-
thousand individual layers that have dimensions on the order of several nanometers. QCL devices can be re-produced
only when strict control of layer thickness is available and strain effects are minimized. This is one of the primary
reasons that AlGaAs/GaAs and InAlAs/InGaAs/InP lattice-matched systems have gained so much attention. Still in its
developmental stages, QCLs have neither been optimized nor implemented using a wide selection of semiconductor
material systems. The ability to improve and expand the performance capabilities of QCLs is strongly related to the
controlled integration of numerous materials and various designs. Moreover, there are additional technical challenges
that include QCL wall-plug efficiency [17], high-frequency (~100 GHz) modulation [18], and cost. For these reasons, the
exploration of strained AlGaAs/(In)GaAs QCL structures is significant and has a broader impact, i.e. it brings new
knowledge to the QCL field. The next section describes the technical issues with achieving high power 3-5 pm emission
in QCLs.

3. NON-LINEAR OPTICAL PHENOMENA IN QCLS

The ability to produce 3-5 um emission in QCLs is complicated, as previously described. A considerable amount of
attention has been directed towards the use of nonlinear processes in other optical devices; however, non-linear optical
phenomena have been relatively unexplored in QCL structures. If nonlinear optical processes are integrated within the
laser cavity, the development of high-power QCLs that operate in the 3-5 um range is certainly foreseeable. One of the
major technical challenges has been the linear-to-nonlinear power conversion efficiency, which is strongly related to
nonlinear susceptibility and phase matching of the fundamental and nonlinear light. A promising solution for maximum
power conversion and phase matching is a monolithic and guided wave approach [6]. In this approach, the laser radiation
generated by the intersubband transitions would act as an intracavity optical pump for nonlinear wavelength conversion.
There are several basic approaches to integrating optical nonlinearity within a QCL that include designed quantum wells
in the waveguide core and multi-purpose use of the active region in the QCL for nonlinear wavelength conversion.
Several reports have shown that each approach has its advantages and that the real drawback remains the phase matching
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of the waveguides. Instead, much attention has been placed on optimization of the nonlinear susceptibility, x'”, which
can be approximated as follows [19]:
Z(Z) ae’ Ne . ZiiiZiiziiZ i—iii . )
(hw— Ei—ii -1 71’—1’:‘) ’ (2ha)— Ei—iii —1I 71’—1’1’1’)

where N, is the electron density in the active region, £, and 2y, are the energy difference and transition broadenings
between energy levels j and k£ when j, k = i, ii, iii. Here, an optimized linear conversion process requires that one of the
energy levels (i, ii, iii) be sufficiently populated with electrons. Since the upper level, E;, is sufficiently populated in the
active region, a feasible design for nonlinear wavelength conversion will include overlapping E; with one level in the
nonlinear region.

In a study by Gmachl, et al [6], harmonic generation was explored using AllnAs/InGaAs structures grown by MBE
on InP that emitted fundamental modes at 9.1 um and 7.5 pm and SHG light at 4.55 um and 3.75 pum, respectively. This
group explored optical nonlinearity that was integrated into the laser active regions and achieved SHG power levels up to
2uW with a linear-to-nonlinear power conversion efficiency of 50-100 uW/W? These values are not extremely high, but
the demonstration holds promise as phase matching between the fundamental and SHG was lacking.

In a later study by Malis, et al [20], similar structures were examined with a phase matching approach and at least a
two-order magnitude improvement in SHG and nonlinear power conversion efficiency was demonstrated. Phase
matching was accomplished using an appropriate decrease of the modal refractive index of the fundamental light relative
to the modal refractive index of the SHG light. This was achieved through the dependence of the effective refractive
index on the ridge width.

In another study by Qu, et al. [7], the nonlinear power conversion efficiency was explored using AllnAs/InGaAs
structures grown by MBE on InP without modal phase matching. They found the nonlinear power conversion to also be
strongly dependent on the injection current density due to an electric field and current dependent nonlinear susceptibility.
The nonlinear power conversion efficiency was shown to increase by one order of magnitude over the current density
range (2.7 - 7.5 kA/cm?) and electric field range (43.5 - 57 kV/cm) to provide maximum efficiency of 500 uW/W?. These
results show particular promise for tuning the nonlinearity based on current density and applied bias.

Austerer, et al. [21] also studied SHG in QCLs, but employed GaAs-based material systems. The
Al 45GagssAs/GaAs QCL structures were designed for 8-10 um emission and phase matching was explored using
symmetric double-plasmon waveguide based on low-doped GaAs core region and highly doped GaAs cladding region as
well as a double AlGaAs waveguide. In the case of the doped GaAs core and cladding, the confinement for the second
harmonic was not optimum. Improvements in modal confinement, however, were observed for double AlGaAs
waveguide and the nonlinear power conversion efficiency was 100 pW/W? with nonlinear peak powers exceeding 100
pW. As in the study by Malis, et al [20], the power conversion efficiency was also dependent on ridge width.

The studies referenced herein imply that it is feasible to produce second harmonics in QCL structures. However, the
challenges include optimum phase matching, modal confinement, and nonlinear susceptibility optimization.

4. QCL GROWTHON (111) SUBSTRATES

QCLs are routinely produced on (100) GaAs and InP substrates. Given that the growth of QCLs is already complex,
growth on (111) surfaces and various offsets would involve additional strain and piezoelectric effects that must be
considered in the initial device design. Growth on (100) surfaces leaves the shape of the quantum wells in injector and
active regions relatively unchanged by carrier injection. On the other hand, QCL growth on (111) surfaces brings into
effect strain and piezoelectric influence and provides an additional degree of freedom for QCL device designers.
Specifically, the piezoelectric effect in AlGaAs/(In)GaAs QCL structures introduces piezoelectric charges at the QW
heterojunction and built-in electric fields in the QW. The promise of QCL devices grown on (111) surfaces lies in a
tunable laser with a greater tuning range in which the gain peak of the laser cavity is manipulated [22].

The piezoelectric effect stemming from strained superlattice growth on (111) substrates is not a novel concept [23].
There have been numerous studies on this topic as well as the actual magnitude of the piezoelectric field in bulk layers,
quantum wells [24-26], and more recently quantum dots [27, 28]. However, interest in the optical properties of films
grown on (111) surfaces has been increasing. Implementation of the piezoelectric effect in QCLs leads to interesting
flexibilities in QCL production, perhaps QCLs for telecommunications applications and applications where laser device
tunability is a criterion.

Laser device growth on (111) surfaces has been previously demonstrated and there are notable advantages [22, 29-
32]. Khoo, et al [22] examined single quantum well AlGaAs/InGaAs lasers grown on (111) GaAs substrates and
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measured low threshold current density as low as 87 A/cm’. In another study by Deligeorgis, et al [30], AlGaAs/InGaAs
laser diodes on (111) GaAs substrates were found to also have reduced threshold current compared to (100) devices. The
sources of reduced threshold current were attributed to reduced density of states (especially in heavy-hole states) and
spontaneous emission rate. Likewise, QCL device growth on (111) substrates has also been explored. In a study by
Giovannini, et al. [31], AllnAs/InGaAs QCL devices on InP were designed to emit at 6 ym and 10 um. Unlike laser
diodes, reduced threshold currents were not observed. In fact, the threshold current was twice as large as the same
structure on (100) substrates. The sources of increased threshold current were attributed to one-order of magnitude
higher doping in the (111) substrate and the growth quality of the structures. Still, second harmonics were observed,
although the devices need further optimization regarding phase matching and performance at the fundamental mode.

The growth of QCLs on (100) substrates has been carefully studied, whereas the flexibility offered by (111)
substrates remains somewhat unexplored. Actually, MBE growth on (111) substrates requires special operating
conditions. The growth conditions are unlike those for (100) surfaces and the growth window for (111) substrates is
much narrower [33]. In essence, the material quality on (111) surfaces is very sensitive to the growth conditions. Several
groups have explored the growth conditions for arsenic-based material and found that good structural and electrical
characteristics require lower arsenic overpressure along with higher growth temperature, which depends on the
misorientation angle of the (111) substrate [34, 35]. These conditions are contrary to the conditions necessary for growth
on (100) surfaces. The development of process models that describe strained layer growth on (111) substrates would aid
in this regard.

Cho, et al. [36] studied interfacial properties of strained piezoelectric InGaAs structures on (111) GaAs substrates.
Results show that not only are atomically smoother interfaces possible for highly strained wells, but also the LO phonon
energy (~37 meV) is comparable with strained InGaAs wells grown on (100) surfaces. In another study by Marcadet, et
al. [34], GaAs step flow growth on (111) GaAs by MBE was examined. In order to obtain mirror-like surfaces, the
governing MBE growth parameters were substrate temperature and As:Ga ratio. Results show that surface morphology
was driven by substrate misorientation angle, where lower misorientation (0.5°) has a higher growth temperature limit,
and higher misorientation (2°) has a lower growth temperature limit. Clearly, the substrate temperature influences the
probability for Ga adatoms to reach the step edges that facilitate step flow growth. That is, for samples tilted towards

the[2 1 17, step flow growth mode is required for smooth films.

Substrate growth temperature controls the Ga adatoms surface diffusion length and is responsible for smooth films.
With control of Ga adatoms surface diffusion length and understanding that the growth kinetics are comparable for other
III-V arsenic-based material, excellent material quality for the AlGaAs/(In)GaAs QCL structures is obtainable [29].
Similar MBE growth conditions are employed for simulated AlGaAs/(In)GaAs QCL structures on (111) GaAs [37].

5. TECHNICAL APPROACH TO PRODUCING 3-5uM QCLS

Like other groups that introduce strain-balancing strategies in QCL designs [38], this work targets a shorter wavelength
QCL design space using nonlinear structures. One active region and one injector region is shown with a bias of 42
kV/cm, and the indium composition in the InGaAs quantum well was simulated at 4%. The wavefunctions E,, E,, Es,
and E4 highlight important laser transition states in this structure where photons are produced through E4-E, transitions
and LO phonons through E,-E; transitions. The structure from left to right (with values in nanometers, n-doped
underlined and active region in bold) is the following: 2.8, 3.4, 1.7, 3.0, 1.8, 2.8, 2.0, 3.0, 2.6, 3.0, 4.6, 1.9, 1.1, 54, 1.1,
4.8,2.8,34,1.7,3.0, 1.8, 2.0, 3.0, 2.6, 3.0. The use of indium in the GaAs quantum well increases AE. (~33meV for
unstrained; 26meV for strained [39]) without increasing the aluminum composition to an indirect semiconductor material
where electrons scatter more efficiently into the X-valley. According to the Matthews and Blakeslee model [40, 41],
strained InGaAs layers can be synthesized up to at least 10-nm with 25% indium composition. Therefore, the range is
rather wide.
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Figure 1. (a) Simulation of AlGaAs/(In)GaAs starting QCL structure on (111) with a bias of 42 kV/cm.

Device tunability is an especially important performance criterion for these devices. Data in Figure 2 shows the influence
that electric field has on the oscillator strength between states E;., (the first harmonic). The oscillator strength shows a
general trend that increases with applied electric field, which also increases intersubband separation. Here, the electric
field values for all structures with 1% to 6% indium in the active region were varied from 38kV/cm up to 55kV/cm. By
optimizing the oscillator strength and realizing electric field tunability, this work enables natural nonlinear processes
within the cavity. For example, by comparing oscillator strength data and electric field tunability with the optimum
nonlinear susceptibility data, these design spaces are found to overlap, which suggests that propagation of higher order
harmonic generation is likely in GaAs-based QC lasers. Figure 3 illustrates nonlinear susceptibility values extracted from
selectively strained quantum well layers in the active region. It is apparent that the nonlinear susceptibility is both
tunable with applied electric field and sensitive to compressive strain. Even though the second harmonic optical power is
low in traditional QCL structures, these results suggest that GaAs based devices can successfully carry higher order
harmonics produced.
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Figure 2. Oscillator strength of the 3 to 2 transition for InGaAs/AlGaAs active well region.
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Figure 3. Nonlinear susceptibility values for selectively strained InGaAs-based QC laser.

Because four wavefunctions essentially determine the functionality of these laser structures, measuring wavefunction
separations is necessary. Spectroscopic analysis was performed to measure these separations [42], and 7 micron (E4-E;
normal laser transition), and 3.8 micron (E4-E, transition - due to the frequency mixing) associated with the laser design
were observed. Experimental data reveals all of the peaks mentioned above including the impact of misoriented (111) vs
(100) orientation, thus showing the piezoelectric effect has been effectively incorporated.

6. CONCLUSION

This work explores the shifting of the beam wavelength limit in quantum cascade lasers (QCLs) through the
implementation of the piezoelectric effect. By doing so, unique intracavity characteristics produced both fundamental
and higher order modes. In this demonstration, the QCL design that was fabricated included AlGaAs/InGaAs active and
injector regions on a [111] GaAs matrix, where strain was incorporated in an asymmetric three-quantum well active
region and a fourth intersubband was introduced without compromising crystal quality.
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