OPTO-ELECTRONICS REVIEW 7(2), 81-86 (1999)

Conference paper

Intersubband transitions in n-type quantum
well systems*
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Specific properties of intersubband transitions in n-type semiconductor quantum well structures are reviewed.
Some interesting aspects of coupling of infrared radiation with intersubband transition in multiple quantum well
structures are also considered. Recent achievements in intersubband emission are then discussed with specific

emphasise on the quantum cascade lasers.
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1. Introduction

The success of various epitaxial growth technique
such as molecular-beam epitaxy, vapor-phase epitaxy,
and chemical vapor deposition techniques has made it
possible to grow high-quality multilayer semiconduc-
tor structures with composition and doping controlled
down to a single monolayer. When different semicon-
ductors adjoin there will be, in general, discontinu-
ities of the conduction-band and valence-band edges.
These discontinuities are source of the carrier con-
finement. In the best-investigated case Al,Ga;_ As/
GaAs/Al,Ga;_,As system, both electrons and holes
can be confined in the GaAs layer (see Fig. 1). Owing
to the strong confinement of the free carriers in the
small size regions, size quantization produces
two-dimensional (2D) subbands [or minibands in the
case of superlattices (SLs)]. This affects dramatically
the optical properties of the above systems in IR re-
gion. It is well known that in a bulk crystal the
intraband optical transitions within the same band are
forbidden and may only be induced by phonons or
impurities to provide the momentum conservation. In
the case of 2D systems momentum conservation in
the growth direction is relaxed. Consequently, the op-
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Fig. 1. Schematic band diagram of a GaAs/AlGaAs quantum
well. Intersubband transitions between electrons levels E;
and E, are indicated. Conventional interband transitions take
place between the conduction and valence bands.

tical transitions between different subbands are possi-
ble (see Fig. 1).

In this paper the basic properties of the inter-
subband transitions (ISBTs) in n—type quantum well
systems will be discussed. A brief review of the prog-
ress in the practical applications of ISBTs in the infra-
red emitters concentrating on the so-called quantum
cascade (QC) laser will also be presented.

Information on other interesting infrared quantum
well devices based on the ISBTs such as infrared de-
tectors can be found in Ref. 1.
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2. Intersubband absorption

The quantum well can be treated in the first ap-
proximation as a well-known particle-in-a-box prob-
lem. Thus, the positions of energy levels, the “sub-
bands” are determined by the height AE_ and width
(Low) of the well. For infinitely high barriers and pa-
rabolic bands the intersubband transition energy be-
tween the lowest (E,) and first excited state (E;) in
conduction band is given by E,, =31’ 7°/2m’Ly,,
where m” is the (isotropic) electron effective mass in
the quantum well. Consequently, by tailoring the
quantum well structure, it should be possible to
achieve the situation when photon energy %@ coin-
cides with E,;. The matrix element connected with
optical transitions between i and j subbands can be
written (in the envelope function approximation) in
the following form (jlé 7li) =sin(f)z;, where
z; = <¢ 1219, >, @, is the envelope function for j-th

subband in the z (confinement) direction, € = (cos(0),
0,sin(0)) is the polarization vector of an incident light
and @ is the angle between the direction of incident
light and the direction perpendicular to the layer.
In the case infinitely deep quantum well
z,, =018L,, . Thus, the oscillator strength of the
intersubband transitions between ground and first ex-
cited state writes
2m'E,
fo = T{l

e

2, =096 1)

where e is the electron charge. As it can be seen the
oscillator strength corresponding 1—2 intersubband
transitions is close unity.

West and Eglash [2] were the first who demon-
strated intersubband transitions in GaAs/Al,Ga;_As
multiple quantum well (MQW) systems (electrons
were introduced by doping the barrier materials.) They
found, in accordance with theoretical prediction, that
the oscillator strength connected with these transitions
was large (close unity) and had only one nonzero com-
ponent (along the growth direction). This means that
the optical electric field must have a component paral-
lel to the growth direction in order to induce the
intersubband absorption in conduction band of quan-
tum well with isotropic effective mass. In plane polar-
ized transitions can be observed in systems with
anisotropic effective mass. The above type of transi-
tions can also be observed in the valence band due to
strong subband mixing effect. ISBTs have now been
observed in many other material systems. Various 2D
confinement potentials have been investigated includ-
ing step quantum wells and coupled quantum wells [1].
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The main properties of intersubband absorption
spectra of a single quantum well (SQW) can be de-
scribed using the one electron picture. However, the
quantitative description of the absorption line shape
has to take into account the influence of Coulomb in-
teraction on the electron energy spectrum (band band-
ing effect) and intersubband transitions (resonant
screening effect) particularly when surface electron
concentration is large (Ng = 10'? cm™2). The above
mentioned interaction is usually studied using
mean-field approach [3].

The quantum well thickness Ly is much smaller
than the wavelength of IR radiation. The Fermi wave
vector is several orders of magnitude larger than the
parallel component of the photon wave vector. Thus,
the external perturbation (incident radiation field) in-
ducing ISBTs can be taken in the following form
E“(t) = E“(w)exp(—iwt) [we neglect here for sim-
plicity the small difference between the dielectric con-
stant of the well material (€,,) and barrier material (g)].

When the radiation is polarized in the x — z plane
the optical absorption per unit area of SQW can be
approximated by [3]

I L et
P.,..(@w)=—Re| j(zw)E (zw)dz=
@ =3Re @
= lZRe[E“?D)(m)IEf’“(a))IZ ]
2 ; A J:

where j(zw)=[j (z®)0,j.(zw)] is the Fourier
component of the current density induced in SQW
and E(z,w) is the total electric field in the system.

The modified 2D conductivity & "’ () defined by

JiP(w)

E*(@)

" dzj,(z0) = 3)

1
~(2D)
o; (@)=—

b E;’Jr(a)) J-_w
describes the response of the electron gas on the j-th
component of the external electric field £ (w).

At this point it is interesting to note that due to the
presence of ISBTs E (zw)=E"(w) but
E.(zw) = EX(w)+4miwj, (z,).

The expression for 6°”’(w) resulting from the
time-dependent local density approximation takes
form [3]

—!'

[E2 —(hw)*]/2h@l —i

@

G (w)=A

where

A=Nef, h/2m' T, E, = hd, (> E,)
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is the intersubband transition energy modified by the
depolarization and exciton-like effects, 7 = h/ I is the
dephasing time connected with 1—2 transitions and
E,; is the intersubband spacing calculated including
the band bending effect. In this paper we restrict to
the two parabolic subband models with only ground
subband occupied.

We find that in the above model the resonant
screening leads only to the blue-shift of the intersub-
band resonant energy. However, when the subband
separation depends on the parallel component of the
electron wavevector (k;) the resonant screening leads
to the more complicated deformation of the absorp-
tion line shape [4].

The parallel (intrasubband) conductivity appearing
in Eq. (2) can be approximated by the Drude-like ex-
pression 6" (w) = N, e?/m’ (1;' - iw), where 7,(>
T) is the intrasubband relaxation time.

From Eq. (2) we find that the absorptance (= the
fraction of the incident energy absorbed) of SQW sur-
rounded by semi-infinite barriers is given by

Agoy (0,0) = A;QW (w,0)+ A;'Qw (w,0)

Re5'*”(w)tan(6 6
cr eo.. '(w)tan(0)sin(6)

+
c,/e
Taking for estimations £,, /2I" = 10 one finds that
Re[G0” (w)/G P ()] =t7,@?, fuy /2 ~200. Thus,
the relative contribution of the intrasubband transi-
tions to Ay, (@,0) is vanishingly small except the

case of nearly normal incidence.
In the two-subband limit we have

(6))

e (w)cos(8)

Ay (@) = —"—Re& " (@) =
E
Rt (©)
= !
([E% —(hw)?1/2h@T)? +1

where A = 47:/1/.«:,? . Taking the typical for GaAs

Vd[ues of m" = 0.066 m, and €, = 10.9 we find that
Ajgars =0016 X f,, N [10" cm'Z/F meV].

As revealed by the geometrical factor sin(6)/
cos(0) in Eq. (5) care must be taken when choosing the
experimental configuration in order to ensure a good
coupling efficiency of the light with ISBTs. Some of
usual configurations are sketched in Fig. 2. When the
light is incident at Brewster’s angle, the coupling effi-
ciency is rather small and a large number of QWs is re-
quired to get significant absorption [2]. The multi-pass
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Fig. 2. Experimental configurations for observing ISBTs.
Quantum efficiency is indicated.

waveguide configuration [total internal reflection (TIR)
geometry], where the light enters the sample (usually)
at normal incidence on a facet polished at 45° angle, is
widely used for spectroscopic measurements since it
allows large absorption due to the excellent coupling of
p-polarized light to multipasses within the active layer.
In the waveguide configuration absorption of light
propagating with a polarization perpendicular to the
layer plane (TM mode) can be made arbitrary large by
adjusting the waveguide length. The grating configura-
tion which consists of a linear or crossed grating fabri-
cated on top of the sample, is mainly used for quantum
well detectors since it allowes normal incidence irradi-
ation [1].

In all experimental papers employing the Brewster
angle geometry, analysis of IR spectra of multiple
quantum well (MQW) structures is performed by ap-
plication of Beer’s law (the travelling wave approxi-
mation). This approximation is equivalent to neglect-
ing effects induced by multiple reflections in the
MQW structure itself and in the substrate. It leads to
the following relation between ASQW(E},(D) and the ab-
sorptance of MQW structure [1]:

Ay (B,0) =1—[1— Agpy (6,0)" ]
=1—exp{NIn[l - Ay (B,0)1} (7
=1-exp[-NAgyy, (6,0)]

where N is the number of the quantum wells in the sys-
tem. Writing the above equation we have employed the
fact that Ag,, (0,0)<<L In the case of typical
Brewster angle geometry such approach has a good jus-
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tification. Because the external angle of incidence in this
geometry is close to the Brewster angle, the
phase-matched interference effects in the substrate are
negligible. Moreover, the small value of the refraction
angle (0 = 17° for GaAs) makes the coupling of IR radi-
ation to intersubband transitions weak and consequently
effects connected with multiple reflections (electromag-
netic coupling) between different QWs are also negligi-
ble. Many authors (e.g., Ref. 1) try to employ the travel-
ling wave approximation also in the case of TIR geome-
try. Such approach is very questionable. The role of
multiple reflections (inside the MQW structure) is en-
hanced since the internal angle of light propagation (O
is now substantially larger than in the case of Brewster
angle geometry (usually ;. = 45° or it is even larger).
Moreover, the interference between the incident and re-
flected light at the semiconductor-air or semiconduc-
tor-metal interface (the standing wave effect) modifies
substantially the spatial distribution of the normal com-
ponent of the electric field of IR radiation. In our recent
paper [5] we have discussed the above problem employ-
ing the effective medium approach. In this approach the
MQW structure has optical characteristics of a uniaxial
material. The components of the dielectric tensor de-
scribing the effective medium can be written in terms &,
g, and 6" (). Numerical results presented in Ref. 5
indicate that when angle of incidence is not large (< 45°)
the electromagnetic coupling between QWs can be ne-
glected. The standing wave effect can be included re-
placing, in the travelling expression (6) the single quan-
tum well absorptance Ajé{? (6,) by the effective ab-
sorptance Agyy (6,0) = Agy (9,&))(53(”)/(}5;”)2 X
where E‘:X)  is the amplitude of the z(x) component of
the electric field of the incident light, E,(x) is the z(x)
component of the electric field in the structure calcu-
lated taking €;(®) = 0 and &, = &,. Symbol (...) denotes
averaging over the region occupied by MQWs. How-
ever, when the angle of incidence is large and the struc-
ture contains large number of QWs multiple reflections
between different QW start to play important role. Pre-
liminary experimental results [6] seem to support the
above suggestion. It is interesting to note that the cor-
rect description of this coupling must taken into ac-
count even the small difference between the dielectric
constants of the well and barrier materials.

3. Intersubband emission

Now we discuss the application of ISBTs in semi-
conductor diode lasers working in the infrared. When
appropriate electric field is applied across a weakly
tunnelling MQW, the ground level E;(n) of the n-the
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quantum well can be brought almost or exactly on
resonance with the second level E,(n+1) of the
(n+1)-th quantum well. In such a case, electrons in the
E,(n) level can flow into Ey(n+1) and then relax to the
E,(n+1) level (we assume that thickness of the barrier
is sufficiently small). Some time ago, Kazarinov and
Suris considered such a cascade transport for the first
time [7] and pointed out that it may lead to the emis-
sion of infrared radiation. They have shown that the
emission should occur if E;(n) is biased slightly
above E,(n+1). Although quite weak, the predicted
infrared radiation was detected by Helm et al. [8]. Un-
fortunately, the observation of the intersubband emis-
sion is difficult because of the non-radiative pro-
cesses. For intersubband energies well below the opti-
cal phonon energy (A > 35 um), the nonradiative re-
laxation between the subbands is dominated by the
relatively slow emission of acoustic phonons. At en-
ergies larger than the optical phonon energy the emis-
sion of LO-phonons reduces substantially the life-
times of electrons in the excited subbands. In the case
GaAs QWs non-radiative lifetime (Ty,) connected
with LO-phonon emission (acoustic-phonon emis-
sion) ranges from = 0.3-2 ps (= 100400 ps). How-
ever, the radiative lifetime (t,) is rather long. It exhib-
its a A2m" evolution. Typical values of T, in GaAs
QWs are of the order of 15 ns at A = 4 pm and 9 ps at
A = 100 pm. Thus, the balance between the radiative
and non-radiative processes is not favorable for spon-
taneous emission. Consequently, we cannot expect
high efficiency of the light emitting devices based on
ISBTs. Nevertheless, if population inversion can be
achieved between the subbands, large stimulated
gains are expected because of the large value of the
corresponding oscillator strength. The condition for
population inversion requires the non-radiative life-
time in the upper subband to be longer than in the
lover subband. In tunnelling structures, this condition
is equivalent the necessity to both provide a high in-
jection current density and quickly remove electron
from the ground subband with a time shorter than T,
of the excited subband. Several refined geometries
have been proposed to fulfil the above mentioned
conditions.

3.1 Quantum cascade laser

Intersubband luminescence has effectively been
observed in coupled QW structures by a group of sci-
entists at AT&T Bell Laboratories [9]. They reported
an intersubband laser action at wavelength of 4.2 pm
by feeding the current of about 1 A (= 15 kAcm™)
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Fig. 3. Conduction band energy diagram of a portion of the
25-period (active region plus injector) section of the
quantum cascade laser grown by MBE with the
Alg 48Ing 5pA5/Gag 47Ing 53As heterojunction materials. The
insert shows schematic representation of the dispersion of
n = 1,2 and 3 states parallel to the layers. The wavy arrows
indicate the laser transitions. The straight arrows represent
the intersubband optical phonon processes.

through 25 periods of a novel InGaAs/InAlAs triple
quantum well structure (see Fig. 3).

Each period of this structure contains an n-type in-
jector layer and three coupled quantum wells with
thicknesses 0.8 nm, 3.5 nm and 2.8 nm, respectively,
separated by 3.5 nm barrier. The injector layer con-
sists of a graded gap pseudoquaternary alloy. The
graded gap varies from lower to higher values in go-
ing from left to right in each period. Consequently, at
zero applied bias, the band diagram of the structure
has an overall sawtooth shape. When a bias voltage of
about 350 meV is applied across an each period, elec-
trons are first injected through a tunnel barrier into the
n = 3 state and then relaxed by emission of optical
phonons. However, a small fraction (0.1-0.03%)
emits also photons. To achieve light amplification
QWs are designed so that the n = 3 state is more pop-
ulated than the lover one (n = 2); the role of then = 1
state is to siphon electrons fast enough out of the
n = 2 level into the “injector” region. The whole
structure is embodied in an infrared waveguide.
Pulsed operation was achieved up to 125 K and the
threshold current density was found to vary exponen-
tially with temperature [exp(T/T,)] from 6.0 kA/cm?
at Ty = 112 K. Peak powers as large as 32 mW were
obtained. The luminescence peak of the structure in
Fig. 3 is relatively broad full-width at half-maximum
(FWHM) = 15 meV due to the interface roughness
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Fig. 4. Schematic energy diagram of a portion of QC laser
with vertical emission.

and the impurity distribution. As a consequence the
peak material gain is reduced.

To alleviate this problem the structure with the
double quantum well (with “vertical transitions”) was
design [10]. As such this transition should be less sen-
sitive to interface roughness since the number of in-
terfaces involved in the optical transition are now
only two instead of the four involved in the previous
(“diagonal”) one. This considerably reduced the width
of the luminescence spectrum (FWHM = 7.5 meV).
To prevent electron escape into the continuum (a
problem which is less sensitive in the case of the diag-
onal transitions), the superlattice of the digitally
graded injector is now designed as an effective Bragg
reflector for electrons in higher excited (n = 3 level)
and to continuously ensure swift electron escape from
the lover states as in the previous structure (see
Fig. 4). The levels 1 and 2 are separated by optical
phonon energy. The threshold current is comparable
for the two structures. CW operation has been
achieved for the above type of structure up to a heat
sink temperature in excess of 100 K for wavelengths
between 4 and 8.5 pm and up to 50 K between 9 and
12 pm. An important factor in achieving CW opera-
tion has been used of an InP substrate as the lower
waveguide cladding region rather than an AllnAs
layer since the latter alloy has ~ 20 times larger ther-
mal conductivity than InP. In the waveguide design
the confinement was enhanced using the electromag-
netic surface waves (surface plasmon) of a metal-
-semiconductor interface directly above the active re-
gion of the laser.
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More recently the design of vertical transitions QC
laser has been further improved (for details see Ref.
10). The group at AT&T Bell Laboratories has
achieved room temperature pulsed operation in the
8—12 pm wavelength range. The above mentioned de-
vices are the first semiconductor lasers working at
room temperature in the mid-infrared. They have va-
riety of potential use including night vision, pollution
monitoring, industrial process control, collision
avoided radars in automobiles or point-to-point com-
munications.

At the end we note that very recently Bell Labora-
tories group reported dual-wavelength emission from
optically cascaded intersubband transitions [11].
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