PHYSICAL REVIEW B VOLUME 53, NUMBER 16 15 APRIL 1996-II

Weakly correlated exciton pair states in large quantum dots

Selvakumar V. Naif and T. Takagahara
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We present a calculation of the two-exciton states in semiconductor quantum dots much larger in size than
the exciton Bohr radius, and identify a weakly correlated exciton pair state that has a large oscillator strength,
increasing proportionately to the volume of the quantum dot. This state is shown to be responsible for the
saturation of the size dependence of the resonant excitonic optical nonlinearity. It also provides a satisfactory
understanding of the blueshift of the excited-state absorption in quantum dots. These results and the biexciton
binding energy and oscillator strength are in good agreement with reported experimental results on CuCl.
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Semiconductor microcrystallites, often referred to asthelL=0 excitonic states are optically active, the-0 states
guantum dotgQD’s), have potential as novel nonlinear op- also need to be calculated to construct a reasonably complete
tical materials as well as prototype systems for studying the@xciton-exciton product state basis. We extend Kayanuma'’s
basic physics of spatially confined electrons and hbles.approach td.=1 states by noting that, for two particles, any
Theoretically, considerable progress has been achieved in tiggld-parityL =1 state can be expressed in the form
description of the single-particle electronic structure provid-

ing a satisfactory framework for describing the optical re- M (re, ) =fa(Fe,ThiTen) Yim(Qe)
sponse of QD’s of radius comparable to or smaller than the i
bulk exciton Bohr radius d,,).2 In larger crystallites, the Ffh(resrhiren) Yim(2n), (1)

Coulomb interaction between the electrons and the holes cru- ) ) )
cially determines the nature of the excitations and excitoni®vherei denotes the radial quantum numbergy, is the
and biexcitonic states dominate the optical response. It is ilectron(hole) radial coordinatef oh=|re—ry|, and¥,y de-
this size range that many recent experiments on CuCl QD’gotes_ the spherical harmomc of order 1. ThIS. allows us to
have revealed distinctly nonbulklike features including en-describe theL=1 states in terms of two function$, and
hanced nonlinear optical susceptibility with an intriguing f,, of the Hylleraas coordinates, and the same basis set used
size dependenckvery large gain for biexcitonic lasirjand ~ for theL=0 case can be used to expahdand f, . _
a blueshift of the excitonic absorption under a strong pump ForL>1 states, no such simple form appears to exist so
beam® While reliable theoretical calculations of the exci- that the standard expansion into spherical harmonics using
tonic states exist 8 the biexciton calculatiod?so far have Clebsch-Gordan coefficients needs to be used. In the present
been restricted to QD’s whose radiuR)(is smaller than a calculation we consider only the<2 states. Although a
few timesaey, due to the numerical complexity of the prob- general two-particle state of angular momenturnan have
lem whenR>a,,. In this paper, we present a theory of the €ither parity, we consider only those states with parity
biexciton states in QD's with radii up to 2, using a novel (—1)" as all the low-energy states in relatively large QD’s
approach based on an exciton-exciton product state basi¢ould have this parity. o
We identify an excited exciton pair state with a large oscil- AS all the optically excited states have a vanishing angu-
lator strength, which provides important insights into the ex1ar momentum L =0) for the envelope function, we con-
perimental observations mentioned above. We obtain th&ider only such biexciton states. Biexciton states withO
biexciton binding energy and oscillator strengths in reasonMay be expanded into the exciton-exciton product states of
able agreement with experimental results. We also show théie form Gl =3 _ | ¢k (req.rn) ¢k * (rez.1h2) and a
importance of including the electron-hole exchange interacsimilar product with the hole coordinates interchanged. Here
tion for the proper understanding of the experimentally meai,j denote the radial quantum numbers of the exciton eigen-
sured biexciton binding energy and the biexciton states irstates. For the largest QD, we use faur 0, threel =1, and
general. two L =2 states giving a total of 58 product states forming a
The success of our calculation is based on avoiding th@onorthogonal basis.
use of a single-particle product basis for the calculation of In Fig. 1, we plot a few low-lying energy levels of the
the exciton and biexciton states, as this is numerically proexciton and the biexciton. The results presented, though
hibitive, especially for the four-particle biexcitonic states. given scaled by the exciton Rydbergg), correspond to an
Instead, we use an exciton-exciton product basis for the biexelectron-hole mass ratim,/m,=0.28 appropriate for CuCl
citon calculation. Working within the effective mass ap- with m,=0.5 andm,=1.8!* We note that, in CuCl with
proximation(EMA) we first calculate a number of the low- crystallographic point groufy, the conduction band is of
energy exciton states using a correlated basis set used earlieg (s=1/2) symmetry while the topmost valence band is of
by Kayanumafor theL =0 excitons, wheré is the angular I'; (j =1/2) symmetry. Each fourfold degenerate-0 exci-
momentum of the exciton envelope function. Although onlyton state arising from these two bands is split by the electron-
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Exciton energy (E-Eg)/ER

Radius (A)

FIG. 1. Calculated energy levels of semiconductor Q&sthe
exciton states(b) and(c) the biexciton states, respectively, without
and with the electron-hole exchange interaction includggis the
exciton Rydberg ancEy is the bulk band-gap energ¥, BX,
XX0, XX1, and XX2, respectively, denote the singlet exciton

ground state, the biexciton ground state, and the weakly correlategE

exciton pair states witd=0,1,2.

hole exchange interaction into two states, one with
(J=0) symmetry and the other withs (J=1) symmetry.
The former is unaffected by the exchange interaction, whil
the latter, which contains the spin singlet, is shifted upward
in energy. This effect is included in the exciton energy level
shown in Fig. 1a). Within EMA, the total angular momen-
tum (J) is a good quantum number and we label all the state
by theirJ value.

Although the effect of the electron-hole exchange interac
tion on the biexciton states has been studied in the'pase,
reformulate the problem in a form suited to application to
QD’s, within the EMA. We find that thel=0 biexciton
states may be expressed as

‘I’gx: D (Feg,Th1sle2:Mn2) Xo
)

Here x, and y; are products of the electron and hole Bloch
functions with the total angular momentum equal to zero

+ Py (Fe1,Th1sTe2sMh2) X1-
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@ -1.8- FIG. 2. Transition dipole moment for the excitation of the low-
est exciton state and for the transitions from the lowest exciton to
-2.0F the biexcitonic states. The states involved in the transitions are in-
L 1 1 dicated by the energy level labels used in Fig. 1. 0 denotes the
ground state of the QD.
0.4 — L=0 (a
--- L= total hole angular momentum vanishing while the latter has
05 SN\ oo L=2 both these quantities equal to®,, (" ) is symmetric(an-

XX
tisymmetrig under the interchange of the two electron or the
two hole coordinates. We obtain a pair of coupled EMA
equations satisfied by, and ®yy and solve it by ex-
panding these envelope functions into the exciton-exciton
product states as described earlier.

The resulting biexciton states are plotted in Figc)1The
electron-hole exchange interaction mixes states of edual
and also lifts the degeneracy of the antisymmetric stidtes
beled — — in Fig. 1(b)] consisting ofJ=0,1,23 For the
largest size considere?5 A), we find that the biexciton
energy is increased by about ABg,, while in bulk CuCl,
the exchange correction is quoted to beAlE§} ,, obtained
as a first-order perturbative estimate using a variational wave
function, by Bassanet al*? Here AESS,, is the exciton ex-
change splitting energy in the bulk material. We use
& w=4.4 meV for Cuct*

The biexciton binding energy in CuCl QD’s was recently
measured by Masumotet al!® As the radius of the QD
increases from 30 A to 75 A, we find that the biexciton

binding energy decreases from 0.7 (49 me\) to

eO.lS(ER (29.6 meV, while the experimental result in the

Sssame size range varies from 0.835(64 me\) to 0.2FER

(42 meV), which is somewhat larger than the calculated re-
sult. This discrepancy may be partly attributed to the fact that
the experimental sample contains somewhat flattened
(platelet-shaped crystallites® compared to the spherical

shape that we consider.

The physical nature of the biexcitonic states and their rel-
evance to optical response becomes clearer on considering
the oscillator strengths for their excitation from the excitonic
states. Taking the light polarization to be along thexis,
only theJ=1, M ;=0 exciton states can be excited by one-
photon absorption from the ground state, while only the
J=0, M;=0 andJ=2, M;=0 biexciton states can be ex-
cited by a subsequent one-photon absorption. In Fig. 2 we
plot the calculated values of the dipole momenig) for a
few strong transitions from thé=1 exciton ground state to

such that the former has both the total electron spin and ththe biexciton statesuyy is given in units ofu,, which is
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the dipole matrix element between tH& valence-band other hand, theby, state gets more and more mixed with
Bloch function and thd'g conduction-band Bloch function and repelled by the biexciton ground state. The net effect of
summed over the spin degrees of freedom. Also shown is thihis size-dependent evolution of the weakly correlated exci-
dipole moment for excitation of thd=1 exciton ground ton pair state is a weakening of its oscillator strength as well
state. The dipole moment for the biexciton ground state t@s a blueshift of the corresponding exciton-biexciton transi-
the exciton transition, commonly referred to as teline  tion, as the QD size is reduced.

emission, increases with the radius of the QD at small sizes, Because of the large oscillator strength, these states would
but saturates towards the bulk value at larger sizes. Fogdominate the excited state absorption spectrum and we argue
R=75 A, theM-line dipole moment of 10,2, corresponds that the experimentally observed blueshift of the probe ab-
to an oscillator strength of1900f;, for CuCl, which may ~ sorption in the presence of a strong pump b%eirmqolves

be compared with the measured bulk value of 2‘59.67 excitation of such exciton pair states. In this experiment, the

Here f,_is the oscillator strength per unit cell of the bulk pump beam creates electron-hole pairs above the band gap,
Z4 gth p which would relax and populate the three sublevels of the

exciton. J=1 exciton. Therefore, unlike the coherent multistep exci-

The most interesting result of the present calculation igation of the exciton pair state considered above, the probe
the existence of two nearly degenerate excited biexcitoRbsorption from such a mixed one-exciton state would be
stateglabeledXX0 andXX2 in Fig. Ac)] with a large oscil-  enhanced by a factor smaller than 2. Our calculation shows
lator Strength as is evident from F|g 2. These states haVﬁVO near|y degenerate strong transitions from kel exci-
oscillator strengths increasing proportional to the QD vol-tgn ground state to exciton pair states witk 0,2 (XXO,
ume, and the sum of their oscillator strengths approximately(xz) blueshifted from the ground-state absorption peak by
equals twice that of the exciton, especially at large sizes. FO{7 5 meV and 15.7 meV foR=45 A and 11.4 meV, 11.5
linearly polarized excitation, the states that share such a larg@ev forR=50 A. The combined oscillator strength for these
oscillator strength hav@=0 or J=2, M;=0. Interestingly,  transitions is about 1.3 times that of the exciton ground state.
we fl_nd that the wave functions of_ these states are well apThese results agree very well with the experimentally ob-
proximated by a product of two independent ground-stat&eryed excited state absorption peak, slightly broadened and
exciton states, especially at larger sizes. blueshifted by about 10 meV fdR~45 A.

This situation is most easily understood by considering The weakly correlated exciton pair state would also play a
creation of a second exciton in a QD much larger in size thagycial role in the third-order nonlinear optical susceptibility
the exciton. Such a process will be most efficient when the{ (3) of QD’s. To see this, we note that in a three-level
second exciton is created uncorrelated with the first one, as 5 gel, appropriate in the present case with the ground state,
then would have an oscillator strength of the same order age |owest exciton state and the two-exciton state forming the
that of creating a single exciton. Such an uncorrelated exCighree |evels, there are two competing contributions to
ton pair would be an approximate eigenstate of large QD’S(3) 18 These two contributions exactly cancel when the dou-
because the exciton-exciton interaction is short ranged, ury excited state has its energy and oscillator strength double

like the electron-hole intere_lction in an e>_<citon. We could, inihat of the singly excited state, a situation to which the QD
fact, create two such excited states with almost the samg, | structure is found to approach Rsincreases.

energy, In facé, the resonant excitonjg®) of CuCl QD’s has been
cx_ g g observed to exhibit an interesting size dependence with
O3 = (AN2)LA(Ter T r) ST ez Tn2) x® increasing with radius to values much larger than in the

+ dI(Fe1,Mh2) dU(Te2Th) ], (3  bulk, but saturating aR~50 A (at 77 K) and then abruptly

falling with further increase irR. The physical reason for

where ¢ is the envelope function of the exciton ground this behavior becomes clear in the light of the above discus-
state. In the limit of largeR these two states will have a sion. In Fig. 3 we plot the size dependence of the maximum
combined oscillator strength of twice that of the excitonvalue of|x(®)/a|, wherea is the absorption coefficient, cal-
ground state. The exchange interaction splits these into fowulated for CuCl QD’s using our calculated energy spectrum
states, two withJ=0, and one each witd=1 andJ=2. of one- and two-exciton states. We show the results for sev-
Only two of thesd J=0 andJ=2, labeledXX0 andXX2 in  eral values of the homogeneous broadening) (and the
Fig. 1(c)] are excited by multistep excitation via tle=1  inhomogeneous broadening;() of the exciton. For the size
exciton ground state. At finit®, the exciton-exciton inter- dependence of;, and of the exciton population decay rate,
action would modify this picture, but our numerical resultswe follow the measurements reported in Ref. 3, and the val-
agree with the above description, to a good approximationyes ofy,, indicated in Fig. 3 correspond to the largest radius
especially at larger sizes. Thus, the two nearly degeneratd5 A). We assume the same homogeneous width for all the
states with large oscillator strengths have an energy verfransitions. We find that at the radius for whigh becomes
close to twice that of thd=1 exciton as can be seen from comparable to the blueshift of the excited state absorption
Fig. 1. The factor of 2 in the oscillator strength can also be(i.e., the difference between the energy of the weakly corre-
understood as the bosonic enhancement factor corresponditaged exciton pair state and twice the energy of the exciton
to the creation of a second identical exciton. ground statg the size dependence gt tends to saturate

As the size of the QD is reduced, the two excitons overlapand x(® rapidly decreases with further increaseRn This
with each other, the state correspondinght@, acquiring a mechanism responsible for the saturationy®? is of quite
repulsive energy as is well known with the case of the anti-general nature and would apply to QD’s of semiconductors
bonding product state of the hydrogen molecule. On thether than CuCl as well.
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enological Gaussian inhomogeneous broadening of all the
18 &’é Y"(‘) (meV) transition energies. A detailed analysis would, however, need
R — 3 0 more information on the dephasing rates of the biexcitonic
£16F 09 5 & L states as well as on the inhomogeneous broadening of the
SR 7 - L absorption spectruri?.
}% . § 18 TR RN To conclude, we have presented a calculation of the exci-
El 12 ,;;’.’: ----- -, O~ TS tonic and biexcitonic states in semiconductor QD’s of radii
% 10k i \"\,: ~ o up to 10 times the exciton Bohr radius. Our results show the
‘d T~ presence of an excited state of the biexciton that is well
8 approximated by a weakly correlated exciton pair, and it is
T T T T shown to play a crucial role in determining the nonlinear
30 40 0, 60 70 optical response of such large QD’s. This result provides a
Radius (A) satisfactory understanding of the experimentally observed

FIG. 3. Calculated size dependence of the peak value OPIueshift of the excitonic absorptipn in the presence of a
[x®®/a| near the exciton resonance in CuCl QD's. All the curves,s'trsorlg pump beam as well as the size dependgnce Of. resonant
are scaled to the same value B30 A. The hump seen at x®. We note that such weakly correlated exciton pair states
R~45 A arises from the assumed size dependencg,aind has  Would exist in other semiconductor structures such as quan-
no special physical significance. tum wells and wires also, and it would be interesting to in-

vestigate their effect on the optical response.

Increasing the inhomogeneous width also causes the satu- The authors thank Professor N. Nagasawa for helpful
ration radius to shift to lower values. This is illustrated by discussions and Dr. L. M. Ramaniah for a critical reading of
the results shown in Fig. 3, obtained using a simple phenonthe manuscript.
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