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Geometry dependence of Auger carrier capture rates into cone-shaped self-assembled
guantum dots

I. Magnusdottir, S. Bischoff, A. V. Uska¥,and J. Mark
COM, Technical University of Denmark, Bldg. 345w, DK-2800 Kgs. Lyngby, Denmark
(Received 11 December 2002; published 30 May 2003

We calculate carrier capture rates into cone- and truncated-cone-shaped quantum dots mediated by Auger
processes. It is demonstrated that the capture rates depend strongly on both dot size and shape. The importance
of phonon-mediated versus the Auger-mediated capture processes is discussed.
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[. INTRODUCTION examples of such a process are illustrated in Fig. 1. The left

panel shows capture of an electron by scattering with another

The electrical and optical properties of quantum-@b) electron. The right panel shows capture of a hole by scatter-
structures have been studied intensely in recent years. THad With an electron. In another type of procesge Il) a

growth technology for such structures has matured very rapi/L €lectron(hole) is captured by the QD while a QD hole
idly, leading to the realization of lasers based on Self_(electror) is excited out of the dot into the WL. The capture

assembled QD's with record low-threshold current Process of type Il has been shown to yield capture times

" . 3 . close to 1 pgcounting spin degeneracgt carrier densities
densitites and high output powér’ QD based optical am- 315 =2 ¢ only for a small interval of dot sizé8In the

plifiers may also have a number of interesting propefties. following we consider the Auger carrier capture process of
Carriers in such devices are pumped electrically to layergype |.

around the dots. They are then captured into the discrete

levels of the dots, where they relax to the lower-lying levels Il. MODEL

and recombine radiatively. These capture and_relaxation PO The carrier capture rate, i.e., the rate of carriers making a
cesses have been studied both experimentally anfansition from the WL to a QD state, can be determined by
theoretically,~** and have been considered to be mediatedtermis golden rule,

by Auger processeScarrﬁrl—zc:ﬁrrier interactiof®1%*® and X

carrier-phonon interactior:==*" In time-resolved photolu- _cm / 2

minescencéPL) experiments, carrier capture timéL rise R=7 spiz’onﬁg% %" % (. keVelke k(e o)
times are typically measured to be in the range of a few to °

several tens of p§1°~!"Relaxation by emission of longitu- X[1—f(e)]0(Ei—Ey), (1)

dinal optical (LO) phonons is an efficient mechanism in whereV, is the Coulomb interactiork, andk, are wave

sen(;!cct)néjuctotrs O.f thlghg,r ?;]mensmnah:ya ::o_r phonr(]) "vectors characterizing the captured and scattered carrier ini-
mediated capture into QD's, the range of dot sizes, wherg, statesk denotes the final state of the scattered carrier,

T e o oy 13l 5 e quantum-dot siate. Th S i
y aisp P d g. (1) is a sum over all possible spin configurations of two

energy is conserved in the process. Carrier capture times leteractlng particlesE; (E,) is the energy of the initialfi-
emission of one LO phonon have been calculated to be a few

. . 5 _511 nal state.
ps at resonance for carrier sheet density 10"° m~2.

Two-phonon mediated capture times have been shown to b For carrier sheet densities in the WL ranging up to values
P ap 5t n~ 10 m~2, the carrier capture rate can be written as
about an order of magnitude largér.

= 2 i i I 1 1 -
Auger carrier capture rates have been calculated for capR Cr, whereC is a proportionality constant. This is be

ture into a box-shaped dot embedded in a quantum well ki - ,
(QW),® a spherical dot,a truncated congand a cylinder- v ks
shaped dot® In this paper we report calculations of Auger kg . K, ‘
capture rates into InAs/GaAs cone-shaped self-assembled ok o
QD’s and study in detail the capture-rate dependence on the —_—
QD geometry. In particular, we identify a strong dependence v i
of the capture rates on the level separation between the
wetting-layer(WL) band edge and the dot level to which the
capture takes place.

Two types of Auger capture processes have been sug- ™
gested. One type of process, labeled typ2is, one where a ‘
WL electron or hole interacts with another WL electron or '%kc
hole, resulting in a carrier captured by the QD while the
other is scattered to a higher energy in the ™t Two FIG. 1. Auger capture processes of type I.
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(d,ke|Velke k)

= [ oo (0 by () 2

X j dzdz,05 (21) Ln(Z2) V(1= 12]) {w(Z1) Sl Z2) -
(4)

Due to the thin WL, thez-dependent part of the WL wave
function is assumed to the described by the ground state of a
one-dimensional QW. We can express the Coulomb interac-
tion in terms of a two-dimension&2D) Fourier transform as

FIG. 2. Cone-shaped quantum dot situated on a wetting layer of
thicknessd. h is the cone height;, the in-plane base radius ad
is the base angle. The cone can also be truncated, shown in the right
panel with a dashed line. The upper radius is labeled g}y, and
the height is then determined wy=tana(ro—ro min)-

cause the Fermi factori{e, ) andf(ey ) in Eq. (1) can be

approximated by a Boltzmann factor which, in turn, is pro-
portional ton. We can, to a good approximation, write the

factor[l—f(eké)]wl. This Auger coefficiertf will be la- Ve(|ri—ra)= I
beledC, where the indices indicate the type of the captured Amereori—ro|
and scattered carrier, respectively, with e,h ands=¢,h. €8s 1 e 1B (p1=p)

e_IBllzl_ZZ"

Note that the Coulomb matrix element in E@) involves a = =
. . 2¢,60S g B
sum over all possible spin states. In the case where the two +
particles are identical, an antisymetrization of the wave func- (5)
tions results in direct and exchange Coulomb integrals. We
neglect the interference term between direct and exchangeheree, andeg are the charges of the captured and scattered
Coulomb matrix elements. The direct and exchange termsarrier, respectively, is the dielectric constant ang is the
contribute equally to the total capture rate. permittivity. B, is a 2D wave vector in the plane of the WL
We model the QD’s by truncated or nontruncated conesind the normalization area of the WL is denoted Ve
with a finite confinement potential. The QD geometry is il- should mention that we have used the simplifying approxi-
lustrated in Fig. 2. The left panel shows a nontruncated coneation of an unscreened Coulomb potential. This transform
situated on a WL of thickness. The right panel shows the allows us to write the Coulomb matrix element from E4j.
dot parameters that are used for a truncated or a nontruncated

cone.
In order to calculate the eigenenergies and obtain wave (d, k.| Velks ke

functions of a relatively simple form, that can be used in

subsequent calculations, we use variational wave functions e 1 1

of the type presented in Ref. 11 in the effective-mass ap- T 266 S - TF(BL)

proximation. The states are characterized by the quantum

numberst andm, wheref — 1 is the number of radial nodes 22 B (e po) ok N
and m is an angular momentum quantum number that de- x f d%p10%pe B TRID (o) Py (pr)
scribes rotation around theaxis. We label states by S)

(m=0), [¢P) (m==1), [¢D) (m==*2),.... The QD XDy (p2) Py (p1), (6)

height is denoted b, the in-plane base radius by and the
base angle by. In the following we will present results for whereF(3,) is the form factor in which the part of the
capture into the lowest-lying energy statés) and|1P). wave functions is contained,

The QD wave functions are approximated by

V1) = Bo(p)(2), @  Fe= | [ anozlze pin g,
i.e., by the product of an envelope functigg, in the growth ™
directionz, and an envelope functioh, that depends on the
coordinates in the plane of the WL. We also approximate th
WL wave functions in the same manner,

As mentioned earlier, we model the in-plane part of the WL
Svave functions by plane waves. The integration gqwethus
gives

V(1) =D(p){u(2), )

where®d, is a plane wave and,, is thez-dependent part of
the WL wave function that is approximated by the solution to
a thin QW with the same confinement potential as the QD. Inwhich describes conservation of crystal momentum in the
the following we calculate the direct Coulomb matrix ele- WL continuum. We can therefore simplify the Coulomb ma-
ment. We have that trix element further into

f d2p2ei&'chp:é(pz)q)ks(p): OB, K —kg tS)
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8 g8l oﬁi ______________ ] 50 100 150 200 250 300 350 400
ag’ 10—19 8eh ............... ] AE [meV]
3 -20 D hh = - ~ .
< 10_21 SR : FIG. 4. The Auger capture coefficients for capture of electrons,
10_22 R C.. and C,, as a function of the energy separation between the
10_23 R ~—— . wetting-layer band edge and the energy level that the carrier is
10_24 - T captured into.
10
-25 . . .
18‘2'3 ‘ . . . . ferred to the scattered carrier, that is either an electron or
4 6 8 10 12 14 18 18 hole, is the same due to the energy conservation requirement.
Quantum-dot in-plane radius, r, [nm] However, due to the smaller curvature in the energy disper-

sion for the holes the mean “momentum transfer” so to say,
FIG. 3. The Auger capture coefficienBe, Che, Cen, Chnasa  (|ki—kg|), is in general larger for holes. The Coulomb ma-
function of quantum dot in-plane radius for carrier capture into thetrix element decreases with increasi|rhg— ks|, mainly be-

state|1S) (upper paneland|1P) (lower pane). cause the 1/, —r,| dependence of the Coulomb interaction
translates into a i, —k¢ dependence ik space. Further-
e? 1 F(ki—ky) more, the form factoF (k{—ks) decreases with increasing

(dike[Velks k)= 26,60 S k. —kd (ks—ks). Hence scattering by holes is in general less effi-

cient than scattering by electrons.
2 i(kemk!)- pers It is clear from Figs. 4 and 5 that for a given process the
X | d%peltss q)d(”)(bkc(”)' capture rate depends mainly on the energy separatien
and not so much on the type of QD state that the carrier is
© captured into. This can be understood in terms of the wave
Becaused)kc(p) is a plane wave, the remaining integral is fur)ctions. Thus, for a given energy separation, the charact_er-
essentially a Fourier transform of the QD wave function withistic decay constants are similar and hence.th.e wave function
respect to ke— k. +ky). overlaps that' enter the capture rate are swmlar. We can go
S s e even further in our comparison by considering capture pro-
cesses, where the scattered carrier is of the same type but the
captured ones are different. If we look@t, andC,, in the
Figure 3 shows the calculated Auger coefficients as dower panel of Fig. 3 for capture intdP) we see thaCpe
function of quantum-dot in-plane radius for carrier captureCrossesCee at ro~6.5 nm Cpe=Cee~8x 10" *' m'/s) and
into |1S) and|1P), respectively. We have sét=3 nm,a IS larger tharC..beyond this radius. An inspection of Figs. 4
=30°, d=0.33 nm,e,=12.5, andT=300 K. The confine-

Ill. RESULTS

ment potential is set to beV,=697 meV and V, 107°

=288 meV for electrons and holes, respectively. The effec- z Hole capture
tive masses are set to b& =0.07my andm}, =0.34m,. The E 10 b

results in Fig. 3 show tha€ s> Cen and Cpe>Chy, i.€., for 5 -\0\7""'"‘“"
capture of a given type of carrier, scattering by electrons is in 5 w2t b T he
general more effective than scattering by holes. The same £ St

trends are seen if the coefficients are plotted as a function of § 2 ‘/\\
the energy spacing between the wetting-layer band edge and 5 10 Crh \
the quantum-dot energy level that the carrier is captured into. E: |§ I

This is shown in Fig. 4 for capture of electrons and in Fig. 5 1028 '

for capture of holes, where we have seE=E,, —Egq, 80 100 120AE1[?nOeV]16O 180 200

whereE,,, is the energy of the WL band edge agg is the
energy of the QD state. The more efficient scattering by elec- FiG. 5. The Auger capture coefficients for capture of holyg,
trons can be explained by assuming a given energy spacinghd C,,,, as a function of the energy separation between the

between the band edge and the quantum-dot level. For agetting-layer band edge and the energy level that the carrier is
incident carrier of given energ, the energy that is trans- captured into.
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10 Electron caf:ture ' Coo —— tron, into the first excited state of a quantum box of base
10 . Ceeén '''' 1 length 50 nm, has been found to Be=2x10's ! atn
1020 [ootog S A =10 m~2,% which givesC.e=5x102° m*/s. This coeffi-
102 TT—— cient could be compared to our results if we extrapolaig
10722 el : in Fig. 6 toa=90°. The results obtained in Ref. 6 give much
= 102 i higher capture rates. This may be due to a large overlap of
2 1028 e, i QW and QD wave functions because the QD is embedded in
E 10T the QW. In contrast, our approach assumes WL carriers with
o‘_’ 10 e in-plane wave-function components that are unaffected by
E Hole capture c ?% _____ th_e dots. In reality, the wave fu_nctions of con_tinuum carriers
g o0 heChh ,,,,,,,,,,,,,,, ] will be perturbed in the proximity of dots, which may even-
2 . tually lead to quasibound states that may alter the scattering
o 1020 b ratel®
[) S——
2 IR If the coefficients of Fig. 6 are plotted versus the energy
< 10® R e separationAE we obtain coefficients very similar to those
I e R N S S obtained in Figs. 4 and 5. In particular, capture into a trun-
10 cated or nontruncated cone for a given procgssdepends
1023 solely onAE. This demonstrates that the dependenc€ qf
10 20 30 40 50 60 70 80 on AE is strong and our investigations indicate that the cor-
Base angle, o [degrees] respondence is nearly one to one for a given type of process,

at least for the confinement potential and particle masses that

FIG. 6. The Auger coefficient€,. and Cy, plotted versus the \ye have used here, and within the approximation of the
base angle for a truncated and nontruncdted’ ) cone with in-  y,5riational wave functions that we have used.
plane radiug =7.5 nm. The height of the truncated cone is setto  \ye have also computed phonon-mediated capture by
beh=3 nm. emission of one longitudinal opticdLO) phonon for a trun-

cated cone. Details of the model may be found in Ref. 11.

and 5 shows that this crossing point occurs at approximatelpue to the energy conservation requirement, the energy of
the same energy level separatidE~100 meV. The slower the QD level that is captured into must fulfifg> Ey,
decrease ofC,, compared toCee in Fig. 3 hence simply —7w o, wherefiw o is the LO phonon energy. We assume
reflects the fact that the energy separation from the WL inhere that the LO phonons are dispersionless. In strongly con-
creases more slowly with increasimg for the hole levels fined self-assembled QD’s, the energy of the QD states de-
than for the electron levels. The results in Figs. 4 and 5 alsereases quickly with increasing dot size. Due to this and the
explain why the coefficients found here decrease much fastejtringent energy conservation requirement, single-phonon
with dot size than in Ref. 10, where the energy spacing becapture processdsmission of one LO phongrare only al-
tween the WL band edge and the QD level is held constanfowed for a small range of dot sizes. However, at resonance,
The oscillations ofC s with dot size, that were found in Ref. they are very efficient. The capture tirfiaverse of the cap-
10 for capture into the ground state of a cylinder-shaped doture rat¢ has been shown to be 1 ps atn=10" m~2 for
but are absent here, arise because the in:plane wave fungne-phonon processes at room temperature. Two-phonon
tions are approximated by solutions to the Sclimger equa-  processes have been shown to give slightly longer capture
tion with an infinite confinement potential. times!* For two-phonon processes, the energy of the QD

We show in Fig. 6 the base-angle dependenc€gffor  level that is captured into, must fulfilE;>E, —2%w o
capture intd1P) for a “regular” cone and a truncated cone. (AE<2hw, o), i.e., capture is allowed into levels that are
The base radius is constang="7.5 nm, and the height of the lying too deep to be reached in a single-phonon process.
truncated cone if=3 nm. The upper panel shows capture Hence the dot size interval, for which the two-phonon cap-
of electrons and the lower panel capture of holes. Increasingire process is allowed, is larger than for single-phonon cap-
a corresponds to approaching a cylinder-shaped dot ( ture. At resonance for single-phonon electron capture, we
=90°) and increasing the dot volume. This means that th@lot the Auger carrier capture rates and single-phonon cap-
states become more deeply bound to the dot which leads tore rates in Fig. 7 as a function of carrier sheet density. For
decreasing coefficients. We show results upxte 75°. No  the dot geometry that we study here, the hole level is too
variational solution can be found beyomd=75° with the  deeply bound to be reached in a single-phonon process. We
trial functions that we use here. At larger the coefficients therefore only show electron phonon capture. At low to mod-
Cee and Cy, for capture into a nontruncated cone decreasesrate carrier densities, phonon capture is proportional to
faster witha than the corresponding coefficients for capturebecause only one carrier is involved in the capture process.
into a truncated cone. This arises mainly because the wava contrast, Auger capture of the type that we investigate
function for a nontruncated cone is localized farther awayhere, is proportional tm? because two WL carriers are in-
from the WL (it is more deeply boundhan for the truncated volved in the process. It is clear from Fig. 7 that phonon-
cone, and this gives lower overlaps of QD and WL wavemediated capture processes dominate over Auger processes
functions. for densities ranging up te-5x 10'® m~2. Again, however,

The capture rate of an electron, by scattering with an elecit has to be emphasized that phonon-mediated capture is only
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10* Auger (o) —e— band edge and the higher-lying dot levels, which, in self-
assembled QD structures, varies due to the inhomogeneous
10? broadening. Such processes may therefore be competing due
7 10 to the variation inAE from dot to dot.
= In conclusion, we have calculated Auger carrier capture
g 102 rates to the QD ground state and the first excited state. We
L have shown that the capture rates are larger for smaller dot
B 44 sizes and that they decrease very quickly with the dot size.
© 3 We have shown that Auger capture rates depend very
108 - strongly onAE, the energy level separation between the WL
5 band edge and the QD level into which capture occurs. For
10 oh RE 1075 o7 the confinement potential and effective masses that we have
Carrier sheet density. nyp [m] used here, the Auger coefficients were shown to depend

) solely onAE when in-plane QD radius or base angle were
FIG. 7. Auger carier capture rates of electrons and holes bY,, e Capture by scattering of electrons is in general more
scattering of electrons compared to capture of electrons with EMIfficient than scattering by holes. The largest coefficients are
sion of one LO phonon. We have sg=5.4 nm,h=3 nm anda . _ 50 4 .
=30°. The Auger coefficients are found to b€.=5.2 in the rangeCce~5x10 r‘ln /f' which cqrresponds o a
X102 m*s andC,=9.0x 102 m%s and the phonon-assisted capture gateizof about 10" s* (capture time 2 psat n
capture constant to b&,=1.0x10 3 m?/s. The dotted line indi- :3X_101 m~<. We used the same model for the QD wave
cates the approximate level of two-phonon capture. functions to calculate phonon-assisted capture rates and com-
pared them to Auger capture rates. Single-phonon capture
effective in narrow ranges of QD radii. Two-phonon capturerates were shown to be dominant over Auger capture rates
rates have been shown to be about one order of magnitudghen single-phonon processes are energetically allowed.
smaller than single-phonon capture raté3hus the rateR ~ However, due to the relatively large variation A4E due to
=0.1AN, whereA, is the phonon-assisted capture constantthe inhomogeneous broadening in self-assembled dots, we
is also plotted in Fig. 7 to illustrate the order-of-magnitudesuggested that multiphonon- and Coulomb-mediated pro-
estimate for the two-phonon capture rate. We see that Augéiesses both contribute to capture.
capture rates only exceed the two-phonon-assisted capture
rate atn~10* m~2. In view of the trends in the capture
rates when going from single-phonon to two-phonon emis-
sion, capture rates by multiphonon emission are expected to The work of one of the authok#\.V.U.) was supported by
be lowered with increasing number of emitted phonons. Athe Russian Federal Program IntegratidRroject No.
the same time the size range, where these multiphonon préx0155), by RFBR (Project No. 01-02-17330 by INTAS
cesses are possible, increases. The energy level spa&ing (Project No. 2001-0571 by the Danish Research Council
can in many cases be rather large, maybe on the order of 10@ithin the framework of program SCOOP, and by the Otto
meV. Therefore such multiphonon processes can play an imMoensted Foundation. R. Ferreira is gratefully acknowl-
portant role in the capture mechanism into dots. The effiedged for supplying the program code used for calculating
ciency of Coulomb- versus phonon-mediated capture henctiae variational wave functions. Bjarne Tromborg is gratefully
depends largely on the energy level spacing between the Wacknowledged for fruitful discussions.
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