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In this work we consider lateral current pumped GaAs/AlGaAs quantum wells as sources of
incoherent terahertz radiation. The lateral field heats the electrons in a two-dimensional quantum
layer and increases the population of higher subbands, hence also increasing the radiation power
generated in spontaneous intersubband emission processes. Digitally graded quasi-parabolic and
simple square quantum wells are considered, and the advantages of both types are discussed.
Calculations at lattice temperatures of 77 K and 300 K, for electric fields up to 10 kV/cm, show
that the optical output power of ~100—200 W/m? may be achieved for the 7 THz source. The main
peak of the spectrum, at 7 THz, of the quasi-parabolic quantum well exceeds the black body
radiation at 300 K by approximately a factor of two and by two orders of magnitude at 77 K.

© 2007 American Institute of Physics. [DOI: 10.1063/1.2783779]

I. INTRODUCTION

The development of sources of terahertz radiation has
become a hot topic in the last decade because of numerous
prospective applications. The successful realization of tera-
hertz quantum cascade lasers has made a huge impact on
Terahertz technology. These coherent sources are able to give
good levels of output power but still require low tempera-
tures for their operation [below 164 K (Ref. 1)]. However,
not all possible applications of terahertz radiation really re-
quire coherent and highly monochromatic sources. In fact, it
is sometimes advantageous to have a reasonably broadband
terahertz source that would preferably operate at room tem-
perature. In this work we consider the possibility of using a
relatively simple quantum well, pumped by a lateral current,
as a source of incoherent terahertz radiation. This would be
generated in spontaneous radiative transitions between size-
quantized states and requires just electron excitation into
higher states (subbands) and not any population inversion.
The bandwidth of such sources is limited from below by the
spontaneous transition line width, i.e., is intermediate be-
tween those obtained from lasers and from thermal sources.
However, a more broadband output can be achieved by ap-
propriately engineering the subband structure. Their emitting
area can be quite large, generally limited only by the wafer
size. In structures based on conventional III/V materials like
GaAs/AlGaAs, the generated radiation is intrinsically polar-
ized perpendicularly to the well layer, hence propagating in
this plane, but surface-normal emission is possible by using
grating-type outcouplers.
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Il. THEORETICAL CONSIDERATIONS

Electrons in excited subbands of a quantum well relax
into lower ones mostly by scattering processes (with
phonons, interface roughness, etc.) and also, though with a
small efficiency, by spontaneous emission of photons. The
emitted radiation is linelike, its bandwidth determined by the
line broadening. Some amount of radiation is emitted even
under equilibrium due to a finite population of excited sub-
bands at any finite temperature, and the power spectrum is
also linelike, because a quantum well is not a black body.
Driving the system off equilibrium, e.g., by applying a lateral
electric field (Fig. 1), will generally increase the population
of excited subbands and hence, the generated optical power.
To get a comparatively narrowband (i.e., spontaneous-
emission-width-limited) emitter of this type, one can pursue
one of the following two approaches. One is to use a quan-
tum well with a number of equispaced subbands, e.g., a
parabolic-like quantum well, and rely on the fact that the
only strong optical transitions are those between adjacent
states. In an ideal parabolic potential only these transitions
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FIG. 1. Laterally pumped quantum well emitter. The doping is localized in
a 2D quantum layer and in the regions under the contacts.
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FIG. 2. (Color online) Model of subband excitation and relaxation
processes.

are indeed allowed (have nonzero dipole matrix elements),
but the situation is similar for many other conventional po-
tentials. Any strong optical transition in such a system would
thus contribute to the same emission profile, which would
thus be independent of how strongly the system is pumped,
i.e., what number of higher subbands are significantly popu-
lated. The other approach would be to use a quantum well
with the lowest two states spaced by the required amount,
while the third state would be much higher up and therefore
unlikely to acquire a significant electron population, the situ-
ation which effectively guarantees a narrowband emission
spectrum.

In either case, there is clearly a tradeoff between the
pumping strength (and hence the emitted optical power) and
the degree of monochromaticity of the emitted radiation, the
latter being compromised by electron excitation into high
subbands which cease to be equispaced (in the case of quasi-
parabolic wells), or into the third or higher subbands (in case
of a square well). To address this question, we performed
modeling of subband population dynamics in appropriate
quantum wells subject to an in-plane electric field. The rel-
evant physics is shown in Fig. 2. Electrons obtain kinetic
energy from the in-plane electric field, their in-plane distri-
bution being shifted upward along the subband. The change
of the distribution modifies the electron scattering rates.” In
particular, for sufficiently large fields the “upward” (i.e.,
subband-elevating) scattering rates will clearly increase, be-
cause a large fraction of electrons in a lower subband will
have a large enough kinetic (and hence also the total) energy
to be above a higher subband near its zone center. Electrons
thus climb up the subband ladder, which results in an in-
creased population of higher subbands compared to the equi-
librium case. Electrons in higher subbands relax into lower
ones not only by scattering but also by spontaneous photon
emission. The generated optical power depends only on sub-
band populations, not on the in-plane electron distribution,
because optical transitions are vertical (electron wave vector
conserving) and, within the parabolic in-plane dispersion
model, pairs of subbands are essentially equispaced for all
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FIG. 3. Shifted distribution function. The dashed line corresponds to an
equilibrium zero field case. The displayed wave vector k in the direction of
the field has a shift &, proportional to average drift velocity of electrons. The
other, perpendicular direction is not shifted, but the broadening (described
by the increased electron temperature) is present in either direction.

wave vectors. It is worth noting that considerations of hot
electrons in a square well as a source of terahertz radiation
have been presented in Ref. 3 but within a simple model that
assumed equilibrium electron distribution throughout the
system, with their temperature taken as an input parameter.

The electron distribution due to an in-plane electric field
in a multisubband system may be found by solving the Bolt-
zmann equation with all intra- and intersubband scattering
processes taken into account. In this work, however, we use
a simplified and much faster approach, taking the in-plane
electron distribution (over the wave vectors of a subband) to
be described by the shifted Maxwell-Boltzmann (MB) dis-
tribution and then explicitly handling only the intersubband
scattering processes. Detailed calculations of the electron
transport in bulk semiconductors show that the shifted MB
distribution (see Fig. 3), with appropriate field-dependent
temperature and drift velocity in the direction of the field,
can be a very good approximation to the actual calculated
distribution.* It has also been previously used, in form of a
shifted Fermi-Dirac (FD) distribution, in single-subband
electron-transport calculations in quantum wells.” In this
work we apply such a model to systems with a number of
size-quantized subbands and assume that each of them will
have the same form of shifted-MB distribution over the in-
plane wave vectors, which is then used to evaluate the
distribution-averaged intersubband scattering rates, Eq.
(9.153) from Ref. 6.

It should be noted that the validity of this approximation
relies on having strong electron-electron intrasubband scat-
tering, because this is the major process which brings about
the electron thermalization (by which we mean that the dis-
tribution acquires the MB- or FD-like form, with its tempera-
ture generally different from that of the lattice). Under the
operating conditions typical for the devices we consider (T
=77-300 K, area doping ~10"2 cm™), estimates of the
electron-electron intrasubband scattering time constant put it
into the deep subpicosecond region.s’7 This is much faster
than any other intra- or intersubband scattering process in-
volved in this work (slightly subpicosecond timescale, at
best), and therefore using the shifted MB distribution ap-
proximation can be justified. On the other hand, it may not
be necessary to explicitly include the intersubband electron-
electron scattering in the rate equations. The rate of this pro-
cess decreases with intersubband spacing,6 and in view of the
relatively large spacings we deal with (=30 meV), we have
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FIG. 4. Electron drift velocity and temperature dependencies on the lateral
electric field used in this work, assembled from various theoretical and
experimental data (Ref. 2 and 8-10).

indeed accounted only for polar LO phonon and acoustic
phonon intersubband scattering, the former being the major
intersubband scattering process. Since the calculation of
electron-electron scattering in a multisubband system is far
slower than for phonon-electron scattering, this makes large
savings of computation time. At any reasonable value of the
field (high enough to give technically significant effects in
the system under consideration) the electron temperature is
large enough that the MB and FD distributions (both shifted,
in this instance) are essentially indistinguishable, and we use
the latter form just for convenience.

The electron energy in the nth subband is E,=E,
+h%k>/2m”", where E, is the size-quantized subband mini-
mum energy, and the kinetic component depends on the two-
dimensional (2D) in-plane wave vector k. According to the
shifted-FD distribution model, the electron distribution over
the in-plane k states depends not simply on their energy but
is rather described as

SR
hz{[kx - kO(F’ Tlatt)]2 + k%} - EFn -

*

E. o+
n0 'm

kBTel(F’ Tlatt)

=|1+exp

(1)

where k=(k,,k,) is the in-plane wave vector, Ep is the
quasi-Fermi level of the nth subband, while the drift wave
vector k, and electron temperature 7, both depend on the
field F (here taken in the x direction) and the lattice tempera-
ture T, For the numerical calculations the relations
ko(F,Ty,) and T,/(F,T,,,) may be obtained using data from
the literature (e.g., Refs. 2 and 8-10), partly relying on the
fact that the energy loss rate of the electron gas versus elec-
tron temperature dependence is almost the same for 2D and
3D systems.ll Figure 4 shows the electron drift velocity v,
=fiky/m" and temperature dependencies on the field, as used
in this work. These were assembled using the theoretically
calculated and experimental data from several sources.>* 1

At equilibrium (F=0) the (quasi-)Fermi level is the same
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for all subbands, but for nonzero electric fields the subband
populations n; change, and the Fermi level for each subband
is found from

FPK)dk dk,. (2)

n,=-—5

4 ok,

The rate equations describing the subband population
dynamics in the steady state read

dn, <1 Mo
L= —n—n> —=0, (3)
dr 5 Ty i=1 Tfi

where T; is the total averaged scattering rate from the ith to
the fth subband, due to all scattering processes accounted
for, and N the number of subbands included in the model.
There are N such equations, making a homogeneous system.
Any one of these is linearly dependent on all the others and
is replaced by the particle conservation law (i.e., the global
charge neutrality), n,+n,+...+ny=Np, where Nj is the
overall electron concentration per unit area, set by the struc-
ture doping. This makes a standard inhomogeneous linear
system of equations, to be solved.

In deciding on the number of subbands to be included,
one normally takes all those low-lying subbands that are ex-
pected to host a non-negligible electron population. Typical
quantum well structures have a limited number of bound
states (subbands), of the order of 10 or so, and including all
of them present no difficulties on the computational side.
However, if the actual calculation shows that even the high-
est bound subband becomes significantly populated at some
value of the in-plane field, this is a signal that population of
the above-the-barrier (continuum) subbands has begun. The
model has then to be expanded to include a sufficiently large
range of energies in the continuum. Since we have encoun-
tered such an operating regime, the model includes a range
of continuum states, along with all the bound subbands, in
the description. The continuum is described by embedding
the real quantum well in a box much wider than the well
width, which produces a dense spectrum of quasi-continuum
states. Including any reasonable range of continuum states
grossly increases the total number of states that are explicitly
handled, i.e., the order N of the system [Eq. (3)], but this has
to be done for sufficiently large fields.

The subband populations are thus found from the rate
equations, using the distribution-averaged intersubband scat-
tering rates, which themselves depend on the Fermi levels.®
With this cross-dependence, it is clearly necessary to use an
iterative (self-consistent) solution of the whole system, start-
ing with arbitrary initial values, until the required precision
is achieved.

With the subband populations found, the total emitted
(more precisely, internally generated) optical power, due to
spontaneous intersubband transitions, is calculated from
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FIG. 5. Digitally graded quasiparabolic quantum well for 7 THz emission
(Ref. 13). The equivalent ideal parabolic well potential is also shown. The
layer widths in crystalline monolayer units, starting from the middle one
(because the structure is symmetric), are as follows: 12, 1, 11, 1, 8, 1, 1, 1,
2,1,7,1,1,2,4,1,4,3,1, 2,5, 7, 3, 3, 1, bulk (GaAs - boldface,
Aly 4,Gag sgAs - regular font).

N

n;
Pioar = 2 Fﬁwiﬁ (4)
i>f i

energy spacing between ith and fth subband, respectively.

The radiative lifetime is given by6

where i}d and fiw;=E;~E, are the radiative lifetime and

2 3R
Ld _e n(E; - ff)4dif 5)
Tif 3megch

where 7 is the refractive index, and d,; the optical dipole
matrix element, d;;=[W[z)z¥(z)dz. The Lorentzian-type
power spectrum is calculated from

r 1

N
n
P(hw) =2, L FopP 4T

i>f Tif

(6)

where I is the linewidth (half width at half maximum) of the
intersubband transitions, here set to 5 meV as a typical value.

lll. NUMERICAL RESULTS AND DISCUSSION

In this work, the emission characteristics of the digitally
graded, quasiparabolic and square wells were investigated.
Continuous composition-graded wells which would provide
a truncated parabolic potential, based, e.g., on Al,Ga;_ As
alloys, are quite difficult to grow. Furthermore, a strictly
parabolic composition grading does not lead to equispaced
states because of the effective mass variation, though this can
be corrected by modifying the composition proﬁle.lz’13 For
these reasons we have tailored a more readily realized, digi-
tally graded quantum well, with the layer widths carefully
adjusted to give 12 equispaced states to high accuracy, with
the state spacing equal to approximately 29 meV, corre-
sponding to a 7 THz radiative transition frequency.13 The
structure is shown in Fig. 5. The layer widths are integer
multiples of crystalline monolayer (0.283 nm), which should
minimize interface roughness.

Calculations were performed for the lattice temperatures
of 300 and 77 K. Doping of 10'> cm™2, only within the
quantum well layer structure, was assumed. Using just the 12
equispaced bound states proved insufficient; hence, an addi-
tional 24 states of the quasicontinuum, covering the energy
range of 0.110 eV above the barrier top, were also included
in the model, because a sizeable fraction of electrons gets
excited into these continuum states at larger fields. Certainly,
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FIG. 6. Total generated optical power dependence on the lateral electric
field, calculated for the digitally graded, quasiparabolic well, and for the
simple square well for lattice temperatures 77 K and 300 K.

the equispaced-states property does not apply to the con-
tinuum. The confinement box size for the quasicontinuum
states was selected as 185 nm, approximately 3 times greater
than the width of the QW.

In Fig. 6 we give the total generated power dependence
on the lateral electric field. This starts to increase signifi-
cantly only beyond 1 kV/cm (2 kV/cm for 77 K), and en-
ters a saturation for biases in excess of 8 kV/cm. The power
range obtained, ~100—200 W/m?, is limited by the general
cubic dependence on the energy spacing [as follows from
Eqgs. (4) and (5), together with the fact that dl-2f~ 1/fiw;]. The
power spectrum also evolves with the field and becomes pro-
gressively less narrow, as shown in Fig. 7 for the quasipara-
bolic structure. For fields up to about 4—5 kV/cm the spec-
trum is rather “monochromatic,” with a single peak around
the required frequency of 7 THz, as expected from a light-
emitting diode (LED) device. For higher fields, however, the
side-peaks at 21 THz and 35 THz start to contribute to the
output power. One can easily estimate, assuming the unity
value for the surface emissivity, that the total power within
the 7 THz peak at 10 kV/cm exceeds the black body radia-
tion in the same spectral range by approximately a factor of
2, even at room temperature (300 K), and grossly exceeds it,
by 2 orders of magnitude, at 77 K.

10

¢l
El. field {kvfcm)

0 10
20030 40 50 B0 7 g a0 100

Frequency (THz)

FIG. 7. (Color online) Generated power spectrum for the digitally graded
quantum well. The 11 displayed spectral profiles are for electric fields of
0,1,2,...10 kV/cm.
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FIG. 8. (Color online) Population of the 12 equispaced bound subbands vs
field dependence in the digitally graded well. The remainder of electron
population belongs to the continuum.

The appearance of higher frequencies is clearly related
to the increasing electron population in higher, continuum
subbands, as shown in Fig. 8, which becomes quite promi-
nent for fields above 3 kV/cm. It should be noted, however,
that it may not be just electron escape to continuum which
contributes to spectrum broadening. It is only the ideal para-
bolic potential, and not just any equispaced-states potential,
which has the property that no other transitions except those
between adjacent states are allowed. Indeed, starting with the
parabolic potential one can generate families of asymmetric
equispaced-states potentials which have quite significant
transition matrix elements between more remote states.'*
However, in the digitally graded well considered here the
dipole matrix elements between subbands with the quantiza-
tion index changing by three are between 1 and 2 orders of
magnitude smaller than those between the adjacent sub-
bands, and others are much smaller; hence, this path for the
power spectrum broadening is still of minor importance: the
major part of broadening comes from the transitions from
continuum states.

Another set of calculations was performed for a 20 nm
wide GaAs square well embedded in a Alj3Gaj,As barrier.
The well width was chosen so that the energy spacing of the
first two subbands is about the same as in the quasiparabolic
well, i.e., approximately 30 meV. This structure has five
bound subbands, at 10.1, 40.4, 90.5, 159, and 238 meV. It
was embedded in a 220 nm wide outer box, and 31 quasi-
continuum states were also included in the model. The cal-
culated emission characteristics are shown in Figs. 6 and 9,
and the relevant subband populations in Fig. 10. Clearly, the
total power generated in this structure exceeds that of the
quasiparabolic well, but the spectrum is much broader.

IV. CONCLUSION

Laterally pumped GaAs/AlGaAs quantum wells were
considered as potential broadband sources of incoherent tera-
hertz radiation, generated on spontaneous intersubband opti-
cal transitions. The in-plane field heats the electrons and
hence increases the population of higher subbands, and
therefore also the output power. Two types of quantum wells

J. Appl. Phys. 102, 073715 (2007)
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FIG. 9. (Color online) Generated power spectrum for the square well. The
11 displayed spectral profiles are for electric fields of 0,1,2,...10 kV/cm.

were considered, a digitally graded, quasiparabolic well and
a simple square well, and their performance was compared.
Despite the higher overall emitted power from the square
well system, the emission spectrum of the quasiparabolic
well is generally narrower, and up to the moderate fields
remains rather monochromatic, as expected from spontane-
ous emission-based sources like LED devices. The total op-
tical output power at 7 THz is limited due to the cubic de-
pendence of the spontaneous emission on the subband energy
spacing. However, the spectral power at 7 THz still exceeds,
by approximately a factor of two, the ideal black body radia-
tion at 300 K. The analysis presented predicts that this de-
vice, in contrast to quantum cascade lasers, may operate at
room temperature, or even at 400 K. A higher optical output
may be achieved either by increasing the electron density or
by using a stack of multilayer structures. Furthermore, by
appropriate modifications of the digitally graded quantum
well, it appears possible to realize limited-bandwidth inco-
herent terahertz sources, the spectral properties of which are
controllable by the built-in GaAs/AlGaAs composition dis-
tribution, and also dynamically (to an extent) by the lateral
field.
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