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We have observed enhanced biexcitonic effect in 88, , nanocrystals by means of femtosecond two-
photon pump-probe spectroscopy. In contrast to a weak biexcitonic photoinduced absorption in the presence of
|1S.1S,) or |[1P.1P,) excitons due to one-photon excitation, we have found a pronounced photoinduced
absorption arising from a strong Coulomb coupling betwedaR1S;) exciton and a two-photon excited
|1S.1P;,) exciton. We have also theoretically shown thB$,1S;,;1S,1P},) biexcitons have a large binding
energy compared withlS.1S;,;1S.1S;,) and|1S.1S;,;1P.1P;,) biexciton states.
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Semiconductor nanocrystals whose sizes are comparabtation with the pump pulses of 2.18 and 3.10 eV, respec-
to or less than the exciton Bohr radius exhibit a number ofively. In the presence of these excito$S,1S;) excitons
novel physical and optical properties due to the confinemenare excited by delayed continuum pulses to probe the photo-
of carriers in all three dimensiorisThe three-dimensional induced absorption due to biexciton formation. The depen-
confinement modifies the electronic states in the nanocrystalience of biexciton states on various exciton states has been
significantly and induces quasidiscrete energy le¥&lmu-  also theoretically investigated. The result clearly shows a
lomb interaction between electrons and holes has also a largéggnificantly increased Coulomb interaction of the
influence on these confined states, even in small nanocrystdl$S.1S;,;1S.1P;,) biexciton state.
showing strong confinemeft Therefore, the electron-hole The sample employed in our experiment is Qg 4
states in semiconductor nanocrystals are usually referred teanocrystals doped in a glass maii8chott Glass, OG 590
as exciton states. The average radius ®=3.0 nm with the size dispersion of

Furthermore, it has been theoretically demonstrated that0—15 % has been estimated by small angle neutron scatter-
Coulomb interaction between the excitons could be strongng method'?13To investigate the effect of the exciton states
enough to form stable biexciton states whose binding energgn the biexciton binding energies, femtosecond pump-probe
increases with decreasing nanoparticle SiZeEven excited experiments have been performed by populatibg.1S;),
biexciton states have been found to be stable in semicondu§tP.1P;), and |1S,1P,) states in the nanocrystals. The
tor nanoparticles by investigating the weak photoinduced abf1S,1S,) excitons are resonantly excited at 2.18 €70
sorption on the high energy side of the bleached excitomm) with the pump fluence of-75 wJicnf. The|1P.1P,)
resonance in pump-probe experimeht$.In addition, the state is populated by intraband relaxation of carriers excited
ground biexciton state has been observed when homoget high photon energy of 3.10 eM00 nm) with the pump
neous and inhomogeneous broadenings are severely redudagence of~225 wJ/cn?, while the|1S,1P,,) excitons are
by lowering temperatureT(= 15K) and saturating relatively created by two photon excitation at 1.11 éM 20 nm with

large nanoparticle. the pump fluence of-750 wJ/cn?.!! The details of the ex-
In contrast, the biexcitonic effects at room temperatureperimental techniques may be found in the literafdre.
in CdSe nanocrystals, arising frofhS,1S,,) and |1P.1P;) The chirp-corrected transient absorption spectra in early

excitons, have been report¥d. The observed delay times are shown in Fig. 1. In the case of one-photon
|1S.1S;,;1P.1P,) biexciton state was attributed to the excitation at 2.18 e\{Fig. 1(@)], the transient absorption
weak dependence on homogeneous broadening, basedectra are dominated by thkS.1S;) bleaching at 2.15 eV
on the assumption of the same biexciton binding(Al band. Since all three valence bands are coupled to one
energies of [1S5,1S,;1S.1S,), [|1S:1S,;1P.1Py), and  conduction band in Cd3Se, 4 nanocrystals, the state filling
|1P.1P;,;1P.1P,) states. However, the measured of the exciton resonance from the spin-orbit split-off band
|1S.1S,;1P.1P}) biexciton binding energy was different (A,,=250 meV)* also induces a small bleaching at 2.43
from the |1S.1S;,;1S.1S,) biexciton binding energies ob- eV (A2 band. The assignment is further confirmed by simi-
tained in other experiments. lar recovery behavior oAl andA2 bands as shown in Fig.

In this paper, we report on observation of enhanced biex2(a), since the bleaching dynamics is mainly determined
citon interaction from1S,1S;,) and|1S,1P;) excitons, in- by the shared electron populatibit® Although
dicating its strong dependence on the composite excitoflS.1S,;1S,1S,) biexciton states can be formed in this
states. To populatflS,1P,,) state in CdgeSe 4 hanocrys- case, the photoinduced absorption indicating the biexciton
tals, we have used infrared femtosecond pulses of 1.11 e¥ffect is not observed due to the broadening\dfband. The
which efficiently induce two-photon absorption. Note thatbiexciton binding energy is not large enough to surpass the
one-photon excitation is not easily achieved for the excitorbroadening of the bleach band.
state due to selection rulésFor comparison, thglS.1S;) For the photoexcitation at 3.10 ¥ig. 1(b)], a photoin-
and|1P.1P},) excitons are also excited by one-photon exci-duced absorptiong band is observed at the low energy side
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FIG. 1. The transient absorption spectra excited(at2.18 . o .
(115,15,)), (b) 3.10 (1P.LP,)), and(c) 1.11 eV (1S,1P,)) and . FIG. 2. Temporal proflle_s of characteristic bIeachmg_ and photo-
linear absorbance of CggSe,, nanocrystals. The spectra shown induced absorption bands in CgiSe 4 nanocrystals excited &)
are in the initial decay stage with time intervals of 0.1 ps. The inselz'18 qlselsh»'_ (b) 3.10 Q1Pe_1Ph_)), and (¢) 1.11 eV
shows the scheme of energy levels of g 4, nanocrystals. |((|);SSE(1-;2>)- The insets show the kinetics &l andA2 bands in
of A1 band. The considerable increase in & bleaching
magnitude strongly implies the population in tHeP,1P}) after the fast P-to-1S relaxation in the early decay stage,
excitons, although it is spectrally overlapped [®8,1S;) resulting in the similar bleaching recovefjnset of Fig.
transitions from the split-off banfFig. 1(@)]. Note that the  2(b)]. Since|1S,1S;,;1S.1S,) biexciton state induces no
two-exponential decay dynamics 82 band shown in the change on the spectf&ig. 1(a)], the observed photoinduced
inset of Fig. Zb) also indicates that th&2 band includes the absorption ofB band can be ascribed to the formation of
|1P¢1Py) contribution as well as th¢lS.1S,) transition |1S.1S;,;1P.1P,) biexcitons.
from the spin-orbit split off band since the energy difference The biexcitonic features are still obscured by another
between the1P,1P,) transition energy and the split-off spectrally broad and long-lived photoinduced absorption (
|1S,1S,) transition is only~40 meV#1® band originating from the transition of trapped electrons

The kinetic behavior§Fig. 2(b)] show that the relatively within a broad distribution of surface stat€s® dc Stark
slow build-up of A1 band still continues during-0.3 ps, effects as well as the biexcitonic interaction can lead to a
while A2 band follows a decay dynamics. The intrabandderivativelike feature in the differential absorption spectra
relaxation also provides further evidence for the contributiordue to the shift of exciton band. In the case of the dc Stark
of |1P.1P,,) population toA2 band, as previously observed effect, the electric field is generated by the charge separation
in CdSe nanoparticle$. The A1 and A2 kinetics at long due to the trapped holes at the surface of semiconductor
delay times are determined by theS Electron relaxation nanocrystals. According to the previous report, the holes are
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trapped for a quite long time so that the derivative feature 15
can be observed even at300 ps after photoexcitatiofi.In
contrast, the biexcitonic effect shows a subpicosecond deca

—— [1Se18n1Se15n >
""""" | 1Se1Sh1Pe1Pr >

dynamics'® To clarify the biexciton dynamics, thB band 12r ——- [1S¢1Sn1Se1Ph >

kinetics is extracted by considering the almost constant de- [ —= [18¢1Sh1Se2Ph >

cay of C band. As shown in Fig.(®), theB band exhibits an ok

ultrafast dynamics which is consistent with the dynamics of :

A2 band at the early stage. It indicates that the relaxation irm I CdSocSena

both of the bands is determined by {ié>,1P,) population. ~ *° 4[ “~Nanocrystal Size

All the observed features dflS.1S;,;1P.1P;) biexcitons [ AN N

are in a good agreement with the previous works on CdSe - SN~

nanocrystals®*® 3k "“-m.,ff\\\;:;\\
However, we have observed that the biexcitonic photoin- [ B P

duced absorption dB band is enhanced in the case of two- [ ]

photon excitation at 1.11 eV. As shown in Fig(cll the ot

bleaching ofA1 andA2 bands is also observed because of 0.0 05 R1/.0 15 20

as

1S electrons in the conduction band. TA& bleaching mag-
nitude comparable to that of one-photon excitatidfig. FIG. 3. Biexciton binding energies calculated in the presence of
1(b)] indicates an efficient two-photon generation Ofexcitons in  various quantum-confined  states. The
|1S.1P,) excitons. Therefore, the stroigjband can be di- |1S,1S,;1S,1P,) biexciton binding energy surpass the others in
rectly assigned to the active formation|dfS,1S;,;1S.1P,) ambient nanoparticle sizes.
biexciton states with a large Coulomb interaction energy. As
well as the enhancement of photoinduced absorption dBthe _ (1)
band, the gradual red-shift &1 band has been also ob- |q>1)_f fdredrh¢ﬂ1ﬂz'1‘z;LM(re'rh)
served as th8 band reaches its maximuf®igs. 1a)—1(c)].
The observed spectral features strongly suggest an increased T +
Coulomb coupling betweefiS.1P;) and|1S.1S,) exciton XseEh X(Sen) (T e:50) (T 50)|O),
states. ) _ P
The kinetics of biexciton state is now determined by the?1€ré x(Se.sn) is related to the spin partye(yp)
intraband relaxation of holes fromPLto 1S states in the 'S the creation operator of an electtbole
valence bands. Even a simple strong confinement model préi-nd
dicts that the intraband transitions between different angular (1)
momentum states are allow&tMoreover, the energy differ- ¢’n1nz'1'z:'-M(re’rh)
ence between 8 and 1P hole states are very small com- _
pared with the corresponding electron energy difference due Eml'm2<|1m1l2m2|LM>¢Nl(re) ¢N2(rh)
to the large hole e'ffective mass in nanocrys'gals. Thereforqs the exciton wave function. Herepy(r,) is the single-
an ultrafast relaxation of holes is expected with a time conparticle wave functionN={n,I,m} is the short-notation for
stant shorter than or comparable to that of electron intrabanghe set of quantum numbets,andM are the quantum num-
relaxation. The biexciton dynamics Bfband shown in Flg bers of the total angu|ar momentum andziMmponent and
2(c) indeed shows a subpicosecond decay process. It is bet;m,l,m,|LM) is the Clebsch-Gordan coefficient in
lieved (despite of our limited time resolutiorto be even  Condon-Shortley conventiofi. The biexciton wave func-
faster than the biexcitonic dynamics in Figb? depending tions can be expanded by using the two one-pair basis wave
on the electron intraband relaxation. functions as in the case of one-pair state. The Coulomb ma-
We have also theoretically studied the binding energies ofrix elements for exciton and biexciton states can be calcu-
various biexcitons, in which @ S,1S;,) exciton is coupled to lated by using the expansion formulas of Coulomb interac-
another exciton state includind1S,1S,), |1P<1P}), tion with the Legendre function. It contains radial and
|1S.1Py,), |1S.2P,) states and so on. Since one-pair andangular integrgtions whic_h provide selection rules. Through
two-pair systems with Coulomb interactions in quantum dotghese calculations the binding energy of the ground-state
cannot be solved analytically, several groups have calculate@iexciton 6E7 is defined relative to the ground-state energy
the biexciton binding energies by using numerical matrix-Of two unbound excitons a8€] = (E} + E}) —E3 , whereE;
diagonalization schemand variational methof. is the exciton energy of the exciton stdtand Ej is the
We have basically followed the numerical approach givencorresponding biexciton energy of the biexciton sitéNe
by Hu, Lindberg, and Koch.For this approach the exciton include angular momentum states up o3 and numerically
and biexciton states are computed by numerical matrix dicompute all integrals.
agonalization using expansion of the exciton and biexciton The results are shown in Fig. 3 where the nanoparticle
wave functions into appropriate sets of basis functions. Theize and the binding energy are normalized by the Bohr ra-
exciton state has the general form of dius (@g) and the binding energyHg) of bulk exciton
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to eliminate material dependence. It is obvious that the biexinto surface states or crystal defects. However, no long-lived
citon binding energy depends strongly on the constituent exphotoinduced absorption has been observed by the photoex-
citon states in all nanoparticle sizes. For ggSg , nano-  Citation at 1.11 eV in contrast to the case of excitation at 3.10
crystals withR=0.75g, the biexciton energies are 1B, €V [Figs. 1b) and 2b)], although theAl bleaching magni-
44%Fg, and 5.9%g for |1S.1S,;1S.1S.), [1S:1Sh; tudes are comparable to each other. Therefore, the trapped
1P1Py), |1S,1S,;1S.1P;) states, respectively. The Ryd- excitons are not mainly produced by pump excitation. In-
berg energyEg is estimated to be-17.2 meV based on the Stéad, it is possible that thaS,1S,) excitons excited by
value ofag=40 A. The biexciton binding energy increases ProPe beam can be trapped with the simultaneous formation
with asymmetric feature in the composite exciton states an@! | :5e15n;1S:1Py) biexcitons. Then, the spectrally broad
the biexciton states because symmetric states induce a Corp]hotlcmducf:ed abSOI’ptI(K/II‘I oD bandh ca}n b% expz(n)%d dby
pensation between Coulomb attraction and repulsion an mple surface states. Moreover, the fast decaysofan

have no net Coulomb interaction. The theoretical calcula- 2 ban.ds manifest the rapld_decreasdxﬁelEh> EX(':IIOH'
tions are in a good agreement with the observed experimerP-Opwat'on due to the formation of the localized biexciton

: ; tates. The second build-up Al band after the fast decay is
tal results, showing an enhancement of photoinduced absor{- . .
tion of B band angd a gradual redshift F;m band as the éaused by thélS,1P,) excitons set free from the localized

; ; biexcitons.
lﬁse;usrhn)p |b1ezerilph>' and|1S.1Py) excitons are excited by ™ summary, we have observed that the biexciton binding

Finally, it should be mentioned that the broad phL_)toin_energies are significantly affected by the constituent exciton
duced ab,sorption tail, designated@dand in Fig. 1c), has states. In particular, we have found the enhanced photoin-
a completely differeni feature fro@ band in Fig. Tb) ’The duced absorption due to the strong Coulomb interaction be-
D band shows as an extremely fast dynamics as the biexcf/een |1S.1S;) and|1S.1Py) excitons In the .Cd@SﬁSQ)-“

nanocrystals. We have also theoretically confirmed that the

tonic B band[Fig. 2(c)]. The biexciton states whose hole biexciton bindi ies d don th tituent it
state is higher than B2 may be responsible for the induced iexciion binding energies depend on the constituent exciton
states, resulting in the enhanced biexcitonic effect of the

absorption because the binding energyi8.1S;;1S.2P,, .

state is larger thatlS,1S,;1S.1P},) biexciton binding e>n- |1S:1Sn) and[1S.1Py) excitons.

ergy (Fig. 3). However, the fast initial decays observedih This work was supported in part by the National Creative
andA2 bands in Fig. &) could hardly be explained because Research Initiatives Program of the Ministry of Science and
they are determined by the relatively slow population relax-Technology(DK), by the Advanced Photonics Technology
ation of 1S electrongFigs. 2a) and 2b)]. The observed®  Project of the Ministry of Science and Technology, and by
band strongly suggests the existence of localized biexcitonthe Brain Korea 21 project of the Ministry of Education
in the nanocrystals due to the constituent excitons trappetSHP.
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