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Population-Inversion and Gain Estimates for a
Semiconductor TASER

P. Harrison, Senior Member, IEEE,and R. A. Soref, Senior Member, IEEE

Abstract—We have investigated a solid-state design ad-
vanced (see Soref et al. in SPIE Proceedings, vol. 3795, p. 516 ,
1999) to achieve a terahertz-amplification-by-the-stimulated-emis-
sion-of-radiation (TASER). The original design was based on light-
to heavy-hole intersubband transitions in SiGe/Si heterostructures.
This work adapts the design to electron intersubband transitions
in the more readily available GaAs/Ga1 Al As material system.
It is found that the electric-field induced anti-crossings of the
states, derived from the first excited state with the ground states
of a superlattice in the Stark-ladder regime, offers the possibility
of a population inversion and gain at room temperature.

Index Terms—Far-infrared, intersubband, quantum cascade
lasers, Stark-ladder, superlattice, terahertz.

I. INTRODUCTION

THE REALIZATION of a solid-state coherent source of
Terahertz radiation, a terahertz-amplification-by-the-stim-

ulated-emission-of-radiation (TASER) [1] is becoming an in-
creasingly important focus of the semiconductor research com-
munity. In particular, there has been a recent flurry of activity
on both the theoretical [2]–[5] and experimental [6]–[8] fronts.
In this vein, Sorefet al. [9] proposed a device design based on
the philosophy of light-hole-to-heavy-hole intersubband transi-
tions within a p-type SiGe/Si superlattice. A bias applied to the
superlattice was used to align the heavy-hole subband of well

with the light-hole subband of well . The result is a
“quantum staircase” arrangement, a more complex manifesta-
tion of the single Stark-ladder tunable far-infrared emitter pro-
posed by Donovanet al. [10].

In this work, the p-type TASER proposed by Sorefet
al. is adapted for realization in the more readily available
GaAs/Ga Al As material system, and in this form the
design is a particular manifestation of the idea originally
proposed by Kazarinov and Suris [11]. Quantum cascade lasers
based on electron transitions in n-type GaAs/GaAl As have
been demonstrated by several groups, for example [12], [13],
and hence at this moment in time, it offers a quicker route to
the realization of a device than p-type SiGe/Si heterostructures.
Clearly, there are no light- and heavy-hole subbands in an
n-type device and so the required subband structure is created
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by making use of subbands derived from the lowest two
conduction minibands in a superlattice.

II. THE DESIGN PROCESS

Two basic criteria have to be met in deciding on the basic
material parameters of the superlattice. Firstly, the basic oper-
ating principle requires two subbands within each quantum well,
and secondly the energy separation of these subbands must be
within the terahertz (4–41 meV) region of the spectrum. With
this aim, a series of calculations were performed on a single
GaAs quantum well surrounded by GaAl As barriers. It was
found that quantum well widths greater than 200 Å satisfied
both of the above criteria. In addition, on constructing the super-
lattice, reasonable interaction between the states of neighboring
quantum wells was required; hence, the relatively low barrier
height given by the Al concentration of 10% was settled upon.
In addition, the barrier width of 60 Å was chosen.

In order to make the calculations tractable, just three periods
of the superlattice were included in the theoretical model. This is
sufficient to demonstrate all the design and operating principles
and to represent the eigenstates of the electrons accurately. In
reality, more periods of the superlattice would be used to make
use of the “carrier-recycling” advantages of the quantum cas-
cade principle.

III. TASER OPERATING PRINCIPLES

As mentioned above, the mode of operation of the proposed
device differs from the original proposal [9] in that two conduc-
tion minibands are used as a source for the field-split subbands
rather than light- and heavy-hole minibands. The mode of op-
eration can be understood by considering the wave functions of
the subband minima as plotted in Fig. 1 in conjunction
with their energies as a function of the applied electric
field, as illustrated in Fig. 2.

Finite-length superlattices do not have a miniband, but rather
a collection of closely spaced eigenstates. In this example of
three quantum wells, then the lowest “miniband” is actually
three electron energy levels. This is illustrated in the low-field
plot of the wave functions in Fig. 1(a). In addition, this quantum
well system has been designed to have a higher energy “mini-
band” too, and this manifests itself as the three closely spaced
energy levels between 24–26 meV.

Fig. 2 illustrates the behavior of the energy levels as a
function of the field. Increasing the applied electric field from
zero moves the system into the Stark-ladder regime, with
equal-spaced energy levels, the spacing itself being propor-
tional to the field. With the origin for the electric-field potential
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Fig. 1. Conduction band electron wave functions of the electric-field strengths
of 0.1 (low field), 5.6 (just before the anti-crossing), and 6.6 (just after the
anti-crossing) kilovolt per centimeter.

Fig. 2. Subband minima as a function of the electric field.

placed at the center of the quantum well structure, then the
states in the right-hand-well decrease in energy with respect to
the states in the central well, and those in the left-hand-well
increase. With the small ( meV) separation between the
minibands, then it is inevitable (and, indeed, desirable in this

Fig. 3. Lasing level structure derives from two levels (denoted by two solid
lines) which originate from one particular well. As the electric field is increased
from zero, the ground state (level 1) in welln eventually is tuned to the same
energy as the first excited state in welln+ 1. The diagram shows the situation
just beyond this anti-crossing: solid lines show where the state originates from,
and dashed lines show where the state extends to around the anti-crossing.

device proposal) that states from the upper miniband begin to
overlap with states from the lower miniband. The first of these
features occurs around 3 kVcm(see Fig. 2). The higher level
(by this field) localized in the right-hand well undergoes an
anti-crossing with the lower level localized in the left-hand
well. Fig. 1(b) illustrates the wave functions of the second,
third, fourth and fifth highest energy levels after this point,
at a field of 5.6 kVcm . It can be seen from Fig. 1(b) that
the state originating from the upper miniband, now localized
in the right-hand well is decreasing in energy and
approaching the state originating from the lower miniband, now
localized in the central well . Thus, further increases
in the electric field make a second anti-crossing inevitable
and this, indeed, occurs at field around 6.4 kVcm(see Fig.
2). Note that two anti-crossings occur simultaneously; this
represents the point whereall the states originating from the
upper miniband which are now localized in well , say,
interact with the states originating in the lower miniband which
are now localized in well (numbering the wells from left to
right).

Fig. 1(c) illustrates the same wave functions as in Fig. 1(b)
just beyond this second anti-crossing at 6.6 kVcm. This is
the electric-field point at which the expected device operation
is expected to begin. Electrons in any of the levels equivalent to
the third-highest energy state in Fig. 1(c), can scatter to
the upper (or indeed the lower ) of the dou-
blet. Some of these events will be radiative and hence, in this
case, produce terahertz photons. Electroluminescence from sim-
ilar Stark-ladder systems has been observed in the mid-infrared
[14].

This view is reinforced by Fig. 3, which illustrates the elec-
tron energy-level structure for a section of a general-well
TASER at the operational bias point illustrated in Fig. 1(c). It
can be seen that the two states localized in wellare supple-
mented by the ground state from well and
the first excited state to effectively form a four-level
structure in each of the quantum wells. Note that an-well su-
perlattice will form four-level structures. If the number
of electrons in level in any particular well could be made
larger than the number of electrons in level, then the possi-
bility of stimulated emission and gain will exist. Often (to zeroth
order), electron scattering is inversely proportional to the energy
separation between states; thus, the energy-level structure here
indicated that the transition from to may be slower
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than to which are closely coupled, hinting at the
possibility of a population inversion.

An edge-emitting TASER device would be constructed by
incorporating a suitably designed superlattice in a metal-clad
ridge waveguide [15]. Large oscillator strengths are achieved in
this TASER by utilising terahertz radiation that is linearly polar-
ized along the superlattice growth axis . Hence, in the wave-
guide, the terahertz radiation propagates in the fundamental TM
mode. Fortunately, it is not necessary to use hundreds of periods
in the waveguide TASER because the TMmode will propagate
even if the height of this TASER waveguide is only a small frac-
tion of the THz wavelength, such as .

Note that this is a general design principle which is applicable
to all mid- and far-infrared wavelengths. The wavelength of any
radiative emission is determined by the separation of the ground
and first excited states of the superlattice under bias; simply
designing a structure around narrower quantum wells will allow
the principle to be adapted to shorter wavelengths, though note
that the shorter the wavelength, the larger the required bias to
move the superlattice into the operating regime.

This superlattice device may resemble a Bloch oscillator in
that in the present form it appears to be a long insulator region
surrounded by n-type contacts, i.e., . It is
well known that such structures are susceptible to nonuniform
internal electric-field distributions and domain-formation
which would jeopardize the device operation. However,
quantum cascade lasers are similar structures, they are long,
biased multiple-quantum-well systems, but they do not suffer
from domain formation, and all the “active-region-injector”
periods are equivalent. The reason is that the active (insulator)
regions are separated bydoped injectors; thus, the structure
is a structure. The ionised donors have the
effect of shielding and pinning the electron distributions and
help the field to stay uniform, and this could be utilized in the
TASER suggested here—separate each active region of, say, 10
quantum wells by doped regions.

IV. THE CARRIER DYNAMICAL ISSUES

Although the system can be considered as a four-level laser,
there are only two distinct levels, i.e., the ground (level 1) and
first excited state (level 2) subbands, as illustrated in Fig. 3.
The full laser energy-level structure is completed by states con-
tributed from adjacent wells. The diagram shows the emission
processes from each level with the lasing transition in well “”
denoted by the lifetime . Note that the lifetime includes
contributions from phonon, electron-electron and radiative scat-
tering, furthermore the reverseabsorptionprocess is also pos-
sible.

The number of electrons in any state could be described by
a rate equation which consists of terms supplying electrons to
that level and terms representing the removal of electrons from
that level. In principle, in this system, electrons in any particular
subband could scatter to the other subband in the same well,
to both subbands originating from the well to the left
and both subbands originating from the well to the right .

Thus there will be five terms introducing electrons into any par-
ticular level (characterized by positive coefficients) and five
terms removing them (negative coefficients). For the lasing
ground state (level 1 in well), the rate equation describing this
would be

dn
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= +
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and similarly for the upper laser level

(2)

At equilibrium, the rate of change of the population in any level
(with respect to time) is clearly zero. Also, use can be made of
the symmetry of the system: the number of electrons will be
the same in each well; hence, the indices can be dropped on the
subband populations, in addition there is a symmetry between
the scattering rates, for example, . Thus
the above equation becomes

(3)

By analogy for the upper laser level

(4)

It appears at this point that there are two equations with two
unknowns; however, all the carrier lifetimes depend on
the subband populations in the initial “” and final “ ” states.
Therefore, these two equations have to be solved self-consis-
tently—this is achieved by following the method first mapped
out in [16]. After an initial guess of the subband populations

and , all the lifetimes can be calculated by rearranging
(3) into the form

(5)
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Fig. 4. Convergence of the subband carrier densities as a function of the
number of iterations, note the initial populations were set equal at5 � 10

cm and that for the first three iterations only phonon scattering was included.
The particular example is the 240 Å GaAs/20 Å GaAl As superlattice
with a total carrier density of10� 10 cm per quantum well, at a field just
beyond the anti-crossing (7.6 kVcm) and at a temperature of 100 K.

It is postulated that this represents a better approximation to
than the original guess. A similar equation can be derived for
from (4)

(6)

The carrier lifetimes are then recalculated on the basis of
these new populations and the procedure repeated until consis-
tency is reached, i.e,. the point where the new estimates for
and from (5) and (6) are the same as those found in the pre-
vious iteration. During the iteration, the subband populations are
continuously renormalized in order to drive the solutions toward
satisfying the total carrier density condition .

In this work, the electron-longitudinal optic (LO) phonon and
electron-electron scattering rates were included in the determi-
nation of all the lifetimes. The themselves are single num-
bers which represent the average lifetime of an electron to scat-
tering between two subbands which each contain a thermalized
Fermi-Dirac distribution [5]. For a comprehensive derivation
and computer sourcecodes to repeat these calculations, see Har-
rison [17].

Fig. 4 shows the results of this iterative procedure for a par-
ticular superlattice design. The initial guess was chosen as equal
electron populations of cm in each of the six quantum
well subbands in this three-well system (a total of
cm electrons per quantum well). For the first three iterations,
in this and all subsequent calculations, only the electron-LO
phonon emission and absorption processes were included for
computational speed. For the latter iterations, electron–electron
(e–e) scattering was introduced and this can be seen by the dis-
continuous change in the carrier densities in Fig. 4,which also
illustrates the importance of electron-electron scattering in in-
tersubband systems.

V. RESULTS AND DISCUSSION

Following some extensive numerical calculations, it was
found that GaAs quantum wells of width 240 Å gave two

Fig. 5. Carrier densities in the upper and lower laser levels, at the optimum
operating bias, as a function of the barrier width for a 240 Å GaAs/l

Ga Al As superlattice at 100 K. Note the iterative procedure forl = 20

Å is the example given in Fig. 4.

Fig. 6. Effect of the superlattice barrier width on the radiative transition energy
and the anti-crossing energy of the same series of superlattices as in Fig. 5.

electron states separated by THz energies (4–41 meV) when
surrounded by Ga Al As barriers. It was found that the first
barrier width chosen (60 Å) gave a very small anti-crossing
energy, which is used to depopulate the lower laser level and
repopulate the upper laser level and this led to severe back
scattering (phonon re-absorption), thus reducing the effec-
tiveness of this scattering channel. Fig. 5 shows the results of
further calculations: the barrier width was reduced from 60 to
20 Å with the aim of continued optimization. As the quantum
well width was kept constant, the barrier width did effect the
radiative energy, as can be seen in the upper curve of Fig. 6.
However, the desired effect ofincreasing the anti-crossing
energy, to reduce back scattering was achieved. Fig. 5 shows the
beneficial effect of small barrier widths on the self-consistent
electron densities in the upper and lower laser
levels.

It can be seen that the initially poor population ratio of around
5% can be increased substantially to around 50% by narrowing
the superlattice barrier width from 60 to 20 Å. More importantly,
for laser gain the population difference is around cm
in this first series of calculations.

Taking the optimum structure from Fig. 5 of a 240 Å GaAs/20
Å Ga Al As superlattice, Fig. 7 shows the effect of temper-
ature on the carrier densities. As might be expected for devices
of this type, the population ratio decreases as the temperature
increases, but it is still encouraging to note that there is still a
population difference of cm at room temperature.
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Fig. 7. Effect of temperature on the upper and lower laser level carrier densities
in the 240 Å GaAs/20 Å Ga Al As superlattice.

Fig. 8. Effect of total carrier density on the upper and lower laser level carrier
densities in the 240 Å GaAs/20 Å GaAl As superlattice at 100 K.

Fig. 8 repeats the calculations for the structure of Fig. 7 for a
range of total carrier densities in each quantum well for the fixed
temperature of 100 K. It can be seen that although the popula-
tion ratio decreases with increasing total carrier density (due to
the increases in the electron-electron scattering), the population
difference does increase. Again, this latter point is very encour-
aging for device realization.

VI. GAIN ESTIMATES

In addition to creating a population inversion, in order to
make a laser it is also necessary to demonstrate gain within the
lasing medium. Sun and Khurgin [18] give the gain (in cm)
of a four-level infrared intersubband laser as

(7)

where
volumetric population inversion (in cm);
refractive index;
emission wavelength (in free space);
full-width at half-maximum (FWHM) of the
stimulated emission.

Defining the quantum-well layer thickness as, then the vol-
umetric charge densities can be converted to the sheet charge
densities (in cm ) used in this work, thus giving

(8)

Taking the case of the 240 Å GaAs/20 Å GaAl As design,
and the room temperature data point in Fig. 7, then

cm . Now, the dipole matrix element for
this design is 74 Å and the emission wavelength is m,
which implies a refractive index of about 3.3. Assuming the
FWHM of the emission is 1 meV gives the gain as about
1200 cm , which is a quite substantial value. This is consider-
ably higher than those measured for mid-infrared quantum cas-
cade lasers (see for example [12]) and stems directly from the
large dipole matrix element which comes from the use of a very
wide quantum well in the active region.

VII. SUMMARY

A method of evaluating potential intersubband emitter device
designs has been applied to a GaAs/GaAl As implementa-
tion of a solid-state TASER. A self-consistent solution of the
subband population rate equations, based on realistic evalua-
tions of the intersubband scattering rates, has shown that the
device design offers the potential for population inversion and
significant population differences and gain at room temperature.
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