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[57] ABSTRACT

An intersubband quantum box laser structure includes an
active structure having a two dimensional array of quantum
boxes separated from one another in a semiconductor
matrix. The quantum boxes are formed to suppress phonon-
assisted transitions, and thus the transitions become prima-
rily of the radiative type. Each quantum box has a multilayer
structure including an electron injector, an active region with
a quantum well, and an electron mirror. Electrons injected
from the injector into the active region at a high energy level
relax to a lower energy level with the emission of a photon
at, for example, mid-infrared wavelengths. The mirror
reflects electrons at the higher energy level at which they
were injected and transmits electrons at the lower energy
level after emission of a photon. Multiple layers of semi-
conductor are formed on each side of the active structure to
provide conduction across the multiple layer structure and to
provide optical confinement of the photons emitted. The
semiconductor laser structure may be formed using various
material systems, including InGaAs/InGaAsP structures
grown on GaAs and InGaAs/AllnAs structures grown on
InP.

23 Claims, 10 Drawing Sheets
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INTERSUBBAND QUANTUM BOX
SEMICONDUCTOR LASER

FIELD OF THE INVENTION

This invention pertains generally to the field of semicon-
ductor lasers and particularly to intersubband semiconductor
lasers.

BACKGROUND OF THE INVENTION

Semiconductor lasers are formed of multiple layers of
semiconductor materials. The conventional semiconductor
diode laser typically includes an n-type layer, a p-type layer
and an undoped layered active structure between them such
that when the diode is forward biased electrons and holes
recombine within the active structure with the resulting
emission of light. The layers adjacent to the active structure
typically have a lower index of refraction than the active
structure and form cladding layers that confine the emitted
light to the active structure and sometimes to adjacent layers.
Semiconductor lasers may be constructed to be either edge
emitting or surface emitting.

A semiconductor laser that emits photons as electrons
from within a given energy band cascade down from one
energy level to another, rather than emitting photons from
the recombination of electrons and holes, has been reported
by a group at AT&T Bell Laboratories. See, J. Faist, F.
Capasso, D. L. Sivco, C. Sirtori, A. L. Hutchinson, and A. Y.
Cho, Science, Vol. 264, pp. 553, et seq., 1994. This device,
referred to as a quantum cascade laser (QCL), is the first
reported implementation of an intersubband semiconductor
laser. The basic light-generation mechanism for this device
involves the use of 25 active regions composed of 3 quantum
wells each. Injection by resonant tunneling occurs in the
energy level (level 3) of the first, narrow quantum well. A
radiative transition occurs from level 3, in the first well, to
level 2, the upper state of the doublet made by two coupled
quantum wells. Quick phonon-assisted relaxation from level
2 to 1 insures that level 2 is depleted so that population
inversion between levels 3 and 2 can be maintained. Elec-
trons from level 1 then tunnel through the passive region
between active regions, which is designed such that, under
bias, it allows such tunneling to act as injection into the next
active region.

Lasing for such devices has been reported at 4.6 ym up to
125K with threshold-current densities in the 5 to 10 kA/cm?
range. F. Capasso, J. Faist, D. L. Sivco, C. Sirtori, A. L.
Hutchinson, S. N. G. Chu, and A. Y. Cho, Conf. Dig. 14th
IEEE International Semiconductor Laser Conference, pp.
71-72, Maui, Hi. (Sep. 19-23, 1994). While achieving
intersubband lasing in the mid- to far-infrared region, the
thresholds were two orders of magnitude higher than “state-
of-the-art” practical diode lasers. The reason for the high
thresholds is that the transition from level 3 to 2 is primarily
nonradiative. The radiative transition, with momentum
conservation, has a lifetime, Ty, of about 26 ns, mostly due
to the fact that it involves tunneling through the barrier
between the first and second quantum well. By contrast, the
phonon-assisted transition, T;,, has a relatively short
lifetime, i.e., T;,~4.3 ps. As a result, phonon-assisted tran-
sitions are about 6000 times more probable than photon-
assisted transitions; that is, the radiative efficiency is 1.6x
107, which explains the rather high thresholds.

Faist, et al. proceeded to improve their QCL device by
making two-well active regions with a vertical transition in
the first well, and providing a multi-quantum barrier (MQB)
electron reflector/transmitter (mirror). J. Faist, F. Capasso,
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C. Sirtori, D. L. Sivco, A. L. Hutchinson, and A. Y. Cho,
Appl. Phys. Lett., 66, 538, (1995). As a result, the electron
confinement to level 3 improved (i.e., the reflection aspect of
the MQB mirror suppresses electron escape to the
continuum), and threshold current densities, J,;, as low as
1.7 kA/em? at 10K were achieved. However, the basic
limitation, low radiative efficiency (~1.6x10~*), was not
improved, since phonons still dominate the level 3 to level
2 transition. Using a 2 QW active region with a vertical
transition in the first well, J,, values as low as 6 kA/cm? at
220K were obtained. J. Faist, F. Capasso, C. Sirtori, D. L.
Siveo, A. L. Hutchinson, S. N. G. Chu, and A. Y. Cho,
“Continuous wave quantum cascade lasers in the 4-10 yum
wavelength region,” SPIF vol. 2682, San Jose, pp. 198-204,
1996. Recently, an improved version of the vertical transi-
tion design has been operated pulsed at 300K, the first
mid-IR laser to operate at room temperature in the 5 um
wavelength regime. J. Faist, F. Capasso, D. L. Sivco, C.
Sirtori, A. L. Hutchinson, and A. Y. Cho, “Room temperature
mid-infrared quantum cascade lasers,” Electron. Lett., vol.
32 pp. 560-561, 1996. Despite this rapid improvement in the
performance capabilities of GalnAs/InP-based QC lasers, it
is unlikely that they will ever be able to operate continuous
wave (cw) at 300K due primarily to the fact that their
radiative efficiency is inherently poor. This poor efficiency is
quantified by noting that the non-radiative LO-phonon-
assisted relaxation time for the upper laser states is about 1.8
ps and the radiative relaxation time is 4.2 ns. Consequently,
the reported QCL laser devices are fundamentally
inefficient, and thus impractical, due to the dominance of
phonon-assisted transitions.

SUMMARY OF THE INVENTION

In accordance with the present invention, semiconductor
lasers are formed to provide highly efficient emission at
selected wavelengths, which may lie in the mid-to far-
infrared range. Such semiconductor lasers constructed to
emit in the infrared range provide efficient conversion of
electrical energy to electromagnetic energy at infrared
wavelengths, and thus may be used as compact, efficient
infrared sources for a variety of applications, such as
spectrometry, measurement of gases and liquids for process
control and pollution monitoring, infrared signaling, and the
like. In contrast to conventional semiconductor diode lasers,
in the semiconductor lasers of the present invention, which
are referred to herein as intersubband quantum box lasers (or
IQB lasers), the optical gain required for laser action is not
provided by electron-hole recombination but by radiative
transition of electrons within a given energy band from a
higher to a lower energy level. These transitions take place
in an array of quantum boxes which have an internal active
region in which electrons make a transition from a higher to
a lower energy level with the consequent emission of
photons at a wavelength related to the change in energy. The
quantum boxes are formed to suppress phonon-assisted
transitions, and thus the transitions become primarily of the
radiative type. The greatly improved radiative efficiency
enables the laser of the present invention to be formed with
only a single stage, or a few stages at most, rather than many
stages, resulting in a low threshold current density for lasing
action, which is required for a commercially practical laser.

The semiconductor laser of the present invention is
formed of multiple layers of semiconductor material which
include an active region with a quantum well layer at which
light emission occurs. The active region is formed in the
quantum boxes, which are embedded in a matrix semicon-
ductor to form an array of quantum boxes. Each quantum
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box has a multiple layer structure that includes an electron
injector, which may be comprised of graded or multiple
semiconductor layers, an active region adjacent to the injec-
tor having one or more quantum well layers at which
electrons injected from the injector into the active region at
a high energy level make a transition to a lower energy level
with the emission of a photon, and an electron mirror
adjacent to the active region opposite the injector. The
mirror may be comprised of multiple semiconductor layers
which are formed to have a gap with a low transmission at
the energy level of high energy electrons injected into the
active region to reflect such electrons back into the active
region, and a band with a high transmission at the energy
level of lower energy electrons. For typical semiconductor
material systems, the quantum boxes will have lateral
dimensions less than 1000 angstroms (/0\) and preferably less
than about 600 A. The spacing between adjacent quantum
boxes in the two dimensional array is also less than 1000 A
and preferably less than about 600 A. Current blocking
semiconductor material is formed in the matrix between the
quantum boxes to confine current to the quantum boxes.

The semiconductor structure of the laser of the invention
includes an active structure containing the two-dimensional
(2D) array of quantum boxes (and the current blocking
material between the boxes), layers on each side of the
active layer to provide conduction across the active
structure, and optical confinement or cladding layers on
either side to provide optical confinement of the photons
generated in the active structure. Electrodes may be formed
on the top and bottom surfaces of the multilayer structure to
allow connection to an external circuit to provide current
flow across the structure.

For example, for structures based on GaAs material
systems, the current blocking material in the active structure
surrounding and separating the quantum boxes may be
semi-insulating (SI) GaAs. The layers adjacent to the active
structure may be n-GaAs, and the outer optical confinement
layers may be n-InGaP. As noted above, each of the quantum
boxes is itself a single stage multilayer structure which
includes layers defining an electron injector, an active
region, and a reflector. For this material system, the active
region may include a quantum well (or multiple wells, if
desired) formed of a layer of InGaAs between layers of
InGaAsP, the electron injector may be formed of a graded
region (continuously graded or multiple step graded thin
layers) of InGaAsP, and the reflector may be formed of
alternating layers of InGaAsP and InGaAs.

The semiconductor laser of the invention can be formed
of material systems, and on substrates, such as gallium
arsenide (GaAs), that are compatible with further semicon-
ductor circuit processing. A variety of material systems in
addition to GaAs, such an indium phosphide (InP), may also
be utilized which can similarly be formed to have appropri-
ate intersubband transitions.

The semiconductor lasers of the invention are also well
suited to being produced using production techniques com-
patible with a large scale processing, such as metal-organic
chemical vapor deposition (MOCVD).

Further objects, features and advantages of the invention
will be apparent from the following detailed description
when taken in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings:

FIG. 1 is a simplified cross-sectional view through an
intersubband quantum box laser in accordance with the
present invention.
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FIG. 2 is a simplified cross-sectional view of the multi-
layer structure of the quantum boxes in the semiconductor
laser of FIG. 1, also showing an energy band diagram for this
multilayer structure.

FIG. 3 is a partially cut away perspective view of an
intersubband quantum box laser structure incorporating
quantum boxes of the type shown in FIG. 2.

FIG. 4 is a perspective view of a part of the semiconductor
structure of FIG. 3 during processing, illustrating the manner
of patterning used to form the isolated quantum box struc-
tures.

FIG. 5 is a perspective view of the semiconductor struc-
ture of FIG. 4 after a further step of processing.

FIG. 6 is a diagram showing calculated threshold current
density J,, vs. injection efficiency m,, for (a) a prior art
25-stage vertical transition QC laser; (b) a 1-stage IQB laser
with photon-assisted relaxation rate suppression factor f=14
and (c) the same laser with 3=28.

FIG. 7 is a simplified cross-sectional view of another
multilayer quantum box structure for the semiconductor
laser of FIG. 1, with an associated energy band diagram.

FIG. 8 is a partially cut away perspective view of an
intersubband quantum box laser structure incorporating
quantum boxes of the type shown in FIG. 7.

FIG. 9 is a diagram showing the calculated transmission
probability as a function of electron energy for the double
barrier active region of FIG. 7 under a forward bias field.

FIG. 10 is a diagram showing the calculated transmission
probability as a function of electron energy for the multi-
layer reflector of the quantum box of FIG. 7.

FIG. 11 is a diagram showing calculated threshold current
density J,, vs. injection efficiency 1, for (a) a prior art
25-stage vertical transition QC laser; (b) a 1-stage IQB laser
with photon-assisted relaxation rate suppression factor
=10, and (c) the same laser with 3=20.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention is a new type of laser—denoted
herein as an intersubband quantum box laser (IQB laser)—
which utilizes suppression of phonon-assisted energy relax-
ation processes to provide an efficient, low threshold and,
thus, practical, intersubband laser. Suppression of phonon-
assisted transitions is achieved in the present invention by
utilizing appropriate quantum box structures. To facilitate an
understanding of the invention, the principles underlying the
effects of quantum box structures in semiconductor lasers is
first discussed below.

Quantum well laser (QWL) semiconductor lasers, in
which the charge carriers are confined along the growth
direction in active layers (usually<30 nm thick), exhibit
improved performance compared to conventional hetero-
structure diode lasers. The very low threshold currents
achieved in QWL devices are, in part, due to a step-like
density of states (DOS) and gain anisotropy caused by
quantum confinement along the growth direction. Such
QWL lasers are described in, e.g., W. T. Tsang, Semicon-
ductor and Semimetals, Vol. 24, Academic Press (1987), ed.
R. Dingle,; P. S. Zory, ed., “Quantum Well Lasers,” Aca-
demic Press, (1993); H. Z. Chen, A. Ghaffair, H. Morkoc and
Y. Yariv, Electron. Lett., Vol. 23, pp. 1334-1335, (1987); H.
K. Choi and C. A. Chen, Appl. Phys. Lett., Vol. 57, pp.
321-323, (1990).

It has been proposed to quantize the electrons in more
than one dimension, creating quantum wire (QWR) and
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