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Abstract

Studying the nonlinearities in the resonant mode one may face thermo-optical effects due to sample
overheating, occurring upon exposure to high-frequency repetition rate probing pulse. If present, thermo-
optical contribution to the refractive index are extremely hard to separate from the electronic contribution. In
order to obtain purely electronic non-linear change in refractive index and to avoid thermal effects we modify
classic Z-scan method to operate with low probing laser pulse repetition rate of 1 Hz. In our work, we present
results of a Z-scan measured non-linear refraction coefficient of colloidal PbS QDs of different sizes free from
thermal contribution. Our measured values of nonlinear refractive index is in order of 10 cm2W and
independent on the QD concentration in the solution.
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1. INTRODUCTION

Due to low energy bandgap, high absorption coefficient in near infrared region, size-tunable properties and
suitability for wet processing, colloidal lead sulfide (PbS) quantum dots (QD) are widely studied material for
applications in the near-infrared region [1]. This, combined with potentially high resonant non-linear optical
response [2] and tunable non-linear absorption and reflection, make PbS QDs possible alternative material for
use in the non-linear optics.

Common technique to study optical nonlinearities was introduced in 1990 by Sheik-Bahae et. al. [3] and ever
since providing the simple and sensitive way to measure absolute values of nonlinear refraction and absorption
coefficient of thin samples.

Previous Z-scan studies on the third-order nonlinear susceptibility of PbS quantum dots report either saturable
[4] or mostly multiphoton absorption [5-7]. The common issue lies in the varying values of the nonlinear
refractive index from different authors, e.g. —(10+60) 10-'2 cm2/W in C2Cls4 [6], or —8.2:10716 cm2/W in toluene,
-2.3-107"® cm?/W in hexane, —1.2:107"5 cm?/W in CCl4 [8]. Mentioned problems arising from differences in the
sample preparation method and, more important, in the origins of nonlinearity measured. We can split
nonlinear contributions to one, reflecting purely nonlinear electron response (with response time of 10-15 -
1019 s) to the applied electromagnetic field, and thermal (with response time of 108 s or more), arising when
absorbed excitation energy is converted to heat due to thermo-optical coefficient dn/dT is higher than zero.
Which in turn leads to thermal lensing effect, changing the resulting z-scan trace, thus acting as a parasite
source of nonlinearity if one have to determine the electronic nonlinearity.

There is a way to reduce, if not entirely remove, thermal counterpart from the result. Electronic and thermal
nonlinearity response time are different in magnitude by a few orders, so utilizing ultra-fast optical pulses can
reduce the thermal counterpart. Although, using high repetition rate pulsed lasers can lead to formation
of steady-state temperature profile hence accumulating thermal lens effect [9] so it is necessary to increase
the time spacing between pulses to a minimum of t. = w2/4D, where D is thermal diffusion coefficient and w -
beam diameter). Commonly used polar solvents have D in order of 10-3 cm?/s thus the maximum repetition
rate is in order of tens of kHz for typical z-scan setup. In our work, we demonstrate that the absence of the
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thermal counterpart to the nonlinear refractive index of PbS QD changes the behavior of the nonlinear
refraction coefficient.

2, METHODS

Lead sulfide quantum dots (sizes ranging from 3.4 nm to 5.2 nm) were synthesized according to [10]. To
remove excess of organic ligands QD were precipitated by acetone and then redispersed in the non-polar
solvent. For power, concentration and size dependent measurements we chose hexane as a solvent for its
lowest non-linear response (n2 in order of 107 cm%W) among other common non-polar solvents (such as
toluene, chloroform and tetrachloromethane). Absorption coefficient was calculated from the absorption
spectra measured with Shimadzu UV3600 UV-VIS-NIR spectrophotometer. To measure the nonlinear
refractive index we used standard z-scan setup with femtosecond Ti:sapphire laser (Avesta) with center
wavelength 800 nm, pulse width >35 fs, acting as an excitation light source. In order to get rid of the thermal
counterpart of the refractive index we lowered the pulse repetition rate to 1 Hz. Z-scan layout is schematically
shown in Figure 1.

Typical open aperture Z-scan trace of pure hexane and colloidal QD solution are shown in the Figure 2.
Presuming the additivity of nonlinear indexes of the QDs and the solvent we can subtract z-scan curve of the
solvent to obtain the z-scan trace, attributed only to QDs [11]. n2 values were calculated using formula (1)
from [3]

AT 2 V2
"= 0406 2 ' 035
. 2l L (1-5)

(1)

here AT is the difference between the normalized peak and valley transmittance; Il»,, - light intensity within
the sample; L, = (1 —e ) / a - effective length, where o is the linear absorption coefficient and L - sample

thickness; A - wavelength of light, S - aperture.
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Figure 1 Scheme of the z-scan setup: At - laser output power attenuator, M - mirrors, PD - photodetectors;
BS - beam splitters; L - condensing lens (f = 20 cm), SH - sample holder on a positioning table,
AD - aperture diaphragm
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3. RESULTS AND DISCUSSION

First, we have performed Z-scan measurement using the described setup with a pulse repetition rate of 70
MHz, MHz repetition rates are commonly used in works, studying PbS QD with z-scan technique [4-7]. Z-scan
measurements were performed for the 4.5 nm QD colloidal solutions with different concentrations ranging from
3-10% M to 14-10% M.-The calculated n2 values are —(25+90) 10-'2 cm2/W and close to the values reported in
the literature [5-7]. Negative sign of the nonlinear refraction index indicates the self-defocusing process. From
Figure 2(a) it is clearly seen that non-linear refractive index changes linearly with the concentration.

Considering isolated QDs in colloidal solution, change the concentration leads only to change in the absorption.
However, absorption change is taken into account in the calculations of nz via absorption-dependent effective
length Le in equation (1). Thus, purely electronic nonlinear refractive index should remain constant. High
absorption in the resonant (i.e. above-bandgap) excitation mode leads to the diffusion heating of the colloidal
sample and consequent formation of the thermal lens, altering the n2 values. Long-term thermal diffusion arises
when sample cannot return to the equilibrium temperature because the time spacing between pulses are
shorter than t. = w2/4D, where D is thermal diffusion coefficient and w - beam diameter, for most z-scan setups
t=>40 pus [9]. Hence, to get rid of the thermal diffusion (and thermal lens) it is necessary to reduce pulse
repetition rate lower than few kilohertz.

Lowering the pulse repetition rate, we observed that n2 concentration dependence vanishes when the
repetition rate approaches ~10 Hz, and are completely gone at 1 Hz in the concentration range 2:107 M to
3-10-% M, see Figure 2(b). Resulting n2 values are still negative, but significantly changed from ~10-2 cm2/W
to ~10-'® cm2?/W. Hence, we assume that colloidal QD n2 concentration dependence indicates the presence
of the thermal lens effect. To prove that our results obtained from equation (1) are correct, we have performed
z-scan measurements with four different pulse powers (pulse repetition rate 1 Hz). Results for 4.5 nm diameter
QD colloidal solution (concentration 1.1-10-5 M) are shown on Figure 2(c). As it can be seen, n2 values are
independent from the intensity in the range of 110-235 GW/cm2.
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Figure 2 (a) n2 dependence on QD (d = 4.5 nm) concentration pulse repetition rate - 70 MHz;
(b) n2 dependence on QD (d = 4.5 nm) concentration (or volume fraction) pulse repetition rate - 1 Hz;

(c) n2 dependence on input power I, for lead sulfide QDs (d = 4.5 nm)

To estimate QD nonlinearity size dependence we measured a set of QD with sizes ranging from d = 3.2 nm to
d=15.2 nm, with the same excitation wavelength, concentration and incident beam power. The absorption
spectra of the studied batch of PbS QD solution are shown on Figure 3(a). Arrow notes red shift of the QD
first excitonic peak with increasing QD size, red line marks the excitation wavelength. As shown in Figure 3(b),
nonlinear refraction index increases (from —0.5-10- cm2/W to -4-10-'® cm2/W) with increasing QD size, and
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consequently, reducing with increasing bandgap energy. n2 dependence on QD radius was approximated with
power function and found to be close to cubic. However, we measured only limited range of PbS QD sizes and
further research has to be done to thoroughly analyze quantum confinement effect on the nonlinear properties
of the QDs.
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Figure 3 (a) absorption spectra for QD with different sizes, from d = 3.2 nm to d = 5.2 nm, Aexc = 800 nm -
excitation wavelength; (b) nonlinear refractive index size dependence, red dashed line stands for power

function fit (n, = ~0.15R*)

4, CONCLUSION

We report that colloidal QD nonlinear refractive index concentration dependence is a sign of a thermal
nonlinearity arising from the thermal lens effect. Performing z-scan measurement with low pulse repetition rate
laser, thus free from thermal lens effect, we observed that nonlinear refractive index remain constant for
different QD solution concentrations, and is in order of 10" cm2/W, which is by four order lower than previously
reported results. QD nonlinear refractive index are expectedly size dependent and we found it to be close to
cubic dependence
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