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ABSTRACT

Strained InGaAS/AIGaAS quantum well (QW) lasers operating at 0.98 jim are currently of great
interest due to their suitability for pumping erbium-doped fiber amplifiers. They are reported to yield a lower
noise figure and higher gain coefficient than the 1 .48 jim InGaAsflnP pump lasers as well as 0.8 p.m
A1GaAS/GaAS pump lasers. In addition, the InGa.AS/AIGaAS strained QW lasers have lower threshold
current, higher slope efficiency, and less temperature dependance. All these factors contribute to lowering
the power dissipation of the pump design. Recently Ga0.511n0.49P, lattice-matched to GaAs has been
introduced as a substitute for the AIGaAS cladding layers due to reports suggesting its resistance to rapid
degradation by dark line defect propagation and to catastrophic mirror damage. The aluminium-free system
also lends itself more readily to device fabrication by selective etching and epitaxial regrowth or mass
transport We report on the first InGaAS/Ga.AS strained-layer QW lasers using GaInP cladding layers grown
by chemical beam epitaxy.

The laser structure is a separate confinement heterostructure (SCH) with the active region consisting
of 70 A thick InO.2GaO.8As quantum wells and 220 A thick GaAs barriers. The active and the SCH region
are cladded by Ga0.5 lInO.49P layers of 1.35 p.m thickness. A very low broad-area threshold current
density of 70 A/cm2 was obtained for 1500 p.m long single QW lasers which is among the lowest reported
for InGaAS/GaAS/GaInP lasers. The Jth for two and three QW lasers were 135 A/cm2 and 170 A/cm2
respectively. Ridge waveguide lasers with 4 p.m width have very low cw threshold currents: 7.8 mA for
500 p.m-long cavity and 10 mA for 750 p.m-long cavity. External differential quantum efficiency as high as
0.9 mW/mA was obtained for 250 p.m-long lasers. From the slope of inverse quantum efficiency versus
cavity length, a very low internal waveguide loss of 2.5 cm-l and an internal quantum efficiency of 0.95 are
inferred.

1. INTRODUCTION

The vast majority of compound semiconductor devices grown on GaAs substrates make use of
AlGaAs as the wide-bandgap semiconductor. A promising alternative to AIGa.AS as a wide-bandgap material
is GaInP lattice matched to GaAs substrates. The significant advantages of GaInP include low deep level
concentrations l, a large valence band discontinuity, and a lower reactivity with carbon and oxygen than
A1GaAS. Very low recombination velocities (<1.5 cm/s) have been reported at the GalnP/ GaAs interface 2
These advantages make GalnP a very attractive material for lasers. The large Ev makes it suitable for
heterojunction bipolar transistor applications without the need for compositionally graded wide bandgap
emitters, and the large AEc (0.2 eV) and LEv (0.285 eV) 3 make it suitable for complementary device
applications. The vast majority of the work on this material system has been done using metalorganic vapor
phase epitaxy (MO-VPE), however some work has also been done using chemical beam epita.xy (CBE). 45
We have investigated the growth and doping of GaInP on GaAs substrates using CBE.

Strained InGaAs/AlGaAs quantum well (QW) lasers are currently of great interest because the
emission wavelength can be extended to 1.1 p.m. beyond the longwavelength limit of 0.89 p.m for
GaAs/AlGaAs lasers. Such extension of wavelength by the addition of In to the GaAs active layer of
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GaAS/AIGaAS lasers was first proposed and demonstrated in 1981 by Tsang 6 Recently there has been a
lot of interest in using these strained QW lasers operating at 0.98 jim due to their suitability for pumping
erbium-doped fiber amplifiers7'8. They yield a lower noise figure and higher gain coefficient than the 1.48
p.m InGaAs/InP pump lasers 7 as well as 0.8 urn A1GaAs/GaAs pump lasers 8 ii addition, the
InGaAS/A1GaAS strained QW lasers have lower threshold current, higher slope efficiency, and less
temperature dependance. All these factors contribute to lowering the power dissipation of the pump design.
Recently Ga4-j5InØ49P, lattice-matched to GaAs has been introduced as a substitute for the A1GaAS
cladding layers due to reports suggesting their resistance to rapid degradation by dark line defect
propagation 9 and to catastrophic mirror damage 10. The aluminium-free system also lends itself more
readily to device fabrication by selective et.ching and epitaxial regrowth or mass transport 1 1 . Lasers with
GaInP cladding layers have been grown by MOVPE 9' 1 1 and gas-source molecular beam epitaxy
(GSMBE) 12, We report on the first InGaA&fGaAS strained4ayer QW lasers using Gaij51InØ49P cladding

layers grown by CBE 13,14

2. EXPERIMENTAL

The material was grown using a modified Riber 32 CBE system. The group ifi sources were
trimethylindium (TMIn) and triethylgaffium (TEGa), the group V sources were arsine (AsH3), phosphine
(PH3), while the dopant sources were diethylzinc (DEZn) and hydrogen sulfide (H2S). Lattice matching of
GaInP was investigated using x-ray crystallography. The substrate temperature, Tsub was measured and
controlled using an infra-red pyrometer.

2.1. Growth of Gain? on GaAs(100)

The GaInP layers were grown to a thickness of about 1 im at a growth rates varying from 6 - 10

A/s. The substrate temperature range investigated was 490 - 555 °C. The H2 + TEGa (' 10%
concentration) flow rate was kept fixed at 12 sccm while the H2+TMIn ( 5.5% concentration) flow rate
was adjusted to obtain lattice matching at various substrate temperatures. The full width at half maximum
(FWHM) of the x-ray diffracted intensity from the epilayers was about 20". A plot of H2-i-TMIn flow rate
required to achieve lattice matching within 0.15% vs. Tsub for a fixed PH3 flow of 10 sccm is shown in
Fig. 1.

As seen from Fig. 1, we fmd that at temperatures higher than 520 °C there is a sharp increase in the
flow rate required to obtain lattice matching. This observation is similar to that reported by Garcia et al. 5.
The growth rate of the Gaij5Inij49P epilayers at the various Tsub is also plotted in Fig. 1. It can be seen
that the growth rate increases with increasing Tsub much the same way as the ThIn +H2 flow required to
obtain lattice matching to GaAs. This suggests that the increased TMIn flow is required primarily to
compensate for the increased Ga incorporation with increasing Tsub. Some of the increased TMIn flow is
also necessary to compensate for increased desorption of In species at higher Tsub. The growth rate
increase of GaP and growth rate decrease of InP with increasing substrate temperature in the range of 500 -
550 °C has been repoted by Garcia et al. 15 Increasing the PH3 flow from 10 sccm to 20 sccm at a Tsub of
555 °C resulted in a decrease in indium composition from 49% to 44%. We were able to obtain material with
mirror smooth morphology without a significant density of defects over the entire temperature range
investigated (490 - 555 °C).
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Fig. 1. The substrate tempemture dependance of the H2 +TMIn flow required to obtain lattice matching of
GaInP on n-GaAs substrate and the GaO5iInO49P growth rate. The H2 + TEGa flow and PH3 flow
were kept constant at 12 sccm and 10 sccm, respectively.

2.2. Doping of Ga051In0•49P

The p-doping of GaInP was achieved using DEZn + H2 27% concentration) and the doped films
grown on semi-insulating substrates were characterized using Hall measurements. A plot of the hole
concentration dependance on Tsub for a fixed DEZn flow of 3 sccm is shown in Fig. 2. The growth rate of
GaInP for this study was 6.5 A/s. The p-doped films had mobilities varying from 40 to 20 cm2fV.s for
doping densities varying from 2x1016 /cc to 5x1018 /cc. The n-type doping in the 1018 icc range of GaInP
could be obtained easily for Tsub upto 550 °C using H2S +H2 ( 0.3% concentration) flows of less than 5
sccm.
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Fig. 2 The net hole conceniration dependance on the substrate temperature for a fixed diethyizinc flow of 3
sccm and GaInP growth rate of 6.5 A/s.

2.3. Laser structure growth and device performance

The laser structure is a separate confinement heterostructure (SCH) to provide confinement of
electrical carriers as well as the optical field. The cross-section of the InGaAS/GaAS/GaInP laser after
fabricating into a ridge-waveguide structure is shown in Fig. 3. First a 0.2 m thick n-GaAs buffer layer
was grown on n-GaAs substrate, followed by a 1.35 jim thick n-Gacj511.nØ49P cladding layer and a 0.1
tm thick n-GaAs waveguide layer. This was followed by the active region consisting of one, two or three
70 A thick 2Ga0 8As quantum wells and 220 A thick GaAs barriers. A 0. 1 i.m thick p-GaAs
waveguide, 1.35 p.m thick p-Ga051In49P cladding layer and a 0.2 jim thick p -GaAs contact layer
com0pleted the structure. The doping in the waveguide layers was set-back from the active region by about
50 A to prevent dopant diffusion into it. The growth was done at Tsub of 540 °C except for the p-GaInP
which was crown at 510 °C to permit sufficient Zn incorporation. The growth rates used were 5.5 A/s for
GaAs, 4.5 A/s for InGaAs, 8.2 A/s for n-GaInP, and 6.7 A/s for p-GalnP. To facilitate ridge waveguide
lasers, a thin GaAs stop-etch layer was inserted in the upper GaInP cladding layer. Ridge waveguides of 4
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p.m width were formed by selective wet chemical etching, then the wafer was covered by Si3N4 and a self-
aligned process was used to define p-contact opening on top of the ridge. Standard metalization and cleaving
processes were used to finish the laser fabrication.

AuBe/TI/Au

p'GaAs CAP
p InGaP CLADDING
813N4
p GaAs ETCH STOP
I InGaAs/GaAs SCH QWs

n InGaP CLADDING

n GaAs SUBSTRATE

Fig. 3 A schematic of the self-aligned ridge-waveguide InGaAs/GaAs quantum weil laser with lattice-
matched GaInP cladding layers.

CAVITY LENGTh (pm)

Fig. 4 The cavity length dependence of the threshold current densities, th. for broad-area lasers having a
single and two quantum well

The cavity length dependance of the threshold current density. th for broad-area lasers having
single and two quantum wells is shown in Fig. 4. A very low th of 70 A/cm2 was obtained for a 1500 p.m
long single QW laser which is among the lowest reported for InGaAs/GaAs/GaInP lasers. The th for two
and three QW lasers were 135 A/cm2 and 170 A/cm2 respectively. For comparison, a th of 70 A/cm2 and
177 A/cm2 were obtained by MOVPE 9 for single QW laser and by GSMBE 12 for three QW laser,
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respectively. As compared to devices with A1GaAS cladding layers, the present is among the best values
of65 A/cm2 obtained by MO-WE 16 iid 50 A/cm2 by MBE 17,18,

C

Fig. 5 A typical CW light-current characteristic for a 500 tm long single QW ridge
waveguide (4 jim wide) laser with high-reflective (85%) I anti-reflective (5%) coated facets.

The ridge waveguide lasers have very low CW threshold currents: 7.8 mA for 500 j.i.m-long cavity
and 10 mA for 750 pm-long cavity. Such values are lower than those obtained from similar laser structures
grown by GSMBE 12, A typical CW light-current characteristic for 500 .tm long lasers with high-reflecüve
(.., 85%)/anti.-reflective ('.' 5%) coating is shown in Fig. 5. They emitted linear CW output powers up to 100
mW. The lasing wavelength obtained was 0.98 im. Higher output power was possible but higher
transverse mode set in. External differential quantum efficiency as high as 0.9 mW/mA was obtained for
250 p.m-long lasers. Figure 6 shows the CW threshold currents and the inverse of external quantum
efficiency for single QW ridge waveguide lasers as a function of cavity lengths. From the slope of inverse
quantum efficiency versus cavity length, a very low internal waveguide loss cx of 2.5 cm1 and internal

quantum efficiency Th of 0.95 were measured. The present value of ccj is the lowest reported. A cci of 5 cm
1 and 9 cm-1 were previously reported for MOVPE grown InGaAs/GaAs/A1GaAs lasers16 and GSMBE
grown InGaAs/GaAs/GaJnP lasers 12, respectively. The temperature dependence of CW threshold currents
and external quantum efficiencies of a 750 m long ridge waveguide laser were studied by varying the heat-
sink temperature. The diode was bonded p-side up on copper heat-sink. A threshold-temperature
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dependence coefficient, T0 of 90 K wasmeasured. At 100°C the external quantum efficiency stayed at 0.8
mW/mA.
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Fig. 6 The inverse external differential quantum efficiency and the threshold current versus the cavity
length for single QW ridge waveguide lasers. The extrapolated internal quantum efficiency is 95%
and the internal waveguide loss is 2.5 cm1.

3. CONCLUSIONS

In summary, high quality growth of GaInP on GaAs(100) substrates was accomplished. Lattice-
matching with good surface morphology was obtained over a substrate temperature range of 490 -555 °C.
Both p-type and n-type doping of GaInP was accomplished using gaseous source dopants. Strained
ThGaAS/Ga.AS MQW lasers with Gaj5In49P cladding layers were grown on GaAs substrates using all
gaseous source CBE. The single QW broad-area lasers have a very low threshold current density of 70
A/cm2, among the lowest value reported for InGaAS/GaAS/GaTnP lasers. Ridgewaveguide lasers emitting at
0.98 p.m have a CW threshold of 7.8 mA for a 500 p.m long cavity and a differential quantum efficiency as
high as 0.9 mW/mA. Internal quantum efficiency of 0.95 and internal waveguide losses of 2.5 cm1 were
obtained. Linear CW output power of 100 mW was obtained. These results demonstrate that CBE is capable
of growing 0.98 p.m InGaAs strained-layer QW lasers having performance similar to the best prepared by
other epitaxial growth techniques.
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