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We establish rate equations to describe Auger carrier capture kinetics in quantum dot structures,
calculate Auger capture coefficients for self-assembled quantum dots, and analyze Auger capture
kinetics using these equations. We show that Auger capture times can be of the order of 1–100 ps
depending on barrier carrier and dot densities. Auger capture rates depend strongly on dot diameters
and are greatest at dot diameters of about 10–20 nm. ©1998 American Institute of Physics.
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Self-assembled quantum dot semiconductor lasers w
realized during the past few years,1–6 and continue to attrac
much attention due to their interesting physics and poten
applications. In these lasers, carriers are pumped into bar
around the self-assembled dots~SADs! and are then capture
by the SADs, and relax via 0D energy levels to the low-lyi
lasing ones. These relaxation processes can strongly a
laser characteristics such as threshold current, efficiency,
modulation characteristics, and are currently under inte
study.7–12 While in quantum well lasers, fast carrier captu
and relaxation are mediated by carrier-LO phonon inter
tions, in quantum dot~QD! structures, carrier relaxation vi
LO phonon scattering is highly improbable due to the d
crete feature of the QD energy levels and the fixed ener
of LO phonons. Nevertheless, fast relaxation with charac
istic times of the order of 10–100 ps has been obser
experimentally,9,10 the relaxation being ascribed t
multiphonon-carrier interactions and to carrier-carrier Co
lomb interactions~Auger processes!. The importance of Au-
ger relaxation in QDs has already been discussed.13,14 In this
letter, we study Auger carrier capture in SAD structures, f
mulate Auger carrier kinetics equations, obtain simple
pressions for the Auger coefficients, and estimate vari
characteristic times for Auger capture.

We consider Auger carrier capture processes in In
GaAs self-assembled quantum dot structures. Generall
experiments, the carriers which are injected electrically
optically into the GaAs barriers, and are free to move in 3
are captured very rapidly by the lower-band gap 2D wett
layer ~WL!. We may therefore assume that the carriers
effectively injected directly into the WL, and then they a
captured by the SADs or recombine in the wetting layer.
the following analysis, we consider only Auger captu
events involving electron and hole ground states in
SADs.~This simple model can readily be generalized to ta
into account other SAD energy levels.! The binding energies
of the electron and hole states~see Fig. 1! are represented b
eDe andeDh , respectively. In typical InAs/GaAs SADs,eDh

.eDe, and (eDh2eDe)50.1– 0.2 eV.9 In the WL, the elec-
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tron and hole binding energies areeWe andeWh ~;0.05–0.1
eV!, hence the binding energies relative to the wetting la
are Dee5(eDe2eWe) and Deh5(eDh2eWh), with Deh

.Dee . We consider two types of Auger capture process
in process I, for instance, a 2D electron~Fig. 1! or 2D hole
@Fig. 2~a!# in the wetting layer collides with a 2D electro
and is captured by the SAD, the other 2D electron be
scattered into a 2D state in the WL with higher energy. Sim
lar processes of this type occur involving 2D holes. In p
cess II, a 2D hole is captured by the SAD due to Coulo
scattering with a previously captured electron, the elect
being excited into a 2D state in the WL@Fig. 2~b!#. Let us
note that sinceDeh.Dee , the process when a 2D electron
captured with simultaneous excitation of a hole from a
state in the SAD to a 2D state in the WL is a process
thermal excitation of the system. We assume further that
characteristic energiesDee , Deh , (Deh2Dee) in the Au-
ger processes under study are much larger than the the
energykBT ~whereT is thecarrier temperature in the WL!
and the Fermi levels in the WL, and consequently we neg
the effects of thermal excitation processes.

With these simplifying assumptions, the Auger carr
capture kinetics in the SAD structure can be described by
rate equations:

,

FIG. 1. Schematic energy band diagram of a SAD structure. The s
assembled dot~SAD! is separated from the wetting layer~WL! by a thin
barrier. For example, two 2D electrons~open circles! collide in the WL,
resulting in one of them being captured by the SAD and the other be
promoted to higher energy in the WL~type I process, see the text!. This
process is characterized by the Auger capture coefficientCee.
/98/72(1)/58/3/$15.00 © 1998 American Institute of Physics
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dt
52BW

recnenh1Bhenhf e~12 f h!ND2Ceene
2~1

2 f e!ND2Cehnenh~12 f e!ND1J, ~1!

d fe

dt
52BD

recf ef h2Bhenhf e~12 f h!1Ceene
2~12 f e!

1Cehnenh~12 f e!, ~2!

dnh

dt
52BW

recnenh2Bhenhf e~12 f h!ND2Chhnh
2~1

2 f h!ND2Chenhne~12 f h!ND1J, ~3!

d fh

dt
52BD

recf ef h1Bhenhf h~12 f h!1Chhnh
2~12 f h!

1Chenhne~12 f h!. ~4!

Herene andnh are the 2D densities of electrons and holes
the WL respectively,f e and f h the respective occupatio
probabilities of the electron and hole levels in the SAD.J is
the pumping rate andND is the number of SADs per uni
area. The first terms on the right side of Eqs.~1!–~4! describe
the recombination of electrons and holes in the WL and
the SADs, the second terms describe Auger hole captur
type II, while the third and fourth terms describe type I A
ger capture. The terms with the coefficientsCcs ~wherec or
s5e,h, wheree represents electrons andh holes! describe
Auger processes in which a 2D carrier~the captured carrie
c! collides with another 2D carrier~the scattering carriers!
and is captured by the SAD, the scattered carrier gain
energy but remaining in the WL. In general, the Auger ca
ture coefficientsBhe andCcs depend on the carrier densitie
ne and nh but within our assumption of moderate carri
temperatures and densities these dependences may b
nored. In effect, the above representation of the Auger c
ture rates can be considered as a truncated expansion in
ers of the carrier densities, and in this form it may have v
general significance for the description of Auger carrier
netics in quantum dot structures. Next, we provide the res
of our calculations of the Auger capture coefficients.

Our calculations have followed the approach of Usk
et al.15 in calculating Auger carrier relaxation via 0D energ
levels in SADs, but unlike Ref. 15 we are not restricted

FIG. 2. ~a! Auger capture process of type I represented by the coeffic
Che: a 2D hole collides with a 2D electron, and is captured by the SAD,
2D electron remaining in the WL;~b! Auger capture of type II characterize
by the coefficientBhe: a 2D hole is captured by the SAD due to Coulom
interaction with a previously captured 0D electron; the latter is excited fr
the SAD into the WL.
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the dipole approximation in calculating the transition mat
elements. Starting with Fermi’s Golden Rule we obtain t
differential cross sections for Coulomb scattering of the c
riers, the integrated cross sections, and finally the Auger c
ture rates. In accordance with our assumption of mode
carrier temperatures and densities, we neglect the initial
ergies of scattered carriers in comparison with the charac
istic energies of the Auger processes. We have also assu9

that the SADs have uniform cylindrical shapes with heightH
and diameterD. As result of these simplifications, we de
rived the following expressions for the Auger capture co
ficients:

Bhe5
mee

4

4j01
4 \3e0

2e2 •

D2

H2 •

~kD1kW!2

kD
4 kW

2

3
J0

2~qheD/2!

@~qheD !2/~4j
01

!221#2 • F2, ~5!

Ccs5
pmse

4

4j01
2 \3e0

2e2 •

D2

H

3
kW~kD12kW12qs!

2

qs
2~kW1qs!

2~kD1kW1qs!
2

3
J0

2~qsD/2!

@~qsD !2/~4j01!
221#2 , ~6!

wherems represents the effective masses of scattered car
in the WL ~with s5e,h); e0 is the vacuum permittivity;e is
the relative permittivity;J0(x) is the zero order Bessel func
tion of the first kind andj0152.4 is the value of its first root;
qhe5A2me(Deh2Dee)/\ is the wave number of an electro
excited into the WL as a result of a process of type II, wh
qs5A2msDec/\ is the wave number of a scattered carr
which has received an energy incrementDec from a captured
carrier~with c5e,h), W is the thickness of the WL,kD and
kW are the, respective, characteristic decay constants of
wave functions in the GaAs barriers surrounding the SA
and WL, which depend on the carrier binding energies.
nally, the functionF is given by the integral

F5E
0

`

du•

J0~u!

~u/j01!
221

3
11@2u/~kD1kW!#D

@11~2u/kDD !#@11~2u/kWD !#
. ~7!

From Eqs.~5! and ~6!, we find that the Auger coeffi-
cients depend strongly on the SAD diameterD: they oscil-
late and decrease as 1/D3 at largeD ~see Figs. 3 and 4!.
These results were plotted forH55 nm, eDe50.2 eV,
eDh50.3 eV, eWe50.03 eV, eWh50.05 eV. Values of the
effective masses have been taken from Ref. 9. Figur
shows that Auger capture due to scattering by electrons~rep-
resented by the coefficientsCee andChe) are more effective
than those involving hole scattering~coefficientsCeh and
Chh). ForD510–15 nm,9,10where the Auger coefficients ar
close to their maximum value,Bhe5331024 m2/s andCee

52310220 m4/s.
From these values, we can estimate various Auger c

ture times, a very important consideration for luminescen

t
e
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and laser dynamics. The luminescence rise time as foun
time resolved experiments9,10 is defined by the QD leve
population rise time which can be expressed in accorda
with ~2! and ~4! as

t rise5
1

Cnin
2 , ~8!

~whereC;Cee;Che) and hence this time should be limite
only by the initial carrier densitynin in the WL. Assuming a
typical range, nin'101521016 m22 gives a characteristic
time of 1–100 ps depending on the pump power.9,10 On the
other hand, in lasing experiments such as those of Ref.
the effective capture time which is given accordingly to~1!
and ~3! as

tcapt5
1

CnND
~9!

~where we assumen;ne;nh), influences laser dynamics
and this time also depends on the number densityND of
SADs per unit area. AssumingND5101521016 and n
5101521016 m22, we obtaintcapt;1 – 100 ps.

FIG. 3. The dependence of the Auger capture coefficientsCee, Che, Ceh,
and Chh on the diameterD of cylindrical quantum dots for given binding
energies of carriers in the SAD.

FIG. 4. The dependence of the Auger capture coefficientsBhe, on the quan-
tum dot diameter for given binding energies of carriers in the SAD.
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Finally, the efficiency of Auger carrier capture by SA
can be characterized by the ratioh of the capture rate to the
full rate of carrier removal~capture plus recombination! from
the wetting layer. Our present model gives

h5
CND

BW
rec1CND

, ~10!

which again depends onND . InsertingBW
rec;1026 m2/s and

ND5101521016 m22 into ~10! gives h50.9–0.99, indicat-
ing that there should be no carrier capture ‘‘bottleneck’’ in
dense array of SADs.

In conclusion, we have formulated kinetic equations
describe Auger carrier capture in SAD structures and
tained simple expressions for the Auger coefficients. W
have estimated the importance of the various processes,
found characteristic capture times for time resolved lumin
cence and lasing experiments, and the efficiency of car
capture by the SADs. The latter estimates have shown
possibility of highly efficient Auger carrier capture in SAD
structures.
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