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INTERSUBBAND QUANTUM BOX STACK
LASERS

STATEMENT OF GOVERNMENT RIGHTS

Research funding was provided for this invention by the
National Science Foundation under grant No. NSF: 0200321.
The United States government has certain rights in this inven-
tion.

FIELD OF THE INVENTION

This invention relates to semiconductor lasers incorporat-
ing arrays of stacked quantum boxes in an active photonic
crystal structure.

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 emis-
sion of light. The layers adjacent to the active structure typi-
cally 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. Semicon-
ductor 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 recom-
bination 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 implemen-
tation 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 tran-
sition 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. Electrons from level 1 then
tunnel through the passive region between active regions,
which is designed such that, under bias, it allows such tun-
neling to act as injection into the next active region.

Lasing for such devices has been reported at 4.6 .um up to
125 K 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 inter-
subband lasing in the mid- to far-infrared region, the thresh-
olds 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 nonradia-
tive. The radiative transition, with momentum conservation,
has a lifetime, T, 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 tran-
sition, T5,, has a relatively short lifetime, i.e., T5, = 4.3 ps.
As a result, phonon-assisted transitions were about 6000
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2

times more probable than photon-assisted transitions; that is,
the radiative efficiency was 1.6x107*, 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, C.
Sirtori, D. L. Sivco, A. L. Hutchinson, and A. Y. Cho, Appl.
Phys. Lett., 66, 538, (1995). As a result, the electron confine-
ment 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/cm? at 10
K were achieved. However, the basic limitation, low radiative
efficiency, 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, ], values as low as
6 kA/cm? at 220 K were obtained. J. Faist, F. Capasso, C.
Sirtori, D. L. Sivco, A. L. Hutchinson, S. N. G. Chu, and A. Y.
Cho, “Continuous wave quantum cascade lasers in the 4-10
um wavelength region,” SPIE vol. 2682, San Jose, pp. 198-
204, 1996. An improved version of the vertical transition
design was operated pulsed at 300 K, 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. A
further improvement consisted of using three QWs such that
the lower energy level (of the optical transition) is depopu-
lated by using phonon-assisted transitions to two lower levels.
D. Hofsteffer, M. Beck, T. Aellen, J. Faist et al., “Continuous
wave operation ofa 9.3 um quantum cascade laser on a Peltier
cooler”, Appl. Phys. Lett., vol. 78, pp 1964-1966, 2001. This
double-phonon resonance approach has allowed lowering the
1, value to 3-4 kA/cm? and resulted in the first continuous
wave (CW) room-temperature operation of QC lasers (A=9.1
um). M. Beck, D. Hofstetter, T. Aellen, J. Faist, U. Oesterle,
M. Illegems, E. Gini, and H. Melchior, “Continuous Wave
Operation of a Mid-Infrared Semiconductor Laser at Room
Temperature,” Science, vol. 295, pp. 301-305, 2002. How-
ever, that was achieved with very low wallplug efficiency, m,,,
values (<1%) and highly temperature-sensitive characteris-
tics. Recently, strain-compensated structures have allowed
CW operation at room temperature at shorter wavelengths
(A=4.3-6.0 um), but again with low 7, values (<3%) and
highly temperature-sensitive CW characteristics. A. Evans, J.
S.Yu, S. Slivken, and M. Razeghi, “Continuous-wave opera-
tion at A~4.8 um quantum-cascade lasers at room tempera-
ture,” Appl. Phys. Lett., vol. 85, pp. 2166-2168, 2004. This
poor performance is directly related to the fact that the rise in
the active-region temperature with respect to the heatsink
temperature is very high (e.g., 70-80° C.), about an order of
magnitude higher than for conventional semiconductor
lasers. That is why for most effective all-around heat removal
a buried heterostructure is needed since the generated heat
can be laterally removed.

Botez et al. have proposed the use of 2-D arrays of quantum
boxes for increasing the carrier relaxation time by at least a
factor of 20. U.S. Pat. No. 5,953,356. Then. n,, values as high
as 24% have been predicted. Chia-Fu Hsu, Jeong-Seok O,
Peter Zory and Dan Botez, “Intersubband quantum-box semi-
conductor lasers,” IEEE J. Selected Topics in Quantum Elec-
tronics, vol. 6, pp. 491-503, May/June 2000. However, due to
relatively low gain, such devices will provide low powers
(~30 mW) from conventional single-clement devices.
Although it has not previously been suggested, one possibil-
ity for increasing the emitted power, is scaling in the lateral
direction via Active-Photonic-Crystal (APC) structures.
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Since QCLs may utilize a buried heterostructure design in
order to assist with lateral heat removal, it is impractical to
incorporated such lasers into APC structures for scaling the
power, as it is done for other types of lasers.

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-infra-
red range. For example, the lasers may be designed to emit in
the 3-5 um range, or in the 8 to 12 pm range. The semicon-
ductor lasers include an active medium (or “core”) that
includes an array of quantum box ministacks separated by a
matrix of current blocking material, which may be a semi-
insulating semiconductor. The core of semiconductor lasers
of'the present invention is incorporated into a periodic dielec-
tric structure with modulated optical gain, known as an active
photonic crystal (APC), to realize watt-range coherent, edge-
emitted powers from the devices. In contrast to conventional
APCs, the devices in accordance with this invention have gain
in the low-index regions of the APC, enabling long-range
(coherent) coupling by traveling waves utilizing resonant
leaky-wave coupling between the low-index regions.

The present semiconductor lasers are constructed to emit in
the infrared range and to provide efficient conversion of elec-
trical energy to electromagnetic energy at infrared wave-
lengths, 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.

Each quantum box in a ministack is formed of multiple
layers of semiconductor material which provide an electron
injector, an active region coupled to the electron injector, and
an electron reflector coupled to the active region, opposite the
electron injector. A description of quantum boxes of the type
that may be used in the present semiconductor lasers is pro-
vided in U.S. Pat. No. 5,953,356. As used herein, the phrase
“coupled to” is used broadly to indicate that at least some
electrons are able to pass from one section (e.g., electron
injector, active region or electron reflector) of the structure to
another. In some instances the coupled sections will be
directly adjacent. Some 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. The
electron reflector may be comprised of multiple semiconduc-
tor layers which are formed to have a minigap with a low
transmission at the energy level of the high-energy electrons
injected into the active region to reflect such electrons back
into the active region, and a miniband with a high transmis-
sion at the energy level of the lower-energy electrons.

Within the core of the semiconductor lasers, the quantum
boxes are vertically stacked in ministacks containing 2 to 5
quantum boxes each, and the ministacks are arranged in a
two-dimensional (2D) array. A current-blocking semicon-
ductor material deposited between the quantum box minis-
tacks confines the current to the ministacks. By coupling a
few quantum boxes in each ministack, the present semicon-
ductor lasers are able to provide a higher gain and, therefore,
more power than semiconductor lasers having an active
medium composed of an array of individual quantum boxes,
such as those described in U.S. Pat. No. 5,953,356. The
improved radiative efficiency of the quantum box stack lasers
results in a low threshold-current density for lasing action as
well as high wallplug efficiency, which are required for a
commercially practical laser.
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The quantum wells in the active region of the quantum
boxes are desirably “deep” quantum wells, where a deep
quantum well is defined as a quantum well having a well
bottom that is lower in energy than the bottoms of the quan-
tum wells in the adjacent electron injector. The quantum wells
of'the active region and/or the injection barrier of the electron
injector may be composite structures. For example, a com-
posite injector barrier layer may comprise two semiconductor
layers, the second semiconductor layer having a higher band-
gap than the first, and the second semiconductor layer of the
composite injector barrier being sufficiently thin to prevent
scattering to the X valleys during tunneling. A composite
quantum well may comprise two adjacent semiconductor
well layers, the second semiconductor well layer providing a
deeper well than the first.

By way of illustration only, an active region in a quantum
box may include two deep quantum wells formed of well
layers of InGaAs disposed between barrier layers of AlGaAs.
The first of the two quantum wells is desirably a composite
quantum well composed of a layer of GaAs adjacent to alayer
of InGaAs. The electron injector may be formed of a super-
lattice of alternating layers of GaAs and AlGaAs, and the
reflector may be formed of a superlattice of alternating layers
of GaAsP and InGaAs. In this embodiment, the injector bar-
rier adjacent to the active region is desirably a composite
barrier composed of a layer of GaAsP adjacent to a layer of
AlGaAs. The current blocking material in the active structure
surrounding and separating the quantum boxes may be semi-
insulating (SI) GaAs.

The quantum boxes within each ministack are coupled
such that electrons exiting the electron reflector of one quan-
tum box pass into the electron injector of a neighboring quan-
tum box. For typical semiconductor material systems, the
quantum boxes will have lateral dimensions less than 1000
angstroms and preferably less than about 600 angstroms. The
quantum box ministacks are desirably arranged in a uniform
2D array with a spacing between adjacent ministacks of less
than 1000 angstroms and preferably less than about 600 ang-
stroms.

The core of the semiconductor lasers is enclosed in a lat-
erally periodic waveguide that creates an active photonic
crystal (APC) type structure. The waveguide may include
various layers on each side of the core to provide conduction
across the active region, and optical confinement and clad-
ding layers to provide confinement of the photons generated
in the active region. Electrodes may be formed on the top and
bottom surfaces of the APC structure to allow connection to
an external circuit to provide current flow across the structure.

The laterally periodic waveguide may be created due to
periodic variations in the thicknesses of one optical confine-
ment layer and one cladding layer adjacent to the optical
confinement layer which in turn lead to alternating low-ef-
fective-index and high-effective-index regions in the
waveguide, whereby the low-effective-index regions define
laser device elements and the high-effective-index regions
define interelement regions, whereby modal gain is preferen-
tially enhanced in the laser device elements, thereby insuring
that only the APC-structure modes peaked in those regions
can lase and allowing for long range coherent coupling via
traveling waves.

In one embodiment based on a GaAs material system, the
waveguide may include optical confinement layers of n-GaAs
adjacent to the laser core and outer cladding layers of
n*-GaAs. The waveguide may optionally also include addi-
tional cladding layers, such as an AlGaAs and/or InGaAs
layers to improve confinement.
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As described above, the semiconductor lasers of the inven-
tion can be formed of material systems, and on substrates,
such as gallium arsenide (GaAs), that are compatible with
further semiconductor circuit processing. A variety of mate-
rial systems in addition to GaAs, such an indium phosphide
(InP), may also be utilized which can similarly be formed to
have appropriate 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

FIG. 1 shows an implementation of a semiconductor quan-
tum box stack laser in accordance with the present invention.

FIG. 2(a) shows a conduction band energy diagram for a
multilayered semiconductor structure of a single quantum
box that may be incorporated into a quantum box stack laser.

FIG. 2(b) shows illustrative compositions and thicknesses
for each layer represented in the conduction band energy
diagram of FIG. 2(a).

FIG. 3 is a schematic illustration of a fabrication scheme
for fabricating an active medium in accordance with the
present invention.

FIG. 4 shows an illustrative active photonic crystal laser
device structure.

FIG. 5 shows the optical intensity profile and refractive
index profile of a laser device element.

FIG. 6 shows the optical intensity profile and refractive
index profile of an interelement region.

FIG. 7 shows illustrative compositions, thicknesses and
doping levels for the various layers of the laser device element
of FIG. 5.

FIG. 8 shows illustrative compositions, thicknesses and
doping levels for the various layers of the interelement region
of FIG. 6.

FIG. 9 shows a schematic representation of the APC laser
structure operating at the lateral resonance of the desired
in-phase mode.

DETAILED DESCRIPTION OF THE INVENTION

The present invention provides semiconductor lasers hav-
ing an APC structure that allows scaling of the coherent power
by using a waveguide having a periodic structure that selects
operation in a single spatial mode from large-aperture
devices. The lasers include an active medium that includes an
array of quantum box ministacks, each ministack containing
2 to 5 vertically stacked, coupled quantum boxes.

The present lasers are capable of providing an output
power of at least about 0.5 Watts (W). This includes embodi-
ments that provide an output power of at least about 1 W,
further includes embodiments that provide an output power of
at least about 5 W and still further includes embodiments that
provide an output power of at least about 10 W. The lasers are
also capable of providing a wallplug efficiency of at least
about 30%, and may operate at low temperatures (e.g., room
temperature (~30° C.) operation). In some embodiments the
lasers have a wallplug efficiency of at least about 40% and in
some embodiments the lasers have a wallplug efficiency of at
least about 50%.

The semiconductor lasers are well-suited for use in a vari-
ety of applications including, but not limited to, laser-based
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radar, free-space optical communication links, infrared imag-
ing, infrared countermeasures against heat-seeking missiles,
multi-spectral sensing of remote objects, deceptive radar jam-
ming, high-sensitivity chemical/biological agent detection,
amplifiers, medical imaging, spectrometry and gas sensing.

The active medium of the semiconductor lasers utilizes
suppression of phonon-assisted energy relaxation processes
to provide an efficient, low threshold and, thus, practical,
intersubband laser. Suppression of phonon-assisted transi-
tions is achieved in the present invention by utilizing appro-
priate quantum box stack structures in the core of the laser
structure.

With reference to the drawings, an example of an imple-
mentation of a laser of the present invention is illustrated
generally in FIG. 1. The device includes a laser core 101
composed of a 2D array of quantum-box (QB) ministacks
102, separated by a matrix of current-blocking material
(CBM) 104. Each ministack is composed of 2 to 5 (desirably
2-3) vertically stacked, coupled quantum boxes. In the por-
tion of the laser shown in FIG. 1 (which represents a laser
device element), the structure further includes a waveguide
made from top and bottom cladding layers 106 and 108,
respectively. Adjacent cladding layers 106 and 108 are top
and bottom optical confinement layers 110 and 112, respec-
tively, which are selected to provide appropriate electrical
conduction across them and to have an appropriate index of
refraction so as to cooperate with the cladding layers 106 and
108 to provide optical confinement of the emitted light to the
region between the layers 106 and 108. For example, where
the outer layers 106 and 108 are formed of heavily doped
n-type GaAs (n*-GaAs), the optical confinement layers 110
and 112 may be formed of lightly doped n-type GaAs
(n-GaAs). For the material system discussed above, the cur-
rent blocking material may comprise semi-insulating GaAs.
The current blocking material desirably entirely surround the
quantum box ministacks within the core of the laser to elec-
trically and physically isolate the ministacks from one
another. Because the current blocking material is semi-insu-
lating, current flowing across the multilayer semiconductor
structure between electrodes will be confined to flow through
the quantum box ministacks rather than through the semi-
insulating material, thereby enhancing the efficiency of utili-
zation of the current flowing between the electrodes.

FIG. 2(a) shows the conduction band energy diagram for
the multilayered semiconductor structure of a single quantum
box that may be incorporated into a quantum box ministack
for the material system discussed above. In the structure of
FIG. 2(a) strain compensation is provided by using a ten-
silely-strained layer 202 as the first barrier layer of the elec-
tron injector 204 along with a tensilely-strained layer 206 as
the first layer of the composite injection barrier 208. Ten-
silely-strained layer 206 acts as an intermediate height barrier
layer that decouples the wavefunctions of the ground state of
the electron injector miniband and a lower energy level of the
active region, but still allows good coupling between the
ground state of the electron injector miniband and an upper
energy level of the active region. In the particular embodi-
ment shown in FIG. 2, tensilely-strained layers 202 and 206
are GaAs, ¢, P, 35 layers, and the other layers making up
electron injector 204 are alternating layer of GaAs and
Al, ,Ga, ;As. The active region 210 is composed of a first
composite quantum well 212 having a GaAs layer adjacent to
a In, ,Ga, cAs layer and a second quantum well 214 of
In, ,Ga, sAs sandwiched between layers of Al, ,Ga, ;As.
The electron reflector 216 is a superlattice of alternating
layers of In,, ;Ga, ;As and GaAs, 5P, 5. The table in FIG. 2(54)
shows the composition and thickness of each layer repre-
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sented in the conduction band energy diagram of FIG. 2(a). In
the table, the middle column indicates the Ga fraction for
Al,_,Ga,As or In, Ga As or the As fraction for GaAs, P, ..
The far right column in the tables provides the thickness (in
A) of each layer. It is noted that, for the structure of FIG. 2,
utilizing the deep-well configuration allows the electron
injector to be optimized independently of the reflector.

The semiconductor structures of FIGS. 1 and 2 may be
produced by conventional semiconductor processing tech-
niques, and do not require the use of molecular beam epitaxy
for implementation. The basic fabrication scheme for fabri-
cating an active medium is illustrated in FIG. 3. Using
MOCVD growth, a multilayered semiconductor structure
302 is grown, wherein the structure includes the various semi-
conductor layers that make up the quantum boxes in the
ministacks (e.g., as shown in FIG. 2) sandwiched between
two semiconductor layers 304 (e.g., n-GaAs), the structure is
then covered with a thin (~40 nm) dielectric film 306 (e.g.,
Si;N,) and, after an e-beam resist is deposited, exposed to an
electron beam and developed, the ministack-pattern is
defined. Then RIE is used to transfer the pattern into the
dielectric layer 306. Enough of the exposed multilayered
semiconductor structure is then removed to provide an array
of'ministacks and a current blocking material is then re-grown
between the ministacks to provide a 2D array of ministacks in
a matrix of current blocking material. For example, approxi-
mately 100-150 nm of the multilayered semiconductor mate-
rial (i.e., enough to contain two to three quantum boxes) may
be removed by, for example, BCl;-based, dry-plasma etching,
followed by in situ gas etching and regrowth of current block-
ing materials in an MOCVD system. The current blocking
material that is regrown between the ministacks may include
n-GaAs (for Fermi level pinning), n-Al, ,Ga, ;As 308 (to
prevent lateral carrier leakage) and/or semi-insulating (SI)
GaAs 310 (for current confinement to the quantum boxes).
After removing the Si;N, mask 306, the n-GaAs layer 110
may be regrown over the top of the 2D array.

The growth of the current-blocking material may be
accomplished through the following process. First, the in situ
etched surfaces of the multilayered semiconductor structure
will serve as the growth front for the growth of thin layers of
n-GaAs (not shown in FIG. 3) and n-Al, ,Ga,, ;As. This initial
AlGaAs layer will serve as the surface for the growth of SI
GaAs. Controlled oxygen addition leads to the introduction of
multiple deep levels, with a dominant state lying near mid-
gap in GaAs, (as described in Frankel et al., Appl. Phys. Lett.,
66, pp. 634-636 (1995) and Huang et al., J. Electron. Mater.,
23, pp. 659-667 (1994)) and in AlGaAs (as described in
Huang et al., J. Electron. Mater., 23, pp. 659-667 (1994)).
Using an oxygen-doping source oxygen-related defects may
be incorporated during growth. Using these growth tech-
niques, SI GaAs may be grown with bulk resistivity >6x10°
Qcm at room temperature. The selective-area growth of
n-Al,Ga, . As and GaAs layers when using SiO, or SizN,
mask may also be carried out using conventional methyl-
based precursors as well as diethyl gallium chloride.

The ministacks desirably include 2 to 5 vertically stacked
quantum boxes. In some preferred embodiments the minis-
tacks include 2 quantum boxes, 3 quantum boxes or 4 quan-
tum boxes. Thus, the height of each ministack in the 2D array
is generally at least about 100 nm, typically about 100 nm to
300 nm, desirably about 100 nm to 200 nm and more desir-
ably about 100 nm to 150 nm. The ministacks typically have
lateral cross-sectional dimensions (e.g., diameters) of no
more than about 100 nm (desirably about 10 to 50 nm, more
desirably about 20 to 30 nm) and are generally separated by a
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distance of no more than about 100 nm, desirably no more
than about a ministack diameter.

Because the area of core region may be large (e.g., ~0.25
mm?) e-beam lithography may be undesirable for quantum
box patterning. Therefore, block copolymer lithography, as
described in Cheng et al., Advanced Materials, 13, pp. 1174-
11-78 (2001) and Xiao et al., 16, Nanotechnology, p.S324
(2005), may be used instead. Using this technique larger
device areas may be patterned with quantum box ministacks.
For example, using block copolymer lithography, 20 nm-
disks on ~40 nm centers become possible.

In order to increase the output power of the intersubband
quantum-box stack semiconductor lasers, the active medium,
including the quantum box ministacks in the current blocking
material matrix is sandwiched between the layers of a
waveguide that includes a periodic dielectric structure which
provides an APC structure. For purposes of illustrating the
invention, an illustrative APC structure is shown in FIG. 4.
This structure includes a plurality of laser device elements
402 separated by interelement regions 404. The laser device
elements are defined by laterally-spaced regions of lower
effective refractive index and the interelement regions are
defined by laterally-spaced regions of higher effective refrac-
tive index. The device elements and interelement regions are
created by periodic variations in the thickness of an optical
confinement layer and its adjacent cladding layer. The lateral
dimensions of the lower effective index regions and the
higher effective index regions are typically about 5 to 50 um,
with the higher effective index regions having smaller lateral
dimensions. The index steps between the laser device ele-
ments and the interelement regions are desirably relatively
large (e.g., An=0.05) to ensure optical mode stability against
carrier and thermally induced dielectric constant variations.

FIG. 5 shows the optical intensity profile and refractive
index profile of a laser device element grown on a GaAs
substrate. FIG. 6 shows the optical intensity profile and
refractive index profile of an interelement region. Suitable
compositions, thicknesses and doping levels (where appli-
cable) for the various layers shown in FIGS. 5 and 6 are shown
in FIGS. 7 and 8. The structure of FIG. 7 includes a layer of
n+-GaAs 701, an active medium 712, and a layer of Au 720.
The structure also includes the following layers: a 2 um
n*-GaAs layer 704 with a doping level of 5x10'%; a 0.3 um
n*-Al, ;Ga, , As layer 706 with a doping level of 1x10'%; a
0.1 umn*-GaAs layer 708 with a doping level of 5x10'%;20.8
pm n®' - GaAs layer 710 with a doping level of 4x10'%;a 1.2
pumn~-GaAs layer 714 with a doping level of 4x10'%; 2 2.5 um
n°° -GaAs layer 716 with a doping level of 5x10'®; and a 0.03
um n*-In, ,Ga, cAs layer 718. The structure of FIG. 8
includes a layer of n*-GaAs 801, an active medium 812, and
a layer of Au 818. The structure also includes the following
layers: a 2 um n+-GaAs layer 804 with a doping level of
5x10'%; a 0.3 um n*-Al, ;Ga, , As layer 806 with a doping
level of 1x10'®; a 0.1 um n*-GaAs layer 808 with a doping
level of 5x10'%; 2 0.8 um n** -GaAs layer 810 with a doping
level of 4x10'%; a 3.5 um n*' -GaAs layer 814 with a doping
level of 4x10'%; and a 0.23 um n*-GaAs layer 816 with a
doping level of 5x10'2,

Each laser device element in the structure includes the core
101 sandwiched between n™-GaAs optical confinement lay-
ers 110 and 112, which are themselves sandwiched between
heavily-doped n-type GaAs (n*-GaAs) cladding layers 106
and 108. The structure also optionally includes an additional
cladding layer 409 of AlGaAs (e.g., Al, ,Ga, ; As) disposed
between the lower optical confinement layer and the lower
cladding layer. This high aluminum-content cladding layer
409 tends to improve the confinement, however, this material
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also has poor electrical conductivity. Therefore, in order to
minimize resistance, cladding layer 409 should not be too
thick and should be heavily doped. In some preferred embodi-
ments, the Al, ;Ga, ;As layer has a thickness of about 0.3 to
about 0.5 um and it is doped about 5x10'7 to 10'® cm™>.
Optionally, a thin layer of n*-In,, ,Ga, ;As 406 may be grown
on the upper cladding layer in order to suppress absorption
losses to the metals that are eventually deposited on the struc-
ture for electrical contact. Since the lattice-mismatched
In, ,Ga, ¢As layer is 30 nm thick, it may become partially
relaxed, which may lead to the formation of defects. Such
defects could alter the refractive index relative to a high-
crystalline-quality material, impairing its ability to reduce
absorption losses to the metal contact. Under such circum-
stances, it may be desirable to grow a small superlattice, e.g.,
3-4 10 nm-thick In, ,Ga, (As wells separated by 5-6 nm-
thick GaAs barriers, instead. The use of such GaAs spacers
are known to significantly reduce the strain associated with
using lattice-mismatched quantum wells.

The interelement regions may be made by etching the
n*-GaAs layer 110 in the interelement regions followed by
regrowth with n™-GaAs to form high refractive index inter-
element regions separating the neighboring laser device ele-
ments 402. Using SiO, as a mask for etch and regrowth, the
n~-GaAs regions are periodically introduced in the lateral
direction to form high (effective) index interelement regions
404 for an antiguided array. Optionally, a thin layer of
n*-GaAs (not shown in FIG. 4, but shown in FIG. 8) is also
part of the regrowth and placed above the n™-GaAs material
such as to allow for better overlap between the transverse field
in the interelement regions and the transverse field in the
element regions. Finally, the SiO, mask is removed and metal
layers (e.g., titanium/gold) 408 are deposited over the device
elements and interelement regions to provide a top electrode.

The APC structure shown in FIG. 4, preferentially
enhances gain in the low index regions and thereby provides
single-spatial mode operation to high drive levels (>10x
threshold) and high continuous wave (CW) power (e.g., =1
W) while maintaining high wallplug efficiency (e.g., 250%).
The desired in-phase mode, that is the mode for which the
fields in adjacent elements are in phase with each other, is
favored to lase at and near its lateral resonance, since ~99% of
its energy lies in the high-gain, low-index APC regions, while
higher-order APC modes are discriminated against via optical
loss inserted in the high-index APC sites. This is illustrated in
FIG. 9 by the schematic representation of the APC laser
structure at the resonance of one in-phase mode; that is when
the interelement region width s substantially corresponds to
one projected half-wave. The fact that for intersubband
devices the optical gain has a negligible effect on the injected-
carrier profile and that thermal lensing will be negligible in
CW-operated IQSB devices, insures single-spatial-mode
operation to the high drive levels needed to achieve the maxi-
mum wallplug efficiency.

For certain applications it may be desirable to operate the
present devices in the out-of-phase mode; that is an APC
mode for which the fields in adjacent elements are out of
phase with each other. The result is a far-field bean pattern
composed of two lobes symmetrically placed with respect to
the normal to the emitting aperture. Feedback can be provided
via an external mirror on one lobe, while the output is
obtained from the other lobe. For operation in a resonant
out-of-phase mode the interelement spacing s substantially
corresponds to an even number of projected half-waves. The
desired number of projected half-waves is two.

As shown by the optical intensity profiles of FIGS. 5 and 6,
the regrown high-index regions of the APC structure “draw”
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the field away from the active regions in the laser core thus
achieving low modal gain due both to significantly reduced
(transverse) field overlap with the active region and to strong
absorption losses to the metal contact. Preferential lasing of
the desired in-phase mode (FIG. 9) occurs at and near its
lateral resonance. For A=4.6 um the lateral resonance is cal-
culated to occur for s=6.5 pm, where s is the width of the
high-index region (FIG. 9). At and near its resonance the
in-phase mode has ~99% of its field in those regions while
other modes have as little as 86% of their field in those
regions. In turn, only ~1% of the in-phase mode “sees” the
losses in the high-index regions while the high-order modes
“see” significantly more loss. As an illustrative example, fora
4-element array it is calculated that in-phase mode lasing is
favored over a ~1.0 um-wide region in s variation. For beam-
widths =2 diffraction limit (D.L.) (i.e., a mixture of the
in-phase mode and an adjacent mode) s can vary over a ~1.5
um-wide region. Thus for both cases the fabrication toler-
ances are easily achievable via standard photolithography. In
some embodiments, in order to get a significant amount of
energy (e.g., ~70%) in the central far-field lobe, the array
element width, d, (FIG. 9) desirably may be at least 5 times
larger than s.

For the purposes of this disclosure and unless otherwise
specified, “a” or “an” means “one or more”. All patents,
applications, references and publications cited herein are
incorporated by reference in their entirety to the same extent
as if they were individually incorporated by reference.

As will be understood by one skilled in the art, for any and
all purposes, particularly in terms of providing a written
description, all ranges disclosed herein also encompass any
and all possible subranges and combinations of subranges
thereof. Any listed range can be easily recognized as suffi-
ciently describing and enabling the same range being broken
down into at least equal halves, thirds, quarters, fifths, tenths,
etc. As a non-limiting example, each range discussed herein
can be readily broken down into a lower third, middle third
and upper third, etc. As will also be understood by one skilled
in the art all language such as “up to,” “at least,” “greater
than,” “less than,” and the like include the number recited and
refer to ranges which can be subsequently broken down into
subranges as discussed above. Finally, as will be understood
by one skilled in the art, a range includes each individual
member.

While the principles of this invention have been described
in connection with specific embodiments, it should be under-
stood clearly that these descriptions are made only by way of
example and are not intended to limit the scope of the inven-
tion.

2 <

What is claimed is:

1. A semiconductor laser having an active photonic crystal

structure, the laser comprising:

(a) an active medium comprising an array of laterally-
spaced quantum box ministacks separated by a current
blocking material, wherein each ministack comprises 2
to 5 vertically-stacked, coupled quantum boxes; and

(b) a waveguide comprising a plurality of laterally-spaced
first regions separated by a plurality of laterally-spaced
second regions, wherein the first regions have a lower
effective refractive index than the second regions, such
that the first regions define laser device elements and the
second regions define interelement regions.

2. The semiconductor laser of claim 1, wherein the

waveguide comprises:

(a) a first optical confinement layer disposed above the
active medium;
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(b) a second optical confinement layer disposed below the

active medium;

(c) afirst cladding layer disposed above and adjacent to the

first optical confinement layer; and

(d) a second cladding layer disposed below and adjacent to

the second optical confinement layer;

wherein the first and second regions are created by periodic

variations in the thicknesses of one of the optical con-
finement layers and its adjacent cladding layer.

3. The semiconductor laser of claim 1, wherein each mini-
stack has only two vertically stacked quantum boxes.

4. The semiconductor laser of claim 1, wherein each mini-
stack has only three vertically stacked quantum boxes.

5. The semiconductor laser of claim 1, wherein the minis-
tacks have lateral cross-sectional dimensions of no more than
about 100 nm and heights of at least about 100 nm.

6. The semiconductor laser of claim 1, wherein the minis-
tacks have lateral cross-sectional dimension of no more than
about 50 nm and heights of at least about 150 nm.

7. The semiconductor laser of claim 1, wherein the minis-
tacks are uniformly spaced in the array and the spacing
between ministacks is no more than about 100 nm.

8. The semiconductor laser of claim 1, wherein the minis-
tacks are spaced in the array and the spacing between the
ministacks is no more than about a ministack diameter.

9. The semiconductor laser of claim 1, wherein the quan-
tum boxes comprise an electron injector coupled to an active
region coupled to an electron reflector, the active region com-
prising a quantum well layer that includes at least one deep
quantum well.

10. The semiconductor laser of claim 9, wherein the elec-
tron injector comprises alternating layers of GaAsP and
AlGaAs, the electron reflector comprises alternating layers of
GaAsP and InGaAs, and the active region comprises a quan-
tum well layer of InGaAs disposed between barrier layers of
AlGaAs.

11. The semiconductor laser of claim 1, wherein the current
blocking material comprises semi-insulating GaAs.
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12. The semiconductor laser of claim 2, wherein the active
medium is formed of a GaAs material system, the first and
second optical confinement layers comprises lightly-doped
n-type GaAs, the laterally-spaced regions having the lower
effective refractive index comprise heavily-doped n-type
GaAs, and the laterally-spaced regions having the higher
effective refractive index comprise lightly-doped n-type
GaAs.

13. The semiconductor laser of claim 12, further comprises
an additional cladding layer comprising AlGaAs disposed
between the second optical confinement layer and the second
cladding layer.

14. The semiconductor laser of claim 12, further compris-
ing an additional cladding material comprising InGaAs dis-
posed over the first cladding layer.

15. The semiconductor laser of claim 14, wherein the addi-
tional cladding material comprises a superlattice of alternat-
ing layers of InGaAs and GaAs.

16. The semiconductor laser of claim 1, having an output
power of at least 1 Watt.

17. The semiconductor laser of claim 1, having a wallplug
efficiency of at least 30%.

18. The semiconductor laser of claim 1, having a wallplug
efficiency of at least 50%.

19. The semiconductor laser of claim 1, wherein the laser
emits light with wavelengths in the range of 3 to 5 pm.

20. The semiconductor laser of claim 19, wherein the laser
operates at room temperature.

21. The semiconductor laser of claim 1, wherein spacing
between the laser device elements is adapted to allow the
semiconductor laser to operate in a resonant in-phase mode.

22. The semiconductor laser of claim 1, wherein the spac-
ing between the laser device elements is adapted to allow the
semiconductor laser to operate in a resonant out-of-phase
mode.
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