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Nonradiative recombination in quantum dots via Coulomb interaction
with carriers in the barrier region

Igor Yu. Solov’eva) and Georgy G. Zegrya
Ioffe Physico-Technical Institute, Politechnicheskaya St. 26, 194021, St. Petersburg, Russia

~Received 29 October 2002; accepted 26 February 2003!

A mechanism of nonradiative recombination of nonequilibrium carriers in semiconductor quantum
dots ~QDs! is suggested and discussed. Recombination of an electron-hole pair localized in a QD
occurs via Coulomb~Auger! interaction with carriers in the barrier region. It is shown that the
characteristic time of such an Auger process depends on QD parameters, temperature, and carrier
density in the barrier region and, under certain conditions, is shorter than the characteristic time of
radiative recombination. ©2003 American Institute of Physics.@DOI: 10.1063/1.1569424#
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Semiconductor quantum dots~QDs! attract increasing at
tention in view of the possibility of their application in var
ous electronic devices, from lasers to quantum compute1

Recently, the possibility has been demonstrated of using Q
as markers in biological investigations and in medicine.2 In
this connection, it is important to understand what physi
processes affect the electrical and optical properties of Q
By now, no detailed analysis has been made of proce
governing the lifetime of carriers localized in QDs. The lif
time is determined by recombination of electron-hole pa
localized in QDs and by the escape of carriers from the d
to the barrier. The recombination channels can be divi
into radiative and nonradiative.

The radiative recombination in QDs has been su
ciently well studied theoretically and experimentally.3,4

In typical semiconductor systems, the radiative lifetim
in a QD is about 1 ns.3,4 This value is in good agreemen
with the experimental time of radiative recombination.3 The
radiative lifetime can be altered by varying the transiti
frequency or the overlap integral between the electron
hole wave functions. However, the probability of radiati
recombination cannot be changed significantly in this wa

On the other hand, the time of nonradiative recombi
tion may vary with the QD parameters and temperature
wider limits than the time of radiative recombination doe
Together with direct Auger recombination of carriers in
QD,5 one more channel of nonradiative recombination
possible, which always exists in heterostructures. This is
ger recombination process in which the energy of an elec
and a hole recombining in a QD is transferred, via Coulo
interaction, to a carrier in the barrier region~see Fig. 1!. The
probability of such an Auger recombination process is p
portional to the density of electrons and holes in the se
conductor matrix. This process resembles the well-kno
mechanism of electron relaxation in QDs.6 In QD laser struc-
tures, the density of injected electrons and holes in the se
conductor matrix is as high as 1018 cm23 and more. As
shown later, at these densities the probability of the ear
Auger process is comparable with, or exceeds the probab
of radiative recombination. Consequently, taking this proc

a!Electronic mail: igor@theory.ioffe.rssi.ru
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into account is important in analyzing the threshold char
teristics of QD lasers. In the present study, we are concer
with such a mechanism of nonradiative recombination@via
Coulomb interaction of an electron-hole pair in a QD wi
carriers in the barrier region~Fig. 1!#.

Auger recombination rate depends on the transition
ergy and overlap integral between the electron and hole w
functions. These values are determined by the dimens
and shape of a QD and depend on some characteristic
of QDs. For example, there are two sizes~axes! for lens-
shaped dots, and only one~radius! for spherical dots. For
simplicity, we consider noninteracting spherical QDs in
three-dimensional matrix. The application of a spherical
proximation to QDs is undoubtedly a simplification, whic
gives no way of obtaining precise quantitative results. Ho
ever, these results reflect the real situation qualitativ
More precise data can be obtained by considering pyram
QDs with account of the piezoelectric effect, since in th
case, wave functions of electrons and holes are expande
the different directions and less overlapped with each oth7

The calculations entail considerable computational costs a

FIG. 1. Nonradiative recombination of an electron-hole pair in a QD~InAs/
GaAs! via Coulomb interaction with a carrier from the barrier regio
Eg151.42 eV,Eg250.35 eV. Inset: diagram describing the process.Ce , Ch

are the wave functions of electron and hole localized in the QD;Ce1 , Ce2

are the initial and final wave functions of a carrier~electron or hole! from
the barrier region.
1 © 2003 American Institute of Physics
 license or copyright; see http://apl.aip.org/apl/copyright.jsp
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even though refining the numerical values, do not change
results fundamentally. Consideration of cylindrical QDs, f
quently used in calculations of this kind, does not refine
model any significantly, since in this case, as also in the c
of spherical QDs, electrons and holes are localized in
same region and have similar symmetries. We choose a
example the well-understood InAs/GaAs system, which
lows comparison of the results obtained with experimen
data. A three-dimensional description of the barrier reg
largely corresponds to the experimental situation, since
depth of the wetting layer is small and carriers are, for
most part, outside this layer. The inverse time of Auger
combination of an electron-hole pair localized in a QD w
carriers in the barrier region is calculated using the Fe
golden rule within the first-order perturbation theory in t
electron–electron interaction

G5
2p

\ (
e,h,p1,p2

uWu2f ef hf p1~12 f p2!

3d~Ee1Ep12Ep22Eh!. ~1!

Here f p1,p2 are the Fermi distribution functions of particle
~electrons and holes! from the barrier region, involved in the
process;f e,h are the occupancies of electron and hole lev
in the QD;Ee andEp1 are the energies of the initial states
an electron in the QD and the corresponding carrier in
barrier region; andEh andEp2 are the energies of a hole an
the final state of a carrier in the barrier region.W is the
Coulomb matrix element between electrons localized in
QD and electrons in the matrix, having the form

W5 K C f~r1 ,r2!Uexp~2kur12r2u!
eur12r2u UC i~r1 ,r2!L , ~2!

wheree is the dielectric constant and

k5A4pn0

ekBT
~3!

is the Debye wave vector andn0 is the particle density in the
matrix.

C i , f(r1 ,r2) are the wave functions of the initial and fin
states of the system. In a single-particle approximation, t
are products of the wave functions of electron and hole
calized in a QD by wave functions of carriers in the barr
region. A diagram corresponding to this process is prese
in the inset of Fig. 1.

In what follows we use the atomic system of units. W
are interested in the ground dipole-active state of
electron-hole pair, since it is from this state that the ma
part of emission from a QD occurs. The wave functions
particles localized in the QD, used to calculate the ma
element of the Coulomb interaction, are obtained in terms
the multiband Kane model for a spherical QD of fini
depth.8

The Coulomb interaction between the electron and h
is disregarded since we are mainly interested in small Q

In our case, it suffices to take planar waves as w
functions of carriers in the barrier region. Substituting the
wave functions in the matrix element of Coulomb intera
tion, we pass to a Fourier transform and, making some r
rangements, represent it as
Downloaded 01 Oct 2008 to 129.8.164.170. Redistribution subject to AIP
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W~q!5
4p

e~q21k2!
E dr3e2 iqrCe~r !Ch~r !, ~4!

whereCe(r ), Ch(r ) are the wave functions of electron an
hole in the QD, andq5k22k1 is the momentum transferre
in the Coulomb interaction. The matrix element can be c
veniently calculated with the exponent expanded in mu
poles.

As already mentioned, the transition probability is calc
lated using the Fermi golden rule. As usual, it is necessar
make summation over all initial and final states of the s
tem. We consider the case when electron and hole are a
ground quantum-well level; other levels can be taken i
account without any difficulty, but this does not change s
nificantly the results obtained.

To simplify the calculations, we assume that carriers
the barrier region are distributed in accordance with the B
zmann distribution. This is true for holes in virtually an
case, and for electrons when their density does not excee
least 1018 cm23. Use of the Fermi distribution does not lea
to any significant changes.

Figure 2 presents the dependence of the inverse tim
Auger recombination, 1/tA , on the QD radius at room tem
perature (T5300 K! and constant electron density in the ba
rier region (n51018 cm23) for an Auger process involving
a free electron. This process dominates over that involvin
free hole. This is due to the fact that, in energy transfer to
hole, the momentumq transferred exceeds that in the case
energy transfer to an electron by approximately a fac
Amh /me.

The nonmonotonic dependence of 1/tA on R is due to
the dependence of the overlap integral of the electron-h
pair on the QD radius. The hole effective mass exceeds
of the electron, and, consequently, the hole wave functio
virtually entirely localized within the QD. At smallR, the
electron wave function partially penetrates into the barr
region. With increasingR, the overlap integral grows and, a
a certain radius, reaches its maximum value. Further,
overlap integral starts to decrease because of the deloca
tion of the electron and hole wave functions. Figure 3 p
sents the maximum 1/tA value as a function of temperature
As expected, 1/tA grows with increasingT, which is due to
an increase in the phase volume of carriers in the bar
region.

FIG. 2. Inverse time of nonradiative recombination of an electron-hole p
in a QD vs QD radius.T5300 K, n051018 cm23.
 license or copyright; see http://apl.aip.org/apl/copyright.jsp
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It was shown that intradot Auger processes show v
strong dependence on QD radius;5,8 at the same time, the
Auger process analyzed in this article exhibits an almost
ear dependence on the carrier densities in the barrier reg
Therefore, it is possible that either the former process do
nates over the later, or vice versa, depending on the
dimensions and carrier density in the barrier region.

Thus, our estimates demonstrate that the time of Au
recombination of an electron-hole pair in a QD with exci
tion of an electron~hole! in the barrier region may be shorte
than the time of radiative recombination: atT5300 K, n0

5331018 cm23, and R59 nm, the time of nonradiative
recombinationtA.2310210 s. This means that the Auge
recombination process we consider strongly affects the
time of nonequilibrium carriers in the QD. In the case of Q
lasers, such an Auger recombination process governs th
ternal quantum efficiency of emission and strongly affe
the threshold current density. The quantum efficiency o
laser is a nonmonotonic function of the injected carrier d
sity: it first grows with increasing density, whiletA.tR , and
then decreases with increasing density of injected carri

FIG. 3. Probability of nonradiative recombination of an electron-hole pai
a QD vs temperatureT. R59 nm,n051018 cm23.
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provided thattA,tR . With increasing temperature and in
jected carrier density, the threshold current density of a la
grows owing to the appearance of an additional compon
Auger current.

To conclude, we have shown that, in a QD heterostr
ture there exists, together with others, one more proces
nonradiative recombination, which may compete with t
well-know recombination processes and can strongly af
the threshold characteristics of QD lasers and govern
lifetime of nonequilibrium carriers.

Such an Auger recombination process affects the m
mum power of QD lasers. With increasing current~i.e.,
growing carrier density in the barrier region! the probability
of nonradiative Auger recombination of carriers in a QD b
comes higher, which reduces the quantum efficiency of
laser and puts limitations upon its output power.
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