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We propose the idea of making quantum dot lasers by embedding direct-band gap quantum dots in
a short period superlattice whose band gap is indirect. This technique reduces the threshold current
and its temperature dependence. We show that a higher characteristic-tempé&pattar be
achieved in a quantum dot laser with indirect GaAs/AlAs superlattice barriers compared to that with
direct GaAs barriers. €004 American Institute of Physic§DOI: 10.1063/1.1751606

The driving force behind the quantum d@®D) laser  of two InAs QD lasers formed on thin wetting layei/L)
studies has been the possibility of reducing the laser threstihat are confined by a larger band gap material; one with the
old since the density of statéBOS) in QDs is ideally much  direct GaAs barriers and the other with the indirect SL bar-
narrower than the DOS in bulk and quantum-well semicon+iers. The choice of this SL with a lattice parameter almost
ductors. Although the progress in QD lasers has been signifequal to that of GaAs is made in anticipation of investigating
cant, they still have not fulfilled their promise becausesimilar InAs QDs in both direct and indirect barriers. Using a
present QD lasers still exhibit strong exponential dependencshort period SL rather than a simple-indirect, @&, _,As
of their threshold upon temperature due to carrier recombi¢x>0.42) alloy provides double benefit. First of all, it is well
nation in the barrier layers that “clad” the QBsThe char-  known that both the conduction bari@B) edg€ and the
acteristic temperatur€, has been reported to have reachedindex of refractioh’**in the indirect A|Ga _,As decreases
161 K for p-type modulation doped 1.8m InAs/GaAs QD
lasers? Although this represents an improvement over that of Gans
quantum well lasers, it is much less than the predicted “in- —\ direct barrier
finite” values that makes the QD lasers temperature insensi- i\ \

tive. The main reason for this lack of progress is that a sub- ’;'ggjigggjmg
stantial fraction of carriers reside not in QDs but in the weiing

surrounding materialbarrierg since the QD DOS is much layer InAs QD

less than that of barriers. Furthermore, this fraction increases Si’mg

with the rise in temperature. As a result, the lasing threshold

increases with temperature as the recombination of carriers

in barriers becomes more significant. A number of ideas had ntype | p-type
been put forward to reduce the recombination in the clad- |« height of laser waveguide —
ding, typically using the tunneling injection schemes wherein (a)

the electrons and holes tunnel into the QDs from two oppo-
site sides—making the cladding recombination an indirect
process in real spacé.This scheme relying upon a resonant L1 TR s W B FATAA AT B Sl
process, however, is applicable only to a single layer of QDs AlD,Gaovsg

and vulnerable to inhomogeneous broadening and charging Q:g.?ﬁ:g .
effects. lvgzte"rng

In this letter, we propose a QD laser in which the direct-

band gap QDs are embedded in a semiconductor barrier ma-
terial that has an indirect band gap. We show that this tech-
nique reduces the threshold current as well as its dependence
on temperature. Specifically, we have studied InAs QDs in

Alg ,Gag As
blocking layer

InAs QD

superlattice
indirect barrier
N

an indirect short period (GaAg)AlAs)¢ superlattice(SL) w heigh“’“(abs)erwaveguide

with a period of 35 A°~8 Figure 1 shows the band structure

FIG. 1. lllustration of QD band structure on thin wetting layers surrounded
by (@) GaAs barriers of direct band gap antb) short period
dElectronic mail: greg.sun@umb.edu (GaAs)(AlAs) ¢ SL barriers of indirect band gap in a waveguide structure.
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with the increase of Al composition. Hence, electrons are 1.2+

more likely to be localized in layers with higher Al compo- 104

sition, while photons tend to be confined in lower Al layers. g QDb

This makes effective confinement of both carriers and pho- g 084

tons necessary for laser operation unattainable. In the short § 06

period (GaAs)(AlAs), SL, the CB edge is substantially 3

(>100 meV for n=6) lower than that of disordered ﬁ 041 Barrier

Al Ga sAs alloy. Therefore, combining the g 0.2+ WL
(GaAs)(AlAs) g SL with Aly /Ga, 5As alloy cladding allows E ool

for both carriers and photons to be confined in the wave- ©

gwde. The secon_d advantage is that it has |nd|_rect character -0.2 0 S0 100 150 200 250 300 380 400
in both real and inverse wave vector spaces, i.e., the elec- Temperature (K)
trons are confined primarily in thX-states of AlAs layers
while the holes in thé' states of GaAs layers, which leads to FIG. 2. Percentage of electron population distribution between barrier, WL,
very Iong recombination timeéup to a few hundred nano- and QDs for InAs QDs_ ir_l GaAs ba_rriers of.direct band gap as a function
. . . temperature for a total injected carrier density of B0'° cn?.
second to microsecond ran§¥ The longer effective carrier
lifetime due to the indirect nature of the band gap reduces the
demand on the pumping current for maintaining those carriapproximately the same localized energies as in InAs/GaAs
ers in the barrier, thus a high&g can be obtained. QDs can be used in the calculation. The two waveguide
The proposed waveguide of (GaAB)AIAs)s SL with structures under investigation have the following parameters:
Al, /Ga, 4As cladding has a relatively small CB offset75  for the direct GaAs, the lasing wavelengthk=1.03um, the
meV). This offset may not be sufficient to prevent electronsindexes of refraction aren(GaA9=3.5 in barriers and
from reaching thep-type contact where the parasitic recom- N(Alg 4Ga, 6AS)=3.27 in cladding layers; for the indirect SL,
bination can take place. To avoid this problem a ¢#60 A)  A=0.82 um, n(SL)=3.28, andn(Al, /Ga As)=3.15. The
blocking layer of A} GaAs is inserted between the contrastin index of refraction for the structure with indirect
(GaAs)(/AlAs)s SL and thep-type Al,-Ga,sAs cladding SL is almost half of that with direct GaAs, but this is at least
as shown in Fig. (). The blocking layer with~150 meV  partially compensated by the shorter wavelength in the QD
CB offset plays the same role as in Ref. 4, but, unlike Ref. 4laser with indirect SL barriers. We have calculated the maxi-
the blocking layer can be placed at a significant distancénum attainable confinement factors for both structures. They
form the QDs. are obtained at different waveguide thicknesskg:GaAs)
The carrier distribution within the barrier-WL—QD sys- =0.22um for GaAs barriers and,(SL)=0.3 um for SL
tem withN,, N,,, andNy is calculated based on quasiequi- barriers. The ratio of vertical confinement factors in the
librium within the CB and valence ban@B). The injected growth direction between the two structures was found to be
current density is related to the carrier distribution within thel'gir/I'ing=1.5. In order to have the same modal gain in the
different regions of the QD structure as two QD lasers, we have to allow more QDs in the structure
with indirect SL as compared to that with direct GaAs at a
Np Ny Ny ratio of 3/2. We have chosen to employ two layers of QDs in
T T_w+ T4/’ @) GaAs[Fig. 1(a)] and three layers in S[Fig. 1(b)], with an
area density of % 10'%cn? and 6x 10'%cn?, respectively.
where the minority carrier lifetimer,,=2ns for WL, and  As a result, both structures can have the same total optical
mq=1ns for QDs,7,=2 ns for direct GaAs barriers ang,  confinement factorl{ =1.4x 10" %),
=100 ns for indirect SL barriers. Specifically, for InAs QDs For a typical QD ensemble, it is reasonable to assume
formed on thin InAs WLs with base width &f=10.2 nmin  that the inhomogeneous broadening of the transition line-
GaAs barriers, there is one confined electron state at 16@idth induced by the dot-size variation is much larger than
meV below the GaAs CB, and two hole states at 137 meMthe homogeneous broadening. The Lorentzian function can
and 115 meV above the GaAs VB.The ground states in therefore be approximated by &function, and the optical
WL are 40 meV below the GaAs CB and 88 meV above thegain between the lowest electron and hole states is given as
GaAs VB The result of electron distribution is shown in

J=e

Fig. 2 for a total injected carrier density of>x80'%cn? 2me’M2I
needed to saturate the ground states of InAs QDs with an 9(h@)= mZeocny wVo P(ho,og)[f(ho)—f,(Aw)],
area density of & 10'%cn? at T=0. Figure 2 shows that 2

even for this low injected carrier density, at room tempera-
ture, the percentage of electrons residing in the barrier regiowherem is the free electron massy is the permittivity in
well surpasses that in the QDs. The reduction of carrier revacuum,c is the speed of light in vacuum, is the index of
combination in barriers resulting from the increase of minor-refraction at the transitiorw is the average transition pho-
ity carrier lifetime should in principle reduce the thresholdton energy,M, is the momentum matrix element for bulk
pumping current. InAs with M%/my=3.0 eV e V, is the average volume of

In order to make a fair comparisdin,we have chosen the QD ensemble, anfl(fw) andf, (%A w) are the electron
InAs QDs with smaller base widths to be embedded in theoccupation probability at the QD electron and hole ground
short period (GaAg(AlAs)g SL barriers with a band gap states, respectively. The energetic broadening function is
wider than that of GaAs so that the QD confined states witlgiven by
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= @ 10-
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15 0 50 100 150 200 250 300
0 200 400 600 800 1000 Temperature (K)
Current Density (Alcmz) FIG. 4. Pumping threshold current density as a function of temperature to
maintain threshold gain of 8/cm for InAs QDs in direct GaAs and indirect
159 SL barriers.
101 pumping current is required to populate the higher number of
T 5' QDs in indirect SL structure. We also notice that in the low
s | temperature regioff <100 K, the threshold current stayed
% 0. almost constant for both structures since the carrier popula-
g tion in the barrier regions is very small, and practically all
T 5. carriers injected by the pumping current went to the QD
3 states. A rather significant difference Jg, between the two
= 10 cases at higher temperatures is the direct result of the lifetime
InAs QDs with Indirect SL difference between the two types of barriers where there is
15 N — an inevitable carrier buildup. We have fitted our data to the
20 0 20 40 60 30 100 120 140 standard threshold-temperature expression: Jy,
Current Density (A/cm’) =Jy exp(T/Ty). We have obtained ;=50 K for the QD laser

structure with direct GaAs barriers in the temperature range

FIG. 3. Modal gain as a function of pumping current density at variousof T>100 K andT~=216 K for the indirect SL barriers in
temperatures for InAs QDs in barriers @) direct GaAs andb) indirect 0

SL. T>150 K—a significant improvement on the temperature
characteristics of threshold.
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