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ABSTRACT

We present here a novel design to form an artificial quantum dot with electrical confinement and apply it to a Quantum
Cascade Laser structure to realize a Quantum Dot Cascade Laser. A two-dimensional finite element method has been
used to numerically simulate the novel design of electrical formation of an artificial quantum dot. The size of the
quantum dot is electrically tunable and can be applied to quantum cascade laser structure to reduce the non-radiative LO-
phonon relaxation. Numerical modeling with cylindrical symmetry is custom developed using Comsol multiphysics to
evaluate the electrical performance of the device and optimize it by varying design parameters, namely, the doping
density of different layers and thickness of the cladding and active regions. The typical s-, p-, d- and f- wave functions
have been calculated. Numerical simulations show that the energy level separation could be as large as 50 meV by
electrical confinement. We also demonstrate the road map for the fabrication of such a device using a maskless super
lens photolithography technique. We have achieved a uniform array of nano-contacts of size ~ 200nm, required for the
device, using photolithographic technique with a UV source of A ~ 400nm. The entire processing involves 7
photolithographic steps. This new device - “Quantum dot cascade laser”, promises low threshold current density and
high wall-plug efficiency.

Index terms — quantum cascade laser (QCL), quantum dot (QD), quantum dot cascade laser (QDCL), super lens
lithography (SLL).

1. INTRODUCTION

Quantum Cascade Laser (QCL) is a semiconductor laser that works based on intersubband transition '. It has
already shown room temperature continuous wave operation and high output power in mid-infrared region *°. These
emission regions are important resources because they overlap spectrally with the IR sensors that are used to track
aircrafts for homeland security. In addition to their use in infrared counter measures (IRCM), they are used in multiple
other applications, which include free-space optical communication®, thermal imaging’, bio and chemical gas sensing °
and pollution monitoring. Recently, much effort has been focused on improving its wall-plug efficiency to make it
commercially viable’. Although the general rules of designing the cascade structure are well understood, it is becoming
increasingly difficult to improve its wall-plug efficiency further by just redesigning its cascade layer structure. It is
because the ultimate performance of QCL still faces the fundamental limitation of wide quantum-well (QW) subband
spectrum, corresponding to a free-electronic in-plane motion (motion along the perpendicular direction is quantized by
QW potential). The wide spectrum gives rise to a fast non-radiative LO phonon relaxation®, which can be three orders of
magnitude faster compared to radiative process. The continuous in-plane spectrum of QWs also results in strong free-
carrier absorption and corresponding electrical losses. These lead to a requirement of high threshold current for
population inversion. While improvements in the performance capabilities of QCL will no doubt continue, it is necessary
to find ways to overcome the limitation of the LO-phonon assisted non-radiative relaxation.

It is well known that the LO-phonon relaxation problem can be overcome by converting the QW active region
of QCL into a QD array” '. Several techniques like applying a magnetic field'', etch and re-growth '*, self-assembly ",
embedding a dot in the cascade structure '* and exploiting intersubband level transition in quantum dot '> have been tried
to confine electrons. But these methods have intrinsic disadvantages like the structure can be permanently changed in
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etch and re-growth, or spectral gain can broaden due to non-uniformity of the dot size formed by epitaxial growth. The
quantum-dot cascade laser we propose here offers the advantage of an intrinsically strong and narrow gain spectrum,
with suppressed non-radiative decay with applying lateral electric field.

2. SIGNIFICANCE OF ELECTRICAL CONFINEMENT

Energy states in a QW structure are naturally quantized along the growth direction (z-axis) whereas in-plane
(x-y plane) energy, states are quasi-continuous. Dimensional transition from QW structure to QDs enhances the in-plane
energy separation between states of different sub-bands. Thus, states with in-plane energy difference matching the LO-
phonon relaxation (AE=30meV) get reduced which helps in decreasing non-radiative electron transition through LO
phonon relaxation. As shown in Figure 1(a), an electron in C2 subband can easily relax to any C1 subband state for a QW
structure. Figure 1(b) shows that due to unavailability of final states in a QD structure, LO phonon relaxation from C2
subband state to C1 subband state is difficult. As a consequence, the non-radiative LO- phonon assisted electron lifetime
in a QD structure is enhanced by a factor of 3 (lifetime enhancement factor, > 1), which depends on the lateral size of the
dot. Effective lifetime for quantum dot cascade laser is enhanced by 3 times compared to that of conventional QCL. The
value of B can be as high as 15'.
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Figure 1 — (a) Schematic band diagram of QW structure where electrons can relax between any two points of the subband
planes (b) Schematic diagram of the QD structure formed due to electrical confinement. LO phonon relaxation is reduced by
splitting subbands further by more than one LO phonon energy of ~ 30 meV

In order to estimate the impact of relaxation-time enhancement factor  on current density, we used a 3 level
(|1>, |2>, |3>) rate equation model, where lasing transition occurs between |3> to |2> and phonon relaxation between 2>
to |1>. By solving rate equations, we get current density, Jy, of QCL and QDCL and they can be compared by the
following expressions —
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Where, e is the charge of an electron, L, is the length of cascade stages, o, and o, represent mirror loss and internal loss
respectively, ng.exp(-A/KgT) represent the density of thermal backfilling electrons, 1, = current injection efficiency, 1,,
T, represent the life time in the state |[2> and |1> and for D-QCL 7 represents effective life time. As t gets much larger
than t,, the threshold current density of QDCL gets substantially reduced.

3. DEVICE SIMULATIONS

Our novel device is composed of two regions: a small (~ 150-200nm) nano-injection contact (metal) and a gate
contact (metal-insulator-metal) which are electrically isolated. The small injection contact serves as the ohmic contact for
current injection for the laser and gate contact is used for reverse biasing the Metal-Oxide-Semiconductor (MOS)
structure around the injection contact. Both contacts are kept isolated by a thin aluminum oxide layer.
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Figure 2 — (color online) (a) 3d cross-section of the FEM simulation on the device structure at injection voltage (Va)=4.5V and
Gate voltage (Vg)= —4.5 V showing log (n/N), where n and N represent the electron density and doping concentration
respectively. The direction of arrow shows the flow of the electrons. (b) Meshing structure used for the simulation and the
dotted line shows the outline of the two-dimensional structure.

When negative bias is applied through gate contact, a high potential region starts to form beneath it. As
electrons always prefer to stay in low electric potential region, they move away and start to accumulate below the

Proc. of SPIE Vol. 7406 74060Q-3



injector contact where potential is low due to application of positive injector bias. Such depletion process confines the
electrons around the small low potential region below each injector, thus, forming quantum “dots”. The area of electron
confinement can be tuned by varying the gate voltage and thus the quantum dot size is electrically tunable '’.

The active region is designed to be thin compared to the conventional QCL so that depletion can reach the
bottom of active region. Unlike conventional QCL structure, the upper cladding is thin (50nm), low doped InGaAs
(3x10"°cm™) and active region consists of 10 active layers (500nm).

A 2D finite-element-method (FEM) based model is custom developed using Comsol Multiphysics to evaluate
the electrical performance of the device. The model has full 3-D simulation capability and 2-D cross-section modeling
capability with cylindrical symmetry. In addition, the simulation tool also incorporates advanced semiconductor models
to account for carrier statistics, field dependent mobility, and other non-linear properties. Simulations were done with
varying doping concentrations and thickness of active region as well as cladding layers to reach adequate electrical
confinement with minimum leakage current. The device with 10 active layers (Si; 5x10'°cm™), 50nm InGaAs upper
cladding (Si; 3x10"°cm™) and 500nm InGaAs lower cladding (Si; 3x10'°cm™) gives a good electrical confinement with a
low leakage current of 1nA for an applied injection bias of 4.5V and — 4.5V gate bias [Figure 2].
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Figure 3 — 3d potential (uC) on half a cross-section of the device with cylindrical symmetry at an injection bias of 4.5volt and
gate bias of —4.5volt. The inserted picture shows the 3-d cross section of the device with the different layer structures.

The FWHM of the harmonic potential at different parts of the active region of the device is calculated at a fixed
injection voltage of 4.5V and by varying the gate voltage. As the electrical field confines the electrons over a small
region, the shape of the potential gets squeezed and becomes funnel shaped as shown in Figure 3. At a depth of 300 nm
of the active region, FWHM gets squeezed up to 24 nm with an applied gate voltage of — 4.5V as shown in Figure 5. It
indirectly shows the effect of the gate voltage on the device and the formation of artificial confinement region.
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Figure 4 - (video online) A full device performance video, which shows the change of surface potential plot for the

device with injection voltage varying from 0 to 4.5 V and gate voltage varying from 0 to — 4.5 V.
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Figure 5 — (Color online) Minimum FWHM of the harmonic potential as a function of the position along the active region,
where Z=0 is the top of the active region. The gate voltage is varied from zero to — 4.5V with a fixed injection voltage of 4.5
volt. Inserted picture shows the side view of the device structure.

Using the FEM simulation (Figure 6(a)), we found that the electron energies were shifted due to lateral electrical
confinement and the separation between two adjacent energy levels at — 4.5 V gate voltage and 4.5 V injection voltage
can be up to ~ 50 meV. It is much higher than the typical LO phonon energy of ~ 30 meV.
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Figure 6 — (color online) (a) Electron energy levels of the Quantum well structure after lateral electrical confinement by
varying gate voltage. (b) Typical wave functions of structure found by solving Schriodinger equation for the system.

4. WAFER GROWTH

The epitaxial layers of the QDCL were grown by low-pressure metal-organic chemical-vapor deposition (MOCVD).
The growth conditions were similar to those reported in an earlier letter '* with the growth rate of the active region set to
a low value (0.1nm/s) using double-dilution of precursors. The growth was carried out at a temperature of 650°C and a
reactor pressure of 150 Torr using conventional trimethyl reagents - arsine and phosphine - on (100) InP substrate. Figure
7 shows a good match of the experimental and simulated x-ray diffraction curves for the strain compensated QDCL
structure.
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Figure 7 — (color online) Experimental and simulated x-ray diffraction curves of a 10-period, strain compensated QDCL
structure.
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5. DEVICE FABRICATION

The growth structure was patterned into double trench ridges using standard photolithography with varying ridge
widths ranging from 10 to 25 um. Then, the wafer was deposited with a high quality film of silicon dioxide using
plasma-enhanced- chemical- vapor deposition (PECVD). The gas flow rates of SiH, and N,O were kept to be 40 sccm at
a chamber pressure of 200 mTorr, to achieve a slow rate of deposition of SiO, (10nm/min) at an operating power of 12W.
The gate contact was then patterned using lift-off photolithography followed by ebeam evaporation of Ti/Au (20/100 nm)
and a thick aluminum (200 nm) .

At this stage, we fabricated arrays of nano-holes on the aluminum film using super lens lithography (SLL). The
diameter of the hole was as small as ~ 180 nm. SLL is cheap, maskless process compared to the conventional processes
like ebeam lithography (EBL) and focused ion beam lithography (FIB). An in-depth study of SLL has been demonstrated
previously'*?**'#2, Figure 8 shows the SEM image of the top of the ridge structure of QDCL with the array of nano holes,
where each hole forms one quantum dot.

As opposing biases are applied to the gate and injection contacts, it is necessary to ensure isolation of the two
contacts. Further, the isolation must be good enough to minimize leakage current between the two contacts. To achieve
this, a controllable electrical anodization method was used to anodize the surface of the aluminum layer perforated with
nano-holes. After anodization, we used dry reactive ion etching (RIE) to anisotropically etch the SiO, layer inside the
nano holes. A recipe of 45 sccm of CF4 and 5 scem of O, at 75 mTorr and 60 W power gave a SiO, etch rate of 20 nm/
min and the anodized aluminum layer was used as the etch mask. This anodization ensured the insulation of the dots
from the gate contact as shown in Figure 10. The thickness of the aluminum oxide insulating layer was controlled with the
anodization voltage. The aluminum oxide also helped to achieve a very low leakage current (~ nA) and a high break
down voltage for the device.
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SiO, for 7 =
Gate contact 4, MOS ALO, insulator 7
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Figure 8 — (a) Schematic diagram of the QDCL device (b) SEM image of the injector contacts on the ridge of QDCL device
formed using super lens photolithography (SLL).

Next, the top contact was formed using electron beam evaporation of Ti/Au (20/ 500 nm). The contact metal goes
through the holes and makes an injection contact with the device. The sample was rotated during the evaporation of the
metal to flow through the tiny holes and ensure a good contact.

Finally, a photolithographic mask was used to separate the injection and gate contact layers as shown in Figure 9(a).
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Figure 9 — (Color online) (a) Optical image showing the separation being formed between the injection and the gate contacts
using photolithography (b) Optical image of the gate contact showing the Ti/Au pad formed over Aluminum layer using
photolithography.

Figure 10 (a) shows the final device structure after completion of all the fabrication steps. Figure 10 (b) shows the
array of quantum dots formed over the QDCL ridge structure.

Active region

100nm

Figure 10 — (a) SEM image of the device with isolated gate and injection contact (b) SEM image showing array of quantum
dots.
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6. CONCLUSIONS

We have designed a novel technique to form an electrically tunable quantum-dot-cascade laser structure and
sketched the basic road map to fabricate it. The preliminary fabrication success has been described while the fully
operating device is under testing. Electrical simulations show the formation of an efficient confinement inside the active
region enabling formation of artificial quantum dots. The dot size is tunable through varying gate voltage. This method
of forming quantum dots is independent of the material structure. Electrical confinement avoids the surface defect states
which occur during the etch and re-growth processes. This process also promises a much better uniformity compared to
the strain- induced growth technique to form quantum dots. Furthermore, it has the advantage to change the size of
quantum dots electrically without harming the lasing process. The method of fabrication is cost-efficient as all the steps
involve inexpensive conventional photolithographic processes. Also, the self-aligned nature of the SLL process avoids
the risk of electrical short-circuits in such a nano-device.

Future work will involve methods to validate the claimed reduction of the density of states due to electrical
confinement. Tunneling based approach is one of the methods demonstrated to be capable of accurately measuring the
density of states. This method has been previously tested on semiconductor supper lattices %, semiconductor quantum
wires 2%, and semiconductor quantum dots *° and hence can be applied on our device to test the validity of electrical
confinement.
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