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Two-photon absorption in ZnSe and ZnSe/ZnS core/shell quantum
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The third order nonlinear optical properties of two different sized ZnSe and ZnSe/ZnS quantum
dots (QDs) are investigated. The nonlinear absorption is measured at 806 nm using Ti:sapphire
100 fs laser pulses in an open aperture Z-scan setup. Two-photon absorption (2PA) is found to be
dominant in core and core shell QDs. 2PA cross section is enhanced by three orders of magnitude
compared bulk ZnSe. 2PA cross section is observed to increase with reduction in QD diameter, due
to strong confinement effect. ZnSe/ZnS QDs exhibit higher 2PA cross section compared with
corresponding ZnSe QDs, indicating better passivation of the QD surface. © 2008 American

Institute of Physics. [DOI: 10.1063/1.2839400]

Recently, third order oPtical nonlinearity in various
semiconductor quantum dots -10 (QDs) has been studied in
great detail due to potential application in biological imag-
ing, ultrafast optical switching, optical limiting, and opto-
electronic devices. ZnSe QDs are promising candidate for
various optoelectronic devices'! and, hence in this letter,
nonresonant third order nonlinear optical properties of ZnSe
and ZnSe/ZnS QDs are investigated.

Two-photon absorption (2PA) is found to be enhanced in
various semiconductor QDs (Refs. 3-8) in comparison with
their respective bulk counterparts. However, ZnSe QDs em-
bedded in glass matrix’ exhibit the absence of nonlinear ab-
sorption (NLA). Our earlier communication'” reveals three-
photon absorption (3PA) cross section in ZnSe and
ZnSe/ZnS QDs to be four orders of magnitude larger than
that in bulk ZnSe. Also, an increase in 3PA cross section is
observed in case of core/shell QDs compared with its core.
In case of CdSe/ZnS QDs, Wang et al.” observed twice an
increase in value of x'® as compared with bare CdSe QDs.
These evidences indicate that the surface of the nanocrystal
plays an important role in determination of its nonlinear op-
tical properties.

ZnSe QDs of two different sizes were synthesized13 by
injecting diethylzinc and trioctylphosphine (TOP) selenide at
different temperatures in hexadecylamine (HDA). A mono-
layer of ZnS shell on ZnSe QDs was capped to nullify the
surface effects by the method described by Dabbousi et al'
NLA was measured in an open aperture Z-scan setup, using a
Ti-sapphire laser emitting 806 nm (1.54 eV), 100 fs pulses at
10 Hz repetition rate. NLA studies under these conditions
reveal the potential for ultrafast optoelectronic applications
by avoiding the thermal contributions. The open aperture
Z-scan setup was similar to that used in Ref. 12. The laser
beam was focused using a lens of 35 cm, giving the focal
spot size of 57 um. The peak intensities incident on the
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sample were maintained between 8 and 30 GW/cm? to avoid
the damage. QDs were dispersed in n-butanol and placed in
I mm quartz cuvette. Z scan of capping agents (TOP and
HDA) in n-butanol was performed to verify that the NLA is
only due to QDs and not from organic capping agents.

The x-ray diffraction (XRD) study reveals zinc blende
cubic structure for ZnSe as well as for ZnSe/ZnS QDs.12
Size of ZnSe 1 and ZnSe/ZnS 1 as determined from XRD is
4.5+0.6 nm, whereas size of ZnSell and ZnSe/ZnS II is
3.5*0.4 nm. Transmission electron microscopic images in-
dicate the formation of ZnS shell of thickness with about
0.2 nm around ZnSe QDs.12 The linear optical absorptions
[Fig. 1(a)] of ZnSe I and ZnSe/ZnS 1 QDs exhibit the lowest
excitonic transition 18%,—18¢ (forbidden gap) at 410 nm
(3.02 eV). The same excitonic transition for ZnSe 1l and
ZnSe/ZnS 11 QDs is located at 382 nm (3.25 e¢V). Quantum
size effects are clearly revealed from the linear absorption
spectra. The sizes derived from tight-binding calculations '
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FIG. 1. (a) Linear optical absorption spectra of ZnSe and ZnSe/ZnS core/
shell QDs. (b) Schematic of electron energy levels and 2PA mechanism in
ZnSe QDs. Room temperature PL spectra measured with excitation wave-
length of 350 nm for (c) ZnSel and ZnSe/ZnS1 QDs, (d) ZnSell, and
ZnSe/ZnS 11 QDs.
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FIG. 2. Open aperture Z-scan curves of ZnSel and ZnSe/ZnS1 QDs at
input intensity of 24.2 GW/cm?. The insets show the scaling for 2PA.

for ZnSe1 and ZnSe/ZnS 1 QDs is 4.3 nm and for ZnSe-II
and ZnSe/ZnS 11 QDs is 3.3 nm. Various excitonic states of
ZnSe QDs have been mapped by using photoluminescence
excitation spectroscopy.'® Figure 1(b) exhibits the availabil-
ity of 1S§‘,2—IS“ state to absorb two photons with energy
1.54 eV simultaneously. Figure 1(c) shows the PL measure-
ment of ZnSe I and ZnSe/ZnS 1 QDs. The band-edge emis-
sion is centered at 420 nm. The relative quantum efficiency
(QE) of QDs is measured with respect to the PL of stilbene
laser dye. The QE of ZnSe 1 QDs is 2%, whereas an 11 times
increase in QE is observed for ZnSe 1 QDs overcoated with a
7ZnS shell. The QE of ZnSenm QDs is 2%, whereas
ZnSe/ZnS 11 QDs exhibit QE to 17%. The band-edge emis-
sion in case of ZnSell and ZnSe/ZnS T is centered at
408 nm [Fig. 1(d)]. The increase in QE is attributed to better-
passivated QD surface and localization of the holes in the
core region.17 The increase in QE further confirms the for-
mation of ZnS shell and electronic passivation of ZnSe QD
surface.

The open aperture Z-scan traces at input intensity of
24.2 GW/cm? are shown in Figs. 2 and 3. The valley feature
with minimum transmittance at the focus (Z=0), clearly in-
dicates the presence of NLA in our QDs. The insets in Figs.
2 and 3 represent the logarithmic plot of (1-Tq,) (Where
Toa is open aperture transmittance) versus /; (excitation in-
tensity of laser beam at focus). These show the slope nearly
unity for all the QDs, confirming that two photons have been
simultaneously absorbed by these QDs. Enhanced 2PA due to
the quantum size effects from ZnSeI to ZnSe1I is evident
from the Figs. 2(a) and 3(a). For ZnSe 1 QDs, the normalized
absorbance at focus (AZ=0=1—TZ=0) is around 0.11 and for
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FIG. 3. Open aperture Z-scan curves of ZnSe Il and ZnSe/ZnS II QDs at
input intensity of 24.2 GW/cm?. The insets show the scaling for 2PA.

ZnSe 11 A, is around 0.23. A similar increase of A__, of 0.13
from ZnSe/ZnS 1to A, of 0.27 ZnSe/ZnS 11 is observed for
the core/shell QDs. By assuming a spatially and temporally
Gaussian profile for laser beam, the normalized energy trans-
mittance To,(Z), for 2PA can be given as'

1 foo]

Toa(2) = /—_f In[1 + g exp(-x*)dx, (1)
NG J —

where  qo=PB.l)Lsr, B> is  2PA  coefficient, L.y

=[1-exp(-al)]/ a, a is linear absorption coefficient, and [ is
the sample path length. The 2PA coefficient can be obtained
by fitting the open aperture Z-scan traces by using Eq. (1).
Figures 2 and 3 indicate that theoretical curve (solid line)
matches well with the experimental data (symbols). 2PA per
QD (Bygp) has been evaluated and summarized in Table I.
2PA is related to third order susceptibility [x¥*] by S,
=47 Im )((3)/()\n(2)cs0), where ng is linear refractive index,
N\ is wavelength of laser, ¢ is speed of light in vacuum,
and g, is dielectric constant of the material.” The intrinsic
2PA coefficient of QDs (ygp) can be deduced as ygp
=B2soluti0nn0501ution2/(HOQszv If|4)’ where fv is volume fraction
of QDs in the solution, and f is local field correction depend-
ing upon the dielectric constant of material and solution. The
enhancement in intrinsic 2PA coefficient (Table I) is ob-
served with reduction in size of the QD due to quantum
confinement effects."”

From the 2PA coefficient (8,), 2PA cross section (o)
can be deduced’ using the relation o, =8,hv/ N, where N, is
number density of QDs dispersed in the solution. We have

TABLE I. Linear optical absorption, QD diameter, 2PA coefficient per QD, intrinsic 2PA coefficient, and 2PA
cross section of the core and core/shell QDs dispersed in n-butanol.

Linear Diameter 2PA coefficient Intrinsic 2PA 2PA
absorption estimated by per QD coefficient cross section
(eV) XRD (nm) Bagp (cm/GW) Yop (cm/GW) o, (GM)
ZnSe 1 3.02 4.5 7.9x 1074 2.10 0.49x 10*
ZnSe/ZnS 1 3.02 45 82X 1071 2.17 0.51x10*
ZnSe 11 3.25 3.5 19.5x 1071 5.16 1.22x10*
ZnSe/ZnS 11 3.25 3.5 2221074 5.88 1.39x 10*
ZnS QDs" 4.77 1.8 0.937x 10714 1.72x 10*
Bulk ZnSe® 2.67 69.4

“Reference 3.
PReference 20.
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maintained constant Ny=4.2X 10'7 cm™3. 2PA cross section
of ZnSe1 and ZnSe I is found to be 0.49X 10* and 1.22
X 10* GM, where GM=10""" cm*s/ photon. Also, 2PA cross
sections of ZnSe/ZnS1 and ZnSe/ZnS 1 is found to be
0.51X10* and 1.39X 10* GM (Table I). The typical en-
hancement of 2PA cross section is also observed in ZnS,3
Cds,* CdSe,” and CdTe (Ref. 8) QDs. 2PA cross section is
found to be three magnitudes higher in ZnSe QDs as com-
pared with bulk ZnSe.” It may also be noted that 2PA cross
section in ZnSe QDs is comparable to that of the ZnS,3 CdS,4
and CdTe (Ref. 8) QDs. The enhancement in 2PA cross sec-
tion has been observed in case of ZnSe/ZnS core/shell quan-
tum structure compared to that of core ZnSe QDs. The en-
hancement in nonlinear properties can be attributed to an
electronic passivation of QD surface and the localization of
charge carriers in core/shell quantum heterostructure.'” Fur-
thermore, an increase in nonlinearity is observed with de-
crease in QD diameter. This is consistent with the established
result that an increase in exciton oscillator strength with de-
crease in QD size is responsible for an improvement in
nonlinearity.19 Mn-doped ZnSe nanocrystals = exhibit in-
crease in 2PA coefficient with increase in overcoating ZnSe
shell thickness. However, recent studies on CdTe QDs em-
bedded in borosilicate glass,9 CdSe QDs dispersed in metha-
nol and octadecene,” and water soluble thiol capped CdTe
QDs (Ref. 8) show decrease in 2PA cross section with de-
crease in QD diameter. These point out that the dependence
of 2PA cross section on the size of the QD needs to be
understood further. We are carrying out more studies in this
direction.

In summary, 2PA is found to be a dominant mechanism
in ZnSe and ZnSe/ZnS QDs at incident excitation photon
energy of 1.54 eV. 2PA cross section is found to be enhanced
by three orders of magnitude as compared with bulk ZnSe.
QD surface is found to be active in determination of optical
nonlinearity as 2PA coefficient in core/shell QDs is larger
than its respective core QDs. The increase in nonlinearity
with decrease in QD diameter is attributed to quantum size
effects. We observe considerable 2PA (with 100 fs, 806 nm
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laser pulses) and when we couple these observations together
with our earlier measurements'? of significant 3PA (with
35 ps, 1064 nm laser pulses), these QD systems appear to
have great potential in ultrafast switching and optical limit-
ing devices in a broad spectral region near infra red.
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