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The present theoretical work deals with the relaxation of hot electrons in quantum dots by Coulomb
scattering with an electron-hole plasma. A random-phase approximation is used which includes single-
particle and collective-plasma excitations. We discuss the influence of the dot size, plasma density, and

temperature. The resulting transition rates are of the order of 10'2

s~ ! for a plasma density of 10'> m 2

in Ing 53Gag 4;As/InP. In the presence of a dense electron-hole plasma, hot electrons can relax efficiently
by Auger processes, even in small semiconductor quantum dots where the relaxation by phonon scatter-

ing is weak.

In recent years, a lot of research activity has been de-
voted to the optical properties of one- and zero-
dimensional semiconductor structures (quantum wires
and dots). This is motivated by a fundamental interest in
the physics of lower-dimensional systems and by a
theoretically predicted increasing performance of optical
devices with decreasing dimensionality.! Strongly
enhanced oscillator strengths? and optical nonlinearities®
as well as higher performance for lasers*> and modula-
tors® are expected, in particular for quantum dots where
a quantum confinement in all three directions gives rise
to a discrete energy spectrum and thus to a strongly
peaked density of states. However, there still does not
exist any satisfactory method to confine electrons and
holes in more than one spatial direction. Usually techno-
logical problems are used to explain why the above pre-
dictions have not yet been confirmed experimentally. For
instance, the luminescence efficiency measured from
quantum dot structures is always found to decrease with
decreasing dot size.””

It has been shown theoretically that in zero-
dimensional (OD) semiconductor systems electron scatter-
ing by acoustical phonons becomes increasingly quenched
with an increasing separation of the discrete energy lev-
els.'®!! The resulting, strongly reduced relaxation of hot
carriers is expected to limit the luminesence efficiency of
small quantum dots in an intrinsic manner.'? However,
when phonon scattering becomes weak does an alterna-
tive, efficient relaxation mechanism exist? This work
deals with electronic transitions in quantum dots mediat-
ed by the interaction with an electron-hole plasma.
Auger processes in 2D and 3D systems have been studied
theoretically by several groups.'>”!> Experimentally it
has been shown!®!” that the Coulomb interaction is im-
portant for the relaxation of hot carriers at high carrier
densities in bulk GaAs. As a high plasma density is quite
usual, e.g., during laser operation (typical 2D plasma
densities are of the order of 10'® m~? in quantum well
lasers®), the present model calculations may contribute
significantly to our knowledge about the theoretical limits
of optical devices based on quantum dot structures.

The energy structure of a quantum dot consists of
low-lying discrete levels which, with increasing energy,
evolve to a quasicontinuum of energy states (near and
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above the top of the confining potential). We model the
discrete, low-energy states by a OD system and the
quasicontinuous high-energy region by a 2D system.
This is a well-suited approximation to describe typical
luminescence experiments on quantum dots fabricated
from quantum wells by lateral patterning techniques.
There, electron-hole pairs are created above the barrier of
the lateral potential but they are still confined along the
growth (z) direction within the underlying quantum well.
Usually, optical transitions originating from the low-
lying (OD) energy states are studied. We calculate the
Coulomb scattering between an electron-hole plasma in
the 2D region and a single electron in a OD state. A
scattering event involves a transition between two
different OD states and an excitation (deexcitation) of the
2D electron-hole plasma. Carrier exchange between the
0D and 2D systems is neglected. This approximation is
justified later in the text. Throughout the work we sup-
pose the electrons and holes to be confined along the z
direction within an unstrained 10-nm-wide
Iny 53Gag 47As/InP quantum well. The additional, lateral
confinement of the 0D system is described by infinite bar-
rier quantum wells of equal width L along the x and y
axis. By using a 2D electron-hole plasma we neglect the
effect of the lateral potential on the electron and hole
continuum states.

We first describe the Coulomb interaction between the
0D system and a 2D electron gas. For an excitation of
wave vector q (thoughout this work, boldface indicates a
bidimensional vector, defined in the xy plane) of the 2D
electron gas accompanied by a transition from the 0D
state i to j (i,j comprise the lateral quantum numbers of
the OD states) the interaction operator reads

W=V.laq,i,j)p,e e . (1)

Here p is the densxty operator of the 2D electron gas in k
space and the ¢',c are the creation and annihilation
operators for the 0D states. The Coulomb matrix ele-
ment V4 is given by

f dry

The ¢ indicate the lateral (x,y) wave functions of the 0D
states and V,p is the 2D Fourier transformation of the

Qi) =Viplg rle’dr . (2)
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Coulomb potential, screened by the lattice dielectric con-
stant g,
)

=s—— re—alz=2l 202
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VZD(q)
where A is the area of normalization of the 2D gas. y is
the ground-state wave function of the quantum well in
the z direction. Excited z subbands are not considered in
this work. Typically, they correspond to higher energies
than the lateral subbands since the dimension of the
quantum dot is smaller in the z direction than in the la-
teral directions. In the Born approximation, the rate for
Coulomb scattering from the 0D state i to j is given by

3 Wesla,i,j)* 1< nlp, Im }|?
m,n,q
X8(E,—E,, _ﬁwij e ~BE, /Z

=23 |Vs(q,i,j)’S(q,0;) , 3)
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where E,, (E,) is the energy of the initial state m (final
state n) of the interacting 2D electron gas, fiw;; is the en-
ergy separation between the OD levels i and j, B=(kT)"!,
and Z is the partition function. The dynamical structure
factor S is related to the retarded irreducible polarizabili-
ty IT of the 2D electron gas by'®

S(g0)= [dte " (plp, ()

_ 2% Im[Il(q, —w)]
1—e P |e(q, —w)|?

(4)

The double angular brackets indicate the quantum sta-
tistical average. The dielectric function € reads

e(q,0)=1—1(q,0)V,p(q) . (5)

The precision of the calculation is determined by the
approximation used for the polarizability II. We employ
the random-phase approximation (RPA), for which II
can be expressed analytically at zero temperature.19 The
finite-temperature polarizability is calculated from the
zero-temperature result using Maldague’s method.?® The
electron-hole plasma is described as a three-component
plasma consisting of electrons, heavy holes, and light
holes. We neglect transitions between the three plasma
components and the heavy-hole-light-hole mixing. Un-
der these approximations, the Coulomb interaction with
the electron-hole plasma is described by Egs. (3)-(5),
where II is the sum of the RPA polariziabilities of the
three plasma components.?!

Figure 1 shows the dependence of the Coulomb scatter-
ing rate on the lateral size L of the quantum dot at a plas-
ma density n of 2 X 101 pairs/mz. The solid, dotted, and
dashed lines are calculated by introducing e(q,®), €(q,0),
and e=1 into Eq. (4). We thus compare the dynamically
screened, the statitically screened, and the unscreened
Coulomb interaction, respectively. Each of the three
curves exhibits a maximum. The dynamical result is
similar to the unscreened (statically screened) result for
level separations fiw,, well above (below) the quasi-
Fermi-energies of the plasma components (in the present
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FIG. 1. Coulomb scattering rate 75, (from the first excited to
the ground state OD level) as a function of the lateral size L of
the quantum dot. The upper scale shows the corresponding sep-
aration of the OD energy levels. Solid, dotted, and dashed lines
indicate a dynamical screened, a statically screened, and an un-
screened interaction, respectively.

case, Ep equals 11.7 meV for the electrons and 7.3 meV
for the heavy holes, while the light-hole states are still
unoccupied). The decrease of the scattering rate 75! with
#iw,, below about 7 meV is mainly due to the shrinkage of
the energy shells around the electron and the hole Fermi
energies available to inelastic scattering with decreasing
scattering energy. In this regime (fiw,, < Ep) screening is
important but can be described statically and therefore a
single-particle picture can be employed. The decrease of
75,! with the lateral dot size L below about 40 nm is an
effect of the Coulomb matrix element V. Figure 2 (top
part) shows that the relevant matrix element exhibits a
maximum with respect to the wave vector g at about
q =w /L which strongly broadens and decreases with de-
creasing L. In the bottom part of Fig. 2 we have plotted
the dynamical structure factor S (normalized to the sam-
ple area A), calculated with the full e(q,w). The solid
curve (L =50 nm) clearly shows the acoustic and the op-
tical plasmon of the 2D electron-hole plasma (at
g =6.4X10" and 2.9X10" m~!, respectively). Their
dispersion relations start at the origin (zero wave vector
and energy), in contrast to the 3D case where a lower-
energy threshold exists for the optical plasmon. For
L =50 nm the collective excitations are important in the
wave-vector regime where the Coulomb matrix element is
sizable while the single-particle excitations clearly dom-
inate the dynamical structure factor S for L =20 and 100
nm. Thus, dynamical effects are especially important in
the intermediate energy range (fiw,;=Eg). This is
reflected in Fig. 1 by the strong difference between the
dynamical (solid) and the static (dotted and dashed) re-
sults for L between 40 and 60 nm. All the following re-
sults are calculated by using the dynamical RPA.

In Fig. 3, the density dependence of the scattering rate
is plotted for three different values of the lateral size L of
the quantum dot. At low densities (below the maxima),
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FIG. 2. Coulomb matrix element (top) and dynamical struc-
ture factor S (bottom) as a function of the modulus of the 2D
wave vector q. (Vﬁﬂr(q,Z,l,))¢=qfd<p V2:(q,2,1) with
q=g(cosp,sing). For the calculation of S a broadening of 1
meV has been assumed (Ref. 22).

the scattering rate increases strongly with increasing
plasma density n and dot size L. Again this can be un-
derstood in a single-particle picture. Since fiw,; > Eg, the
number of initial states available to scattering increases
with the area of the Fermi circles and hence the density.
The dependence on dot size is governed by the Coulomb
matrix element, as described above. The scattering rates
pass a maximum in n when the corresponding Fermi en-
ergies are of the order of the energy separation #iw,; and
hence the coupling to single particle as well as collective
plasma excitations is efficient. For densities above 10
m 2, the light-hole component starts to be populated and
a second maximum shows up. In the whole density range
discussed here, the calculated Coulomb scattering times
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FIG. 3. Scattering rate 75;' as a function of the density n of
electron-hole pairs.
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are clearly shorter than the LA-phonon scattering times
which in small Injs;Gay4;,As/InP quantum dots are
longer than a nanosecond.!

We should notice that the RPA is a high-density ap-
proximation, which is valid for a plasma parameter r
smaller than one. In the present system, the 2D densities
corresponding to r,=1 are 9.6X 10" m~2 for the elec-
trons and 2.5X 10'> m ™2 for the heavy holes. For densi-
ties below 10'> m ™2 the calculations should thus be con-
sidered with some reserve. In addition, for real struc-
tures carrier localization at potential fluctuation can be
important at low densities. Nevertheless, we do not ex-
pect important changes of the present results in the low-
density region, since, as described above, for fiw,; > Ey
the scattering rates are mainly determined by the inter-
play of the Coulomb matrix element and the single-
particle excitations of the 2D plasma and not by collec-
tive effects.

Up to now we have discussed the zero-temperature
case. There, energy is always transferred from the 0D
system into the 2D plasma. The discussed scattering rate
75, decreases slightly with increasing temperature, as
shown in Fig. 4 (curve labeled 2—1). This is due to an
increasing thermal broadening of the dynamical structure
factor S to larger g values where the Coulomb matrix ele-
ment is weak (Fig. 2). Coulomb scattering from lower to
higher OD levels becomes increasingly important with
temperature. Such processes involve an energy transfer
from the thermally excited electron-hole plasma into the
0D system. In Fig. 4, the curves labeled 1 — % and 2— *
show the total scattering rates (the sum over the scatter-
ing rates to all OD levels above or below the initial level)
of the ground and the first excited state. When the
thermal energy kT increases above the energy separations
of the 0D levels the overall scattering rates increase
strongly and the OD electron experiences an energy gain
in average.

We have seen that Coulomb scattering can lead to an
efficient energy transfer between the OD system and the

8x10'?

(s™h

L
—
&
4
(@]
z
o
L
=
< 2 - - - = =
(@]
v 291
O 1 1 J
0 100 200 300
T (K)

FIG. 4. Total scattering rate from the lowest (1— *) and
from the first excited (2— *) OD state and the rate 75,' of
scattering from the first excited to the ground state (2—1) as a
function of the temperature T.
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electron-hole plasma. We thus expect a fast relaxation of
excited carriers in quantum dots in the presence of a
high-density plasma that itself exhibits an efficient energy
exchange with the phonon bath.

Auger processes can also mediate the capture of elec-
trons and holes from the plasma into the 0D system. We
study such capture for the electrons by replacing the ini-
tial OD state in Eq. (2) by a 2D plane wave that we or-
thogonalize to the localized states of the OD system
(OPW). The rate of capture into a given 0D state is then
obtained from Eq. (3) with an additional summation per-
formed over the 2D wave vector of the OPW. The calcu-
lations of the capture rates contain one more parameter:
the energy difference E. between the bottoms of the 0D
and the 2D system (the depth of the quantum dot). The
OPW is orthogonal to all OD states of confinement energy
below E.. For E.=100 meV, n =2X10"> m™% L =50
nm, and T =0, we obtain a capture rate of 1.7 X 1010 g1
(2.0%x10'"' s71) into the ground (first excited) state, small
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values compared to the scattering rates between the 0D
levels, discussed above. This somewhat justifies the ap-
proximation of a zero carrier exchange between the 0D
and 2D system. The large majority of the 2D carriers
enter the OD system from the top and descend the stair-
case of discrete energy levels.

In conclusion, we have studied a theoretical model of a
quantum dot in the presence of an electron-hole plasma.
For sizable plasma densities, Auger processes are efficient
and represent the dominant relaxation mechanism. The
electron-phonon interaction is not necessarily a limiting
factor for the possible use of optically active devices
based on quantum dot structures.
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