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To explore the uitimate threshold current limit in long-wavelength semiconductor lasers,
In, Gz _ ,As/InP straiced-layer single quantum well laser diodes were studied for the first
time by optically pumping with a 0.8 pm laser diode. Low-threshold (<92 A/cm?)

cw operation was obtained and the lasing wavelength (1.62 pm) corresponding to the
transition from the first quantization state of a 25 A Ing ¢Gag,As well was observed. By
taking the carrier collection efficiency (<77%) into account, the actual threshold current

density could be as low as 70 A/cm?.

Low-threshold lasers are attractive for parallel optical
interconnects with low-power consumption for switching
and supercomputer applications. The combination of biax-
ial strain and guantum confinement has been proposed to
reduce the in-plane hole effective mass such that the laser
threshold current, Auger recombination, and intervalence-
band absorption are reduced.’ Recently, the 1.5 pm
strained-layer multiple guantum weli (MQW) lasers have
been made with high power’ and low threshold.® However,
the present threshold current density is still more than one
order of magnitude higher than the thecretical value of 10
A/em?! In this work, to explore the ultimate threshold
current limit, a strained-layer single quantum well active
layer was chosen to minimize the current necessary to
achieve the transparency and the whole wafer was undoped
to minimize the cavity loss. By optically pumping with a
0.8 pm laser diode, low-threshold (143 W/em?) cw oper-
ation was obtained. The equivalent threshold current den-
sity is less than 92 A/cm’. The lasing wavelength (1.62
pm} corresponds to the transition from the first guantiza-
tion state of a 25 A Ing 3Gag,As well.

As shown in Fig. 1, the step graded-index separate
confinement heterostructure {GRINSCH) made of
undoped 1.0 pm (145 nm thick)/1.1 gm (145 nm thick)/
1.2 pm (10 nm thick) quaternary layers is used to increase
the optical confinement in the waveguide region. A single
strained-layer In Ga; ,As well is in the middle of the
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FIG. 1. Schematic band diagram of 2 GRINSCH strained-layer single
quantum well laser.
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GRINSCH. The total waveguide thickness is 600 nm with
a 2 um undoped InP layer on the top as the upper cladding
layer. The samples were grown by low-pressure organome-
tallic chemical vapor deposition (LP-OMCVD) at 625 °C.
The well thickness is estimated to be 25 A from both the
growth rate and the micrograph by a transmission electron
microscope (TEM). The amount of strain in the well is
about 1.84% in compression corresponding to x = 0.8, in-
ferred from x-ray double-crystal diffraction measurements
on a 1.3-um-thick layer grown on InP substrates under
identical conditions. The intense room-temperature photo-
luminescence (PL) peak near 1.6 um wavelength is in
agreement with the calculated value based on the estimated
thickness and strain. The wafer was thinned to about S0
pm and cleaved into 500-um-iong bars. The laser bar was
soldered on a copper heat sink. To reduce the mirror loss,
the facets were high reflection coated with A/4 AlLQ,/Si
pairs. The reflectivity is about 99% on the rear facet and
93% on the front facet.

As shown in Fig. 2, the optical pumping was done with
a commercial high-power 0.8 ym laser diode. Its emitting
area at the output facet is about 400 g wide. The pump
light was focused into a line image of 2.2 mm long and
illominated the laser bar in between two facets. At the
cutput facet, a low-pass optical filter was used to remove
0.8 um stray light. The lasing region is about 100 um wide,
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FIG. 2. Optical pumping experimental setup.
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FIG. 3. cw light output vs pump power at 18 °C heat sink temperature.

measured from the near-field image on the vidicon camera.
Figure 3 shows the light output versus pump power under
cw operation at 18 °C heat sink temperature. The pump
power is the power absorbed by the InP cladding layer of
the laser, which only tzkes account of the area and the
reflection at the air-InP interface. For a 100-pm-wide and
500-pm-tong laser, the threshold pump power is about 71
mW. Since 0.8 pm light is highly absorbed in the InP layer
(a ~3x10%cm),” most carriers are generated near the
top surface and have to diffuse into the guantum well about
2 um away. The threshold current density can be accu-
rately determined if the carrier collection efficiency into the
well is known. The current density is conservatively esti-
mated to be 92 A/cm? based on a 100% carrier collection
efficiency. It is the lowest value ever reported in the long-
wavelength region. For a 100-um-wide stripe laser, being
able to operate in cw mode is znother indication of ex-
tremely iow threshold current density. Figure 4 shows the
cw lasing spectrum at 1.2 times of the threshold pump
power. It lases near 1.62 um corresponding to the transi-
tion from the first quantization state. Furthermore, the
lasing wavelength is on the longer wavelength side of the
PL peak wavelength. The main reason is the low loss due
to the undoped waveguide and high reflection facets. For
comparison, electrically pumped 1.5 pm lasers with a sin-
gle Ing 53Gag 7As quantum well previously reported® lased
on the second quantization transition with a threshold cur-
rent density of 750 A/cm®.

To take account of the carrier loss due to surface and
bulk recombinations, the carrier collection efficiency is cal-
culated by the use of the continuity equation.” The diffu-
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FIG. 4. cw lasing specirum at 1.2 times of the threshold pump power.
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FIG. 5. Calculated carrier collection efficiency of a quantum well under
optical pumping as a function of ambipolar diffusion length for different
surface recombinaiion velocity S.

sion process is mainly controlled by the slow moving car-
rier {hole}. The ambipolar diffusion coeflicient is estimated
to be 7.5 cm?/s from the diffusion coefficients of electron
and hole.® The GRINSCH region containing a quantum
well is assumed to be a perfect carrier sink. Figure 5 shows
the calculated carrier collection efficiency of a quantum
well as a function of ambipolar diffusion length for dif-
ferent surface recombination velocity S. The carrier collec-
tion efficiency 1s alsc experimentally estimated to be no
more than 77% from the increased PL intensity after re-
moving the InP upper cladding layer. Therefore, the actual
threshold current demsity could be as low as 70 A/cm?
From Fig. 5, the ambipolar diffusion length and the surface
recombination velocity of the InP cladding layer are esti-
mated to be on the order of 4 um and 10* cm/s respec-
tively, in reasonable agreement with measured values.’

In conclusion, we have demonstrated the low-
threshold potential of the strained-layer single quantum
well laser in the long-wavelength region. The actual thresh-
old current density could be as low as 70 A/cm? In spite
of the small optical confinement { ~8.35%)} of the single,
thin strained-layer quantum well (8-9 monolayers), the
lasing wavelength (1.62 pm) corresponding to the transi-
tion from the first quantization state was obtained by min-
imizing the cavity loss and the mirror loss.
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