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Self-Pulsation Dynamics in GaAs/AlGaAs Quantum Cascade Lasers”
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Abstract; Quasi-continuous wave lasing spectra of GaAs/AlGaAs quantum cascade lasers emitting at 9. 76um are
characterized by step-scan time-resolved Fourier transform infrared spectroscopy. Pronounced self-pulsation in
stacked emission spectra is observed in the driving current duration. Self-heating accumulation in the active region
affects the electron relaxation and transport greatly. Thermally-induced carrier occupation of the higher sublevels
in an injector can leak out through a resonant condition with the continuum states above the next injector, which
will be facilitated by the fourth sublevel of the coupled quantum wells active region. The leaking process arising
from the periodic breaking and recovering of resonant tunneling accounts for the physical mechanism of the self-

pulsed effect in stacked emission spectra.
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1 Introduction

The performance of mid-infrared GaAs/
Al,Ga,-, As quantum cascade lasers (QCLs) has
been improved remarkably since their inception.
However,the main difficulty on the route to high
power and continuous-wave operation at room
temperature is still the rather large threshold cur-
rent density of these devices. Therefore, much ef-
fort has been invested into understanding the un-
derlying physical mechanism affecting the lasing
process. The Al mole fraction is a central parame-
ter influencing not only the lasing wavelength, but
also the temperature performance of QCLs. The
temperature limitation of the original GaAs/Al, s-
Gay ¢; As QCLs was ascribed to the inefficient car-
rier injection from the injector into the upper la-
ser level, which results from the thermally induced
leakage current into continuum states™?. In-
creasing the carrier confinement within the het-
erostructure will strongly improve the thermal be-
havior of these devices. A larger conduction band
offset for GaAs/Aly s Gay ss As structure is expec-
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ted to optimize the injection efficiency and im-
prove the population ratio of upper and lower la-
ser levels® %1, Injector doping density is another
crucial parameter for the lasing performance. The
dependence of the threshold current density on
the doping density has been theoretically and ex-
perimentally investigated®™®, and the optimum
value has been determined to be about (6~7) X

10" cm ™2, Although these results speed up the re-
search of this kind of novel devices, the underly-
ing reason for the lower average power of GaAs/
AlGaAs QCLs compared to InP-based lasers in a
larger drive pulse is not clear. In this paper, we.
concentrate on disclosing this problem by the in-

vestigation of the lasing spectra driven by a rela-
tively large current pulse (on the order of a mi-
crosecond) above liquid nitrogen temperature.

2 Processing and measurement

The QCL structure,grown by molecular beam
epitaxy (MBE) on an n* (n=2%10"%cm™®) GaAs
substrate,consists of upper and lower n* (n =6 X
10®¥cm™%, 1ym thick) GaAs cladding layers, and
low doped (n =4 X10*cm™3,3. 75um thick) spac-
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er layers surrounding the core region, which con-
tains 40 repetitions of active regions/injector re-
gions,as published by Page et al.™. The sequence
of one period starting from the injector is 4.6,
1.9,1.1,5.4,1.1,4.8,2.8,3.4,1.7,3.0,1. 8,2. 8,
2.0,3.0,2.6,and 3.0nm (where bold script de-
notes Aly 45 Gagss As and normal script GaAs).
Two periods of the superlattice injector (under-
lined layers) were doped to an optimum density of
(6~7) X 10" cm™? in order to achieve a significant
gain and, at the same time, avoid a considerable
increase in the threshold current™ .,

After MBE growth, the wafer was processed
into 45um-wide double-channel ridge devices by
reactive ion etching to a depth penetrating
through the waveguide core. A 300nm-thick SiO,
layer was then grown by chemical vapor deposi-
tion for insulation around the ridges. After open-
ing a 25pm-wide window through the insulation
layer for current injection on each of the ridges,a
non-alloyed Ti/Au Ohmic contact was deposited
to the top layer. Then the wafer was thinned to
about 120pm,and an alloyed AuGeNi/Au contact
was deposited on the backside. The devices were
cleaved into laser bars,leaving both facets uncoat-
ed and a soldered epilayer down to copper holders
with indium, then wire bonded.

The lasers were mounted on a temperature-
controlled cold finger in a vacuum liquid nitrogen
cryostat. The spectral measurements were carried
out with a BRUKER EQUINOX 55 Fourier trans-
form infrared (FTIR) spectrometer in the step-
scan time-resolved mode,and a normal resolution
of 2cm™! was applied.

3 Results and discussion

Figure 1 shows the typical three-dimensional
spectrum stacked in the time domain with the la-
ser driven by a pulse of 1kHz and 1% duty cycle
at 80K. The sampling principle of the spectra is
presented in Ref.[9]. Shown in Fig. 2 is the rela-
tion between lasing intensity at laser frequency
and the pulse duration. In this experiment a time
resolution of 50ns was used,and the intensity of e-
mission is normalized in all figures. Obviously, the
laser emission becomes unstable and pulsed in the
current duration. This self-pulsation during the
lasing process may degrade the average power no-
ticeably. The fluctuation of lasing intensity can be

ascribed to the temporal change of the population
inversion of the upper and lower laser levels (sub-
bands) . What makes this change? As we know,at
higher injector doping density the electrons be-
have a thermalized distribution in all the remai-
ning subbands"'®!. Driven with a rather large cur-
rent pulse, thermal accumulation in the central
part of the device cannot be evacuated effective-
ly. This thermal effect enhances the thermally ac-
tivated electron leakage in the injector and the
upper laser sublevel in the active region. The re-
duction of the injection efficiency into the upper
laser sublevel will deteriorate the lasing perform-
ance established by the equilibrium condition.

Fig. 1 Stacked emission spectrum of a 2mm-long and
45um-wide laser obtained from the step-scan time-re-
solved FTIR with time resolution of 50ns The tem-
perature of the heat sink was held at 80K during the
measurement.
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Fig.2 Emission intensity at the lasing frequency
(1024. 4cm™*,i.e.9. 76um) versus the drive pulse du-
ration,extracted from the three-dimensional spectrum
in Fig. 1
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In order to determine the influence of the
waveguide core design on the lasing performance,
conduction band structure calculations were car-
ried out based on the one-dimensional Schrodinger
equation for an external electric field strength F
=53kV/cm. Figure 3 shows that there is a sublev-
el E, with 65meV above the laser uplevel E; that
establishes a bridge between the injector miniband
and the collector continuum states. The transmis-
sion of the injector was calculated at F =53kV/cm
and is shown in Fig. 4. The sublevel E, shows a
larger transmission coefficient than others inclu-
ding the lowest one, E;, in the active region.
Therefore, E, in the active region may act as a
leakage channel when the device is lasing and the
upper sublevels in the injector are being filled
with thermalized electrons.

04

T n
- Wi

et
[

Continuum

-4
A

D))

at o JJH\
2 Injector ~. W "

-

Active region
1o & | PR .

VA
AN

il

s Energy/eV
=)
L

04k 1 . N
0 10 20 30 40 S50 60 70 80
Distance/nm
Fig.3 Calculated conduction band diagram of the
GaAS/Alo,AsGao,ssAS QCL for F= 53kV/cm E1 9E2 )
E; and E, denote the laser sublevels.
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Fig. 4 Calculated transmission coefficient of the col-
lector shown in Fig. 3 for F=53kV/em E,,E,,E;
and E, are in accordance with what appears in Fig. 3.

We introduce the linear rate equationst® to
explain the self-pulsed effect. For the three-level
system of the active region, we assume that the
population of E; is n;,of E, is n,,the relaxation
time from E, to E, is 3, ,escaping from E; to oth-

er states is r s the extraction from E; is r.yand
the maximum carrier injection into E; is'[,.

dn; ns n;

—_—— = _ 2 - 2 1

dt I T2 Tew D
dnz n; n;
=L = 22 e 2
d: Tz Tem @

According to 335 7w s and .. are of subpico-
second order, and steady-state conditions can be
assumed in a relatively short time segment. Thus,
we can obtain the following equations by Eq. (1):

1 1 n;
= —_—. — = —
Io "s (1’32 Te.c) T3 (3)
and by Eq. (2);
ns_ e
ne 0Op 4

According to Eqgs. (3) and (4),the population
inversion is

M=m—m=@—ﬁm=%§msw

For a longer drive pulse compared to the
steady-state cycles, the population inversion will
fluctuate due to the degradation of carrier injec-
tion into E,. In this situation, we introduce a cor-
rectional factor 7(¢) to the carrier injection I,.
The temporal population inversion changes into

AnCE) = Eﬁé}11(z>lon (6

The factor I(¢) is affected by the hot-carrier dy-
namics. There is a competitive relation between
intercarrier thermalization and phonon-assisted
relaxation in QCLs™™. When the hot electrons in
the injector relax their large mount of energy sup-
plied by the applied bias mainly via carrier-carrier
scattering,there are two consequences: one is the
large coupling constant between electron tempera-
ture and lattice temperature, which results in a
large temperature difference between them!?%;
and the other is the thermal distribution of elec-
trons in all the injector sublevels. The occupation
of hot electrons in the high sublevels of the injec-
tor enhances the carrier leakage through the E,
resonated with the continuum levels. As a result,
the population inversion deteriorates. At the same
time, the large temperature difference between e-
lectrons and lattice boosts the carrier relaxation
through phonon-assistance. This carrier-cooling
process increases the carrier injection into E; and
improves the population inversion. The incessant
competition between carrier-carrier and phonon-
carrier relaxation during the pulse duration makes
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a wave-like correctional factor I(t). This is con-
sistent with our results obtained by the time-re-
solved specta. The envelope of these pulsed lasing
lines may be rooted in the thermal fluctuation of
device mounting.

4 Conclusion

In summary, we have investigated the lasing
performance of GaAs/Aly s Gaoss As QCLs at a
relatively large drive pulse. The emission intensity
in large pulse duration takes pronounced self-pul-
‘sation. The carrier dynamics in the injector re-
markably affects the population inversion of the
upper and lower laser level. The competition be-
tween different relaxation modes results in the
fluctuation of population inversion. The existence
of the fourth sublevel in the active region facili-
tates the carrier leakage in the injector through a
resonance with the continuum states above the
next injector. The self-pulsed effect in the lasing
process accounts for most of the degradation of
the average optical power at a rather large drive
pulse.
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