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Abstract:  The four-band model, derived under the effective-mass
approximation for cubic semiconductor quantum dots (QDs), is compared
with experimental measurements on frequency degenerate three-photon
absorption (3PA) in CdSe QDs and ZnS QDs. Qualitatively, the model
provides the correct prediction on the magnitude of the 3PA cross-sections,
which are in the range from 107 to 107" cm®s’photon® in the light
frequency region of interest. More noticeably, the theoretical conclusion of
an increasing tendency in the 3PA cross-sections with increasing dot-size is
in agreement with the experiment. The discrepancy is aso found for smaller
QDs (dot-radius is less than one-third of the exciton Bohr radius), which is
attributed to neglecting the mixing among the three valence bands in the
theory.
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1. Introduction

Recently, semiconductor quantum dots (QDs), or nanocrystals (NCs), have received
considerable attention due to their potentia applications in optical limiting, bio-labels,
biosensors and imaging agents [1-4], employing two-photon absorption (2PA) or three-photon
absorption (3PA). Compared with 2PA, longer excitation wavelengths may be utilized in
3PA-based applications to provide deeper penetration depths in absorptive media and higher
spatial resolution [5, 6]. A better understanding of 3PA in semiconductor QDs should be of
direct relevance to 3PA-based applications. By extending Federov's model [7], we have
developed a four-band model for the frequency degenerate 3PA of cubic semiconductor QDs
or NCs. To validate the model, we present here the comparison between the model and
experimental measurements on the frequency degenerate 3PA cross-sections of CdSe QDs
and ZnS QDs.

The 3PA in semiconductor QDs was first reported on CdS QDs. With femtosecond pulsed
excitation, Chon and his co-workers [8] measured the three-photon-excited band-edge and
trap-state emission from CdS QDs in solution, and they concluded that the 3PA cross-sections
should be ~ 10 cm®s*photon™. However, there was uncertainty in their measurements since
the three-photon-excited photoluminescence efficiency was assumed. The first unambiguous
measurement on the 3PA cross-section of ZnS QDs of 1.3-nm radius was made by He, et al.,
[9] who applied both Z-scan and transient transmission techniques with 120-fs laser pulses to
determine it to be ~10"® cmPs?photon™ at 780 nm. Very recently, 3PA of CdSe QDs in hexane
solution of five different dot-sizes was investigated systematically with femtosecond laser
pulses[4]. It isalso noticed that Lad, et al., experimentally studied the 3PA in ZnSe QDs and
ZnSe/ZnS core-shell QDs with picosecond laser pulses[10].

In Section 2.1, we compare the four-parabolic-band model with the size-dependent 3PA
cross-sections of CdSe QDs measured by He, et al. [4]. In Section 2.2, we aso make
comparison between the model and 3PA cross-section measurements on ZnS QDs by
femtosecond Z-scans in the broad spectral range of 600-750 nm. There is no adjustable
parameter in the model. It is found that good agreement can be reached for QDs with dot-sizes
being less than the exciton Bohr radius ag. But discrepancy exists for smaller QDs (radii are
less than one-third of the exciton Bohr radius ag), which is attributed to neglecting the mixing
of the valence bands in the model.
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2. Experiment

Following Federov's model [7], we have derived the following analytical expression for the
frequency degenerate 3PA cross-sections, gz, for ZnS and CdSe QDs, with the Lifshits-Slezov
size distribution [11].
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For the definitions of the symbols and nomenclature, the reader is referred to Ref. [7]. It

should be emphasized that there is no free parameter in the calculations and discussion
presented in the next section. And the material parametersinvolved are listed in Table 1.

Table 1. Parameters used in the Calculations for the Investigated Materials

B (&) Ao(®) m(m) mn(m) ma(m) me(my)  as(m)
ZnsS* 3.8 0.07 0.28 1.76 0.23 0.4 2.2

Cdse® 1.84 0.42 0.11 114 0.31 0.49 49
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Fig. 1. The 3PA cross-section plotted as a function of the dot diameter for CdSe QDs with the
three-photon excitation wavelength of ~1300 nm. The solid line is our theoretical calculation.
The solid squares are the data measured by He, et al. [4].

The 3PA cross-sections calculated at the wavelength of 1300 nm for CdSe QDs as a function
of the average diameter are shown in Fig. 1. It is evident that the overall magnitude of the
3PA cross-section increases with increasing QD diameter, in agreement with the case of two-
photon absorption (2PA) [14, 15]. For comparison, we re-plot the experimental results by He,
et al., [4] for CdSe QDs with the three-photon excitation wavelength of ~1300 nm. Notice that
the 3PA coefficient per QD, o3 is defined as o3=ag/N in Ref. [4], where o and N are the 3PA
coefficient of the solution and the QD density, respectively. In Fig. 1, we convert it to the 3PA
cross-section by the definition of oz=(hw)?as/N. As seen from Fig. 1, the theory predicts an
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increasing tendency in the 3PA cross-sections with the increase in the dot-diameter, though it
does not increase monotonously. This is consistent with the measurement. Within the
experimental errors, a good agreement between the experimental data and the theory can be
found, for CdSe QDs of larger diameters (2R, = ~3.9 and ~3.4 nm). Notice that the exciton
Bohr diameter is 2ag = 9.8 nm. Thus, the good agreement can be reached for CdSe QDs with
dot’s diameter being greater than 2ag/3 (= 3.3 nm).

For smaller diameters (less than 2az/3 = 3.3 nm), however, the discrepancy exists, similar
to the finding for 2PA in QDs [14, 15]. It was revealed by Padilha, et al., [15] that the mixing
of the three valence bands is of importance to smaller QDs. If such mixings are considered

and included in a k - P model, an excellent agreement can be reached for the 2PA in smaller
QDs. Similarly, we anticipate the mixing should aso play an important role in the 3PA of

smaller QDs. And the calculation based on the k-P model is under way.
22 3PA Cross-Sections of ZnS Quantum Dots

To investigate the 3PA cross-sections of ZnS QDs, we freshly prepared the QDs with method
described in the following. Precursor of ZnS QDs was prepared by reacting thiobenzoic acid
with sodium carbonate and zinc nitrate. Thioglycolic acid (20X capping agent) of 420mL was
added to 5mL water. The pH value was adjusted to approximately 11~12 by addition of base
(~5mL 2M potassium hydroxide or sodium hydroxide). 0.103g precursor was then dissolved
in the reaction mixture, and heated to 100 °C after degassing and filling the reaction set-up
with nitrogen gas. After 30 minutes the reaction was stopped by placing the reaction mixture
into an ice bath. The pH value was readjusted back to around 7 by addition of acid so as to
reduce the QD solubility in water, thereby increasing the ease of precipitation. The reaction
mixture was then left to stand for 7 days to allow the aggregation of smaller crystals into
larger ones. 2-propanol was then added until turbidity was observed and the mixture was
centrifuged. The precipitate was washed with 2-propanol and dried under vacuum. The pellet
of the QDs was vacuum-dried at room temperature overnight, and the final product in the
powder form could be re-dissolved in water.
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Fig. 2. UV-VIS one-photon absorption (thick solid line—) spectrum, together with the
Gaussian fitting bands (dotted lines:---), of the ZnS QDs. The inset shows the PL (dashed line:--
-) spectrum excited at 230 nm.

With a UV-visible spectrophotometer (Shimadzu, UV-1700), the one-photon absorption
spectrum of the thioglycol-capped ZnS QDs in agueous solution was recorded and is shown in
Fig. 2. Both sharp optical absorption edge and well-defined excitonic feature are indicative of
a narrow size distribution of the QDs. The 1.3-nm size of the ZnS QDs was estimated by the
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calculation based on effective mass approximation [16] and realistic tight binding calculation
[17]. Broadening of the excitonic transition is primarily due to the inhomogeneity arising from
size dispersion. A size distribution of ~ 8% can be estimated with the 520-meV width of the
excitonic transition of 15(e)—1S;,(h) observed in Fig. 2. The inset of Fig. 2 displays two PL
emission bands (peaked at 350 and 450 nm), recorded by a Jasco FP-6300 spectrofluorometer
for the ZnS QDs. The PL emission peak at 350 nm, which is red-shifted compared to the
excitonic transition (~ 232 nm), is consistent with the observation by Kumbhojkar, et al., [18]
and Sapra, et al., [19] for un-doped ZnS QDs. The change of excitation wavelength only led
to the alteration in the intensity of the emission peaks. The strong emission bands could be
attributed to the carrier recombination of the sulfur defect states, which are mostly on the
surface of the QDs[16, 19].

The room-temperature 3PA of the ZnS QDs in aqueous solution was investigated with a
standard Z-scan technique [20]. The 1-mJ, 1-kHz, 120-fs laser pulses were generated by a
Ti:Sapphire regenerative amplifier (Quantronix, Titan), which was seeded by an erbium-
doped fiber laser (Quantronix, IMRA). The wavelengths were tunable as the laser pulses
passed through an optical parametric amplifier (Quantronix, TOPAS). The spatial distribution
of the pulses was nearly Gaussian, after passing through a spatial filter. The high quality of
the Gaussian beam was confirmed by the M2factor measurement, showing that the value of
M? was close to the unity. The laser beam was divided by a beam splitter into two parts. The
reflected part was taken as the reference representing the incident laser power and the
transmitted beam was focused with a lens (f = 25 cm) onto the ZnS aqueous solution which
was placed in a 10-mm-thick quartz cell. Two light power probes (Laser Probe, RkP-465 HD)
were used to record both the incident and transmitted laser power simultaneously. A
computer-controlled transation stage was employed to move the cell along the propagation
direction (Z-axis) of the laser pulses. For the open-aperture (OA) Z-scans, extreme care was
taken to ensure the entire collection of the transmitted light, and thus, self-lensing effects were
eliminated.

It should be pointed out that the ZnS QDs possessed the high photostability in agueous
solution with high-power laser pulses because their one-photon absorption and PL spectra
were measured before and after the pulsed laser irradiation; no measurable difference was
observed. For calibration, similar 3PA measurements were conducted on a 0.5-mm-thick
cubic ZnS bulk crystal (Semiconductor Wafer, Inc.) with laser polarization perpendicular to
its <111> axis. All the Z-scans reported here were performed with excitation irradiances
below the damage threshold.

Figure 3 illustrates the typical OA Z-scan curves for both the ZnS QD solution and the
ZnS bulk crystal, where excitation irradiance | is denoted as the peak, on-axis irradiance a
the focal point (z = 0) within the sample. 1y is related to the incident irradiance by taking
Fresnel’s surface reflection into consideration. By taking into account of spatial and temporal
Gaussian pulses, the normalized energy transmittance, Toa(2), is given by [21,22].

Top=— T In[,/1+ po? expl- 2x2) + p, expl- xz)}dx )
\/;po e

where py =+/2051 5L , 1g=1g/(1+2%/22) is the excitation intensity at position z,

zZ,= ﬂ\Ng | A is the Rayleigh range, W, is the minimum beam waist, 1 is the laser free-space
_ 1-exp(=2aL)
20,

wavelength, L'y is the effective sample length, ao is the linear absorption
0
coefficient, and L is the sample length. The 3PA coefficient az can be extracted by fitting Eq.

(3) to the OA Z-scan curves. Finally, the 3PA cross-section (o3) can be inferred from
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o3=(hw)?a/N. Note that the large experimental errors result primarily from the uncertainty in
determining the density of the ZnS QDs in solution.
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Fig. 3. Typical open-aperture Z-scans at 700 nm for the ZnS QDs. The symbols denote the

experimental data while the solid lines are theoretically fitted curves employing the Z-scan
theory described in the text. The inset shows the Z-scan curves for the ZnS bulk crystal.
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Fig. 4. 3PA cross-sections calculated as a function of the wavelength for ZnS QDs. The solid
sguares are the experimental data.

The measured 3PA cross-section spectrum for the 1.3 nm-sized water-soluble ZnS QDs is
shown in Fig. 4. For comparison, the theoretical calculations are also presented. Obviously, a
good agreement is found between the theory and the experiment within the experimental
errors. The magnitude of the 3PA cross-sections that we calculated and measured is at least
one order larger than those of ZnS bulk crystal [23].This enhancement can be attributed to the
guantum confinement effect since ZnS QDs' average radius (Ry~ 1.3 nm) is smaller than the
Bohr exciton radius (ag = 2.2 nm). The good agreement demonstrates again that our model
explains the data well for QD sizes in the range from being smaller than the exciton Bohr
radius, ag to being greater than ag/3.
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3. Conclusion

The four-band model, that is derived under the effective-mass approximation for
semiconductor QDs of O, -symmetry, is compared with experimental measurements on the

frequency degenerate 3PA cross-sections of CdSe QDs and ZnS QDs. Qualitatively, the
model provides the correct prediction on the magnitude of the 3PA cross-sections, which are
in the range from 107 to 107" cm°&photon’® in the light frequency region of interest. More
noticeably, the theoretical conclusion of an increasing tendency in the 3PA cross-section
spectra with the increase of dot-size is in agreement with the experiment. The discrepancy is
also found for smaller QDs (dot-radius is less than the one-third of the exciton Bohr radius),
which is attributed to neglecting the mixing among the three valence bands in the theory.
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