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We model a new THz laser device structure based on a semiconductor quantum dot (QD)
gain medium, where the lasing occurs through discrete conduction states. An ensemble of
QDs is selectively placed in a high quality cavity, called a microdisk, which is resonant with
an intersublevel QD transition. We simulate the rate equations governing lasing and discuss
a variety of processes affecting lasing including nonradiative recombination and the ground

state decay rate.

The terahertz (THz) frequency regime is a poorly explored frequency band loosely defined be-
tween 0.8-3 THz. Optical sources are typically available a frequencies greater than 10 THz, while
electronic oscillator circuits are available at frequencies in the 500 GHz range. Thus, this tradi-
tionally opaque region can be explored by pushing electronic devices to higher frequencies, or, like
the work within the paper, it can be accessed through optical means through low-frequency optical
emission. For this reason alone the region is of fundamental research interest; however there are
several compelling application-oriented reasons to explore this domain. In chemistry and biology
there is interest in low THz sources (1 THz) for molecular detection [1]. The frequency regime is
also interesting for THz-band communications. New military sensing capabilities, including radar
and spectroscopic sensing, will be developed in the THz frequency range. New spectroscopic sens-
ing can be used effectively to enhance security. Finally, sources emitting in this region can used in
medical imaging and biological sensing.

Semiconductor-based solid-state lasers and light-emitting diodes (LEDs) are ubiquitous. These
sources typically operate near the visible spectral range, at wavelengths between 400 nm out to
a few microns, although there are sources available at shorter and longer wavelengths. What
limits the emission wavelength and what can be done to bring the emission wavelength out to
the 100 pm to 300 pym THz regime? There are two general categories that conspire to reduce
the emission efficiency in both the UV and far IR that are based on the solid-state nature of the
lasing material: competing parasitic processes and poor material properties. Completing parasitic
processes, such as free-carrier absorption and Auger recombination in long wavelength sources, and
highly electrically resistive layers in short wavelength sources are generally intrinsic, while poor

materials properties are technology related. The most mature optoelectronic material system,
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based on GaAs, turns out to have significantly advantageous materials properties, in part because
of years of development, but also because of available lattice matched alloys with good refractive
index contrast and bandgap differences, and relatively easily produced substrates.

For the narrow energy transitions used in long-wavelength, semiconductor-based lasers, either
inter- or intraband transitions can be used. The same types of material issues are present here
as in wavelength regimes. Lattice mismatch is often a problem, and index contrast is once again
an issue. In general, the materials refractive indices become smaller with increasing operating
wavelength. Furthermore, although it is not difficult to achieve the proper doping, excess carriers
contribute to parasitic free-carrier absorption at long wavelengths. Besides free-carrier absorption,
other processes become favorable at longer wavelengths. In the 30 meV (41.3 pum) range optical
phonons are typically active in multi-atom basis crystals, and multi-particle processes, such as
Auger recombination also become more significant.

In the near to mid-IR, where free-carrier absorption is still a small parasitic there is a competi-
tion between interband and intraband lasers. The general problems with interband lasers are the
competing process of Auger recombination, and the crystal growth issues such as available sub-
strates, lattice matching and alloy uniformity. As the interband energy reduces, Auger processes,
becomes more favorable. The crystal growth problems are typical of those mentioned above with
respect to both UV and IR devices. Such is the case for typical IR materials such as HgCdTe, where
specially alloyed substrates of the Cdg.g96Zng g4Te are necessary to minimize the lattice mismatch
[2]. Furthermore, controlling the alloy uniformity has been difficult. However, lasers are made and
will continue to improve, although the pace has been slow compared to GaAs and InP. Operating
at 2.6 pum, edge emitting devices with threshold current densities of 420 A /cm? have been achieved
on approximately 800 pm long structures under pulsed conditions at 77K [2]. Parallel to these
efforts has been the intraband based structures using either GaAs- or InP-based material systems.
These efforts leverage the successes of these materials system at shorter wavelengths along with
those of quantum well (QW) physics. These are truly artificially structured crystals, where the
transition energies and rates are determined by designing barrier heights and QW widths to tune
individual QW wavefunctions. For lasers, the result of these efforts has been the cascade lasers [3].
These devices are unipolar, typically utilizing the conductor band, and can in principle operate
through the electromagnetic spectrum except for the previously raised issues of competing parasitic

processes and index contrast. A THz quantum cascade laser source has been made [4].
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An addition issue in long wavelength lasers is the ideal conversion efficiency, illustrated bythe
Manley-Rowe relation [5]: Ej/w; = Es/ws, for field intensity, E and frequency, w. Thus, optical
or electronic pumping of larger bandgap materials, such as GaAs or InP, for THz emission can
be inherently efficient. This includes nonlinear difference-frequency generation, but not include
the cascade structures and some short-pulse optical schemes. Here we discuss a terahertz optical
emission source that can offer both broadband spontaneous emission and lasing for a variety of
needs in the THz frequency regime. The source is based on the emission from a quantum dot
(QD) active region to reduce non-radiative loss and which can be coupled to a high quality optical
cavity. The THz source can be optically pumped with a low power, compact laser source. While
we have previously proposed a cascading QD laser called a coupled asymmetric dot (CAD) laser
[6] to improve on the efficiency limits of Manley-Rowe, this structure is not currently feasible to
implement. Here we provide the basis for a feasible QD structure based on the spatial positions
of QDs in the optical mode region of a high-quality (Q) factor microdisk cavity. In the microdisk,
cavity modes are present at the circumference of the disk containing the QDs. These circumfer-
ential modes, called whispering gallery modes, exist due to total internal reflection from the disk
sidewalls. Because the device emits in-plane, thick vertical layers of material are not necessary,
easing fabrication. QD emission that is coupled to these optical modes can be guided and extracted
from the device.

We propose a device structure designed around the optical cavity coupling of the QD emitters.
To achieve the desired long-wavelengths, an intersublevel transition in the conduction band will
be used. The lasing transition is from an excited conduction band state to a lower conduction
band state. The electron in the lower state must be removed to maintain inversion and eliminate
state filling. This is achieved through either coupling to wetting layer states or more likely through
optical band to band recombination. Here the cavity is principally used to provide optical feedback
to a QD intersublevel radiative transition. At the same time it reduces the spontaneous emission
lifetime of the radiative transition, increasing the spontaneous emission rate and reducing the lasing
threshold. The microdisk cavity is tuned to the radiative transition resonance, so likely the final
transition emptying this state will be off resonance. If this is so and additional weak cavity can be
provided by cladding the microdisk. This independent cavity can be tuned to the desired near-IR
resonance.

The QD microcavity THz emission source has two components: (1) An ensemble of QDs where
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the direct transition between the first excited state and the lowest lying state in the conduction
band is used as the THz emission source; and (2) a passive cavity, the microdisk, which is used to
couple light from the QD emitter source, provide enhanced spontaneous emission and feedback.

The terahertz microdisk has a diameter on the order of 300 pm, yet the peak of the cavity mode
is approximately 25 pm from the disk edge. If QDs are uniformly distributed across the microdisk
most of the QDs will not spatially couple to the cavity mode. In fact, measurement and theory
by coworkers at Northwestern University show [7] that one explanation for the less than expected
spontaneous emission enhancement is due to collected emission from QDs not spatially coupled to
the cavity mode. Furthermore, the spatially uncoupled QDs towards the disk center trap carriers
impeding carrier injection and diffusion into the cavity region. To reduce these effects we position
QDs near the microdisk edge using selective area crystal growth.

For ultralow laser thresholds, our microcavity design incorporates both high reflectivity and
matching between a small gain volume and a single optical mode. The disk thickness is less than
A/2ng to guarantee single mode in the vertical direction, but larger than A\/4ng to guarantee one
mode. Typically, it is selected to be A/3ng. Since we are interested in a wavelength of 100 pm,
the thickness d =~ 10um. Normally, the modes allowed in this kind of cavity are the combination
of guided modes and non-guided modes, and the solution is very complicated. But in the case of
R = A, there are only several TE and TM modes allowed in the cavity. For example, we choose
R=150 pm.

The TE modes have lower threshold because of higher neff , so emission from TE modes will
in general only be observed. We can divide the space into three regions: the guided region (in
the disk), the evanescent region (outside disk, but close to the disk edge) and the free-propagation
region (far from the edge). Inside the disk, the field of TE,,; can be expressed as a Bessel function,

Im [23]:
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Here different mode index [ corresponds to different effective index of refraction, n.yr. E and H
are the electric and magnetic fields in polar coordinates, z,p,0, g is the permeability of free space,
c the speed of light, ko the wave vector, and R is the disk radius. To obtain the allowed modes in

the cavity, we solve the eigenfunction:

kod
w/nQD—ngfftan (;,/n%—ngff) = ngff—l (4)

with boundary conditions: Jy, (konersR) = 0. We can now calculate the effective index and allowed

wavelengths in the cavity. We express the quality factor @ (due to radiation loss only) as:

Q =bexp(2mJ),J =tanh 1 (S) - S, and S = m (5)

where ba1/6.5 in this formula is from an estimation of tunneling rates using the WKB approxima-
tion. We observe that: (1) a higher n.¢s will lead to a higher @) and a lower threshold. This is the
reason we only see TE modes instead of TM modes; (2) higher index, m means the field intensity
will be closer to the edge, where the incidence angle is larger and so the radiation loss is smaller;
(3) the FWHM of the edge-emission angle is estimated to be 2/y/m. So for higher order of TE,,;,
we obtain a narrower edge-emission angle.

From the above analysis, we see that only the TE,,; or TE,,2 mode is allowed in the cavity.

Now, we can calculate A\, n.f¢ and Q for TE,,; (m=17, 18, 19, 20, 21) and TE,,» (m=13, 14, 15,

TE7.1 TE g, TE 9, TE.1 TEj;.
A (Um) 108.76 105.12 101.75 98.60 95.67
Nefr 2.5587 2.5940 2.6274 2.6592 2.6893
Ax10) |13 77 472 296.6 1891.4

TE 3, TE 40 TE s TE 62 TE 72
A (Um) 109.52 105.58 101.95 98.60 95.49
Nefr 2.5514 2.5895 2.6254 2.6592 2.6911
Q(x 109) 0.0055 0.0308 0.1764 1.0354 6.2040

FIG. 1: Calculated wavelength, effective index and quality factor for the first and second order TE modes

in a microdisk cavity resonant in the 100 pm wavelength range.
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16, 17). The results are shown in Fig. 1. These absolute values determined by the calculations
are only of relative meaning, because the cavity quality factor, Q will depend on the quality of
the regrown cavity as well as the calculation above. We see that the wavelengths of TE,,, 141 and
TE,, 2 modes are very close to each other.

An example of the microdisk cavity spatial mode distribution is shown in Fig. 2 for a microdisk
resonant at approximately 100 um. The spatial position of the cavity mode is approximately 25

pm from the microdisk edge.
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FIG. 2: Calculated results of the spatial mode distribution for a microdisk cavity resonant at a wavelength

of approximately 100 pm.

The cavity is present for two purposes: (i) to capture photons, provide feedback and increase
gain; and (ii) to enhance the spontaneous emission (SE) decay rate, -, increasing the light output
from the QD emitters. Point (i) is necessary in all semiconductor-based lasers. Point (ii) is helpful
in all lasers but can be used in a subtler way in the intersublevel QD microcavity laser. In general,
by coupling to electromagnetic cavity modes ? can be enhanced, reducing the onset to lasing.
However, in designing the THz laser we must consider both the SE decay rate from the upper
lasing level and the SE decay rate of the lower lasing level. In a band-to-band, electron-hole laser
electrons and holes recombine producing a photons. Intersubband lasers are unipolar devices,

excited state carriers decay into lower state carriers and do not annihilate each other. Therefore,
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