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Nonradiative recombination in quantum dots via Coulomb interaction
with carriers in the barrier region
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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 CoulomiAuger 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. @003 American Institute of Physic§DOI: 10.1063/1.1569424

Semiconductor quantum ddi®Ds) attract increasing at- into account is important in analyzing the threshold charac-
tention in view of the possibility of their application in vari- teristics of QD lasers. In the present study, we are concerned
ous electronic devices, from lasers to quantum comptterswith such a mechanism of nonradiative recombinafivia
Recently, the possibility has been demonstrated of using QD&oulomb interaction of an electron-hole pair in a QD with
as markers in biological investigations and in mediciie. carriers in the barrier regiotFig. 1)].
this connection, it is important to understand what physical  Auger recombination rate depends on the transition en-
processes affect the electrical and optical properties of QD®rgy and overlap integral between the electron and hole wave
By now, no detailed analysis has been made of processdsnctions. These values are determined by the dimensions
governing the lifetime of carriers localized in QDs. The life- and shape of a QD and depend on some characteristic sizes
time is determined by recombination of electron-hole pairsof QDs. For example, there are two siz@ses for lens-
localized in QDs and by the escape of carriers from the dotshaped dots, and only oreadiug for spherical dots. For
to the barrier. The recombination channels can be dividedimplicity, we consider noninteracting spherical QDs in a

into radiative and nonradiative. three-dimensional matrix. The application of a spherical ap-
The radiative recombination in QDs has been suffi-proximation to QDs is undoubtedly a simplification, which
ciently well studied theoretically and experimentatf. gives no way of obtaining precise quantitative results. How-

In typical semiconductor systems, the radiative lifetimeever, these results reflect the real situation qualitatively.
in a QD is about 1 nd* This value is in good agreement More precise data can be obtained by considering pyramidal
with the experimental time of radiative recombinatibhhe ~ QDs with account of the piezoelectric effect, since in this
radiative lifetime can be altered by varying the transitioncase, wave functions of electrons and holes are expanded in
frequency or the overlap integral between the electron anthe different directions and less overlapped with each dther.
hole wave functions. However, the probability of radiative The calculations entail considerable computational costs and,
recombination cannot be changed significantly in this way.

On the other hand, the time of nonradiative recombina-
tion may vary with the QD parameters and temperature in
wider limits than the time of radiative recombination does.
Together with direct Auger recombination of carriers in a
QD,®> one more channel of nonradiative recombination is
possible, which always exists in heterostructures. This is Au-
ger recombination process in which the energy of an electron

oL

and a hole recombining in a QD is transferred, via Coulomb
interaction, to a carrier in the barrier regi(see Fig. L The E
probability of such an Auger recombination process is pro-
portional to the density of electrons and holes in the semi- E
conductor matrix. This process resembles the well-known
mechanism of electron relaxation in QBr QD laser struc- -~ 'm“’f,‘ T
tures, the density of injected electrons and holes in the semi-
conductor matrix is as high as ¥ocm™ 2 and more. As GaAs InAs GaAs

shown later, at, these denSItleS,the probability of the ear!'?ElG. 1. Nonradiative recombination of an electron-hole pair in a(@iBs/
Auger process is comparable with, or exceeds the probabilit¢aag via Coulomb interaction with a carrier from the barrier region.

of radiative recombination. Consequently, taking this procesg,; =1.42 eV,E,,;=0.35 eV. Inset: diagram describing the proceks, ¥,
are the wave functions of electron and hole localized in the ®B;, ¥,
are the initial and final wave functions of a carrietectron or holgfrom
¥Electronic mail: igor@theory.ioffe.rssi.ru the barrier region.
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even though refining the numerical values, do not change the 6x10° 1

results fundamentally. Consideration of cylindrical QDs, fre- N an, n,=10"cm’
quently used in calculations of this kind, does not refine the =] ol | T=300K
model any significantly, since in this case, as also in the case ax10° 1.4 '\_

of spherical QDs, electrons and holes are localized in the J \

same region and have similar symmetries. We choose as an +, 310" ‘ v

example the well-understood InAs/GaAs system, which al- :3 zms_' o \-\

lows comparison of the results obtained with experimental ] ‘-/ |

data. A three-dimensional description of the barrier region S .‘[.

largely corresponds to the experimental situation, since the "
depth of the wetting layer is small and carriers are, for the ° .
most part, outside this layer. The inverse time of Auger re- 2 4 & 8 10 12 1 1 8 2
combination of an electron-hole pair localized in a QD with radius QD (nm)

carriers in the barrier region is calculated using the Fermi

L. . . . FIG. 2. Inverse time of nonradiative recombination of an electron-hole pair
golden rule W|th|n.the flrs_t—order perturbation theory in the; QD vs QD radiusT=300 K, ny=10 cm- >,
electron—electron interaction

2
S — 2 _ 4 »
G= A e,h%.,pZ |W| fefhfpl(l fp2) W(q): —E(q2+K2) J drie Iqrq,e(r)q,h(r), (4)
X 8(Eet Ep1—Epa—Ep). 1) whereW(r), W, (r) are the wave functions of electron and

Here f 51> are the Fermi distribution functions of particles Nol€ in the QD, andj=k,—k; is the momentum transferred
(electrons and holggrom the barrier region, involved in the N the Coulomb interaction. The matrix element can be con-
processf,, are the occupancies of electron and hole levelg/eniently calculated with the exponent expanded in multi-
in the QD;E, andE,, are the energies of the initial states of POIES- . o o

an electron in the QD and the corresponding carrier in the ~AS already mentioned, the transition probability is calcu-
barrier region; and, andE,, are the energies of a hole and lated using the Fermi golden rule. As usual, it is necessary to
the final state of a carrier in the barrier region. is the ~Make summation over all initial and final states of the sys-
Coulomb matrix element between electrons localized in thdem- We consider the case when electron and hole are at the

QD and electrons in the matrix, having the form ground quantum-well level; other levels can be taken into
account without any difficulty, but this does not change sig-

nificantly the results obtained.

To simplify the calculations, we assume that carriers in
the barrier region are distributed in accordance with the Bolt-
zmann distribution. This is true for holes in virtually any
\/Fno case, and for electrons when their density does not exceed at

kaT

exp(—k|ry—rs|)
€[ry—ry|

W:<‘I’f(|’1,r2) ‘Pi(rl’rz)>v 2

wheree is the dielectric constant and

(3)  least 188 cm 3. Use of the Fermi distribution does not lead
to any significant changes.

is the Debye wave vector amg is the particle density in the Figure 2 presents the dependence of the inverse time of

matrix. Auger recombination, ¥, on the QD radius at room tem-

W ¢(rq,r,) are the wave functions of the initial and final perature T=300 K) and constant electron density in the bar-
states of the system. In a single-particle approximation, theyier region (=10 cm™3) for an Auger process involving
are products of the wave functions of electron and hole loa free electron. This process dominates over that involving a
calized in a QD by wave functions of carriers in the barrierfree hole. This is due to the fact that, in energy transfer to the
region. A diagram corresponding to this process is presenteldole, the momentum transferred exceeds that in the case of
in the inset of Fig. 1. energy transfer to an electron by approximately a factor

In what follows we use the atomic system of units. We \/m;,/m..
are interested in the ground dipole-active state of the The nonmonotonic dependence ofrd/on R is due to
electron-hole pair, since it is from this state that the majorthe dependence of the overlap integral of the electron-hole
part of emission from a QD occurs. The wave functions ofpair on the QD radius. The hole effective mass exceeds that
particles localized in the QD, used to calculate the matrixof the electron, and, consequently, the hole wave function is
element of the Coulomb interaction, are obtained in terms o¥irtually entirely localized within the QD. At smalR, the
the multiband Kane model for a spherical QD of finite electron wave function partially penetrates into the barrier
depth® region. With increasing, the overlap integral grows and, at

The Coulomb interaction between the electron and holea certain radius, reaches its maximum value. Further, the
is disregarded since we are mainly interested in small QDsoverlap integral starts to decrease because of the delocaliza-

In our case, it suffices to take planar waves as waveion of the electron and hole wave functions. Figure 3 pre-
functions of carriers in the barrier region. Substituting thesesents the maximum %4 value as a function of temperature.
wave functions in the matrix element of Coulomb interac-As expected, X, grows with increasind’, which is due to
tion, we pass to a Fourier transform and, making some rea@an increase in the phase volume of carriers in the barrier

rangements, represent it as region.
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6x10° - provided thatr,<rtgr. With increasing temperature and in-
- " jected carrier density, the threshold current density of a laser
] / grows owing to the appearance of an additional component,
4x10° - s Auger current.
1 n,=10"cm To conclude, we have shown that, in a QD heterostruc-
~ 310" R=9nm ture there exists, together with others, one more process of

mos_’ nonradiative recombination, which may compete with the
] well-know recombination processes and can strongly affect

1x10° 1 the threshold characteristics of QD lasers and govern the
l lifetime of nonequilibrium carriers.

1, (s”

04 [ ] . . .
, I . Such an Auger recombination process affects the maxi-
0 s 0 1% 200 250 300 mum power of QD lasers. With increasing curreie.,
Temperature (K) growing carrier density in the barrier regiothe probability
FIG. 3. Probability of nonradiative recombination of an electron-hole pair in Of nonraQ'at'Ve Au_ger recombination of carriers in a QD be-
a QD vs temperatur®. R=9 nm, n,=10'® cm3. comes higher, which reduces the quantum efficiency of the

laser and puts limitations upon its output power.
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