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Elastic scattering of excitons by excitons in semiconducting quantum-well structures:
Finite confining-potential model
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We have calculated the cross sections of excitons due to elastic scattering by other excitons in semicon-
ducting quantum-well structures of various widths using a finite confining-potential model. In quantum wells
whose widths are comparable to the exciton Bohr radius, the behavior of the elastic-scattering cross sections
shows trends similar to predictions based on a two-dimensi@&)l model. However, interesting quasi-3D
features are revealed in narrow quantum wé¢B0163-18207)08916-9

As an important feature of the optical spectra related to 1
excitonic transitions, the exciton linewidth in quantum-well Uni(FniiZn,Z) = —=dn(Z0) di(Z) i1 i zn,z) (D)
structures has been extensively studied both theoretically and VN

. _3 . . .
exper|r_nentaIIy1. However, the Iinewldth broade'ning due to in a well of width L, where ,i)=(a,1) for excitonA and
scattering of excitons by free carriers and excitons has no&‘) 2) for excitonB
been adequately addressed, even though these mechanisms§ '

contribute significantly to the linewidth broadening in situa- cogkz), |z|<L/2

tions where high densities of free carriers and excitons are o i):i 2)
generated, and when the scattering of excitons by optical and Aexp(—qilzi]), |z|>L/2

acoustic phonons is reducéd. fori=ab.12 and

Theoretical calculations have been carried out to investi-

gate the exciton scattering problems using two-dimensional - N [z VY
(2D) models®® and quasi-2D models with infinit® and Gni(Thi 20, Z) = XP(— aniVI i+ ¥ni(Za—2)%), (3
finite™* confining potentials for the free-carrier—exciton scat-\yhere ayi, yn are variational parameters, and the are

tering problem. Since the exciton linewidth and the scattery, n1ane vectors. The interaction potential can be written as

ing cross section are strongly correlated, the obtained cross

section is useful in understanding the linewidth broadening. 2

: . e 1 1 1 1
In the present work, we extend our study to exciton-exciton Vi=—| —+——-————], (4)
(exc-ex¢ elastic scattering, using the finite confining- €\ |panl |p1d |pazl Pl

potential model(FCPM). We confine our calculation to a -, .
simple two-body problem, treated within the Born's approxi-Where thepj’s are 3D vectors between the particlés
mation, the validity of which has been discussed betbre. (=&1) andi (=Db,2). o1 _

For a typical well width about the order of the exciton Bohr _ USing the quasi-2D fo_rmahsﬁ?; the wave functions
radius @g), the excitonic properties are dominated by the(l), and interaction potentid#), the elastic scattering ampli-

in-plane masses of the carriers. Therefore, in the presefde can be written as the sum of contributions due to the

study of quasi-2D exciton collisions, though we have as/nteraction between thiih andlth particles :

sumed an isotropic effective ma@e both the well and bar-
rier regiong for simplicity, it should be approximately inter_— f(g)zz f:(6), (5)
preted as the in-plane mass of the carrier. Following X
Elkomoss and Munschyin their treatment of exc-exc scat-
tering in bulk semiconductors, we will consider only the
symmetry effect when the two excitons involved are identi- ) )
cal, and neglect the exchange of carriers. While exchange N exli”T/“)j T N

. : . i(0)=*—————] dRexdi(ko—k)-R]{ =},
effects have been shown to be unimportant in bulk exciton ehi2\2mk | puil
scattering:®> one would expect the enhancement in exciton
binding energy and reduction in exc-exc correlatfan the ) ) ) )
quantum-well structure to further reduce the probability of2nd( ) denotes integration over internal coordinates of both
interexciton carrier exchange, especially for exc-exc elastiexcitons.kg andk are the relative wave vectors between the

where

scattering. excitons before and after collision, respectively, antg the
The wave functions used for the excitoA§l,a) and reduced mass of the two-exciton system.
B(2,b) (where 1,2 are electrona,b are holeg are The differential cross section is then given by
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(b) scattering Angle (de9) FIG. 2. The total elastic cross sections withgaitand with (b)
account of the symmetry effect, for scattering of identical excitons

FIG. 1. The diff ol elasti ) i q of mass ratio 0.15, are shown as a function of well wittfand
. 1. e differential elastic cross sections withgat an initial relative wave vectoks.

with (b) account of the symmetry effect, for scattering of identical

excitons of mass ratio 0.15, are shown as a function of center-ofsmgallerg as the initial energy increases. When the symmetry

mass scattering angteand the initial relative wave vectd, fora  effect is considered, the differential cross section is symmet-

well width of 1.0a5 . ric about§= /2 and are generally larger than that without
the symmetry effect.

) The corresponding total elastic cross sections are shown
in Fig. 2, as functions of well width. and initial relative
wave vectorky. The total elastic cross sections are generally

for two excitons that are distinguishable and larger by a factor of~3-4 when the symmetry effect is
considered. The behavior of the total cross section as a func-
tion of L andky, however, remains the same as in the case

(8) without the symmetry effect, except that the peak in the total
cross section is slightly shifted towards higher incident ener-

if the two excitons are identical. The total elastic cross secgies. These characteristics of excitons under confinement are

tion is obtained by summing the differential cross sectionsimilar to that of bulk exciton&?

over all scattering angles numerically. For typical well widthsL~(0.5—1.6)ag, a trend similar

The differential cross section for scattering of identicalto previous calculations using the 2D matislfound for the
excitons of electron-to-hole mass ratim{/m;,) of 0.15, is  total elastic cross section as a functiorkgf However, in the
shown in Fig. 1. When the symmetry effect is neglectedpresent FCPM, the position of the peak in the elastic cross
large-angle scattering dominates at low energies, and fasection is found to be also dependent lonand shifts to-
higher energies, the differential cross section increases wittvards smallek, asL is increased.

increasing center-of-mass scattering angle {ntil a peak is The total cross section decreases withintil it reaches a

reached, after which it decreases with further increase. in minimum. At smaller well widths, the total cross section

The peak in the differential cross section shifts towardsncreases sharply with any further decreask.isuch a phe-

k 2
0(0)=k—o‘l§i) f1i(6)

2

k
a(&)zk—olg fi(0)+f;(7— 0)
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nomenon was also seen in the elastic cross section of exci- o —
tons due to scattering by free carriétsThis is due to the

fact that in very narrow wells, the exciton wave function
penetrates into the barrier regions, allowing it to assume 15
characteristics similar to that of bulk excitons in the barrier.
It is also interesting to note the change in behavior of the |
total cross section, as it approaches a finite value when
ko—0 and thus a minimum in the total cross section gradu-
ally emerges in the low-energy range, which is typical of 3D
exc-exc elastic scatterifig.We thus attribute these features

in very narrow wells to the quasi-3D behavior of the exci-
tons.

The exc-exc elastic cross section also depends on the
electron-to-hole mass ratio. It was shown in the calculation
based on the 2D mod&ihat the cross section is a minimum
when the mass ratio approaches unity, and is larger when the
difference between the electron and hole masses is larger.
Using the FCPM, the calculated cross sections for elastic
scattering of identical excitons of mass ratio 0.8, including
the symmetry effect, are shown in Fig. 3. Similar behaviors FIG. 3. The total elastic cross sections, with account of the
but smaller total cross sections are obtained for the scatteringgmmetry effect, for scattering of identical excitons of mass ratio
of excitons of mass ratio 0.8 when the symmetry effect is0.8, are shown as a function of well width and initial relative
neglected, and thus not shown here. Comparisons of thgave vectork,.
cross sections shown in Figs. 2 and 3 reveal that the mass
ratio plays an important role in exc-exc scattering. For scat-
tering of identical excitons, the total cross section for a mass f:(0)o 1 I L )
ratio of 0.15 is about 4 orders of magnitude larger than that i Ak\/EX"X" '
for a mass ratio of 0.8. Also, the peak position in total cross

section is found to shift to lower energy for the larger massyhere Ak is the change in the relative wave vector ayld
ratio. The cross section obtained for scattering of two exci-

i . . . ) .
tons with mass ratios of 0.15 and 0.8 is intermediate in trendggge)é aig gg;?g}ﬁgtgg I?;iggtlir&%|§Virotrh§)(:mp;?: e coord
and magnitude between those for scattering of identical ex- ' ' '
citons, and is not shown here.

To better understand the behavior of the total cross sec- I _ daarap, (10)
tion and the emergence of the quasi-3D behavior, we note Xab™ (kKpo) 32
that each term in the scattering amplitude given in .

can be further written as and

Xab= f 02,020 2,02,$7(21) $2(22) $3(2a) $5(2) [ 11 Yarkar 22 = Zal 11+ Vyoka| 22~ 2]
X exXp{ =V ¥a1Ka1|21 = Za| = V¥n2Kbal 22— 2o |t exp( — AK[ 2, — zo), (11)

wherekni=[4aﬁi+(Akmi /(mi+my))?] (i=1 or 2).

The expressions for the other terms are similar, with the f(0)x
only differences being the mass factors and”the argument of A \/E
the last exponential factor iy*. Therefore,x' can be re- . .
garded as tF;we contribution t(?the scatteringXampIitude due tyhereki=[4a’+(Akm /(me+mp))?] (i=e.h). This is ac-
the motion of the particles in the plane of the well, apd tually equalent .to' approximating the conflnement of the
due to the interactions and behavior of the particles in théarticles by an infinite well, such that no penetration of wave
growth direction. For typical well widths-(0.5—1.6)ag, functions is aIIowgd into the_ bz_;\rrler regions ar_ld the particles
the exciton is confined almost entirely in the quantum wellcan be characterized by similar wave functions along the
and its behavior is essentially two dimensional. The effecdirection of confinemen We note that Eq(12) is function-
due to interactions along the growth direction is thereforeally similar to the elastic scattering amplitude in the 2D
less important. In the extreme case, we may ignore the difmodel? differing only in the units used fakk. This explains
ferences in theg/- terms such that they will contribute to the the similar behaviors in the total cross sections obtained us-
scattering amplitude only a multiplicative factor. Then theing the 2D model and the FCPM far~(0.5— 1.6)ag .
scattering amplitude for identical exciton scattering, neglect- For very narrow wells in the quasi-3D range, the exciton
ing the symmetry effect, can be written as wave function penetrates appreciably into the barrier regions

Xi{k;3/2_ kES/Q}Z’ (12)
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along the direction of confinement, and tge terms are no  due to scattering by free carriefsit is found that the cross
longer neccessarily the same. In the 2D model,)(thterms section for identical exc-exc scatteriigoth with and with-
cancel, leading to a vanishing total cross section whemut the symmetry effegtis larger than that for electron-
Ak—0. However, in the FCPM, the significant differences exciton scattering, but smaller than that for hole-exciton scat-
in the x* terms could surface when the effect of tleterms  tering, for a mass ratio of 0.15, in agreement with predictions
diminishes at smalk,, leading to increased cross sectionsfrom the 2D modef® The smaller exc-exc scattering cross
and the emergence of a minimum in the total cross sectiongections compared to hole-exciton scattering could be caused
We also see that in the case of scattering between excitonsrgs/ cancellation of the scattering amplitudes between the
larger mass ratios, due to the close values of the electron anfectron and hole within the incident exciton. For the case of
hole masses, the difference in the terms becomes less scattering of identical excitons of mass ratio 0.8, the cancel-
S|gn|f|cant._Th|s results in a much smaller increase in totalation in the scattering amplitude is more severe, due to the
cross section at smak, and hence the minimum is not ¢|,qe values of the electron and hole masses, and thus leads

prominent. to much smaller cross sections
When the present total cross section is compared with that '
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