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Three-photon excited band edge and trap emission
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We report on three-photon excited band edge and trap emission of CdS semiconductor nanocrystals.
While the band edge emission intensity clearly shows a cubic dependence on excitation intensity,
demonstrating three-photon absorption process, the trap emission does not exhibit such a cubic
dependence. A simple theoretical model based on the assumption that there exist a limited number
of trap states in nanocrystals shows good agreement with the experiment, suggesting that the
number of trap states play an important role in their emission intensity dependence of multiphoton
excitation. The three-photon absorption cross section of CdS nanocrystals is measured to be
~10 " cm® s photori 2, which is three to four orders of magnitude higher than those of the
previously reported common UV fluorescent dyes. 2@04 American Institute of Physics.
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Semiconductor nanocrystals have been receiving muchorption cross section for CdS nanocrystals and 3PE micros-
attention in fluorescence microscopy and biology due to theicopy of CdS nanocrystals.
attractive optical properties such as narrow emission bands, The CdS nanocrystals were prepared using chemical
emission wavelength tunability with size, photostability, andpProcedures developed recently by Yu and PéAgmixture
enhanced brightnedsRecently, the two-photon excitation Of cadmium oxide(0.256 g, 2 mmal oleic acid(9.04 g, 32
(2PB technique has emerged as an invaluable tool for nandnmo), .and octadecene 70(4ldrich) was heated to 300 °C.
crystal research, especially in identifying potential transitiong® Solution of sulfur(0.032 g, 0.5 mmolin octadecene was

between energy levels that are forbidden under one—photo?mWiftly injected into the reaction mixture and nanocrystal

excitation? and in fluorescence imaging through thick bio- growth was continued at 250°°C and monitored speciroscopi-

logical sample.The two-photon absorption cross section of cally. The nanocrystals were purified by repeated extraction

. of the reaction solution with methanol/chloroforthi1). The
CdSe nanocrystals was predicted and measured to be ap- .. ) .

) a6 4 1 L urified CdS nanocrystals were dispersed in chloroform, and
proximately~ 10 cm s photon =, which is two to three

q f tude hiaher than th I ¢ q a droplet of the diluted sample was dried onto a coverslip for
orders of magnitude higher than the value of common UO%ptical measurements.

rescent dyes. _ o The three-photon fluorescence of nanocrystals was ex-

While 2PE has shown its valuable application in nanocjteq with a titanium:sapphire ultrashort pulsed laser
rystals research, three-photon excitati8PE has never (Spectra-Physics Tsunamoperating at a pulse width of
been applied to nanocrystal quantum dots. 3PE has severaligg fs, a repetition rate of 80 MHz, and a wavelength
complementary advantages over 2PE. First, it can induce U¥Yange of 900-1000 nm. The multiphoton excited fluores-
fluoresence such as nanocrystals CdS, ZnO, and GaN at tience from the focus of a high-numerical aperture objective
optimal wavelengths of commercial Ti:sapphire femtosecondens (NA=1.45 was collected by the same objective, then
lasers. Second, 3PE allows for the use of a long excitatiomefocused to a spectrometer with a CCD detector for spec-
wavelength and thus leads to a deep penetration depth inteum acquisition and fluorescence photon counting or to a
thick sample. Lastly, the excitation wavelength of 3PE isphotomultiplier tube for imaging.We estimated our detec-
separated further from the emission, which results in a bettfon efficiency to be 0.005 counts per fluorescent photon
signal to noise ratio in imaging applications. emitted by the sample. _

In this letter, the measured three-photon excited band The fluorescence spectrum of CdS nanocrystals excited

edge and trap state emission of CdS nanocrystals is reporte%I 980 nm is shown in Fig. 1. The emission at 440 nm cor-

In particular, the intensity dependence of band edge and tragsponds to the band edge emission and the broad emission

. T o . @t ~620 nm to the trap emission. As shown in Figa)] the
state emissions on the incident power is investigated, whic S ; ;
o and edge emission intensity depends on the third power of
shows that the trap state emission is not dependent on tq

hird f the incid . . like the band ed fe incident power, demonstrating the 3PE fluorescence.
third power of the incident intensity, unlike the band e 9€However, unlike the band edge emission, the trap emission

emission. We also report on the measured three-photon alﬂitensiw dependence on power cannot be explained with
such a power law, as Fig.( shows there is a deviation
dElectronic mail: jchon@swin.edu.au from a cubic power law. Such deviation of trap emission is

0003-6951/2004/84(22)/4472/3/$22.00 4472 © 2004 American Institute of Physics


http://dx.doi.org/10.1063/1.1755420
http://dx.doi.org/10.1063/1.1755420

Appl. Phys. Lett., Vol. 84, No. 22, 31 May 2004 Chon et al. 4473

5.0 o T ” .
—_— <4 = o~
5 a7 —
3451 g® 8 QT
[ ] @ *® 58110 £5
~ 4.0 Q 400 5 S
> g 5 £ £l
= 3.5 8 wo Theory 1 = Q 25
2™ § 47 e Theoty 2 8 [} 5 o
@30l E£% S0 B DGR | b 8
€. g e s S =" g O 0 p———— o * . 4318 [
£ 2.5 4 5 3 T 5 e 2 3 a 5 87859 ] -06 ~= 10 < 108 5
[ ] Log [Input power] (a.u.) Log [Input power] {(a.u.) 2 S _8 :
© 2,04 4 8.9 &5
5 2.56 mW ) B g2
» 03
@ et £3
g 10— e
(=) 760 780 800 820 840 860 880 900 920 940 960 980 1000
: o .
i Excitation wavelength (nm)

"400 450 500 550 600

FIG. 2. Two-(770-890 nmand three-photo©®00—-1000 nmaction cross
Emission wavelength (nm) sections of CdS nanocrystals.
CB ©)
: tively. We have also shown the square law? and the cubic
A \ A 4 TS law ~ 13 fits, which simply cannot adequately account for the
¥ M BEE ' i observed data.
4 ~440om 4 )f oE Although excitation wavelength at 980 nm implies that
VB the band edge emission is due to 3PE, it is noted tthetry
3PE BEE 2PE TSE 1 fits more accurately to the experimental data ttresory 2.

Theory 2model deviates in the low power regigr3 mw),

FIG. 1. Three-photon excited emission spectra of CdS nanocrystals. Thsuggesting that the trap emission is a 2PE process rather than
emission spectrum at various excitation power was normalized to the trag. 3PE one. This is an unexpected result given that at the
emission peak~620 nm. Due to the different emission intensity depen- . .
dence on excitation power of the band edd40 nm and trap emissions, wave_length of 980 nm_' qnly _the 3PE band_edge_emlssmn 1S
the relative strength between the two emission intensities changes witROSSible and trap emission is usually excited via electrons
power. Inset(a) is the dependence of the band edge emission intensity ofelaxing from the conduction band. However, it is also pos-

CdS nanocrystals on the incident power, showing the cubic dependencgiple that at 980 nm, the trap emission can be excited directly
Inset(b) is the dependence of the trap state emission intensity of CdS nanoc-

rystals on the incident power. Theory 1: E8) with n=2; theory 2: Eq(2) Via two-photon excitatiorjelectrons jumping dir_ectly to the .
with n=3; ~12: square law;~13; power-cubed law. Ins€t) is the energy  trap states rather than through the conduction band, Fig.
diagram depicting 3PE of band edge emission, and direct 2PE of trap state$(c)]. To confirm this possibility, we have independently ex-
CB: conduction band; VB: valence band; TS: trap states; BEE: band edQEited the nanocrystals with one photon at 488 ficay Ar+
emission; TSE: trap state emission. . . . L .

ion lasej, in which only the trap emission at 620 nm is

observed. Therefore, the trap emission can be excited di-
believed to be caused by the limited number of trap statefectly by 2PE at a low power level. At high power levels,
available within the nanocrystals. With the assumption of ahowever, both the direct 2PE process and the 3PE process
single trap state level, the density of electrons in the traphrough the conduction band are expected. Indeed, above

statesn; can be expressédas 3mW excitation power, both models fit the experimental data
dn, accurately.
—=ohal"(Ng—ny)—sne B/ T— g n, (1) To obtain the three-photon absorption cross section of
dt CdS nanocrystals, we us®

where o,; is the trap state capture cross secti@ither F~ndosNI3, 3)

through conduction band or by direct absorpjian,,; is the ) _

trap state nonradiative absorption cross sectigsthe input ~ WhereF is the fluorescence counts, is the fluorescence
intensity, N, is the trap state energy with respect to the con-guantum efficiency,¢ is the fluorescence collection effi-
duction band edgek is the Boltzmann’s constanT, is the ~ ciency of the experimental systenrs is the three-photon
temperaturen is power index for am-photon process, and ~ @bsorption cross section of CdS nanocrystlss the num-
and's are constants. The first term of E@) represents the _ber of_nanocrystals in the focal volu'me., ands the incident
capture of carriers into the traps, the second term is the thettensity at the focus. Since the excitation beam was focused
mal excitation of electrons out of the trap, and the last ternHSINg a high numencgl aperture objectitdA=1.45, we
represent the nonradiative recombination from the trap. SolvémPployed the vectorial Debye thedryather than the

ing for n, gives paraxial approximation theo-f_yn calculating the focal vol-
ume. The numerical calculation shows that the focal volume
Al" N for NA=1.45 decreases more than 70% for 3PE case, when
~nt=C+B|n[1+exp(—DI )], (2 compared with NA=1.

The measured three-photon action cross sectigjo§)
whereF is the fluorescence intensitg, B, C, D are inten-  of CdS nanocrystals over the excitation wavelength range of
sity independent functions, AcaNgy, B=o4@, C  900-1000 nm is shown in Fig. 2. In the calculation, the
=sexp(—E/kT)+o,, andD= o at. In Fig. 1(b), we use collection efficiency¢ was estimated to be-0.5%, and the
Eq. (2) to fit the experimental values. Theory lines 1 and 2number of nanocrystall was estimated to be 50. In order
are calculated using=2 (2PBE), and n=3 (3PB), respec- to verify the accuracy of our measurements, we also mea-
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cubed(3PPE rather than square@PE), therefore enhancing
imaging contrast. Such an enhancement in contrast is shown
in the microscopic images of CdS in Fig. 3, where the
sidelobe-like feature is presefihdicated by arrowsin the
two-photon image but absent in the three-photon inj&ig
3(c)]. Further, a smaller full width at half maximuri.e.,
transverse resolutigrior 3PE was observed in the direction
perpendicular to the incident polarization. The slight elonga-
tion toward the incident polarization direction is due to the
depolarization effect of a high numerical-aperture objective.
In conclusion, the 3PE band edge and trap emission of
nanocrystals have been measured. It has been shown that the
dependence of the band edge emission on the excitation in-
tensity closely follows the cubic power law, demonstrating
3PE, but the trap emission intensity does not follow such a
dependence. A simple theoretical model with a single trap
state shows good agreement with experiment, indicating the
; ; ; : trap emission saturation could be caused by the limited trap
density of states. We have also measured the three photon
Distance (nm) absorption cross section of the CdS nanocrystals, and found
FIG. 3. Scanning imaged®MT detection of CdS nanocrystals excited by it to be three to four o_rders of magnitude higher Fhan those_ of
(@ three-photon(~1 MW/cr?, 980 nm and (b) two-photon (~0.2  dye molecules. Semiconductor nanocrystals with such high
MWi/cm?, 820 nm absorption. The arrow indicates the direction of the three-photon absorption cross section values will prove to be

incident polarization.(c) The cross section line plot of the images. extremely useful biological fluorescent labels, potentially re-
The arrow indicates the difference in two-photon and three-photon excite(blacing UV fluorescent dyes

images.
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