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Abstract. Data are presented on buried-heterostructure (BH) AlGaAs/
GaAs and InGaAs/AlGaAs quantum-well diode lasers (DLs) fabricated
by low-temperature liquid phase mesa melt etching and regrowth. The
basic laser structures were grown by either molecular beam epitaxy
(MBE) or metal-organic chemical vapor deposition (MOCVD). Native ox-
ides were used as a mask in the processes of melt etching and regrowth.
Measurements of excess mirror temperature and parameters of internal
second-harmonic generation (SHG) were used for DL characterization.
The equalization of beam divergence in both planes, perpendicular and
parallel to the active layer, was accomplished by using cylindrical micro-
lenses, at 1 W of radiant power in continuous-wave (cw) operation. The
results on medical applications and pumping Er®*-doped YAG crystals
are reported. © 1996 Society of Photo-Optical Instrumentation Engi-
neers.

Subject terms: diode laser characterization; technological and medical applica-
tions of diode lasers.

Paper RMA-07 received July 25, 1995; revised manuscript received Oct. 30,
1995; accepted for publication Nov. 17, 1995.

University Politehnica Bucharest
Department of Physics

Spl. Independentei 313

77206 Bucharest, Romania

1 Introduction strained quantum well AlGaAs/InGaAs buried-
heterostructure lasers with 50- and 100+ active layer

Low-temperature(<900 K) mesa melt etching and re- widths, and 0.6 to 0.7-mm cavity lengths, emigih W and

growth proved to be very efficient for high-performance even more optical power in cw operation. Far-field patterns

buried-heterostructur@H) laser diode fabricatioh? Low- of these laser diodes were modified using cylindrical mi-

threshold(injection current threshold,,<5 mA) diode la- crolenses. Radiant power of 15 mW was obtained in cw

sers(DLs) were fabricated using molecular beam epitaxy emission at\=2.94 um from an EF*:YAG crystal opti-

(MBE) grown strained InGaAs/AlGaA&\=980 nm and cally pumped by=600 mW of collimated 970-nm diode

metal-organic chemical vapor depositiddOCVD) grown laser radiation.

unstrained AlGaAs/GaAs (A\=810 nm epitaxial Active layer temperatures of these lasers were measured

structures:* Degradation of these DLs was determined to using the method described in Ref. 9. Mirror temperatures

be caused by physicochemical processes that take place omere determined from microphotoluminescence spectral

the mirrors during operation and are enhanced by high op- distribution§ and by the photothermodeflection metHod.

tical power densities and increased temperatti¢ste we Diode lasers operated continuously laW optical power

present data on the electro-optical and thermal propertiesfor 1000 h, showing no essential degradation.

and on the characterization of the degradation processes of Finally, the effect of 940- to 980-nm, 50-mW diode laser

these lasers. The degradation process was observed to biradiation in the treatment of degenerative rheumatic dis-

accelerated by single current pulses. Electro-optical and in-eases was studied.

ternal second-harmonic generation measurements were per-

formed at different degradation steps. The mirror tempera-

ture values were measured by microphotoluminescence At

and photothermodeflection methddsFor the InGaAs/ 2 Fabrication

AlGaAs structure emitting at the wavelengi=980 nm Single spatial mode laser diodes with threshold currents as

and for the AlGaAs/GaAs structure emittingXat810 nm low as 3 to 5 mA at 3um active layer width and 0.4- to

we determined excess mirror temperature values of 4 and1.3-mm cavity length were fabricated using selective mesa

10 K, respectively, for operation at 60-mA injection current melt etching and liquid phase epitaxyPE) regrowth? In

and 15 mW per facet. Details on the procedures for mesathis work the quality of buried heterostructures was consid-

shaping are reported. erably improved by using AlGaAs native oxides as a mask
We also present the results of optical and thermal char-in melt etching and regrowth liquid phase epitaxial pro-

acteristic studies of 960- to 980-nm emission wavelength, cesses.

1278 Opt. En?. 35(5) 1278-1283 (May 1996) 0091-3286/96/$6.00 © 1996 Society of Photo-Optical Instrumentation Engineers
Downloaded From: https://www.spiedigitallibrary.org/journals/Optical-Engineering on 22 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Sybru et al.: Fabrication, characterization, . . .

60

] b EE
i C a c
= B S
€ 5 o
30 ] 5
D_ — ~
] >
o
] 2
O LIS B B B @ O
0 50 100 z T e
I mA - =2 —1 0 1 2
DISTANCE, um
Fig. 1 Light-current characteristics of AlGaAs/GaAs (A=810 nm) . ) ) )
unstrained quantum well active region uncoated DLs for different Fig. 3 Typical near field pattern of diode lasers: the fundamental
cavity lengths: curves a, 0.8 mm; b, 0.5 mm; and ¢, 0.35 mm. harmonic radiation before COD (curve a) and after (curve b), and

second-harmonic component of the emission after COD (curve c).

As reported earlief melt-etched mesa shapes depend on
the mask adhesiveness to the epitaxial structure in under-
saturated Ga-Al-As solutions at temperatures around 900
K. In addition to the fact that adhesion of traditional mask-
ing layers such as Siand ALO; is much worse than that
of AlGaAs native oxide, the adhesion of these oxide layers
is not uniform and depends very much on the state of
multilayer epitaxial structure surface, leading to nonrepro- o
ducible results. Native oxide layers were grown by anodic 3 Characterization
oxidation of ALGa, _,As (x=0.5 to 0.6 in ammonium ci- Light current characteristics of InGaAs/AlGaAs and
trate electrolyte. The growth mechanism of native oxides AlGaAs/GaAs BH uncoated DLs were measured in a cur-
provides high material quality and a uniform interface with rent range that was close but did not exceed the limit of
no impurities on it. This oxide is stabilized to resist harsh catastrophic optical degradati¢@OD) (Fig. 1, unstrained
conditions of melt etching by postgrowth thermal treat- quantum well active regiol\=810 nm; Fig. 2, strained
ment. It was shown that masking properties of AlGaAs- quantum well active regiol,=980 nn). The devices op-
based native oxide tremendously improve by increasing erate at high mirror power densiti¢sp to 10 mWgm of
AlAs composition of AlGaAs. To form such a mask, an active layer width for the 810-nm DL and up to 20 ma
additional AlGaAs layer with the thickness of 200 to 300 of active layer width for the 980-nm DLA typical near-
nm is grown on the surface of the multilayer structure. To field pattern of these DLs is presented in Fig. 3, curve a.
obtain a necessary mask pattern, this layer is anodizedNear-field and far-field patterns were stable up to the deg-
through a photoresist mask. It is very important that no radation limit. Figure 4 shows the typical active layer tem-
undercutting beneath the mask take place in the low tem- peratures versus driving current for InGaAs and AlGaAs
perature LPE mesa melt-etching and regrowth processlasers.
when using AlGaAs-based native oxides. In this case, the Active layer temperatures were determined using the
form of the mesa is dictated only by the anisotropy of melt method described by PadIWe attribute the better thermal
etching. The AlAs concentration in the AlGaAs lateral con- behavior of 980-nm InGaAs/AlGaAs to the fact that both
finement layer, grown by LPE aftén situ mesa melt etch-  electrical and thermal resistance of these lasers are lower
ing, was adjusted to avoid the formation of higher index than the corresponding values for 810-nm AlGaAs/GaAs
lateral modes in the DL waveguides. lasers. Laser mirror temperatures for 980-nm InGaAs/

DL mirror reflectivities were modified by depositing AlGaAs lasers were determined by the microphotolumines-
multilayer thin oxide films to obtain reflectivities of 5% for cence methof.The results are presented in Fig. 5. It is
the output-coupling mirror and of 90% for the rear mirror. important to note that diode lasers that have practically the

Laser chips were mounted on copper heat sipkside
down. To reduce the beam divergence in the plane perpen-
dicular to the active layer plane a silica cylindrical micro-
lens with a diameter of 0.13 mm and 5 mm length was
fixed with epoxy in the nearest vicinit§0.01 to 0.03 mm

of the diode laser mirror.
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Fig. 2 Light current characteristics of InGaAs/AlGaAs (A\=980 nm)
strained quantum well active region uncoated DLs for different cav- Fig. 4 Typical active layer temperature versus driving current for
ity lengths: curves a, 0.6 mm; b, 0.9 mm; and ¢, 1.3 mm. InGaAs (solid line) and AlGaAs (dashed line) lasers.
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Fig. 5 Mirror temperatures (solid lines) versus driving current for
three InGaAs/AlGaAs (A=980 nm) diode lasers that have practically
the same light-current (P-/) and active layer temperature (dashed
line) T, versus current (T4-/) characteristics. Note the different mir-
ror temperature versus current characteristics (curves a, b, and c)
for laser diodes with the same cavity dimensions and bulk active
layer temperature (dashed line).

same light-currentP-1) and active layer temperatuii,
versus currentT,-1) characteristics have different mirror
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Fig. 7 Impact of single electrical current pulses on DL efficiency and
SH power for an unstrained AlGaAs active layer DL emitting at 810
nm (DL1). The FH output power of DL1 was maintained at a con-
stant value of 10 mW/facet.

that AlGaAs/GaAs lasers have a superline@g{l) char-
acteristic. This superlinear dependence of mirror tempera-
ture versus driving current explains the much lower COD
limit of AlGaAs/GaAs lasers, in comparison to InGaAs/

temperature versus current characteristics. We presume thaflGaAs strained quantum well DLs.

mirror temperatures of uncoated laser diodes are dependent

In the emission spectra of semiconductor lasers, the fun-

on the mirror surface state densities, which are different for damental harmoni¢FH) at the frequencw is accompanied
different laser diodes. This parameter influences neither theby second-harmoni€SH) radiation at the frequencya2

P-1 nor theT,-I characteristics.

The weak SH radiation, which can be observed in the out-

The indirect energy bandgap of the cladding layers in put beam spectrum along with the fundamental frequency

810-nm AlGaAs/GaAs lasers makes it very difficult to per- w, is generated in a thin near-surface layer, adjacent to the
form microphotoluminescence measurements on suchmirror facet of a laser. As we reportéd* the intensity of
structures. Mirror temperatures for such laser diodes wereSH radiation is an indicative of the DL operation regime:
measured by the photothermodeflection technigide the larger SH intensity corresponds to increased optical
principle of this method is very simple. The deflection power density on the mirror and greater risk of COD. The
angle of a probe laser beam passing in the nearest vicinityprocedure of DL degradation study consisted of applying
of a laser mirror is proportional to the mirror temperature. single current pulses, of different amplitudes, superimposed
The higher mirror temperature results in a larger deflection on a dc bias current and measuring the laser efficiency at a
angle. given constant optical output as well as near-field distribu-

An eventual problem that could arise with this method is tion and SH signal intensityFor this study, we considered
the right calibration. However, all our previous measure- two typical DL configurations, here simply denoted as DL1
ments of mirror and active layer temperatures have shownand DL2, for which the light-current characteristics are
that at low current values near the threshold, these temperashown in Fig. 1, curve a, and in Fig. 2, curve b, respec-
tures practically do not differ. This fact was used for the tively. Light-current characteristics of these diode lasers
calibration of the photothermodeflection method. Figure 6 were measured in a current range that was close to but did
shows the plots of active layer temperature and photother-not exceed the limit of COD. For DL1, a cw FH power of
mal deflection angle data versus driving current. 10 mW/facet was maintained during the study. Single cur-

As we can see in Figs. 5 and 6, the difference betweenrent pulses of 80 and 100 mA did not change the efficiency,
mirror temperaturdl ,, and driving current T,-1) charac- the value of the SH signalFig. 7) and near-field(NF)
teristics for InGaAs/AlGaAs and AlGaAs/GaAs lasers is distribution (Fig. 3, curve & Other two current pulses of

100 and 120 mA caused a small decrease of the SH signal
while the efficiency did not change. The NF distribution of

3 the fundamental emission of this DL did not change either.
The next 140-mA pulse caused & 3lecrease of efficiency,
an alteration of the NFFig. 3, curve b, and a X increase
of the SH power. Instead of the central lobe in the NF
distribution (Fig. 3, curve & a minimum appeared on this
distribution after degradatiofcurve b. Note that the SH
NF pattern(Fig. 3, curve ¢ reflects more evidently the
nonuniform field distribution in laser waveguide than the
FH NF pattern. The next single-current pulse with the am-
plitude of 150 mA caused COD.

As a result of the degradation, black spots appeared on
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Fig. 6 Plots of active layer temperature (solid line) and photother-

mal deflection angle (dashed line) data versus driving current for
AlGaAs/GaAs (A=810 nm) unstrained quantum well active region
uncoated DLs with 0.5-mm cavity length.
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both laser mirrors. For DL2, a cw FH power of 15 mW/
facet was maintained during the study. Three single-current
pulses with amplitudes from 0.1 to 0.25 A did not alter the
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Fig. 8 Impact of single electrical current pulses on DL efficiency and ) I, A
SH power for a strained InGaAs active layer DL emitting at 980 nm
(DL2). The fundamental harmonic output power of DL2 was main- Fig. 10 Active layer (curves a and c) and mirror (curves b and d)
tained at a constant value of 15 mWifacet. temperatures plotted versus DL operating current for DLs with 50

um (curves ¢ and d) and 100 um (curves a and b) active layer
widths. The heat sink temperature was maintained at 20°C.
values of the SH signal, DL efficienc{Fig. 8), and NF
pattern. A current pulse of 0.3 A caused a small decrease of
efficiency and an increase of SH power. After a 0.5-A
pulse, the DL could not emit at all. Both investigated DL ) )
chips were cleaved into three parts after failure: one part the planes perpendicular and parallel to the active layer
from the center region of the initial chip and the other two Pplane of a DL with 0.1-mm active layer width are shown in
from the side parts of the cavity with length of about 100 Fig. 9, curves a and b, respectively. After fixing the micro-
mm. lens, the far-field distribution in the parallel plane practi-
The central parts of both chips were operable again, cally does not change, while the perpendicular distribution
while the side parts could not generate light anymore. Con- changes dramatically in curve ¢ and is nearly the same as in
siderable increase of the SH signal intensity, before the curve b. Optical power measurements have shown that 80%
COD of the laser mirrors, is caused by the appearance ofof all optical power is concentrated in a cone with an angle
the nonuniformity in the NF distribution of FH emission. of 6 deg.
As one can see in Fig. 3, the impact of single electrical  Active layer temperature versus DL operating current
pulses on an operating DL results in NF alterations. A dark characteristics are presented in Fig. 10. Active layer tem-
spot is formed on the laser diode mirror. The area of the peratures were determined using the method described in
luminous body decreases, and at a constant emitting powerRef, 9. After threshold, the rate of temperature increase is
the optical power density on the mirror increases. Knowing smaller than in the current range between 0 and threshold
that the SH intensity is proportional to the square of FH phecayse a part of the electrical power applied to the diode is
intensity, " the reason the SH intensity increases in the pro- onyerted into the optical emission. By increasing the op-
cess of gradual laser diode degradation becomes clear.  oating current, however, the heat generated in the laser
In the case of the AlGaAs/InGaAs wide-strip lasers, the ,q(ive” resistance becomes important and gradually in-

asymmetry of far-field pattern is quite large and this leads . oqo the rate of active layer temperature rise for both
to difficulties when these lasers are applied for pumping

solid state lasers. To overcome this problem we have used
silica microlenses that were properly aligned and fixed in
the vicinity of DL mirrors. Far-field pattern distributions in

Thermal resistance values are 3 K/W for the laser of
0.05-mm active layer width and 1.6 K/W for the laser of
0.1-mm active layer width.

Excess mirror temperatures related to the temperature in
the bulk of the laser diode have been determined either
from the shift of microphotoluminescence spectra of the
mirror facet§ or from measurements of the deflection
angles of a probe laser beam passing over the niabr
different laser diode operating currents. The results are pre-
sented in Fig. 10. The shape of the dependence of the de-
flection angle on the operating currefdurves b and d
follows the active layer temperature versus current depen-
dence. The excess mirror temperature value determined
] , from microphotoluminescence distribution, at 1-W emitted
0 ; o power, was used as a reference point for calibrating the

—30. —LS ’ 0 15 30 photothermodeflection data.
ngle, deg. Because the wide-strip DLs studied in this paper did not
) ] o ) ) show any substantial degradation during 1000 h of continu-
Fig. 9 Far-field pattern distributions in the planes perpendicular ous operation, we can conclude that excess mirror tempera-
(curve a) and parallel (curve c) to the active layer plane of a diode . .
laser with 0.1-mm active layer width. Curve c shows the perpendicu- tures of the order of 10 K do not cause catastrophic optical
lar distribution after fixing the microlens. degradation.

units

arb.

P,
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4 Applications 5 Summary

The quality of AlGaAs-based BH lasers has been consider-
ably improved by using an AlGaAs native oxide mask for
in situ mesa melt etching and LPE regrowth. No undercut-

InGaAs/AlGaAs DLs with the emission wavelength around
970 nm and emitting on a single spatial mode have been

su_ccessfully used for_pumplng an3E+rdo.ped YAG c_rys.tal ting process occurred using this method and the shape of
(with 5(3% concentratlon of Bf) to obtain Ia_ser emission. e mesas is dictated only by the anisotropy of melt etch-
The EF":YAG active crystal was a 1-mm-thick slab having ing.
square flat surfaces, with 25 Mrarea, perpendicular to the The uncoated BH DLs with the active layer width of 3
direction of pumping and lasing. DL mirrors were first ,m and less can emit in a single spatial mode. The maxi-
coated with epitaxial ZnSe with the thickness of 120 nm, mum optical power is 10 m\Wim of active layer width for
then with a sequence of high reflectifi¢R) and antireflec-  AlGaAs/GaAs lasers and 20 myh of active layer width

tive (AR) Si-SiO,-based layers. This procedure enabled us for InGaAs/AlGaAs lasers. The higher optical power of
to increase the emitting power density on one facet up to 20 InGaAs/AlGaAs lasers is attributed to lower electrical and
mW/um of active layer width. For the DL-pumped solid thermal resistance and to linear mirror temperature versus
state laser operation, we used the end-pumping configura-current characteristics. Internal SH generation studies have
tion with a monolithic solid state laser resonator. For this confirmed that AlGaAs-based DLs degrade because of the
purpose, dichroic mirrors were deposited on the end sur- mirror damage at high optical power densities and in-
faces of the BY :YAG laser crystal, for 5% reflectivity at ~ creased temperature.

970 nm and 97% reflectivity at 2.94m on the front BH AlGaAs-based laser diodes have been successfully
(pumping surface and 97% reflectivity at 2.94m on the  used in the first approaches of pumping*E¥AG lasers
rear(output coupling surface. DL emission was collimated and in the treatment of chronic rheumatic degenerative dis-
to a 2-mm-diam beam by a cylindrical microlens, as de- €aS€s.

scribed in Sec. 2, together with a spherical lens. The beam

had +2 mrad divergence. For the laser power measure- Acknowledgment
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