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Exciton formation assisted by LO phonons in quantum wells
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Kinetics of exciton formation involving LO phonons is investigated in quantum wells. Considering the
formation of an exciton from a free excited electron-hole pair due to LO-phonon emission, an expression is
derived for the rate of formation of an exciton as a function of carrier densities, temperature, and wave vector
K of the center of mass of excitons in quantum wells, and the formation time of an exciton is also calculated.
The theory is applied to GaAs quantum wells, in which it is found that the exciton formation dominantly
occurs at;#0.

I. INTRODUCTION <20 ps after the creation of electron-hole pairs and sug-
gested that excitons are formed in states with large wave
The dynamics of excitons in semiconductor nanostrucvector(i.e., K #0). After the work of Dameret al,, several
tures plays a very significant role in the ultrafast excitonicgroups have reported the values of formation time of exci-
processes, which govern the basic performance characterigns in GaAs quantum wells. Apparently, different ap-
tics of optoelectronic devices fabricated from these strucproaches have been used to determine the formation time of
tures. Information on processes of exciton formation in suclexcitons experimentally; some grodgshave deduced it
nanostructures is, therefore, very useful in studying their opfrom the luminescence rise timeg, and some'®from the
toelectronic properties. When the energy of an incident phogyolution of free-carrier luminescence using phenomenologi-
ton on a nanostructure semiconductor is above its band-gagy| rate equations. Strobet al® have reported;=14.4 ps
energy, the photon gets absorbed and a free electron-hojg 5 Gaas double-quantum-well structure. Bl@nal® have
pair is excited. Such photogenerated eleciron-hole p"?“és “¥btained LO-phonon-assisted exciton formation timge
rela?< nonradiatively by emitting phonops and form excitons. _ ps and acoustic-phonon-assistee= 12 ps from their
Excitons thus formed can also dissociate back into electror\— . 11
; o -~ ~.luminescence data. Deveauet al.”~ have observedr;
hole pairs, form other excitonic complexes such as biexci-

tons and trions, or relax into other excitonic states through: 200 ps from their time-resolved exciton luminescence ex-

active participation of phonons. Such dynamical excitonicP®"ments. Robart al*? have obtained=<10 ps, and Ku-
processes are very complicated to study, because they d&@ar €t al:" obtained7;=50 ps. There have also bgen Sev-
pend on many physical quantities, such as densities of excgral values reported for the luminescence rise tie°e.g.,
tons, electrons and holes, temperature, and interactions ber~400 ps at an excitation density5x10° cm™ 27, rg
tween charge carriers and charge carriers, charge carriers afd25—40 ps at a quantum-well width,,=26 A° =g
excitons, excitons and excitons, excitons and phonons, and 70-160 ps, and 7r~100-350 ps;* depending on the
charge carriers and phonons. One of the most important ircarrier densities.
teractions in the dynamics of excitons is the exciton-phonon Theoretically, Thilagam and Singhhave calculatedr
interaction? and its influence can be observed experimen=>100 ps forL,=25-200 A by considering that excitons
tally in the exciton linewidth and dephasing tirié¢jme-  are formed by emitting an acoustic phonon via deformation-
resolved photoluminescenéduminescence rise tinfemo-  potential coupling. Selbmanret al'® have obtainedrg
bility of excitons?® etc. It has been suggestédthat at =50-150 ps in bulk GaAs using an ensemble Monte Carlo
excitation energies larger than the band-gap energy, a photapproach. By solving the Boltzmann equation for an 80 A
excited electron-hole pair can form an exciton first with aGaAs quantum well, Zhanget all’ have obtained r;
large total wave vectoK|, corresponding to its center-of- =108 ps (electron-hole densityng,=4x 10 cm 2 and
mass motion. The exciton then relaxes nonradiatively dowrelectron-hole plasma temperaturg,=50 K), 113 ps Q¢p,
to theK~0 state by emitting phonons, and finally it recom- =4x10"° cm 2 and T.,=80 K), and 192 ps rf{op=2
bines radiatively from thé&;~0 excitonic state by emitting x 10" cm™2? and T¢,=50 K). Gulia et al'® have studied
a photon to conserve energy and momentum. Therefore, ithe exciton formation and relaxation in GaAs quantum wells
exciton luminescence experiments, the information on theising a Monte Carlo simulation of the coupled free carrier
formation time of an exciton as a function of exciton waveand exciton. They have obtaineg=80 ps forL,=26 A
vector is crucial to study the luminescence rise time and 120 ps folL,=80 A. By analyzing their results of the
Experimentally, the first investigation of the dynamics of formation coefficient®!° they have shown that the exciton
exciton formation was done by Damenal.” in GaAs quan- formation processes in quantum wells at low carrier densities
tum wells. They found that the exciton formation time  are dominated by the LO-phonon emission during the first
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few ps after the photoexcitation. Recently, an attempt at calelectric constants. The motion of phonons is considered to be
culating the formation time of an exciton as a function ofin 3D space, whereas that of excitons is in quasi-2D space.
exciton wave vector has been made using the Fermi golden Assuming the plane of the quantum well as theplane
rule and fractional dimensional wave functihHowever, a  and introducing the center of mass and relative coordinates
comprehensive theoretical development to study the depemf an exciton in the plane of quantum wells as
dence of the exciton formation time on the wave vector of
the center of mass of the exciton has not yet been done. Ri= ael gt aply), |=le= T, 3

In this paper, we have derived an expression for the rat9vith
of formation of an exciton as a function of the wave vector of
its center of mass. The theory is then applied to calculate the
formation time of an exciton in GaAs quantum wells. Here
we have focused only on the exciton formation processes,
without considering the exciton relaxation processes, which . . S
are published elsewhef&??We have found that the forma- the interaction Hamiltonian in Eq1l) can be expressed as
tion process of an exciton in GaAs quantum wells is domi-
nant at a nonzero value & depending on charge-carrier Hi(r).Ry ,Zeyzh)ZE C[e'dl"Ri(e' *nd| Tl gidzZe
density and temperature and also that the behavior of the 9)92
formation of an exciton is very sensitive to the width of g T2
quantum wells. Our results demonstrate the square-law de- —e elllefenbytec], (9

pendence of the formation rate of an exciton on the excitayherez, andz, are the coordinates of the electron and hole,
tion densityn..,, which agrees very well with the observed (egpectively, in the direction perpendicular to the plane of
square-law dependence of photoluminescence on the excitgse quantum well.

tion density. This work is expected to be very useful in un-  \ye assume that in the initial state there is an electron and
derstanding the exciton formation processes, and in analyz heavy hole occupying their lowest subband in the quantum
ing the experimental data of exciton luminescence iNyg|| and then in the final state after the transition they form

qu?_rr]]t_um wells. ed as foll n Sec. I o a heavy-hole exciton in the lowest exciton band. The field

IS paper IS organized as 1o/ows. In sec. 1, we aveoperator{bg_h(RH .| ,Ze,2Zp) describing the simultaneous cre-
developed a theory to calculate the rate of formation of an tion of a pair of electrons and holesratandr. - respec-
exciton as a function of carrier densities, temperature, an ranp > e ho P

: . ively, in the quantum well can be written as
wave vectorK in quantum wells. In Sec. I, the numerical
results of the formation rate and time in GaAs quantum wells 1
are presented and discussed. "le—h(Rll T Ze.Zh) = 5 > e KRk gk (z,)
0 Kikj

* *

_ Mg _ My
Tk ah= *
M M

e s Mﬂ\— = mgH + m;:H s (4)

Il. THEORY OF FORMATION OF EXCITONS % d’ﬁ(Zh)am.ahKH—kHéZ,aEKH+kH' (6)

In this section, we develop a theory of the exciton—LO- . .
phonon interaction in quantum-well structures, suitable fohereA, is the 2D area of quantum wells ada,ahK”—kH and

studying the process of exciton formation. We assume tha}* adk; K, AT hole and electron creation operators in the va-
e

charge carriers are confined in quantum wells. The process ?fc’ . .
. . . . -~ _lence and conduction bands, respectively. The wave vector
formation of excitons is considered as a quantum transition

from an initial state of a photoexcited free electron-hole pairOf the center-of-mass motio; and the wave vector of the
elative motlonk” are defined in terms of electron and hole

to a final state of an exciton formed due to electron-hole and :
charge-carrier—LO-phonon interactions. wave vectork, andky, in the plane of the quantum well as

The Hamiltonian of a pair of electrons and holes or/and an
exciton interacting with LO phonons can be written by add-
ing electron—LO-phonon and hole—LO-phonon interactiong(z.) and ¢y,(z,) in Eq. (6) are, respectively, the electron
Hamiltonians a& and hole wave functions of their lowest-energy states of their
motions along the axis perpendicular to the wall of quan-
tum wells, given b§®

KH:keH_"th and kH:ahkeH_aeth .

Hi(re,rn) =2, C[(e'9Te—eld ™Mb +c.c], (1)
q

L
s N : A, cosk;z, <=
whereby is the annihilation operator of a phonon with wave ! 1 for |z 2
vectorq, r, [ry] is the position coordinate of the electron — #i(Z)= L
[hole], and Bie A"t for |zj|>EZ, i=eh,
- fheg/1 111 @)
C=ie 26V k. ko Q 2) where A; and B; are constants to be determined from the

boundary and normalization conditions ard, is the
Here,w o is the frequency of the LO phonoN,is the vol-  quantum-well width. In the initial state, the excited electron
ume of the crystale, is the permittivity of free space, angy and hole are regarded to be a noninteracting pfie
is the low-frequency and., the high-frequency relative di- electron-hole pajr
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By introducing the creation operatdi}&H of an exciton states with occupation numbef%e, f[}h, E:x, andng with

with center-of-mass momentum wave vedigrin the plane  their wave vectors,, Ky, Key, andg, respectively. A tran-
of the quantum well and with its wave functiog,  sition is considered to take place from the initial state to the

:(1/\/A—O)eiKH-R”¢X(rH)¢e(ze)¢h(zh)7 the field operatory,, ~ final state in which one free electron-hole pair changes into
describing the creation of an exciton Rf,ry,z,z, can be ~ a@n exciton due to Coulomb and phonon interactions. That

written as means in the final state the occupation numbers of states of
all four, free electrons and holes and excitons and phonons,
R 1 _ change by 1.
z//ZX(RH 1ZerZn)=—— > e "KIRIgx (r)) Using the Fermi golden rule and the interaction operator
\/A_o Kj in Eq. (10), the rate of exciton formation from a free

" * -t electron-hole pair involving a single phonon with wave vec-
X be (Ze) by (Zh)BKH' ®  tor g is obtained as

where ¢,(r), the 1s state exciton wave function in the

quantum-well plane, is chosen to be a trial wave function WK £ 0.0z kj—K))

given by 127 -
5 = A—07|CF¢(QH Gz K o 20—k
Prp)=\ - . ©) Xfie(KMtqqu”(fgﬁl)
with B being the variational parameter. 1 1
Using Eqs._(5), (6), and(8), the interaction Hamiltonian . X| ng+ Eii) S(Ey—Eenthwo), (14
for the formation of an exciton from a free electron-hole pair

due to emission or absorption of a single phonon can b

) . : Where the+ sign represents emission of phonon and the
written in the second quantized form as

represents absorption, and

e [ ar [ an [ dz | dzdbHden 2K 2
EXZW_Eb (15
[
1
0 AT 0
- \/A—o K“%qu C[Ff(CIn quakH)BK”bq and

B LSE T LT
2Mf 2ur

xdhv“h(qun)*kuacv“e('ﬂrqu”"H

e-h (16)

+F (0 Gz k) B Dy, (<, -0k
where E,, is the exciton binding energy angf (1/uf

X8c,ag(k+ap+iyls (10 =1/m+1/my)) the reduced mass of the electron-hole pair.

. As the time of formation of an exciton is relatively longer

where i, is the conjugate operator of E(f), and than that of the scattering of excitons, electrons, and H6les,
0 it can be assumed that electrons and holes are in the quasith-

F=(0),0z,K)) =[Fe(=02) Ga(kj = angq)) ermal equilibrium before and after the transition. With this

— Fp(*0,)G1(K T eq))]. (11) ahssumptlon, we ecan replace the occupation numbers
fah(Kuiqu)—ku and fae(K”tq”)-%—k” of hole and electron states,

respectively, by their thermal average values obtained from
the Fermi-Dirac distribution &3

HereF;(q,) (j=e,h) is a form factor obtained as

F, :J’ dz (z: Zeiquj, ':e,h’ 12
i(az) 1|¢1( 1)| J (12 ff-( [ elE 0 kaTy 1],
i

andG; is another form factor, obtained using the variational

wave function in Eq(9), as ,uj:kBTJ-In(ehz”“J’mﬁ\kBTi—1), i—eh, (17
Gy(k)+ aqH):J drH¢§X(rH)e‘(kH*“qH)'fH where x;, T, andn; denote the chemical potential, tem-
perature, and 2D density of electrons and holes, respectively.
g [ |ki+ agq| |2 _ap Also assuming that excitons and phonons are in thermal
= 1\ /_77[ [ +1 (13)  equilibrium as bosons before and after the transition, the oc-
B2 B cupation numbern,, of phonon andfﬁ’i of exciton states

The first term of Eq(10) corresponds to the formation of an €an be replaced by their average values obtained from the
exciton due to an LO-phonon absorption, and the secon§0Se-Einstein distribution as
term corresponds to that due to an LO phonon emission.

Here we consider a case where free electrons and holesNq=[€
excitons, and phonons are initially assumed to occupy their (18

tho/kBT_l]*l fﬁX:[e[E(K”)*,ue)J/kBTex_ 1]*1
1 “ L
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FIG. 1. The formation rate of an exciton in GaAs quantum wells  FIG. 2. The formation rate of an exciton in GaAs quantum wells
as a function of the center-of-mass wave vectoy for L, as a function of the center-of-mass wave vectoy for L,
=80 A, n.,=1x10° cm 2, and different temperatures, i.e., =80 A, n.,=5%x10° cm 2, and different temperatures, i.e.,
Ten=30 K (solid curve, T.,=40 K (dotted curvg, T,=50 K Ten=30 K (solid curve, T.,=40 K (dotted curvg T,,=50 K
(dashed curve T.,=60 K (dash-dot curve T.,=70 K (dash- (dashed curje T.,=60 K (dash-dot curve T.,=70 K (dash-
dot-dot-dot curveg andT.,=80 K (long dashed curye dot-dot-dot curvg andT.,=80 K (long dashed curye

where u., is the chemical potential of 2D excitons, afd ~duantum wells with a well W'dtoh Oh(-z_:2 80 Aanda charge-
and T, correspond to lattice and exciton temperatures, reSa/Tier density Ofnen=1X 10" cm “. For charge-carrier
spectively. The chemical potential., can be expressed in temperaturde,<30 K, the formation of_an exciton occurs
terms of exciton temperatufk, and 2D exciton densitg,, ~ doMinantly atk;=0, but for T.,;=30 K it occurs at non-

2t zero K;=0.0082< 10'° m~*. Our results indicate that first
the formation rate of an exciton decreases with increasing
_ a2 21(GMF KT ey Kj, and then it increases to a peak value at abidyt
Fex=KeTexIn[1—e e e, 19 _0.0082¢10% m~1, after which it decreases continuously
whereg is the spin degeneracy factor of 2D excitons. as the exciton wave vectd(| increasessee Fig. 1 The

Finally, the total rate of formation of an exciton with results of Fig. 1 are in agreement with those of Dareeal.’
wave vectorK is obtained by summing the rate in Eq4) that excitons are formed donjlnantlykéqpﬁo, but our results
over allk, q,, andg. The total ratéV, (K;) thus obtained ~also suggest that the formation process dependB.gnand
gives the inverse of the time of formatiom;(K|), of an  Nen- For instance, according to Fig. 1, an exciton can be
exciton with wave vectoK as dominantly formed atKH=O at low carrier temperatures

Ten=30 K for a carrier density ofh.,=1x10% cm 2.

1 However, at higher carrier temperatures, the situation can be
W=W+(Kn): > ) W(K)+qy,a;,kj—K)). different. For example, for a fixed carrier density of;,
Ao -2 (20 1% 10 cm™2, by raising the temperature tdley

=40 K, we find that the formation time;=133 ps atK|
=0, which is slightly slower tham;=118 ps found aK|
=0.0082<10"° m~*. Likewise, if the temperature is raised

We have calculated the formation rate of excitons in theurther 0 Te,=50 K, it is found again thaty ::1? ps at
[001] GaAs/AlsGa, As quantum wells by using the mate- K|=0 higher than7;=30 ps atK;=0.0074<10™ m"".
rial parameter asmf=my =0.0665n, (M,=9.10953 This trend seems to continue even at higher temperatures as
€| el . e e .

- Il (see Fig. 1
x107% kg), mf=0.11m,, mf, =0.3am, ko=12.9, k. ', _— :
~10.9, fiw, =362 meVZ andT=4.2 K. For simplicity, We have plotted in Fig. 2 the calculated formation rate of

] . . . . an exciton as a function of exciton wave vecty at six
we set the exciton wave vector in the direction of haxis, different carrier temperatures, from 30 K to 80 K, at a
i.e., Ky=Kx, which is not expected to cause any 10ss Ofcharge-carrier density ofi,,=5x 10 cm 2 in a GaAs
generality, because the exciton dispersion relation is CO“S'quantum-well widthL,=80 A. Although the dependence of

ered to be parabolic and isotropic in the plang plang of  he formation rate of an exciton on the center-of-mass wave
quantum wells. We assume that there are no excitons in thg.tor for Nep="5X 10 cm 2 is similar to that forng.,

system in the initial state, i.eff{ﬁzo. The densities of the =110 ¢cm 2, as it is clear from Figs. 1 and 2, the for-

photogenerated electron and hole can be considered to be thetion rates fom.,=5x10° cm 2 are relatively larger
same (i,=Nn,=nNy) in an intrinsic quantum well. We also than those fon,,=1x10° cm2.
assume that electrons and holes are at the same temperatureFigure 3 shows the formation rate of an exciton as a func-
e, Te=Tp=Ten- tion of exciton wave vectoK at T..,=60 K for three dif-

In Fig. 1 are plotted the calculated values for the forma-ferent well widths, 80, 150, and 250 A, and two different
tion rate of an exciton as a function of exciton wave vectorcharge-carrier densities. For all three quantum wells, the
K, for different values of charge-carrier temperatures inmaximum formation rate occurs at nonze{g. This is ob-

Ill. RESULTS AND DISCUSSION
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FIG. 4. The formation rate of an exciton in GaAs quantum wells

FIG. 3. The formation rate of an exciton in GaAs quantum We"SaS a function of the carrier densi[%_h at Te-h:60 K for different
as a function of the center-of-mass wave ved{grat T, ;=60 K well widths and center-of-mass wave vectors=80 A, K;=0
for different well widths and charge-carrier densitiés=80 A, (dash-dot curve L,=150 A, K =0 (solid curve with trianglels
Nen=5x10'" cm 2 (solid curvg, L,=150 A, ney=5 | =250 A, K=0 (++++ curve, L,=80 A, K;=0.003
X10 cm™? (dotted curvg L,=250 A, nep=5x10 cm™? 10 m~! (dashed curve L,=150 A, K;=0.003x 10" m~!
(dashed curve L,=80 A, ne,=1x10"" cm? (dash-dot curve  (dash-dot-dot-dot curye L,=250 A, K =0.003x10'° m*
L,=150 A, ne,=1x10' cm ? (dash-dot-dot-dot curve and  (solid curve, L,=80 A, K;=0.0075< 10" m™* (solid curve with
L,=250 A, n.,=1x10" cm 2 (long dashed curye diamonds, L,=150 A, K;=0.0075<10"® m™* (long dashed
curve, and L,=250 A, K;=0.0075<10'° m™* (dotted curve
The numbersx in the figure are obtained from the curve fitting
W(Ne) =bng,.

vious from Fig. 3, which shows that for quantum-well widths
80 and 150 A the maximum formation rate occurskKat
=0.0074<10° m™! and 0.001& 10" m™1, at the carrier
density of ne=1x10" cm 2, which change to 0.0081 stancen,=1x10° cm 2 andT,,=50 K, the formation

x 10 m~! and 0.002% 10" m~!, respectively, at the rate of a light-hole exciton is slightly larger than that of a
carrier density of 5 10'° cm™2. However, for the well of ~heavy-hole exciton forK; in the range 6<K;=<0.0063
L,=250 A, the maximum rate occurs af;=0.0041 X 10" m~! andK=0.0142< 10" m~*. However, the re-

x 10 m™1, for both the carrier densities. For quantumverse of this apparently occurs in the range 0.0063
wells of widthsL,=80 A andL,=250 A, the formation x10' m™'<K;<0.0142<10'° m™*, and the latter be-
rates first decrease slightly, then increase to a maximum, argpmes larger than the former. The maximum rate for a light-
then decrease again continuouslykasincreases. However, hole exciton is 2.%100 s at_KHZO-OOl(?( %(1)1 m

the formation rate forL,=150 A quantum wells first in- and that for 2 r_uiavy—hole exciton 3301 s atkKj
creases up to its maximum and then decreases continuousfy0-0074<10*® m™*. The corresponding formation times
with increasingk . The formation time corresponding to the &€ 37 ps for the light-hole exciton and 30 ps for the heavy-
maximum formation rate in the,=150 A quantum well js holé exciton. On the other hand, kf=0 the foorr??tlon rate
obtained asr;=17 ps and 0.7 ps at the carrier density of @nd time of the light-hole exciton are %80 s a(?d 38
Nen=1x101 cm 2 and 5<101° cm~2, respectively. Such PS: and those for t'he heavy-hole exciton arex218l® s

a trend that the formation time corresponding to the maxi&nd 40 ps, respectively. Therefore, in this case, we conclude
mum rate becomes shorter with the increase in the carridfa@t the formation of a light-hole exciton is dominant near

density is obtained in all three well widths. zero values ofK; whereas that of a heavy-hole exciton is
In Fig. 4, we have plotted the rate of formation of an dominant at larger values & . _
exciton as a function of charge-carrier density, , by vary- In summary, we have presented the theory of formation

ing it from 1x 10F to 5x 101 cm 2 at T,,,=60 K for the Processes of an exciton due to the LO-phonon interaction as
three well widths. From the calculated results of the forma-2 function of exciton wave vectd, charge-carrier tem-
tion rate, we have carried out curve fittings using the relatiorPeratureTe, and charge-carrier densitye, in quantum
W(ner) =bn%,,, whereb andx are fitting parameters. Our wells. The theory developed is applled to GaA_s guantum
results givex~2 as shown in Fig. 4. In other words, our wells. We have found that the formation of an exciton occurs
theory shows a square-law dependence of the formation rafiPminantly at a nonzeré, and it depends on the charge-
of an exciton om,,. This provides a theoretical confirma- Carrier density and temperature. IF is also found _tha.t .the be-
tion of the observed experimental square-law dependence §@vior of the formation of an exciton depends significantly
the photoluminescence on excitation density obtained b n the width of the quantum wells. Our results also illustrate
Strobelet al® ery clearly the square-law dependence of the formation rate

We have also calculated the formation rate of light-hole®f @0 €xciton ome., in agreement with the square-law de-
excitons as a function oK using the effective masses as pendence of photoluminescence on the excitation density.
mi, = 0.20m, andmj;,, = 0.09, (Ref. 27 for quantum wells
of width L,=80 A. The formation rate thus obtained for a
light-hole exciton is comparable with that of a heavy-hole This work was supported by an Australian Research
exciton near the zero center-of-mass wave vector. For in€ouncil Large Grant.
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