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4-5 pm Emissions from InGaAsP/InP Lasers
— Evidence for Excitations in Split-Off Valence Band —
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4-5 ym wavelength emissions associated with recombinations of holes in the split-
off valence band and electrons in the light-hole valence band were observed from 1.3 pm

and 1.5 um InGaAsP/InP lasers.

Hole populations in the split-off valence band are dra-—
matically increased with the current level and with the temperature rise.

It was dedu-

ced from their current dependence as well as that of acoustic signals reported so far
that Auger recombination is a most probable mechanism up to about a half of the thre—
shold current and intervalence band absorption and its saturation behavior mainly
influences the lasing characteristics above that current.

§1. Introduction

InGaAsP/InP double-heterostructure (DH) lasers
are expected to be light sources in optical-fiber
communications, but the sensitive temperature depen-
dences of the threshold currents have been a big

i-3)

problem. Among several models proposed so far,

Auger recombinations and intervalence band absorp-
tion seem to be the most important‘mechanisms%’S)
Recently, Mozer et al. observed emission with an
energy close.to Eg+A which is associated with recom-
bination of holes in the split-off wvalence band
and electrons in the conduction band from 1,3 um
InGaAsP DH lasers, demonstrating the participation
of the split-off valence band in these mechanisms?)
In this paper, we show another evidence for
hole excitations in the split-off valence band by
observing long wavelength (4.3-5.0 um) emissions
associated with recombinations of holes in the split-
off valence band and electrons in the light-hole
valence band from both 1.3 um and 1.5 um InGaAsP
DH lasers. The relations between the hole popula-
tions in the split-cff wvalence band and the loss
mechanisms will be clarified from the current depen-
dence of emissions as well as that of acoustic

6-8)

signals reported so far.

§2, Experiment
Measurements were performed on buried-heterc-
structure (BH) InGaAsP/InP lasers of 1.3 um and

1.5 um wavelengths, The active layer width and
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Fig. 1 Long wavelength emission spectra observed
from 1.3 um and 1.5 um BH InGaAsP lasers. Theore-
tical curve is normalized to the experimental maxi-
mum,

thickness were about 2 um and 0.2 um, respectively.
The devices were bonded p-side down to copper heat
sinks with In-bonding layers and were driven by

#

current pulses of 50% duration fat a 1 kHz frequen-

cy. Lasing light output was detected by a Ge photo
diode from the axial direction of the laser, while
4=5 um wavelength emissions were detected by a

PbSe photo-conductive cell from the side of the




active stripe through the covering InP layer
through a low pass filter of which cut-off wave-
length is 2.4 ym. The detected signals were ampli-
fied by a lock-in amplifier. In our experiment,
Eg+ A emission was too weak to be detected and the
crossover with the band to band recombination in

5)

the InP layers” ‘made the results unreliable.
Typical 4-5 um wavelength emission spectra
observed from 1.3 um and 1.5 um InGaAsP BH lasers
are shown in Fig. 1. The emission peaks and pro-
files were almost invariant with the current level
and with the temperature. These emissions were
identified as recombination of holes in the split-
off valence band and electrons in the light-hole
valence band by theoretical calculations(dashed
line in Fig. 1). On the calculation, we postulated
a Boltzmann distribution for holes in the split-
off valence band and k-selection rule for transi-
tions and determined the band structure with k.p

8)

perturbation theory. The spectrum peaks corres-—
pond to the critical point of the joint-density of
states due to the large effective density of states.
A possibility of emissions from radiative recombi-
nation centers in the band gap will be excluded
from the following two points. The one point is
the photon energy difference between the 1.3 um
and 1.5 pum compositions. If the emissions are
originated from the same kind of recombination
centers, the photon energy of the 1.5 um composi-
tion will be smaller than or at least equal to that
of the 1.3 um one. The other point is their unique
current dependences and the high temperature depen-
dence which will be shown in the following section.
Also, large increase above threshold currents will
not be expected for emissions from recombination
centers which will be proportional to carrier den-
sities in the band.

The dependence of the integrated 4=5 um wave-
length light intensity on current level at diffe-
rent temperatures is shown in Fig. 2. The current
is normalized with the threshold current for compa-
rison of lasers with different threshold currents.

At very low current below I the light intensity

th?®

increases with the slope of 1.6-1.9 in the logarith-
At about 0.5 I

mic plot. the intensity stays

th?®
constant and increases again., These characte-

ristics indicate that populations in the split-off
valence band are drastically increased with current

level but with a peculiar dependence.
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Fig. 2 Double logarithmic plot of the integrated
4-5 pym emission light intensity vs. normalized
current for 1.3 um and 1.5 um BH lasers at diffe-
rent temperature.
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Fig. 3 Double logarithmic plot of CIA signal vs.
normalized current for 1.3 um and 1.5 um lasers
with different structures and different threshold
currents at room temperature.
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Fig. 4 Schematic diagram of hole excitations to the
split-off valence band and hole relaxation processes
associated with LO phonon emission and long wave-
length photon emission.

For better understanding, let us compare the
results with that of current-injection-induced

8)

acoustic (CIA) signals reported so far?’ Figure
3 shows the typical current dependence of the CIA
signals for 1.3 um and 1.5 ym BH and 1.3 um V-
grooved substrate buried heterostructure (VsSB)
InGaAsP/InP lasers with different threshold currents.
Remarkable similarity of the two independent results
in Figs. 2 and 3 will be evident. The relation
between the two results may be depicted as follows.
When holes are excited by the Auger recombination
and/or the intervalence band absorption as shown
in Fig., 4, they relax to the band minima by succe-
ssively emitting longitudinal optical (LO) phonons
or interacting directly with the electron gas?)
The CIA signals are mainly caused by acoustic pho-
nons emitted by the LO phonons. Therefore, both
the 4-5 um wavelength emission and the CIA signal
will be proportional to hole excitations into the
split-off wvalence band:ggigéer process is probably
a main mechég%E%Q%%}%%%QE%%%%%%i%gggity, i.e., at
low light intensity. The incremental slope of 1.6-
1.9 in Fig. 2 in the low current region is not
unreasonable compared with the reported data%o)
The slope of the CIA signal in Fig. 3 in the corres-
ponding current region seems to be scattered. The
reason is not fully understood at present.

The saturation of the CIA signal at around
0.5 Ith was estimated to be due to superradiance
by the consideration of the relation between the
saturation of the CIA signal and the lasing thre-

6,11)

shold currents for GaAlAs DH lasers. It was

the conclusion that most of the input energy begins
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to be consumed effectively as a radiative energy
within the InGaAsP lasers well below the threshold

currents. The increase of the CIA signal above the

saturation level was explained theoretically on the

) The CIA sig-

intervalence band absorption modelT’B
nal increment above the saturation level vs. lasing
light output is shown in Fig. 5 for 1.3 pm VSB and
1.5 um BH lasers as well as for a 1.3 pym BH laser

6)

already reported. The linear portion indicates

that the intervalence band absorption fggg;{gg%gggl
tant and hole excitation to the split-off valence
band is proportional to lasing light intensity.

The decrease of the incremental slope to a value

of 0.2 above the threshold currents indicates that
the absorption losgfls gg%}easing and the transi-
tion rate saturates for intense lasing light. This
is due to hole-burning of the hole population in
the heavy-hole band%z)
the

than that of the 1.3 um BH and VSB lasers.

The CIA signal increment of
1.5 um BH laser is about three times larger
This is

consistent with the theoretical unsaturated absorp-
coefficient, _
tion loss‘of 1 cm

and 50 em L for 1.5 pym and

1.3 um InGaAsP lasers, respectively%3)
The saturation of 4-5 um wavelength emission
and the increase above that curre-

h
nt in Fig. 2 is interpreted'in the same way. In

at about 0.5 It

fact, a graph similar to Fig. 5 can be depicted.
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Fig. 5 Double logarithmic plot of CIA signal

increment above the saturation (flat region) level
vs., 1.3 um or 1.5 um light output.

§3. Discussion and Conclusion

The temperature dependence of the threshold
current expressed by T,, given by I, v exp(T/To),
for the 1.3 um BH laser (#L-5) is about 50K and



the variation of the differential quantum effici-
ency ndif was negligible in the temperature range
below 30°C. But at 50°C, the threshold current

increased abruptly and N decreased to a tenth.

dif
This may be due to the shunt current flowing through

the reverse biased InP burying layer. Therefore,
the data of the 1.3 Mm BH laser (#L-5) at 50°C in
Fig. 2 may be slightly modified especially in the
The TO
BH laser (#G-1) is about LOK and the variation of

high current region. value for the 1.5 Um

Nair is negligible in the measured temperature

range., The 4-5 Um emission intensity for this 1.5
pm laser begins to stay constant at about 20 mA for
both temperatures of 10°C and 30°C, but the inter-
nal absorption loss saturates at the higher curre-
nt for the higher temperature, resulting in the
shift of the flat region to the lower normalized
current in Fig. 2. In the low current region, the
temperature change of the 4=5 um light intensity
at a fixed current is a factor of 1.5/20°C and
2.6/40°C for the 1.5 um and the 1.3 um sample,
respectively. If this change is attributed to the
change of the Auger recombination rate (”Cn3) and
if a constant Auger coefficient is assumed%h) this
implies that the carrier density increases by a
factor of 1.15 and 1.38 for the respective tempera-
ture rise. When the current is kept constant, this
leads to the decrease of the radiative recombina-
tion coefficient B by a factor of 0.76 and 0.53

for the 20°C and 40°C temperature rise for the
These

values are in reasonable agreement with the repor-

1.5 ym and 1.3 um lasers, respectively.

ted temperature dependence of exp(—AT/TT)%S)
although a possibility of a slight shunt current
may vary the quantitative description to some
extent.

In conclusion, we have for the first time
observed the 4-5 um emission from the 1.3 um and
1.5 ym InGaAsP lasers which is attributed to the
recombination of holes in the split-off valence
band and electrons in the light-hole valence band.
The remarkable agreement of the current dependence
of the 4-5 pum emission and the CIA signal shows
that both phenomena are closely related with the
split-off valence band. The main mechanism of
these phenomens was estimated to be the CHSH Auger
reconbination in low current regions and the inter-

valence band absorption near and above threshold
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currents. It was shown that the lasers are already

superluminescent at about a half of the threshold
current and the intervalence band absorption loss

coefficient decreases above the threshold current,
resulting in a relatively low loss coefficient%G)
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