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7) ABSTRACT

The semiconductor laser emitting light in the wavelength
range of about 700 nm to 800 nm utilizes an aluminum-free
active region layer. An epitaxial structure is grown on a
GaAs or AlGaAs substrate and includes an active region
layer, confinement layers adjacent the active region layer,
and cladding layers adjacent the confinement layers. The
active region layer comprises at least one compressively
strained InGaAsP quantum well surrounded by transitional
layers, with the composition and width of the active region
selected to emit light at a selected wavelength, particularly
between about 700 nm and 800 nm. High band-gap InGaAIP
cladding layers and confinement layers may be utilized to
suppress carrier leakage, and the epitaxial structure may be
grown on a misoriented substrate to further reduce carrier
leakage from the quantum well and improve the crystalline
quality of the quantum well. The lasers are capable of
operating at high powers with high reliability for longer
lifetimes than are obtainable with laser structures emitting
the same wavelength range which require the use of alumi-
num in the active region.

43 Claims, 10 Drawing Sheets
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HIGH PERFORMANCE ALUMINUM FREE
ACTIVE REGION SEMICONDUCTOR
LASERS

This invention was made with United States government
support awarded by the following agency: NSF Grant No:
9522035. The United States has certain rights in this inven-
tion.

FIELD OF THE INVENTION

This invention pertains generally to the field of semicon-
ductor diode lasers and particularly to semiconductor lasers
emitting at wavelengths in the range of 700 nm to 800 nm.

BACKGROUND OF THE INVENTION

Semiconductor diode lasers are formed of multiple layers
of semiconductor materials. The typical semiconductor
diode laser includes an n-type layer, a p-type layer and an
undoped active layer between them such that when the diode
is forward biased electrons and holes recombine in the active
region layer with the resulting emission of light. The layers
adjacent to the active layer typically have a lower index of
refraction than the active layer and form cladding layers that
confine the emitted light to the active layer and sometimes
to adjacent layers. Semiconductor lasers may be constructed
to be either edge emitting or surface emitting. In an edge
emitting Fabry-Perot type semiconductor laser, crystal facet
mirrors are located at opposite edges of the multi-layer
structure to provide feedback reflection of the emitted light
back and forth in a longitudinal direction, generally in the
plane of the layers, to provide lasing action and emission of
laser light from one of the facets. Another type of device,
which may be designed to be either edge emitting or surface
emitting, utilizes distributed feedback structures rather than
conventional facets or mirrors, providing feedback for lasing
as a result of backward Bragg scattering from periodic
variations of the refractive index or the gain or both of the
semiconductor laser structure.

High output power diode lasers with wavelengths in the
730-780 nm range are needed for a variety of applications
ranging from laser printing and optical recording to cancer
treatments such as photodynamic therapy. For wavelengths
less than 840 nm, typical laser structures use AlGaAs in the
active region, which can result in long-term reliability
problems. For devices intended to operate with emission
wavelengths less than 780 nm, the high aluminum content of
the Al Ga,_,As active layer (x>0.1) required to obtain light
emission at such wavelengths makes reliable high-power
operation increasingly difficult to achieve. The high surface
recombination velocity for AlGaAs leads to catastrophic
optical mirror damage (COMD) at relatively low power
densities. Even small Al concentrations (e.g., x~0.07-0.10)
lead to significant reductions in internal power densities at
COMD. Using a specially processed oxygen gettered alu-
minum source for the metal-organic chemical-vapor depo-
sition (MOCVD) growth process, AlGaAs active-layer
devices (100 um-wide emission aperture) have been
reported with continuous wave (cw) output powers of 540
mW at an emission wavelength of 715 nm. P. L. Tihanyi, F.
C. Jain, M. J. Robinson, J. E. Dixon, J. E. Williams, K.
Meehan, M. S. O’Neill, L. S. Heath, and D. M. Beyea, IEEE
Photonics Technol. Lett. 6, 775 (1994). More recently,
compressively strained AlGalnAs active-layer lasers have
been reported in the 730 nm wavelength range demonstrat-
ing 2.2 W cw output powers from broad-stripe (100
um-wide) devices. M. A. Emanuel, J. A. Skidmore, M.

10

15

20

25

30

35

40

45

50

55

60

65

2

Jansen and R. Nabiev, IEEE Photonics Technol. Lett. 9,
1451 (1997). Although high output powers have been
obtained from the AlGa(In)As active-layer devices, long-
term reliability is still an open question because, even if the
mirror facets are passivated, since defects in the bulk of the
active region material cause device degradation. For such
devices emitting at wavelengths in the range of 700 nm to
780 nm there is no extensive lifetest data and high power
devices are not commercially available.

The lower surface recombination velocity of InGaAsP
compared with AlGaAs leads to a corresponding reduction
in facet-temperature rise during high-power cw operation.
D. Z. Garbuzov, N. Yu. Antonishkis, A. D. Bondarev, A. B.
Gulakov, S. N. Zhigulin, N. I, Katsavets, A. V. Kochergin,
and E. V. Rafailov, IEEE J. Quantum Electron. QE-27, 1531
(1991). Tensile-strained (In) GaAsP active-layer lasers have
been reported operating in the 700-800 nm wavelength
range. D. P. Bour, D. W. Treat, K. J. Beernink, R. L.
Thornton, T. L. Paoli, and R. D. Bringans, IEEE Photonics
Technol. Lett. 6, 1283 (1994). However, little is known
about the properties of compressively strained quantum-well
lasers in this wavelength region. Compressively strained
active layers have been reported with emission at 980 nm, D.
F. Welch, W. Streifer, C. F. Schaus, S. Sun and P. L. Gourley,
Appl. Phys. Lett. 56, 10 (1990); at 1.3 gm, P. J. A. Thijs, L.
F. Tiemeijer, J. J. M. Binsma and T. van Dongen, IEEE J.
Quantum Electron. QE-30, 477 (1994); and at 1.55 um, A.
Mathur and P. Dapkus, IEEE J. Quantum Electron. QE-32,
3223 (1996).

SUMMARY OF THE INVENTION

In accordance with the invention, a semiconductor laser is
provided which may be constructed to emit light in the
wavelength range of about 700 nm to 800 nm, and for some
applications at longer wavelengths, utilizing an aluminum
free active region layer. Because the active region is alumi-
num free, much higher internal power densities at the point
of catastrophic optical mirror damage are obtained as com-
pared to conventional semiconductor laser structures which
require the presence of aluminum in the active region in
order to provide emission in the 700 nm to 800 nm range.
The laser structures of the invention are capable of operating
at high power with high reliability with the long lifetimes
required for commercially feasible lasers.

The semiconductor laser of the invention includes a
crystalline semiconductor substrate (e.g., GaAs or AlGaAs),
an epitaxial structure on the substrate including a layer with
an active region at which light emission occurs, confinement
layers adjacent the active region layer, cladding layers
adjacent the confinement layers, edge faces, electrodes by
which voltage can be applied across the epitaxial structure
and the substrate, and feedback structures to provide optical
feedback for lasing in the active region layer. The active
region layer is aluminum free and comprises at least one
compressively strained InGaAsP quantum well surrounded
by transitional layers of, e.g., InGaP, InGaAsP, or GaAsP,
with the active region selected to emit light at a wavelength
in the range of about 700 nm to 800 nm. The selection of the
wavelength at which the active region emits may be deter-
mined by selection of the relative composition of the mate-
rial of the active region and the width of the quantum well.
A preferred structure in accordance with the invention
utilizes high band-gap InGaAlP cladding layers and con-
finement layers to suppress carrier leakage.

It is also preferred in accordance with the invention that
the epitaxial structure be grown on a substrate surface off



US 6,219,365 Bl

3

orientation with respect to a major crystalline plane, pref-
erably at least 5° off orientation, e.g., on (100) substrates
misoriented 5° to 20° toward <111>. Growth of the epitaxial
structure on highly misoriented substrates disorders the
InGaAlIP layers, increasing the band-gap significantly (by
about 70 meV). This larger band-gap further reduces carrier
leakage from the quantum well, with corresponding very
low temperature sensitivity for such devices constructed for
wavelength emissions of at least 700 nm. The strong carrier
confinement allows high cw power to be achieved without
substantially affecting other device parameters.

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

DETAILED DESCRIPTION OF THE DRAWINGS

In the drawings:

FIG. 1 is a perspective view of an exemplary semicon-
ductor laser structure formed in accordance with the inven-
tion.

FIG. 2 is a schematic band-gap diagram of an aluminum-
free active region 780 nm emitting laser structure with a
broad-waveguide design.

FIG. 3 is a diagram showing a plot of J, as a function of
1/L (L=device capacity length) for a 100 um-wide laser
diode of the type shown in FIG. 2.

FIG. 4 is a diagram showing the cw L-I characteristics for
a single quantum well (2 mmx100 um) laser of the type
shown in FIG. 2.

FIG. 5 is a schematic band-gap diagram of another
aluminum-free active region laser emitting at 730 nm with
a broad-waveguide design.

FIG. 6 are diagrams illustrating calculated optical con-
finement factor and radiation losses for the fundamental and
second order transverse modes versus waveguide width t_
for the laser structure of FIG. 5.

FIG. 7 is a diagram illustrating the measured dependence
of threshold current density J, as a function of (inverse)
device cavity length L for a device of the type shown in FIG.
5.

FIG. 8 is a diagram showing the inverse of external
differential quantum efficiency as a function of the device
length L for the device of the type shown in FIG. 5.

FIG. 9 is a diagram showing the cw L-I characteristics for
a (90%/10%) facet-coated 730 nm emitting quantum well
(100 umx2 nm) laser of the type shown in FIG. 5.

FIG. 10 is a schematic band-gap diagram of another
aluminum-free active region 730 nm laser structure with a
broad-waveguide design grown highly off orientation.

FIG. 11 is a diagram illustrating a fitted curve for thresh-
old current density J,, versus 1/L, where L is the device
cavity length, for a laser structure of the type shown in FIG.
10.

FIG. 12 is a diagram showing the inverse of the external
differential quantum efficiency as a function of device length
L for the device of the type shown in FIG. 10.

FIG. 13 are plots showing a best fit to curves for Jt and
external differential quantum efficiency versus temperature
for 1 mm long devices of the type shown in FIG. 10.

FIG. 14 is a plot of cw L-I characteristics for a facet-
coated (4%/95%) 730 nm emitting quantum well (100
umx1.5 mm) laser of the type shown in FIG. 10.

FIG. 15 is a diagram showing the measured far-field
pattern in the transverse direction for a laser of the type
shown in FIG. 10.
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FIG. 16 is a diagram showing the low temperature pho-
toluminescence spectrum for a laser of the type shown in
FIG. 10 grown 0° off orientation (i.e., grown on orientation).

FIG. 17 is a diagram showing the low temperature pho-
toluminescence spectrum of a laser of the type shown in
FIG. 10 grown 10° off orientation.

FIG. 18 is a diagram showing the measured reliability
characteristics at a heatsink temperature of 25° C. for
facet-coated devices of the type shown in FIG. 10.

FIG. 19 is a schematic band-gap diagram of a further
aluminum free active region emitting at 730 nm.

DETAILED DESCRIPTION OF THE
INVENTION

A simplified perspective view of a semiconductor laser in
accordance with the invention is shown in FIG. 1. The layers
illustrated in FIG. 1 are epitaxially grown on a crystalline
semiconductor substrate 20 such as GaAs or AlGaAs. As
indicated below, the top surface 21 of the substrate 20 is
preferably oriented somewhat off of the (100) plane of the,
e.g., GaAs substrate 20. The epitaxial layers grown on the
surface 21 may include a lower cladding layer 24, a lower
confinement layer 26, an active region layer 28, an upper
confinement layer 29, and an upper cladding layer 30. In
accordance with the invention, the active region layer 28 is
formed to be aluminum free and to emit at wavelengths of
at least 700 nm, and especially in the range of about 700 nm
to 800 nm. The active region layer 28 is formed of at least
one InGaAsP quantum well surrounded by transitional
layers, e.g., of InGaP, InGaAsP, or GaAsP. The active region
layer is compressively strained, typically with a maximum
strain value Aa/a=(2,,.,~2;up50rare)/ dsupsirare Of about
2-2.5%, where “a,,,.,” is the lattice spacing of the InGaAsP
material. Higher strain results in defect formation for typical
quantum well widths (~10-15 nm). The emission wave-
length can be selected by selection of the composition (X,y)
of the quarternary In,Ga,_,As P,  material or the width of
the quantum well layer or both. Suitable exemplary con-
finement layers are formed of Ing 5(AlL,Ga,_.), sP, wherein
0.0=x=0.3, and suitable exemplary cladding layers are
formed of Inys(Al,Ga;_), sP, wherein 0.3=y=0.8. For
exemplification only, current confinement may be provided
to define the emitting aperture by insulating layers 32 of
SiO2 over a cap layer 33 of p+ GaAs, with a top metal
electrode 34 in contact with the cap layer 33 at the top face
of the laser between the insulating SiO, layers 32 to provide
electrical conduction thereto. A bottom metal electrode 36 is
formed on the bottom face of the substrate 20 so that voltage
may be applied across the semiconductor laser between the
electrodes 34 and 36. The electrodes may be formed in any
other desired fashion. The width “W” of the metal electrode
34 in contact with the cap layer 33 defines the effective stripe
37 of the semiconductor diode in the active layer 28 at which
light emission will occur. The front face 38 and back face 39
of the semiconductor structure of FIG. 1 are formed as facets
substantially perpendicular to the active region layer 28 in a
conventional manner, with one facet being mirror coated to
be substantially reflecting and the other mirror coated to be
partially anti-reflecting, and are exemplary of the conven-
tional feedback structures that may be used to provide
optical feedback for lasing action.

A first exemplary laser of this type emitting at 780 nm has
the structure shown in FIG. 2. The epitaxial structure of FIG.
2 has an active region 28 formed of a 10 nm thick com-
pressively strained InGaAsP (Aa/a=0.85%, as determined by
DCXRD on bulk layers) quantum well layer 42 surrounded
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