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Abstract; We report a large two-photon absorption ( TPA) in Zn0/ZnS and Zn0O/ZnS/Ag core/shell quantum dots
(QDs). Z-scan and pump-probe techniques with femtosecond laser pulses were employed to characterized the quan-
tum dots. The intrinsic TPA coefficients of ZnO-based core/shell QDs are enhanced with nearly three orders of magni-
tude compared to that of ZnO bulk counterpart, which is attributable to quantum confinement effect. The TPA cross-

* s - photon ™" at the wavelength of 660

section of ZnO-based nanocomposites is determined to be ~4.3 x 10~ cm
nm. This value is at least two orders of magnitude greater than that of ZnS, ZnSe, and CdS QDs. Due to the local

field effect, the nonlinear absorption in ZnO/ZnS core/shell QDs is improved as beaded with Ag nano-dots.
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1 Introduction

In the past decade, there has been great inter-

est in the nonlinear optical and photoluminescence

]

(PL) properties of nanocrystals'' """, Two-photon

absorption ( TPA) properties of quantum dots have
received widespread attention, which may have tech-
nological applications such as bio-imaging, optical-

switching devices, quantum-dot lasers, or light

(1]

emitters~ *. While multi-photon absorption proper-

ties in ZnO and ZnS quantum dots (QDs) have been

observed by Z-scan technique and pump-probe

L2160 there s little research on ZnO-

[17]

measurements
based core/shell nanocomposite quantum dots
Compared to pure ZnO and ZnS QDs, ZnO-based
core/shell structures usually have an improvement in
physical and chemical properties for electronics,
magnetism, optics, catalysis, mechanics, and oth-
ers ") Although theoretical and experimental TPA
research has made great progress, there still has the
limitation of existing nonlinear optical materials and
further studies are needed'?’. In this paper, we re-
port an investigation on TPA in ZnO/ZnS and ZnO/
ZnS/Ag core/shell QDs, which was determined by
femtosecond Z-scan technique and pump-probe
measurements at the non-resonant wavelength of 660
nm. The observed TPA in ZnO/ZnS nanocomposites
is an instantaneous nonlinear process and is greatly
enhanced compared to that in ZnS, ZnSe, and CdS
QDs'""*) " which demonstrates that ZnO-based
nanocomposites might be a promising candidate for

photonic device applications at room temperature.

2 Experiments

The preparation procedures of ZnO/ZnS/Ag
nanocomposite QDs are briefly described as follows.
Zinc acetate and sodium hydroxide were dissolved in
methyl alcohol, respectively, and stirred by magnet-
ic stirrers. The two solutions were homogeneously
mixed and the resulting reaction mixture was grown
at 90 °C for 6 h. After centrifuged with distilled wa-
ter and ethanol several times to remove the impuri-

ties, the precipitates were dried under vacuum at 60

C. The as-prepared ZnO/ZnS and ZnO/ZnS/Ag

QDs were obtained with a similar procedure except
that thioacetamide and silver nitrate were added into
the solution respectively. Four ZnO-based nanocom-
posite samples have been investigated in this work.
In Sample 1 and Sample 2, the ZnO/ZnS and ZnO/
ZnS/Ag core/shell QDs were separately dissolved
into the dimethy formamide ( DMF) solvent and both
concentrations are 0.1 g/L. For Sample 3 and Sam-
ple 4, ZnO/ZnS and ZnO/ZnS/Ag core/shell QDs
were deposited on sapphire substrates to prepare for
thin films with spin-coating technique. The morphol-
ogy and size distribution of Zn0O/ZnS and ZnO/7ZnS/
Ag core/shell QDs were inspected with a field emis-
sion scanning electron microscope (SEM) ( Hitachi,
S4800) and a field emission high-resolution trans-
mission electron microscope ( HRTEM ) ( JEOL,
JEM-2100F). The one-photon absorption spectra of
the samples were recorded on a UV-visible spectro-
photometer ( Shimadzu, U-2800) in the range from
200 to 1 000 nm. The PL spectra of the samples
were measured by a fluorescence spectrophotometer
(Perkin-Elmer, LS-55) using a 450 W monochrom-
atized xenon lamp with excitation wavelength of

295 nm.

3 Results and Discussion

SEM and HRTEM images as well as electron
diffraction patterns of the ZnO-based nanocomposite
core/shell QDs are shown in Fig. 1. The SEM pic-
tures indicate that the clustered ZnO/ZnS/Ag QDs
are beaded with some bright nano-dots, which is ob-
viously different from ZnO/ZnS QDs. The HRTEM
images clearly reveal that the ZnO/ZnS core/shell
(QDs are crystalline with an average diameter of ~9
nm. The obtained energy dispersive X-ray ( EDX)
spectroscopy and TEM electron diffraction patterns
also confirm the ZnO/ZnS and ZnO/ZnS/Ag core/
shell structures. The TEM electron diffraction pat-
tern was matched against a simulated diffraction pat-
tern generated using TEM simulator Java electron
microscopy simulation ( JEMS) software. With the
experimental and the simulated diffraction patterns,
it can be deduced that the ZnO/ZnS/Ag core/shell

nanoparticles consist of ZnO core and ZnS shell with
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hexagonal structure as well as Ag nano-dots with cu-
bic structure. The TEM results are in good agree-

ment with that of XRD, as shown in Fig. 2.

Fig. 1 SEM micrographs, HRTEM images and electron dif-
fraction patterns of ZnO/ZnS (a), (c), (e) and
Zn0/ZnS/Ag (b), (d), (f) nanocomposite QDs.
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Fig. 2 XRD pattern of ZnO/ZnS/Ag nanocomposite QDs

The one-photon absorption spectra of the ZnO/
ZnS and ZnO/ZnS/ Ag core/shell QDs in DMF solu-
tion are shown in Fig. 3 (a). The lowest excitonic
transition is located at ~350 nm and the size of ZnO

) which is con-

QDs is estimated to be ~ 5 nm
sistent with the TEM measurement. Broadening of
the excitonic transition is primarily due to the inho-
mogeneity arising from size dispersion. Fig. 3 (b)
displays the PL spectra for the ZnO/ZnS and ZnO/
7nS/ Ag core/shell QDs. The pure ZnO QDs were

also characterized for comparison. The PL emission

peak ( ~ 375 nm) is red-shifted compared to the

excitonic transition ( ~ 350 nm) due to the Stokes
shift. The PL intensity of ZnO/ZnS core/shell QDs
is greatly enhanced compared to that of pure ZnO
QDs while largely decreased as beaded with Ag
nano-dots. The strong emission band (450 ~ 650
nm) in pure ZnO QDs could be attributed to the car-
rier recombination of the surface defect states, which
are mostly suppressed in core/shell QDs due to the

surface passivation.
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Fig.3  UV-visible absorption spectra (a) and PL spectra

(b) measured with excitation wavelength of 295 nm
for ZnO/7ZnS and ZnO/ZnS/ Ag nanocomposite QDs.
The inset shows the normalized PL spectra for

comparison.

The room-temperature TPA of ZnO-based nano-
composites was investigated at the wavelength of 660
nm with a standard Z-scan technique'”"’. The femto-
second laser pulse was produced by an optical para-
metric amplifier ( TOPAS, USF-UV2), which was
pumped by a Ti: Sapphire regenerative amplifier sys-
Spitfire ACE-35F-2KXP,
Maitai SP and Empower 30). The pulse repetition

tem ( Spectra-Physics,

rate is 2 kHz and the minimum beam waist is about
40 pm. For comparison, similar TPA measurements
were conducted on a 1.0 mm-thick hexagonal ZnO

bulk crystal with laser polarization perpendicular to
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its (0001 ) axis. Pure DMF solvent was examined
under the same conditions and the nonlinear re-
sponse was insignificant. All the Z-scans reported
here were performed with excitation irradiances be-
low the damage threshold.

Fig.4(a) and 4 (b) illustrate the open-aper-
ture ( OA) Z-scan curves for the ZnO/ZnS and
7n0/7ZnS/ Ag core/shell QDs in DMF solvent at dif-
ferent excitation irradiances (1), where [ is de-
noted as the peak, on-axis irradiance at the focal
point (z=0) within the sample. I, is related to the
incident irradiance by taking Fresnel’s surface reflec-
tion into consideration. Based on a spatially and
temporally Gaussian pulse, the normalized energy

transmittance, T, (z), is given by >’

1 <]
Toi(2) = Tﬁwln[l + goexp( = «7) Jdx,
o

(1)
where ¢, = B,1,L.;, B, is TPA coefficient, L, =
[1-exp( —al)]/a, o is linear absorption coeffi-
cient, and [ is the sample path length. The TPA

coefficient B, can be extracted by fitting the above
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equation to the OA Z-scan curves. Fig. 4 (a) and
4(b) indicate that theoretically fitting curves (solid
lines) match well with the experimental data ( sym-
bols). The intrinsic TPA coefficient (B,,,) and
TPA cross section (¢, ) have been evaluated and
summarized in Table 1. It is known that the nonlin-
ear absorption coefficients are related to the third-
order imaginary susceptibilities by'*’

B, = 31'rImX(3)/()\ngch) s (2)
where n, is the linear refractive index, A is the laser
wavelength, ¢ is the speed of light in vacuum, and
g, is the dielectric constant in vacuum. Thus, the
intrinsic  third-order susceptibilities of Zn0/ZnS
and ZnO/7ZnS/Ag core/shell QDs can be obtained
by the use of Eq. (2) with the relation of Im X =
i

nanocom posite ()Ds in the DMF solution and f'is the

1 4ImX((;)D) , where f, is the volume fraction of

v

local field correction that depends on the dielectric
constant of DMF solvent and QDs. The intrinsic TPA
coefficient of QDs (B,,,) can be deduced as B,,, =

BZao]utinnn(z)solution/< nSQllfv ‘f‘ 4) B . The BZQD Obtained
for ZnO/ZnS core/shell QDs is ~960 cm/GW ,
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Fig.4 Open-aperture Z-scans for ZnO/ZnS (a) and ZnO/ZnS/Ag (b) core/shell QDs in DMF solution at 660 nm at different

excitation irradiances. The symbols denote the experimental data while the solid lines are the theoretically fitting curves.

Degenerate, transient transmission measurements on ZnO/ZnS (c¢) and ZnO/ZnS/Ag (d) nanocomposite films at

660 nm.
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which is ~1 000 times larger than that of the bulk
ZnO and ZnS''"®’. This enhancement can be attribu-
ted to the quantum confinement and optical Stark

effects' "

since the average radius of ZnO core
( ~2.5 nm) is comparable to the Bohr exciton radi-
us ( ~1.8 nm). We can convert the TPA coeffi-
cient (B,) into the TPA cross-section (o,) by the
Brhv
Ny

gy, and N, is the density of nanocomposite QDs in

definition of o, = , where hv is the photon ener-

the solution. By the use of calculated N, = 6.2 x
10" em ™, the TPA cross-section of Zn0O/ZnS core/
shell QDs is found to be 4.3 x 10 *cm*
4.3 x10° GM, which is at least two orders of magni-
tude higher than that of ZnS, ZnSe, CdS QDs'""’.

Table 1

+ 8/photon =

As presented in Table 1, the TPA in ZnO/ZnS core/
shell QDs is improved as beaded with Ag nano-dots,
local field
! The obtained TPA coefficient is intensity

which is attributable to enhance-

ment' >
independent, which manifests a third-order nonlin-
ear process. The TPA saturation or TPA-excited free
carrier absorption is insignificant under the current

[23-24]

experimental conditions In addition, we also

determine the TPA and three-photon absorption
(3PA) coefficients of the ZnO-based core-shell QDs
unambiguously with the use of a Z-scan theory devel-
oped for materials that possess TPA and 3PA simul-
taneously' ™. Details of the calculation are not pres-
ented here but it verifies again that the TPA is domi-

nant in the ZnO-based nanocomposite (QDs.

Crystallite size, one-photon absorption, intrinsic TPA, and TPA cross section of nanocomposite QDs

Lowest Intrinsic TPA
TPA coefficient - TPA cross-section
Size measured  Size estimated one-photon B/ coefficient (02)/
2 ()
by TEM/nm by XRD/nm absorption 1 Bogn” . 1
. (ecm - GW ™) . (em"-s-photon™")
transition/nm (em + GW ™)

Zn0/ZnS 9.0 350 0.008 9 9.6 x 10? ~4.3x107%
Zn0/ZnS/ Ag 9.0 350 0.009 4 1.0x10° ~4.6x10™*
Zn0 QD! 100 ~ 500 368 0.024
ZnS QDs!12) 1.8 260 0.08 ~ 1.7x107%

ZnSe/ZnS QDs! " 4.5 410 2.17 ~5.1x107¥
Zn0 (bulk) 375 1.3021
ZnS (bulk) 337 0.3501 ~ 5.1 x107%2012]

In the pump-probe experiments, we employed a

201 with

cross-polarized, pump-probe configuration
660-nm, 35-fs laser pulses from the same laser sys-
tem used for the Z-scans. The intensity ratio of the
pump to the probe was kept at least 20: 1. With the
cross-polarized configuration, any “ coherent arti-
fact” on the transient signal was eliminated. It has
been examined that the probe beam alone could not
influence any nonlinear effect in our experiments.
Fig. 4(c) and (d) illustrate the degenerate transient
transmission signals ( — AT) as a function of the de-
lay time for ZnO/ZnS and Zn0O/7ZnS/Ag core/shell
nanocomposite films, respectively. For the ZnO
bulk crystal, the transient transmission signals are
mainly dominated by the autocorrelation function of

the pump and probe pulses, which reveal that the

TPA plays a key role in the observed nonlinear ab-
sorption since TPA is an instantaneous nonlinear
process. When the excitation pump irradiance is in-
creased to ~ 40 GW/cm”, there is a long absorp-
tion tail with a characteristic time of ~ 100 ps or
longer. This slow recovery process can be attributed
to the absorption of TPA-excited free carriers in the
bulk ZnO since the amplitude of the absorption tail
grows proportionally to the square of the excitation

). Howev-

pump irradiance (not shown in Fig. 4
er, the slow recovery processes do not manifest
themselves in the ZnO-based nanocomposite films
with the excitation irradiance up to ~300 GW/cm”,
which is the photo-induced damage threshold. The
magnitude of main peaks in the measured dynamics

increases proportionally with the excitation power,
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which confirms that TPA is dominant. and compared to that of bulk ZnO. The TPA cross-sec-
) tions of ZnO-based core-shell nanocomposites are com-
4 Conclusion pared favorably to that of ZnS, ZnSe and CdS QDs. All

In summary, the TPA coefficients of Zn0,/ZnS the above-discussed merits demonstrate that ZnO-based

and ZnO/ZnS/ Ag core/shell QDs have been measured core-shell QDs are promising for multi-photon excita-

using femtosecond Z-scan and pump-probe techniques, tion imaging applications.
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