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Quantum Dot Cascade Heterostructure Based on In-Plane Dipole
Moments for Unipolar Infrared Cascade Lasers

Mathilde Gobet and Dennis G. Deppe
Microelectronics Research Center

Department of Electrical and Computer Engineering
The University of Texas at Austin, Austin, Texas 78712-1084

1. Introduction

Room temperature, high efficiency infared laser sources can open up new applications such as
medical imaging, sensing, inspection, and security surveillance. However, obtaining room
temperature operation sources that are compact, robust, and operate with high efficiency has
been difficult. The semiconductor is one of the most attractive materials for such sources,
since it can provide direct electrical-to-optical (infrared) power conversion.

Unipolar quantum cascade semiconductor lasers based on the intersubband electron
transitions of planar quantum wells can operate in the mid and far-infrared spectrum [1]-[2].
Especially at the shorter wavelengths of 4 to 10 um, room temperature operation has been
demonstrated suggesting these semiconductor devices could be useful for new surgery and
medical spectroscopy techniques, as well as monitoring of chemical species and free space
communication due to the low absorption atmospheric window. The advantages of unipolar
quantum cascade lasers over traditional interband electron-hole lasers are their reliance on
well developed GaAs- and InP-based heterostructure materials that can provide high
reliability, compact, and low cost devices.

However, planar quantum well unipolar lasers are intrinsically limited by the electronic
density of states set by the quantum dimensionality of the active material. This density of
states is a continuum in energy, allowing phonon transitions to dominate the radiative
recombination between intersubband quantum states of different energy. The result of the
dominant phonon emission in the intersubband transitions is a very short nonradiative
relaxation time that is not linked to material quality, but due to the electron-longitudinal
phonon scattering. The phonon emission times of ~1 ps as compared to photon emission times
of >10 ns results in very poor radiative efficiency below threshold, even at low temperature,
and gives rise to threshold current densities that are increased by several orders of magnitude
over that which would be set by radiative recombination. Furthermore, the radiative selection
rules in planar quantum wells prevent direct surface emission, since the dipole moment is
polarized normal to the well plane, i.e. along the confinement direction of the well. This
eliminates the prospect of a vertical-cavity surface-emitting laser in a unipolar planar quantum
well device.

Quantum dots (QDs) that provide three-dimensional quantum confinement and lead to fully
discrete quantum states have the intrinsic physics to overcome the limitations of planar
quantum well unipolar lasers. Due to their discrete atom-like quantum states, QDs suppress
nonradiative relaxation via longitudinal phonons because this transition no longer conserves
energy. This is the same behaviour exhibited by electron-hole lasers, in which radiative
recombination dominates transitions and provides low threshold current density. Therefore
when fully developed, a QD unipolar cascade laser (QDCL) is expected to reduce threshold



current densities as compared to planar quantum well lasers by potentially orders of
magnitude, and exhibit much less temperature sensitivity. Another important feature of a
QDCL is the ability to produce an in-plane dipole moment due to lateral confinement, leading
to opportunity for surface emission and a vertical cavity surface emitting laser that may
exhibit low power consumption and scaling to two-dimensional arrays. Here it is the potential
for resonant periodic gain that makes the unipolar cascade approach of a QDCL so attractive.

There have been different proposals and attempts to achieve mid-infrared intraband
electroluminescence from QDs [3]-[5], but these have not to date produced convincing
evidence of radiative transitions that arise from the QDs. These attempts have generally
followed the general planar quantum well cascade approach and proven ineffective at
producing efficient light emission, and especially surface emission. Although the operation of
the QD heterostructures attempted so far is not too clear, we propose that this failure in
efficient light emission has resulted from the lack of appreciation of how the intrinsic physics
differ for electron confinement and transitions in QDs as opposed to planar quantum wells.
Electron injection and tunnelling phenomenon change dramatically when a quasi-zero-
dimensional system such as the self-organized QD is coupled to a planar heterostructure
superlattice that exhibits two degrees of freedom in the electron motion. As we discuss below,
in some cases, the electrons confined in QD quantum states cannot be blocked at all by planar
superlattices, while in other cases the blocking is less effective than in fully planar
heterostructures due to electron diffraction.

In this paper we describe the physics of the QD energy levels that we propose can be used for
a new approach in unipolar lasers. This new approach is based on electron capture due to
energy relaxation into discrete QD quantum states, and that can exhibit high efficiency
luminescence due to the elimination or reduction of phonon emission. We describe
engineering the confinement mechanism in the QD quantum states to obtain three-
dimensional confinement, and how to couple these states to planar superlattices to allow rapid
electron escape from lower energy levels. We then describe our initial experiments aimed at
realizing these new types of QD heterostructures that could lead to QD cascade lasers.

2. Basic Principles of a OD Gain Stage for Transverse Electric
Field Emission

The main problem in the realization of a QD QCL is the fact that, opposed to the QW where a
superlattice permits electron confinement, electrons in QD quantum states are not necessarily
confined by a planar superlattice. The explanation for the lack of confinement is given using
the schematic illustrated in Fig. 1. For a typical self-organized QD the height-to-base aspect
ratio establishes the two lowest energy quantum states with their energy separation set by the
base dimension. For the aspect ratio shown, and assuming the Hamiltonian describing the
quantum confinement leads to approximately spatially separable solutions, the two lowest
quantum states are due to the spatial eigensolutions that differ in the x-y plane, while they
exhibit the same spatial dependence in the z-direction normal to the superlattice. Because the
spatial dependence in the z-direction for Eq and E; are identical, an electron that occupies the
higher energy level of E; cannot be blocked by the superlattice in the z-direction that would
pass the electron from E, into the superlattice miniband. In this case, superlattices are
ineffective in producing electronic confinement in QDs.

Although higher energy states may exist in the QD heterostructure illustrated in Fig. 1 with
orthogonal z-dependence to E, in which their electron transport would be blocked, these states



are less desirable for operation of a QD cascade laser for several reasons. First is that the
largest energy difference between two quantum states in the QD that give rise to a true energy
gap, and thus suppress phonon emission, are the lowest lying energy states of Eq and E;. This
energy difference can be substantially larger than the optical phonon energy and is > 50 meV
in many self-organized QDs. Therefore these lowest energy states will also exhibit the most
efficient radiative emission. In addition, however, the states of Ey and E; illustrated in Fig. 1
give rise to transverse electric field polarization, and surface emission. Therefore it is highly
desirable to realize a QD unipolar heterostructure design that can effectively utilize these two
lowest energy states in a QD and that have the height-to-base aspect ratio as shown in Fig. 1.
Moreover, this aspect ratio is common to self-organized QDs in which the base is often a
factor of two or greater than the height.
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Figure 1: Schematic of a single QD between two superlattices (SL) and the illustration of its
confined wavefunctions for the two lowest energy levels, E, and E;. Because of the QD
height-to-base aspect ratio, the two lowest energy levels exhibit the same z-dependence and
are spatially orthogonal in the x-y plane. In this situation it is not possible to design SL1 and
SL 2 to achieve electronic confinement to the QD.

Figure 2 illustrates a new design that again uses a bulk barrier to inject and confine electrons
on the injection side of the gain stage, and a tunnel barrier to deplete the lower gain level.
This approach now also uses a second QD designed to solve the problem of the wavefunction
symmetries discussed for Fig. 1 and achieve quasi-three-dimensional quantum confinement to
the upper and lower energy levels of the gain stage. Instead of relying on a superlattice
injector, the energy relaxation of electrons and capture into QD1 can occur over the bulk
heterobarrier much as occurs for carrier capture in an electron hole laser. On the other hand,
tunnelling is ultimately used for depletion of the lower electron level of the QD gain stage and
apparently still required for the unipolar approach. The design uses two QDs with light
emission obtained from QD1 while the quantum states of QD2 are engineered to provide the
electronic confinement needed to efficiently excite the radiative transitions in QD1.

The quasi-three-dimensional quantum confinement is achieved by engineering both the
composition and the aspect ratio of QD2 to create the energy level diagram illustrated on the
right in Fig. 2. Achieving this aspect ratio in actual self-organized QDs is discussed in more
detail below. The second dot, QD2, is engineered to have wider energy spacings than QD1



due to its smaller size, and a larger In composition is used to obtain a deeper confinement
level. This double dot stacking permits electron confinement in QD1. The tunnel barrier of
QD2 plays an interesting role, blocking electrons that exist in the higher energy two-
dimensional space of QD1 or QD2. The same tunnel barrier, on the other hand, is less
effective at blocking electron tunnelling out of a quasi-zero-dimensional state due to the
diffraction effects discussed above. Therefore, even a thick tunnel barrier that effectively
blocks the electron flow for higher energy states in the wetting layers and above for QD1 and
QD2 can pass the electron from the confined quantum state in the QDs. A quantum well is
then used to deplete the lower energy level of the QD2 through the tunnel barrier.

Qb2

QD1 \T‘L

Figure 2: Schematic of a double quantum dot structure with their respective energy levels.
The sizes and compositions of QD1 and QD2 are engineered to produce the energy structure
shown on the right, with QD2 providing electronic confinement to QD1. The lower energy
level E, of QD1 is depleted through relaxation into E,’ of QD2, and the electron escapes by
tunnelling through the planar tunnel barrier (TB).
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3. Actual OD Heterostructure Design and Growth
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Figure 3: Schematic of the QD hetero-
structure utilizing eight double QD gain

The structure proposed is composed of eight double
QD gain stages and a GaAs waveguide. Each stage is
undoped and is comprised of an injector region and an
“active” QD, QD1, where the radiative transition
occurs, and a second QD, QD2, that confines the
electron to the radiative transition. The stage is
formed by two QD layers, AlGaAs barriers, and a
quantum well. An energy band schematic is depicted
in figure 4: the electron is injected into the first
excited state of QD1, and relaxes to the ground state
via a photon emission. It then tunnels through the
AlGaAs barrier into the ground state of QD2 via
phonon scattering, and finally into the quantum well.
It is accelerated in the injector region and the whole
process starts over. In order for QD2 to have wider
energy levels as well as a deeper confinement energy,
both the lateral size and the In composition have been
varied. A smaller diameter for QD2 is needed to



obtain wider energy spacing, while a higher In composition lowers QD2’s ground state.
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QD2

Figure 4: Energy band schematic showing the electron path in the active region of the 2 QD
gain stages.
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The structures are grown by molecular-beam epitaxy on n* GaAs substrates. The injector
region is formed by a 200 nm GaAs and a 100 nm Alg23Gag 77As layer. The two layers of dots
are grown according to the Stranski-Krastanow growth mode by depositing 6 monolayers
(MLs) of Ing4GageAs and 4.25 MLs of IngsGagsAs for QD1 and QD2 respectively. The dot
layers are separated by a 7 nm Al 4sGagssAs barrier. Due to the reduced size of this barrier
and the fact that the first dot layer induces strain fields, a preferred direction for In migration
occurs. This leads to vertically aligned dots with the larger diameter dots forming on the top
of the smaller diameter dots. A 7 nm Aly4sGapssAs barrier separates the second dot layer
from the 9 nm Ing,GapsAs quantum well. The GaAs waveguide is composed of two layers
with different doping concentrations: a 3.5 um GaAs layer (ns; = 4x10™ cm™®) located above
and below the 8 active region stages, and a 1 pm GaAs layer (ns; = 4x10* cm™) to complete
the waveguide cladding. Using Al-free waveguide avoids the instabilities on device thresholds
and slope efficiencies produced by AlGaAs layers and yields a better thermal conductivity

[6].

The first QD layer is grown using bulk deposition at 495°C, while sub-monolayer deposition
at 515°C is used for the second layer. Those variations in growth techniques are needed to
obtain the lateral size variation required. The growth was monitored by a Reflection High
Energy Electron Diffraction (RHEED) system. The dot formation was signalled by an abrupt
change in the RHEED pattern, which changes from streaky to spotty. Both dot layers have
been found to form around 4 ML. Two uncapped samples containing the first dot layer and
both layers are grown under the similar conditions for atomic force microscopy (AFM)
measurements, with the AFM images shown in Figs. 5 and 6. The dot heights and spatial
representations obtained from figure 5 are depicted in figure 6. The average diameters of the
first and second dot layers are ~15 nm and ~30 nm respectively. Both layers exhibit an
average height of ~7 nm and an average density of 2.5x10*° dots/cm?.
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Figure 5: AFM picture of QD1 (left) and QD2 (right) layers
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Figure 6: Spatial representation of QD1 (Ie) and QD2 (right) layers

4. Processing and First Measurements

Those QD cascade laser structures are processed as edge-emitting ridge waveguide devices.
An n back contact consisting of a stack of Au-Ge/Ni/Au layers is first evaporated. Au-Ge
forms alloy with GaAs while Ni acts as a diffusion barrier. Au is used as the upper contact
layer due to its better electrical conductivity and stability. 100 um wide windows are
patterned using optical lithography and a second n contact similar to the back contact is
evaporated in the openings. After lift-off, the metal stripes are protected by 400 pum wide
photoresist stripes and the devices are etched down to the substrate using an isotropic agueous
solution of H,S04:H,0,:H,0 (1:4:40). The etch rate is about 9 nm/s. This wet etching leads to
very smooth and continuous sidewalls, marked by approximately 45° slopes. The last
processing step is the thermal annealing of both n contacts at 420°C for 30 s. During this
process, the Ge atoms of the Au-Ge alloy diffuse into the GaAs layer to form a low resistance
ohmic contact. Once the samples have been processed, they are cleaved into waveguides of
approximately 1 mm length.

The current-voltage characteristic of the devices (Fig. 7) exhibits a turn-on voltage of about 6
V, due to the large resistance resulting from the 2.5 pm undoped active region.
Electroluminescence measurements are currently in progress with the samples being mounted
for placement in a cryostat.
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Figure 7: Current-voltage characteristics of the devices

5. Conclusions

In conclusion, we propose and demonstrate the epitaxial growth of a new heterostructure
based on stacking two QDs of different lateral size for QDCLs. Compared to previously
proposed structures, the new QD heterostructure is capable of confining electrons in quasi-
zero-dimensional states to obtain intersubband transitions from the lower two energy levels
with transverse electric polarization. This could lead to surface emission that would be very
valuable in VCSELSs and to the realization of the first quantum dot cascade laser

6. Conclusions

This research has been supported by the Army Research Office under grant number W911NF-
04-1-0313.
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