Auger carrier capture kinetics in self-assembled quantum dot structures

A. V. Uskov® and J. Mclnerney®
Department of Physics, National University of Ireland, University College, Cork, Ireland

F. Adler, H. Schweizer, and M. H. Pilkuhn
4. Physikalisches Institut, Universit&tuttgart, Pfaffenwaldring 57, D-70550 Stuttgart, Germany

(Received 26 August 1997; accepted for publication 3 November)1997

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 nm19@8 American Institute of Physics.
[S0003-695(198)01501-7

Self-assembled quantum dot semiconductor lasers wefigon and hole binding energies a¢g, and ey, (~0.05-0.1
realized during the past few yedrs,and continue to attract eV, hence the binding energies relative to the wetting layer
much attention due to their interesting physics and potentiaghre Ae,=(epe—ewe) and Ae,=(epn—ewn), With Aep
applications. In these lasers, carriers are pumped into barrieisAe,. We consider two types of Auger capture processes:
around the self-assembled deBADs) and are then captured in process |, for instance, a 2D electr¢fig. 1) or 2D hole
by the SADs, and relax via OD energy levels to the low-lying[Fig. 2(a)] in the wetting layer collides with a 2D electron
lasing ones. These relaxation processes can strongly affeghd is captured by the SAD, the other 2D electron being
laser characteristics such as threshold current, efficiency, angtattered into a 2D state in the WL with higher energy. Simi-
modulation CharacteristiCS, and are Currently under intens%r processes of this type occur invo'ving 2D holes. In pro-
study/~*? While in quantum well lasers, fast carrier capture cess 11, a 2D hole is captured by the SAD due to Coulomb
and relaxation are mediated by carrier-LO phonon interacscattering with a previously captured electron, the electron
tions, in quantum dotQD) structures, carrier relaxation via peing excited into a 2D state in the WEig. 2(b)]. Let us
LO phonon scattering is highly improbable due to the dis-note that since\ e;,> A e, the process when a 2D electron is
crete feature of the QD energy levels and the fixed energiegaptured with simultaneous excitation of a hole from a 0D
of LO phonons. Nevertheless, fast relaxation with charactersate in the SAD to a 2D state in the WL is a process of
istic times of tqg order of 10-100 ps has been observeghermal excitation of the system. We assume further that the
experimentally” the relaxation being ascribed t0 cparacteristic energieSe,, Aen, (Aen—Aey) in the Au-
multiphonon-carrier interactions and to carrier-carrier Cou—ger processes under study are much larger than the thermal
lomb interactiongAuger processgsThe importance of Au-  gnerguk, T (whereT is the carrier temperature in the WL
ger relaxation in QDs has already been discus$étin this a4 the Fermi levels in the WL, and consequently we neglect
letter, we study Auger carrier capture in SAD structures, foriha effects of thermal excitation processes.
mulate Auger carrier kinetics equations, obtain simple ex-  \with these simplifying assumptions, the Auger carrier

pressions for the Auger coefficients, and estimate variouggny e kinetics in the SAD structure can be described by the
characteristic times for Auger capture. rate equations:

We consider Auger carrier capture processes in InAs/
GaAs self-assembled quantum dot structures. Generally in

experiments, the carriers which are injected electrically or v
optically into the GaAs barriers, and are free to move in 3D,

are captured very rapidly by the lower-band gap 2D wetting e €pe
layer (WL). We may therefore assume that the carriersare | || | [y
effectively injected directly into the WL, and then they are

captured by the SADs or recombine in the wetting layer. In
the following analysis, we consider only Auger capture
events involving electron and hole ground states in the
SADs. (This simple model can readily be generalized to take
into account other SAD energy level3he binding energies
of the electron and hole statésee Fig. 1 are represented by
€pe and epy,, respectively. In typical INAs/GaAs SADsgpy,

> €pe, and (epp— €pe) =0.1-0.2 e\® In the WL, the elec-

SAD

FIG. 1. Schematic energy band diagram of a SAD structure. The self-
assembled dotSAD) is separated from the wetting lay&V/L) by a thin
dAlso with Lebedev Physics Institute, Leninsky pr.53, 117924 Moscow,barrier. For example, two 2D electrotispen circleg collide in the WL,

Russia. Electronic mail: alexusk@sci.lpi.msk.su resulting in one of them being captured by the SAD and the other being
YAlso with the Optical Sciences Center, University of Arizona, Tucson, AZ promoted to higher energy in the Witype | process, see the tgxThis
85721. process is characterized by the Auger capture coeffi€gnt
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the dipole approximation in calculating the transition matrix

41 A elements. Starting with Fermi’'s Golden Rule we obtain the
T \ T differential cross sections for Coulomb scattering of the car-
riers, the integrated cross sections, and finally the Auger cap-
ture rates. In accordance with our assumption of moderate

carrier temperatures and densities, we neglect the initial en-
/ / ergies of scattered carriers in comparison with the character-
— - - — istic energies of the Auger processes. We have also asSumed
that the SADs have uniform cylindrical shapes with height
(a) (b) and diameteD. As result of these simplifications, we de-

FIG. 2. (a) Auger capture process of type | represented by the coeﬁiciemrllvled th_e fOIlOWIhg expressions for the Auger capture coef-
Cpe: @ 2D hole collides with a 2D electron, and is captured by the SAD, thefllCIENtS:

2D electron remaining in the WIL(h) Auger capture of type Il characterized 4 2 2
by the coefficienB;,.: a 2D hole is captured by the SAD due to Coulomb B, = mee . D_ . (kpt Kw)
interaction with a previously captured 0D electron; the latter is excited from he 4§glh36(2)62 H?2 KI‘:‘) K\ZN
the SAD into the WL.
J5(and12) ,
dn [(anD) (42, )71 ®
4t =~ BUMeNn+ Bpenfe(1— f)Np — CedZ(1 .
mme* D2
~fe)Np— Celenn(1— fo)Np+J, (1) CoTr2nmidd H
df 2
e =~ BTl Bryfe(1 1)+ Can 31— fo) rowlio 2wt 20"
gs(kwtds)“(kp+ kwtds)
+CeeNn(1—fe), 2 y J2(qsD/2) ©
dn D)%/(4&01)°—11%"
d—th:_B(/?/ M= Brdnfe(1—f)Np— Cprnfi(1 L(a:D)"/ (4400 _] _
wherem, represents the effective masses of scattered carriers
—f1)Np— Cpdinne(1— f)Np+J, 3) in the W'L (with s= g,h); € is. the vacuum permittivityg is
the relative permittivity;Jo(x) is the zero order Bessel func-
dfpy o 5 tion of the first kind andy;,=2.4 is the value of its first root;
dat B5 fefn+ Bndlnfn(1—f) + Cran(1— 1) Ohe= V2My(A €,— A €.)/% is the wave number of an electron

excited into the WL as a result of a process of type I, while

+ ChenNe(1—Tp). 4 q.=2mAe# is the wave number of a scattered carrier
Heren, andn,, are the 2D densities of electrons and holes inwhich has received an energy incremart, from a captured
the WL respectively,f, and f,, the respective occupation carrier(with c=eh), Wis the thickness of the WLy and
probabilities of the electron and hole levels in the SADs Ky are the, respective, characteristic decay constants of the
the pumping rate andlp is the number of SADs per unit wave functions in the GaAs barriers surrounding the SAD
area. The first terms on the right side of E($—(4) describe and WL, which depend on the carrier binding energies. Fi-
the recombination of electrons and holes in the WL and imally, the functionF is given by the integral
the SADs, the second terms describe Auger hole capture of - Jo(u)
type 1l, while the third and fourth terms describe type | Au- F:f du ————
ger capture. The terms with the coefficieftg (wherec or 0 (U/go)"—1
s=eg,h, wheree represents electrons amdholes describe 1+[2u/(kp+ Ky) ]D
Auger processes in which a 2D carrighe captured carrier X . @
¢) collides with another 2D carrigthe scattering carries) [1+(2u/xpD)J[1+(2u/kwD)]
and is captured by the SAD, the scattered carrier gaining From Egs.(5) and (6), we find that the Auger coeffi-
energy but remaining in the WL. In general, the Auger cap-cients depend strongly on the SAD diameier they oscil-
ture coefficientsB;,, and C depend on the carrier densities late and decrease asDF at largeD (see Figs. 3 and)4
ne and n, but within our assumption of moderate carrier These results were plotted fdd=5 nm, ep,=0.2 eV,
temperatures and densities these dependences may be é&,=0.3 eV, €,.=0.03 eV, ,,=0.05 eV. Values of the
nored. In effect, the above representation of the Auger capeffective masses have been taken from Ref. 9. Figure 3
ture rates can be considered as a truncated expansion in poshows that Auger capture due to scattering by electt@ys
ers of the carrier densities, and in this form it may have veryresented by the coefficien@,.. andC are more effective
general significance for the description of Auger carrier ki-than those involving hole scatteringoefficients C,;, and
netics in quantum dot structures. Next, we provide the result€,,). ForD=10-15 nn>'°where the Auger coefficients are
of our calculations of the Auger capture coefficients. close to their maximum valud,.=3x 10 * m%s andC,

Our calculations have followed the approach of Uskov=2x10"2° m?s.

et alX® in calculating Auger carrier relaxation via 0D energy From these values, we can estimate various Auger cap-
levels in SADs, but unlike Ref. 15 we are not restricted toture times, a very important consideration for luminescence
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Finally, the efficiency of Auger carrier capture by SAD
can be characterized by the ratjoof the capture rate to the
full rate of carrier removalcapture plus recombinatipfrom
the wetting layer. Our present model gives

CNp

7= B+ CNp ' (10

Auger coefficient, C ., m%/s

R AT

which again depends dNp . InsertingB{s*~10 ¢ m?%s and
Np=10"-10'® m 2 into (10) gives »=0.9—0.99, indicat-
ing that there should be no carrier capture “bottleneck” in a
dense array of SADs.

In conclusion, we have formulated kinetic equations to
describe Auger carrier capture in SAD structures and ob-
tained simple expressions for the Auger coefficients. We
and laser dynamics. The luminescence rise time as found i2ve estimated the importance of the various processes, and
time resolved experimert® is defined by the QD level found characteristic capture times for time resolved lumines-
population rise time which can be expressed in accordancéence and lasing experiments, and the efficiency of carrier

dot diameter, nm

FIG. 3. The dependence of the Auger capture coeffici€pts Che, Cen,
and Cy,;, on the diameteD of cylindrical quantum dots for given binding
energies of carriers in the SAD.

with (2) and (4) as

1
7'risezc_nizna (8)
(whereC~ C.~C;,o and hence this time should be limited
only by the initial carrier density,, in the WL. Assuming a
typical range,n;;~10%—10® m~? gives a characteristic
time of 1-100 ps depending on the pump pow#On the

capture by the SADs. The latter estimates have shown the
possibility of highly efficient Auger carrier capture in SAD
structures.

This work has been supported in part by the Russian
Foundation of Basic Researches under Grant No. RFFI-96-
02-18051, the National University of Ireland—University
College Cork, and Optronics Ireland.

other hand, in lasing experiments such as those of Ref. 16,

the effective capture time which is given accordingly(1
and(3) as

1
Toan= =———— 9
capt CnND
(where we assuma~n.~ny), influences laser dynamics,
and this time also depends on the number denNity of
SADs per unit area. AssumingNp=10%—10'® and n
=10"-10" m2, we obtainTgg,r1-100 ps.

Auger coefficient By, 1074 m%s

0 R 1 . I R I ) !
10 20 30 40

dot diameter, nm

50

FIG. 4. The dependence of the Auger capture coefficiBpts on the quan-
tum dot diameter for given binding energies of carriers in the SAD.
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