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Abstract: Through optimizing the tensile-strained single quantum well (SQW) epitaxial structure and introducing double-

channel deep isolation groove etching technologies of linear laser diode arrays, GaAsP/GalnP/AlGalnP SQW separate

confinement laser emitting structures are grown by low-pressure metal organic chemical vapor deposition and lem-wide la-

ser bars with 50% fill factor are fabricated. The cross sections of the channels are analyzed using scanning electron micro-

scope. Mounted on passively cooled copper heat sinks,the laser bars achieve an output power of 259W in quasi-continuous-

wave (200us pulse width and 2% duty cycles) operation at a driving current of 300A, which is the upper limit of power

supply in our measurement setup,and no catastrophically optical mirror damage is observed. A peak power conversion effi-

ciency of 52% is obtained at 104A with 100W output power. At a high-power operation of 100W,the spectrum of the bar

has a centric wavelength of 807. 8nm and full width at half maximum of 2. 4nm. The full angles at half maximum power

for fast axis and slow axis are 29. 3"and 7. 5", respectively.
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1 Introduction

High power diode laser bars are widely used as
the pumping sources for solid-state lasers, which can
operate in continuous-wave (CW) mode or quasi-
continuous wave (QCW) mode. QCW diode laser
pumping solid-state lasers are the key assembly parts
for laser weapons and optoelectronic countermeasures
systems,such as laser distance ranging,laser guidance,
laser radar, laser communication, laser weapon simu-
lator, and laser target recognition. Compared with
CW mode operation,QCW mode operation can obtain
higher optical output power because there is no seri-
ous thermal effect'’’ . Especially,808nm laser diode ar-
rays operating at QCW peak powers of at least 100W
per bar are required for 1064nm Nd: YAG lasers™.
There is still a continual drive to increase the output
powers of these laser diode bars. The Occident and Ja-
pan keep ahead in this field with several large corpo-
rations actively engaged in the market. The available
808nm QCW output power of the current commercial
products is in the level of 100 ~200W per bar. Re-
cently,Jenotpik laser diode Gmbh has demonstrated
that their 808nm AlGaAs/GaAs laser bars, which
were mounted on standard heat sinks,exhibited more
than 300W QCW (200pus pulses width,2% duty cycles
(d.c.)) output power with 50%- filling factor (FF,
ratio of the active to the whole area of the laser diode
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bar) and more than 400W QCW (200us pulses width,
1% d.c.) output power with 75%-FF"* . The overall-
efficiency was in a wide range more than 50% with a
maximum of 57% . Output powers of 2. 5kW (=>300W
per bar) were demonstrated from a stack with 8bars.
Furthermore,these laser bars sandwiched between mi-
crochannel coolers were measured up to 706W QCW
(100ps pulses width,0.1% d.c.) output power with
40%-FF. In the domestic region, however, there are
few reports of QCW laser bars on this wavelength
range in recent years, and to the best of our knowl-
edge,the reported highest output power of 808nm la-
ser bar was 157W (200pus pulses width,1% d.c.).™
However,these results are all based on compress-
strained AlGaAs/GaAs material system, from which
the oxidation of aluminum and the spreading of de-
fects during device operation are thought to limit the
peak output power,as well as the lifetime of the laser
bars. In these aspects,the Al-free active region is be-
lieved to be superior concerning the absence of un-
coated mirror facet oxidation,the higher catastrophi-
cally optical mirror damage (COMD) without special
facet preparation.and long-term reliability"®'. But un-
til now,owing to the difficulties in epitaxial layer de-
sign and growth, and high FF laser array fabrication
etc. ,the reported peak output power of Al-free laser
bars is inferior to that of Al-containing devices"®".
In this paper,we demonstrate the Al-free 808 nm
linear laser diode arrays that operate in QCW mode.
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The linear bar arrays under investigation are 50%-FF
arrays with GaAsP/GalnP tensile-strained SQW sepa-
rate confinement structure. The optimum thickness
and composition of the SQW are discussed for a mini-
mum threshold current. Double channels deep isola-
tion grooves etching technologies are designed to
optically-electrically isolate the emitters from each
other effectively.

2 Design and fabrication

2.1 QW structure design and growth

The superiorities of tensile-strained quantum well
(QW) lasers are in large part due to modification of
2-dimensional (2D) energy dispersion of the QW
band-structure. Since tensile strain and quantum size
effect have the opposite effect on hole energy at k =
0,the splitting of the valence subbands and the ratio
of light-hole/heavy-hole effective mass affect the re-
sulting optical gain spectrum and threshold current
density of the quantum-well laser quite significant-
ly**'. To address this issue.our QW structure design is
focused on minimizing threshold current to achieve
high efficiency and high output power.

In general, small splitting between the first and
higher subbands causes an increased population of the
higher subbands and hence arouses the competition
between them,which leads to enhanced threshold cur-
rents and polarization switching™® . Therefore. for the
purpose of reducing threshold current and increasing
output power, the inter-subband splitting, mainly re-
ferring to the first light-hole (1h1) band and the first
heavy-hole (hhl) band,should be as large as possible.
Aiming to the wavelength 808nm, the absolute strain
value in the GaAsP QW is typically around 0. 5% . The
splitting between the light and heavy hole bulk band
edges induced by such small strain is possibly not suf-
ficient to overcome the subbands splitting induced by
the quantum confinement. The increase of both phos-
phorus composition (i.e. .the increase of the absolute
strain value) and QW thickness (i.e. ,the decrease of
the quantum confinement) lead to larger lh1-hhl en-
ergy splitting value AE ;- -® . However, higher elec-
tron and hole subbands appear for thicker QWs,
which cause the additional population of those subba-
nds,such as the second light-hole (1h2) subband in
this case. In order to compromise the population of
higher subbands of both hhl and lh2,the GaAsP QW
layer in our laser structures are designed by determi-
ning the energy splitting between the first and second
light hole subbands AE .- to equal with the value of
AEn -1 - As shown in Fig. 1,optimized QW structures
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Fig.1 Optimized GaAsP SQW thickness and composition for

modifying the lasing wavelength of GaAsP/GalnP active layer

(composition and thickness) for modifying the de-
sired lasing wavelength of GaAsP/GalnP active layer
are theoretically calculated based on square quantum
well model and solid model theory, taking into ac-
count the spin-orbit splitting energy. The room tem-
perature spontaneous transition wavelengths of elec-
tron to light-hole (e-lh) and electron to heavy-hole
(e-hh) are shown simultaneously. For each desired
wavelength, a unique pair of composition and thick-
ness is optimized correspondingly. Since there is a red
shift of lasing emission wavelength for high power
operation because of the band shrinkage, the experi-
ential room temperature spontaneous emission wave-
length designed for 808nm lasing emission is about
797nm. The optimized composition (from the left axis
in Fig. 1) and the QW thickness (from the right axis)
can be obtained from the crossing points with each
desired wavelength. In Fig. 1,the solid circles (i.e. the
crossing points) corresponding to the e-lh transition
for 808nm lasing emission wavelength indicates that
the threshold current density of the laser is expected
to be minimized with the QW thickness of about
14nm and phosphorus composition of about 0.16.
Figure 2 shows the schematic diagram of the la-

ser-emitting unit structure of the Al-free linear laser
0.25wm p'-GaAs contact layer
p'=(1~2)x10"cm™

1.2pm p-(AlGa),sIn, sP cladding layer
p=(1~2)x10%cm™

0.45pm Ga, sInysP waveguide layer

14nm GaAsP SQW

0.45pm Ga, sIn, sP waveguide layer

1.2m n-(AlGa),sIn, sP cladding layer
n=(1~2)x10"cm™

14nm GalnP buffer layer

n-GaAs substrate layer
(100) off <111>10°~15°
n=(1~2)x10"cm™

Fig.2 Schematic diagram of the epitaxial structure of the Al-
free linear bar arrays with SQW separate confinement hetero-
structure
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diode arrays. Such structure is grown on n-GaAs sub-
strate (100) oriented 10°~15" off towards (111) A by
LP-MOCVD system. On the n-GaAs substrates, a
0. 4pm-thick n-GalnP buffer layer,a 1. 2um-thick n-
AlGalnP lower cladding layer (Si doped, ~(1~2) X
10" cm ™ *) ,a 0. 45um-thick undoped GalnP lower op-
tical waveguide layer,a 14nm-thick undoped GaAs, s,-
Py 16 SOW,a 0. 45,m-thick undoped GalnP upper op-
tical waveguide layer,a 1.2um-thick p-AlGalnP upper
cladding layer (Zn doped,~(1~2) X 10" ¢cm~°),and
a 0. 25um-thick p'-GaAs contact layer (Zn doped,
~10" ¢cm™?) are grown consequently. The precursors
for Ga, In, Al, As, and P are trimethylgallium (TM-
Ga; held at 0C), trimethylindium ( TMIn; held at
17°C), trimethylaluminum ( TMAI; held at 17C),
100% arsine (AsH;) ,and 100% phosphine (PH;) ,re-
spectively. The p- and n- type dopants used are DMZn
and SiH, ,respectively. Growth is performed at a total
pressure of 6 ~10kPa and substrate temperatures of
700~ 760C , except for the p'-GaAs contact layer.
The total gas flow rate is 50L/min. The growth condi-
tions of GalnP,such as growth temperature and V/III
ratio, are controlled elaborately for disordered al-
loys™'. Photoluminescence measurements provide in-
formation of the wavelength, together with the QW
width and lh1-hhl splitting.

2.2 Deep isolation grooves etching technology

After the material growth and quality test, the
appropriate stripe geometry designs, such as FF and
cavity length are needed to be defined before the next
lcm-bars laser array fabrication. The increase of FF
of the laser bar is an efficient means to generate more
output power from one diode-laser bar, however, the
appearance of so-called spurious modes is a problem
for a bar integrated with so many broad-area emitters

191 These modes

having the same waveguide layers
have a propagation direction perpendicular to the
normal resonator modes, which decrease the overall
efficiency and output power of the bar. The mesa
structure has been wused to suppress the spurious
modes™®’ . In general, from the point of drastically in-
creasing the losses for such modes, the channels on
both sides of the mesa are required to be etched as
deep as possible, but it is a challenge for a bar with
high FF. Taking the 50%-FF bars in QCW operation
for an example, the channel depth should be at least
up to the active layer so as to sufficiently suppress of
the spurious mode, but it most likely encounters the
damage of the crystal quality of the active layer.

In our experiments, different from the conven-
tional mesa structure with a single channel between
the emitters, the deep isolation grooves are secondly

The deep isolation groove
The shallow channel

T 08pm
I um

AccV SpotMagn  Det WD ——— 100pum
100kV30 703 SE 52

p-AlGalnP cladding
24pm

GalnP SCH

GafAsP s

GalnP N

] n-AlGalnP cladding
2pm

SEM crossing images of a 50%-FF laser bar with the

Fig.3

double channels mesa structures (a) Partial cross session of a

laser bar consisting of two entire mesa structures; (b) Enlarge-
ment of a shallow channel and a deep isolation groove

etched down to the active layer in the middle of the
first shallow channels to optically-electrically isolate
the emitters from each other. The shallow channels
and deep isolation grooves are accomplished by two
processing steps involving lift-off photolithographic
technology and certain wet chemical etching treat-
ments with the etchant of the Br/HBr/H,O mixture
after the growth of wafers. The depth of the first
channels flanked to the mesa is herein as shallow as
only up to the p-cladding layer to protect the active
layer of laser emitting units. Figure 3 shows the cross
section of such mesa structure by scanning electron
microscope (SEM). It can be seen that the depths of
the double channels are controlled very strictly. Each
laser-emitting unit has an aperture width of about
100pm and a first separation channel distance of a-
bout 92pm with a second 10pm-wide deep isolation
groove in its middle. Then, the SiO, dielectric layer is
evaporated and etched to insulate the channels/
grooves and protect the laser-emitting units. Ti
(15nm) /Pt (35nm)/Au (220nm) metal layers are
sputtered on the p”-doped GaAs layer for metalliza-
tion of ohmic contact stripes.

After thinning the wafers to about 100;m,ohmic
contacts are formed on the n-GaAs substrate by de-
positing AuGe (70nm)/Ni (35nm)/Au (200nm). In



2338 T ko M %29 &
350 4 760 1.0
Current limitation
300 e - {50
/ “@~—l_3> 08r Fast axis
250 > . Slow axis
440 o E 0.6
2 200 1 % £
g 1284305 Z
= 3 |
£ 150 § é E 0.4
R Jop= L
100 ! é FWHM=2.4nm [ 1 0.2F
sol! {10 i
790 800 i 810 820 830 O I 1 1 1 1 1 1 n
oL . L Vavelengthnm 0 J 45 30 -15 0 15 30 45
0 50 100 150 200 250 300 350 Angle/(°)
Current/A
Fig.5 Far field characteristics of a passively cooled laser bar at
Fig. 4 Typical L-I-V characteristics of lem diode laser bar 104A (100 W) QCW operation

with 50% fill factor.1. 2mm cavity operated at 25C and 808 nm
in QCW mode
and the characteristics can be rolled over repeatedly.

Peak output power of 259W has been achieved

order to form a current-blocking Schottky barrier out-
side the 100pm stripes,an Au contact layer (100nm)
is deposited onto the p’-contact overall surface. The
additional Schottky barrier permits the laser diodes to
be bonded p-side down on indium-coated copper heat-
sinks to sustain high current measurements. The wafer
is cleaved to obtain standard lcm bar with cavity
length of 1. Zmm consisted of 50 emitters. Low reflec-
tion (R<5%) and high reflection (R>>95%) coating
are formed on the front and rear facets,respectively.
After processing,the bars are bonded p-side down on
passively-cooled heat sinks using indium solder. Then
the laser diode 1cm-bars undergo a preliminary test of
the optical power and voltage as a function of drive
current (L-I-V) using an integrating sphere and pow-
er meter. The lasing spectrum and the far-field diver-
gence angles are tested as well.

3 Results

Figure 4 shows a typical L-I-V characteristic of
such a 50%-FF 1. 2mm cavity length laser bar at an
ambient temperature of 25C in QCW (200us pulses,
2% d.c.) operation,which is typical for Nd: YAG la-
ser pumping application. A maximum output power of
259W is achieved without occurrence of COMD at
300A, limited by the maximum driving current of
power supply in our measurement setup. To the best
of our knowledge.this power is higher than any previ-
ously reported 808nm individual laser diode bar in Al-
free material”’ . Even higher power values can be ex-
pected by improving the thermal management,such as
using water-cooled production-type copper micro-
channel coolers instead of passive cooled heat sinks.
The L-I curve keeps in good linear dependence with
the driving current up to 200A. However, because of

the heat intensities generated at the laser diode array
with a large temperature rise at the device, which can-
not be dissipate by the passively cooled heat sinks,
thermal rollover is observed. The lasing wavelengths
at driving current of 25 and 300A are 799.6 and
812. 5nm, respectively. According to the experiential
temperature  dependent  wavelength  shift  of
0.3nm/C , the temperature rise is about 43'C at 259W
output power. Therefore,it indicates that the limiting
factor under QCW operating conditions is a rollover
of the power current characteristic, but not the
COMD. It indicates that Al-free active regions with-
out passivation of the cleaved surfaces inherently re-
sults in a reduced surface-recombination velocity "'
and high COMD threshold.

The bar has a typical threshold current of 15. 7A
(262A/cm®) and the maximum slope efficiency of
1. 15W/A. The peak power conversion efficiency
(PCE) of 52% is obtained at driving current of 104A
with 100 W output power. The measured turn-on volt-
age V, and series resistance R, are as low as 1.59 V
and 3. 3m{), respectively. At high-power operation of
100W, the lasing spectrum of the bar had a centric
wavelength of 807.8nm and FWHM of 2.4nm, as
shown in the inset of Fig. 4. In Fig. 5, the measured
FWHM far-field divergence angles for fast axis and
slow axis are 29. 3" and 7.5, respectively.

4 Conclusion

In summary, 50%-FF Al-free 808nm linear laser
diode arrays mounted on passive heat sinks with maxi-
mal output power of 259W are presented at power-
supply limited drive current of 300A in this paper.
COMD is not observed in these experiments. The peak
PCE of 52% is obtained at driving current of 104A
and output power of 100W. At the operation of 100W
output power, the spectrum of the bar has a centric
wavelength of 807. 8nm and FWHM of 2. 4nm. These
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