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Simultaneous two-level lasing, corresponding to ground level and excited level transitions in
GalnAsSb/GaSb quantum well lasers under continuous wave operation is reported. The effect is
attributed to a slowed-down intersubband relaxation in the quantum wells due to buildup of hot
phonon population resulting in an incomplete clamping of the excited state population above the
ground level lasing threshold. © 2009 American Institute of Physics. [DOI: 10.1063/1.3207826]

Simultaneous two-state lasing has already been observed
in quantum dot lasers,l_3 where it was attributed to a
“phonon-bottleneck™ effect resulting in an increased carrier
relaxation time between the excited state and the ground
state due to combined effects of limited density of states in
quantum dots and inefficient relaxation by phonon emission
when interlevel energies do not match energies of the optical
phonons. Such an inhomogeneous broadening by retarded
relaxation in quantum dots has been also predicted
theoretically.“’5 Slow intersubband relaxation in quantum
wells has also been observed previously in asymmetric and
coupled quantum well systerns,6’7 however, up to now, it has
never been observed experimentally to result in simultaneous
two-level lasing.

In this letter, we present experimental evidence of simul-
taneous two-level lasing in quantum well (QW) lasers under
continuous wave (cw) operation. We attribute the excited
level lasing to a slow interaction between the subbands.

The structure investigated in this work was grown on an
n-type GaSb substrate. The layer sequence is as follows.
First, a2 Mm thick cladding layer of A10_50G30.50A50.04Sb0‘96
with a Te doping of 2X 10" cm™ was grown. This was
followed by a 400 nm undoped Al ;0GagooAsgorSbo.gg
waveguide layer, which also serves as a separated confine-
ment layer. Then, the active region with two 20 nm thick
Gag 57Ing 43A80.14Sbg g6 QWSs, separated by 8 nm thick GaSb
barriers was deposited. The p-side consists of a 400 nm wide
undoped Alj 10Gag goAso01Sbpg9 Waveguide layer and a
2 um thick Aljs50Gag 50Asg04Sbg o cladding layer, which is
p-doped with Si to the concentration of 5X 107 cm™. The
QWs are 1.7% compressively strained.

Ridge waveguide lasers with stripe widths of 30 um
were processed, cleaved at different lengths, and mounted
episide up on copper heat sinks. The laser facets were left as
cleaved and no coating was applied.

From spectral measurements, it was observed that de-
vices with longer resonator lengths (>400 wm) started las-
ing with an emission wavelength of 2720 nm, corresponding
to the ground level transition of 0.456 eV. On the other hand,
shorter devices started lasing at 2490 nm, corresponding to
the second QW level transition of 0.5 eV (see Fig. 1). The
latter is due to the fact that mirror loss is directly propor-
tional to the inverse cavity length, therefore, by changing the
cavity length the total loss is also changed and, at some
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point, gain in the ground level becomes smaller than the total
loss and lasing is prohibited.

A more detailed investigation was carried out on
500 pum long devices, which showed simultaneous lasing
from both QW levels under cw operation (Fig. 2). It was
observed that the wavelength switching from the ground
level to the excited one has “digital” character (Fig. 3) and
that simultaneous lasing takes place only in a limited range
of current densities (see Figs. 3 and 4). At low current den-
sities (below 1.22 kA/cm?), only the ground level lasing is
observed. By increasing the current, second level lasing ap-
pears as well and simultaneous lasing from both levels takes
place. By increasing the current further, the ground level
transition ceases and only lasing at the second level transi-
tion is observed (above 1.32 kA/cm?). Figure 4 shows the
evolution of the measured laser emission spectra as a func-
tion of increasing current densities.

Switching from ground level lasing to excited level las-
ing was found to have no hysteresis effect. This behavior is
reproducible not only for the devices from the same wafer,
but also for devices from different epitaxial runs.

“Digital”  switching  behavior = was  observed
experimentallyl_3 and explained theoreticallyl’z’8 in quantum
dot lasers. Nevertheless, in quantum well lasers, the situation
is different. First, if the gain saturation in the ground level
would be the result of a decreasing number of available elec-
tron states in the subband due to filling, then, one would
expect to observe uniform filling due to a two-dimensional
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FIG. 1. Measured threshold current density as a function of inverse cavity
length. Solid squares indicate devices that start lasing at the ground level
and the triangle represents the 400 um long device, which starts lasing
from the second quantum well level.

© 2009 American Institute of Physics

Downloaded 26 Oct 2009 to 129.187.9.1. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.3207826
http://dx.doi.org/10.1063/1.3207826
http://dx.doi.org/10.1063/1.3207826

071107-2 Vizbaras, Kashani-Shirazi, and Amann
I 10l T=288 KCW |
>
‘@
C
9
£
- 05F i
Q
N
©
€
=
<)
z
0.0
042 044 046 048 050 0.52 054
Energy (eV)

FIG. 2. Measured emission spectra of 500 um long device with a 30 um
wide ridge at a current density of 1.3 kA/cm? at 288 K under cw operation.
The laser line at 0.456 eV corresponds to the ground level transition,
whereas the laser line at 0.5 eV corresponds to the excited level transition.

continuum of states, which would result in a continuous shift
of the emission wavelength toward higher energies. Second,
the higher number of available states in a quantum well
makes retarded relaxation due to filling a less likely mecha-
nism. Our experimental observations also clearly indicate
that no filling takes place. The population of the ground level
gets clamped immediately after the threshold is reached. This
can be seen from a nearly constant laser emission wave-
length with increasing current (Fig. 3). The appearance of the
excited level lasing indicates that the population in the sec-
ond level does not clamp when the lasing condition is
reached in the ground level. Such filling eventually leads to
population inversion in the second level as well. The ob-
served behavior indicates that very slow scattering between
the subbands exists. The exact origin of such a behavior is
not clear. A most likely mechanism for the retarded relax-
ation can be the buildup of a significant nonequilibrium LO
phonon population (hot phonons). It is well known that pho-
non reabsorption considerably slows down the electron
relaxation.”” Another possible mechanism could be the dy-
namical screening effect,'o where the electron-phonon inter-
action is screened by free-carriers. It has been shown to play
a minor role”"! up to electron densities of n=10'7 cm™. On
the other hand, the carrier densities are much higher since
two levels simultaneously reach the population inversion
condition and such an effect might become significant.

We would attribute the disappearance of the ground level
stimulated transition with increasing current density (see
Figs. 3 and 4) to several effects. First, due to slow intersub-
band relaxation, the free-carrier density strongly increases as
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FIG. 3. Wavelength switching as a function of laser current for a 500 wm
long device, with a 30 um wide ridge.
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FIG. 4. Evolution of the measured emission spectra for a 500 um long
device, with a 30 um wide ridge, under cw operation, at 288 K.

the second quantum level is being filled. This leads to in-
creased free-carrier absorption, to which the ground level
lasing is more sensitive as the efficiency of this absorption
mechanism increases 2proportionally to the square of the
emission wavelength.l Second, nonradiative Auger recom-
bination is also stronger for the ground level transition due to
the smaller energy gap. In long wavelength GalnAsSb lasers,
the dominant Auger mechanism is CHCC"!" which is pro-
portional to n?p. Apparently, this Auger recombination
mechanism is not clamped at the ground level lasing thresh-
old and heavy-holes make a major contribution. This is be-
cause the second heavy-hole subband is being filled after the
ground level starts to lase. The separation between the two
heavy-hole subbands is only 6 meV (as simulated by
nextnano**)," thus, both can effectively participate in CHCC
Auger process. The CHSH (Ref. 16) mechanism can be ruled
out, as it was shown to be strongly suppressed14 for Galn-
AsSb laser with radiative transitions below 0.6 eV. This is
because the separation between spin-orbit split-off band and
heavy-hole band exceeds the bandgap energy. Finally, the
fact that the second level starts to lase also leads to a dra-
matically decreased carrier lifetime in that subband (typically
in the range of several picoseconds for stimulated emission).
In such situation, events of carrier scattering to the lower
subband and stimulated emission from the second level com-
pete for the same carriers. As the population in the second
level gets clamped with increasing injection, the radiative
rate increases due to decreasing stimulated emission lifetime
from that level, whereas the scattering rate to the lower sub-
band is clamped. Therefore, with increasing injection, the
gain in the ground level gets saturated. The combination of
all these effects leads to the ceasing of the ground level las-
ing with increasing current.

The dynamics described above can be observed in the
optical output power-current (P-I) characteristics of a
500 wm long laser which shows two-level simultaneous las-
ing (see Fig. 5). It can be seen from Fig. 5 that the optical
power corresponding to the stimulated ground level transi-
tion starts to saturate as the current density approaches the
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FIG. 5. Measured P-I characteristic of a 500 um long laser with a 30 um
wide ridge under cw operation.

value at which population inversion is reached in the second
quantum level (corresponds to 190 mA in Fig. 5). The ap-
pearance of second level lasing is followed by a kink in the
P-I curve, and, when the ground level lasing disappears, the
output power starts to rise with an increased external effi-
ciency.

To summarize, we have demonstrated simultaneous las-
ing from two QW laser levels under cw operation. We at-
tribute the effect to the slowed down intersubband relaxation
which we explain by possible buildup of nonequilibrium LO
phonon population and dynamical screening effect. No band
filling was observed, therefore, we ruled out retarded relax-
ation due to a reduced number of available electron states in
the lowest subband. We also observed ceasing of the stimu-
lated emission from the ground level with increasing current
density. We attribute this to nonradiative loss mechanisms,
which are more efficient for the lower energy transition, and
to the competition between events of stimulated recombina-
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tion from the excited level and scattering of carriers to the
lower subband.
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