High continuous wave output power InGaAs/InGaAsP/InGaP diode lasers:
Effect of substrate misorientation
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3 W cw output power has been obtained from aluminum-free, strained-layer double-quantum well
(DQW) InGaAs/InGaAsP/InGaP uncoated, 106+wide stripe diode laser®=0.945um) grown

by low-pressure MOCVD on exa¢t00) GaAs substrates. The combination of high-band{Ja2

eV) InGaAsP confinement layers and the DQW structure provides relatively weak temperature
dependence for both the threshold currignas well as the external differential quantum efficiency
nq- Furthermore, the series electrical resistance for ZO0<K600 um stripe-contact devices is as

low as 0.12Q). As a result, the power conversion efficiency reaches a maximum of 40% at 8
X4, and decreases to only 33% at the maximum pdver, 3 W) at 28X ,. Low-temperaturél12

K) photoluminescence measurements of InGaAs/InGaAsP quantum-well structures exhibit narrow
linewidths (<10 meV) for material grown on exactl00) GaAs substrates, while growths on
misoriented substrates exhibit linewidth broadening, as a result of “step bunching.” Laser structures
grown on misoriented substrates exhibit increased temperature sensitivity ofl pathd 74,
compared with structures grown on ex4t00 substrates. ©1995 American Institute of Physics.

Strained-layer quantum-well InGaAs las€®80 nnm) are  reduce carrier leakage, and thereby reduce temperature
needed as high-output-power pump sources for Er-doped fsensitivity’~* Optimization of such laser structures requires
ber and waveguide amplifiers as well as for fluoride-fiber-an understanding of the nature of quantum-well growth for
based frequency upconversion. The use of the aluminum-fre@e InGaAs/InGaAsP/InGaP material system.
InGaAs/InGaAsP/InGaP material system has several advan- Recently, Hiramotet al."* have shown that the photolu-
tages over the InGaAs/GaAs/AlGaAs material system for théninescence(PL) intensity and linewidth of InGaAs/GaAs
realization of reliable, high-power diode sourcél:the low  quantum-well (QW) structures grown by MOCVD is
reactivity of InGaP to oxygen facilitates regrowth for the strongly dependent on substrate misorientation, due to step-
fabrication of single-mode index-guided structutés(2) bunching effects on vicinal substrates. However, no study
higher electrical and thermal conductivity compared withhas been undertaken on the influence of substrate misorien-
AlGaAs? and (3) lasers with AlGaAs cladding layers and tation on the optical properties of InGaAs/InGaAsP/InGaP
unpassivated facets show higher facet degradation than sinf@W structures grown by MOCVD on GaAs substrates. Here
lar lasers with InGaP cladding layetgresumably due to the We'report on the' effects of spbstrate misorientation on the
lower surface recombination velocity of InGaBompared ~ OPtical characteristics of strained-layer InGaAs QW struc-
with AlGaAs. Al-free lasers also exhibit an order of magni- tures and lasers with InGaAsP _confmer_nent layers lattice
tude lower facet temperature rise compared with device@atc?ed_ to GaAs osubostrates ‘:V'th_ nominally ex&be0)
containing AlGaAs in both the confining and cladding —0:1° orientation, 2°, 6°, and 10° misoriented towas0],

layers® Although high performance has been demonstrateé?nd 10° misoriented towardd11]A. Low-temperature PL

from Al-free laser structures, the characterization of theand diode-laser device performance indicate that optimal

guantum-well growth for this material system and its ianu-QW gro_wtlj occurs for on-orientation(100) sut_)strates.
ence on device performance have not been established (These findings are in marked contrast to the optimal growth
Achieving high cw output power requires weak tempe'ra_conditions of InGaP/AlGalnP quantum wells for visible la-
ture dependence of both the threshold currégt, and dif- Sers, Whi‘;? 1are typically grown on highly misoriented GaAs
ferential quantum efficiencyyy which in turn are influenced substrates™*) Broad-areapncoateddiode lasers(100 pm

X [ - -
by carrier leakage from the quantum wsll Al-free lasers 600 um) fabricated from double-quantum-welDQW)

4 . material grown on exact(100) GaAs substrates have
W.'tr.] Gaas or onv—band-gap InGaAsP confinement layers €Xachieved 3 W cw power, which represents the highest output
hibit strong carrier leakage from the InGaAs quantum well to

h . i | ting | power to date reported from Al-free InGaAs/InGaAsP/InGaP
the (optica) confinement layers, resulting in a strong tem- (\=0.94-0.98um) diode lasers.

perature dependence of bakl and g 2 To circumvent Single QW InGaAs structures with INGaASE.62 eV}

this problem, the use of higher band-gap INGaAsP confinepy riers were used for low-temperature PL studies. The struc-
ment layers and multiple quantum wells have been used tQ,es are grown by low pressuts0 mbay MOCVD in an
Aixtron A-200 system at a temperature of 700 °C. The V/III
¥Electronic mail: mawst@engr.wisc.edu ratio for the growth of InGaP, InGaAsP, and InGaAs layers
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2 FIG. 2. Measured characteristic temperature coefficietd@s: T, of the

threshold current, an¢b) T, of the differential quantum efficiency, as a
function of cavity length for lasers grown gh00) GaAs substrates 0°-, and

2°-off toward[110]. Significant improvement is found for devices grown on
exact orientatior{(100) substrates.
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(@) nescence shift towards lower energy, observed in this work,
for growths on misoriented substrates results either from a
slightly larger quantum-well thickness compared with that on
i 09 off the on-orientation substrate growths, or from higher In incor-
poration in quantum wells with increased substrate misorien-
tation. By contrast, luminescence was observed to shift to-
2 off wards higher energy for 6-nm-wide InGaAs/GaAs quantum

wells grown on misoriented substratésys a result of lower

17.8 meV In incorporation in the quantum wells. In order to correlate
the InGaAs/InGaAsP quantum well luminescence properties
with device properties, the performances of laser structures
grown on substrates oriented exé&t®0 and misoriented 2°
towards[110] were measured and compared.

The laser structure used in the device comparison study
consists of an active region with two 70 A-wide
FIG. 1. Low-temperaturg12 K) photoluminescence ofa) 3.5 nm wide  In,Ga _,As (x=0.18 QWs and a 100 A-wide InGaAsP
In,Ga _,As (x=0.18) with InGaAsP(E;=1.62 eV} barriers grown on (Eg=1.62 eV) barrier, placed within an undoped 2000
(1_00) GaAs substrates 0°, 2‘_’, and 10° off towafd40], and(p) 7.0 nm A-wide InGaAsP E —1.62 eV} confining region which is
wide InGa,_,As (x=0.18) with InGaAsP(Eg=1.62 e\) barriers grown ! g . !
on (100 GaAs substrates 0°-, 2°-off towarfs10]. Narrow linewidths are ~ Sandwiched between 1.am-thick InGaP cladding layers
obtained only for growths on exat00 substrates. (Zn-doped: 148 cm™2 and Si-doped: 1¥ cm™3). The

DQW active region lowers the quasi-Fermi level, and
are 200, 130, and 100, respectively. The interrupt times foFhereby reduces_carrier Ieakgge from the_: wells_to the confine-
L . -ment layers, which along with the relatively high band-gap
switching between layers in the quantum wells were Optl'I GaAsP confinement layers results in strong carrier confine-

mized to 2.5 s in order to obtain the highest PL intensity. N . jayers ! 9

. ment to the active region. This reduces the temperature sen-
Low-temperaturé12 K) PL from QW structures with 3.5 nm ... f d allows hiah cw output bowers o be ob-
wide InGa_,As (x=0.18, Aa/a=0.013) layer are sitivity ot 7, and > "9 put powe .

h in Fig. 12), for growth on exact100). 2°, and 10° off taln_ed. 100pm-wide stripe lasers were cut into various
shown in ™g. 14, Tor gro on exac <, a 0 cavity lengths for testing under pulsed operation. A room-
towards{110] substrates, and in Fig(l) for a 7.0 nm wide temperature study df, and n4 as a function of cavity length
InXGai;XAS (x=0.18) quantum WG.’" grown on exacl00 reveals no significant differences between laser structures
and 2° towards[110]. Narrow linewidth (<10 meV) grown on exact100 and 2° off toward$110]. Under pulsed

multiplet-type luminescence are obtained only for growth or]operation, 1-mm long devices exhibit threshold-current den-

exact(100 GaAs substrates. The multiple emission peaksiias of 140-160 AICR) ng=65%—70%, internal effi-
observed for on-orientation substrate growths are similar t%iency of 90%, internal loss in the range ’5—7‘6mand a

features previously observed in the PL em_ission from In'transparency current density of 50 ARrfor structures
G_EAS guant:Jm w?alls on IInP sutr)]_stLates, which has peenhab'rown on both types of substrate orientation. However, sig-
tributed to ﬁléesra monolayer t |chness variations dm tbenificant differences are observed in the temperature sensitiv-
quantum wells> By contrast, growths on misoriented sub- 4 ot poth |, and 74. The I, characteristic temperature

strates  exhibit broaQe_ned Iummelscence, shifted toward@oefficientTo, and 54 characteristic temperature coefficient
longer wavelength. Similar broadening was also observed fof-1 whereT, is defined as

growths occurring 016100 substrates orientated 10° towards

[111] A. The bro_aglening of the P_L Ii|_1e\_/vidth observed_ here 5 = 7420 °Cexd —(T—20 °O)/T,], (1)

for growths on vicinal substrates, is similar to that previously

reported for InGaAs quantum wells with GaAs barriers,with T being the heatsink temperature, were measured over
which has been attributed to interfacial roughness and conthe temperature interval 20-55 °C, as a function of cavity

position variations due to step-bunching grosfThe lumi-  length for laser structures grown on both orientated and mis-
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f devices occurs at a flux density f5 MW/cn?. The mea-

sured series resistanég, is 0.12(); that is ~4 times less
32 ¢ . than for AlGaAs-clad devices of similar contact-stripe
C geometry:®!” The power conversion efficiency,, reaches
28 |- - 1% o a maximum value of 40.2% at 0.8 W, maintains values above
B C 2 35% from 0.25 to 2.4 W cw, and then decreases only to 33%
&;f 24 = | § at the maximum power of 3 W. These consistently high
£ i - 30 2 values are the result of highy andT;values, very low elec-
320 - ”g" trical resistance and high thermal conductivity of the InGaP
g C . 2 cladding layers, and the use of a diamond heatsink. We note
z 16 1 g in particular that thep, maximum occurs at 81, a value
o C -2 © quite close to that calculated using theldrji.e., 9.5x1)
12 r % with the measuredRg value. It is also worth noting that the
- 7 &~ record output power achieved here from uncoated devices is
08 - 410 the same as the highest output power previously
C demonstrateld from optimized facet-coated InGaAs/AlGaAs
04 - | diode lasers with passivated mirror facets.
In conclusion, the growth of InGaAs/InGaAsP/InGaP
P AW N W S QW structures has been studied with respect to substrate ori-
0 1.0 20 30 40 S0 entation. Growths on exact orientation substrates exhibit nar-
Current, A row linewidth PL and provide diode lasers of reduced tem-

perature dependence of, and 4. DQW laser structures
FIG. 3. cw output powerboth facety vs current characteristics for an g_rown on exac(100 substrates have demonstrated record-
uncoated DQW diode laser with dimensions 10@x600 um. The total ~ high cw output powers.

power conversion efficiency,, reaches a maximum of 40.2% at 0.8 W and
8X lasing threshold. The series resistance is @12

oriented substrates. The results, shown in Figs. @hd 2b),
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