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Abstract. We report the studies of third harmonic generation efficiency using an
interface-scanning technique for colloidal suspensions of harmonic ZnO
nanoparticles under nanosecond-range pulsed laser excitation at 1064 nm. The
harmonic nanoparticles represent a new type of biomarkers for multiphoton
imaging, which generate efficiently second-, third- and higher-order optical
harmonics. Using the reference data for fused silica, the characteristic orientation-
averaged nondegenerate cubic nonlinear optical susceptibility ~ 107'° esu is obtained
for the ZnO nanoparticles with the mean sizes 40-150 nm. The third harmonic
generation efficiency increases with increasing nanoparticle size and achieves the
reference data known for the bulk ZnO crystals. The technique suggested by us can
be applied in nondestructive express diagnostics of nanoparticles, when
characterizing their nonlinear optical properties, studying the effect of their size and
shape, and further improving their harmonic generation efficiency.
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1. Introduction

Harmonic nanoparticles (HNPs) [1] represent a new family of biomarkers for multiphoton imaging
[2] and exerting optical contrast by the second-, third- and higher-order optical harmonic
generation. This type of biomarkers can be excited at specific resonances and a presence of even
harmonics is directly associated with a noncentrosymmetric character of their lattice structure
[3—7]. Very recently, several authors have observed simultaneous generation of second, third (TH)
and fourth harmonics by individual HNPs in the microscopy studies [8—10]. Simultanecous
detection of these signals, along with additional tunability of response, can be used for sensing and
imaging to increase selectivity against background. However, proper characterization of the
nonlinear optical properties of nanoparticles (NPs) with different sizes and surface
functionalization is still an interesting issue. Characterization of second harmonic generation
efficiency < ;(](\ng> can be done using a hyper-Rayleigh scattering effect readout versus a well-
known response of PNA molecules as a reference [11]. One of the approaches used to estimate the
average TH generation (THG) efficiency < Zﬁg» is based on a two-step procedure. The first is
measuring of the second harmonic generation efficiency < )(Efg\> of HNPs and the second step is

comparing the scattering responses at the TH (/;,) and second harmonic (/,,) frequencies under
the same laser pump level /,,, resulting in the following relation:
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Notice that this indirect technique for calibrating the THG efficiency has a number of

drawbacks. In particular, it requires high pump intensities /,, whereas the two-step procedure
decreases the overall precision.

The other approach is direct. It is based on the THG interface-scanning technique [12—14].
The latter has been first designed for analyzing the THG response efficiency of liquids and gases
in the quartz cells. This can be accomplished through comparing the THG signal at a filled-cell
interface with the corresponding signal at the quartz/air interface as a reference.

In the present work we apply, for the first time, the direct approach to studies of THG
efficiencies for the colloidal suspensions with different HNP concentrations. We characterize the
nonlinear optical properties of ZnO NPs and study the influence of size of the NPs on these
properties [15].

2. Methods and materials

The THG interface scanning technique described in Ref. [12] has been initially designed for
studying homogeneous media. It allows estimating the cubic nonlinear susceptibility y* (3w) of a
sample in a cell by comparing it with the known parameter y.)'(3®) of a cell material, typically

fused silica [16]. The susceptibility y*”(3w) is proportional to the square root of the ratio of TH
signals detected at sample/glass (/;) and glass/air (/,) interfaces:

2®Gow)~ ;(g)@w)(li(ls /1, )”2). (1)

According to the set of measurements performed for different solvents with the known cubic

susceptibilities, y the positive sign in Eq. (1) should be used in calculations, as explained in
Ref. [12].

In case of inhomogeneous systems like colloidal NP suspensions with very low NP volume
©)
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fractions f, the effective susceptibility y.  of the colloidal NP suspension can be written as [17]

where ¢, and ¢, denote the permittivities of the NPs and the solvent, respectively.
®) for diluted colloidal

col

In the framework of the present approach, we have measured y,
suspensions with different concentrations of ZnO NPs. This enables evaluating the orientation-

1/2
averaged THG susceptibility <‘ Zz(v}f)’ 2> of the NPs (referred to as < ;(1(\,3,23> further on) and the

2 parameter of the solvent, thus allowing one to check the validity of the experimental data.
The experimental setup is shown in Fig. 1. A YAG laser (Wedge HB, Bright solutions, with
the wavelength 1064 nm, the pulse width 1 ns and the repetition rate 1 kHz) was used as an
excitation source. The laser beam was focused by a lens L (=5 cm) at a flow cell mounted on a
high-precision translation stage for the interface scanning along the Z direction. The THG signal in
the forward direction was collected by lenses and measured by a photomultiplier tube PMT
(Hamamatsu H10721-210) with edge-pass and band-pass (355+5 nm) filters placed in front of it
for removing the pump beam and extracting the TH signal at 355 nm. A half-wave plate
(not shown in Fig. 1) and a polarizing cube PC were used to adjust the intensity of horizontally
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Fig. 1. Experimental setup of THG interface scanning technique: BS — beam splitter; L — focusing lens;
PD — photodiode; PMT — photomultiplier tube; PC — polarizing cube; BP — band-pass and edge-pass filters;
BE — beam expander; R — reservoir with colloidal suspension.

polarized excitation beam. A beam expander BE with a pinhole placed after its focal plane was
used in order to optimize the beam size. The output power variation was monitored by a Si-based
photodiode PD. A knife-edge technique was used to measure the beam diameter at different
positions and estimate the waist size. It was equal to wy~ 15 um, with the confocal parameter
b~=0.6 mm.

The above setup configuration allowed us to obtain an optimal beam waist volume in terms
of the quantity of irradiated NPs and to resolute spatially the TH signals from the interfaces. The
thermal effects in the measurement cell, the NP-concentration fluctuations and their sticking on the
cell walls were also reduced. For avoiding optical damage of the NP suspensions and silica-glass
walls, the laser pulse energy was set below 20 ulJ. For the case of 1 kHz pulse train, a flow cell
with a 2 mm light path between a 5 mm thick UV fused silica windows was applied to prevent
signal fluctuations and non-reproducible THG trends, which would have otherwise taken place in
the case of static cell. A peristaltic pump connected to a ~ 50 mL main reservoir provided a flow
rate of ~ 60 mL/min. Continuous magnetic stirring avoided significant variations of the NP
concentration during the scanning. A comparison of the irradiated waist volume with the mean
velocity ~ 1 cm/s of the suspension gave us an estimate of the refresh rate of about 0.5 kHz, thus
providing new suspension volumes per almost each laser shot.

The above technique was used to study three commercial ZnO nanopowders with different
sizes of nanocrystals (see Fig. 2): 90-200 nm for a ‘ZnO1’ sample (NanoAmor Inc.), 40-100 nm
for a ‘Zn0O2’ sample (NanoTek, Alfa Aesar), and about 40 nm for a ‘ZnO3’ sample (NanoAmor
Inc.). The procedures of preparation of stable colloidal suspensions in ethanol were carried out in
two steps. On the first stage, 200 mL of initial solution with the NP concentration 1 mg/mL was
placed for 2 h in an ultrasonic bath. The second stage lasted a couple of weeks, when a large-scale
agglomerates sedimentation took part, with consequent extraction of the supernatant.

The final supernatant prepared in this way showed low sizes and narrow size distribution, as
estimated from a dynamic light scattering. The NP concentration was measured by weighing the
evaporated supernatant. A dried drop on a carbon-film-coated copper grid was used for TEM

imaging (JEOL 2100 HT) and relatively broad size and shape polydispersities were observed for

- =

Fig. 2. TEM images of (a) ZnO1, (b) Zn0O2, (c) ZnO3 nanocrystals dispersed in ethanol.
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Table 1. Nonlinear susceptibilities < l(zi)o> estimated with our THG interface scanning technique.

Sample d, nm <Z§,)0> , 10" esu
Zn03 40+20 1.3+0.3
Zn02 100+25 22+0.2
Zn01 145+40 2.6+0.2

each of our ZnO samples. The main parameters of our samples are gathered in Table 1. The
magnitude of the cubic susceptibility measured for ethanol (= (1.9£0.2)x10™" esu)

demonstrated a good agreement with the reference data (1.7+0.1)x10™"* esu [18] and proved the
validity of our technique.

3. Results and discussion

We have performed the THG efficiency measurements for the three kinds of colloidal NP
suspensions (see Table 1), using nanosecond laser pulses at 1064 nm. A typical example of the
TH-signal scan across the flow cell is presented in Fig. 3. It corresponds to the suspension of
ZnO1 nanocrystals dispersed at 1.4x10* mg/mL in ethanol. Four THG peaks TH, 4 are generated
within the cell volume at each interface of the cell, with the TH scattering contribution in forward
direction. This TH scattering signal magnitude increases linearly with increasing NP
concentration. This fact should be taken into account when retrieving correctly the interface THG
intensity. The  experimental data can be  approximated by the function

1 (z) =BG+ z; TH,(z)+THS(z), where BG is the background level and TH(z) the pseudo-

Voigt function [19] that models the shape of the THG peak at i" interface. The TH scattering from
the cell volume, THS, is fitted by the plateau function:

THS(z) =S, [1—(1+exp{(z—,ul )/al})_l —(1+exp{—(z—/12 )/02})_1},

where 1, —uy is the plateau width, o; the edge width and Sy the scattering amplitude. The THG

©) of the colloid suspension is determined from the amplitude ratio of the peaks
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Fig. 3. Schematic representation of crossing the flow cell and implementation of the fitting procedure for the
case of 'ZnO1’ nanocrystals dispersed at 1.4x1072 mg/mL in ethanol. Experimental data (black triangles) are
fitted with four THG peaks TH; (dotted line) measured from the interfaces I, Il, Ill and IV and the THS plateau
(dashed line) contribution.
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TH;(z) and TH4(z) at the interfaces III and IV, which are the closest to the PMT detection unit
(see Fig. 1). Their FWHMs have been used to estimate the effective beam waist confocal
parameter at the corresponding interface.

For each given NP concentration in the suspension, we have checked the dependences of the
TH signals detected at the colloid/silica and silica/air interfaces (7H;(z) and THy(z), respectively)
versus the peak laser intensity /, (see Fig. 4a). The latter has been varied while rotating the half-
wave plate positioned before the PC (see Fig. 1). It has been revealed that the colloid/glass and
ethanol/glass interfaces generate the TH signals with the typical slope p=3.0+0.1 on the
log-log scale (at I,, < 0.8 GW/cm?). A further increase in I,, reduces the THG efficiency, with the
corresponding decrease in the slope (p = 2.3£0.1). This is due to self-action effects manifested in
the suspension. The inset in Fig. 4a displays the spectral response of the colloid with narrow bands
of which spectral positions correspond to the second harmonics and TH of the pump radiation at
1064 nm.

For all kinds of our ZnO NPs, we have performed a set of the scans across the flowing cell

for different concentrations and volume fractions f of the NPs in the suspension. The peak
3)

col

amplitude ratios TH3/TH, thus obtained have been used to estimate the effective susceptibility y
©)

for the whole frange, basing on Eq. (1). We have obtained a linear dependence of . upon f for

the stable diluted suspensions (see a typical graph in Fig. 4b referred to the ZnO1 HNPs). We have
performed a checkout of these results, using the scans of the ethanol solvent only (f= 0) taken at
the very beginning of the experiments and after the last measurement of the suspension
characterized with the highest volume fraction. We have observed coincidence of the cubic

nonlinear optical efficiencies y'” of ethanol, thus demonstrating the absence of any pronounced

contribution of the stuck NPs at the interface.
In the framework of the effective-medium approximation given by Eq. (2), we have analyzed
) in order to estimate the orientation-ave-

col

the linear experimental concentration dependences of y

raged susceptibilities < ;{S,)O> for each kind of the ZnO NPs (see Table 1). This reveals the impact

of the NP size on the THG efficiency. One can see that the efficiency increases with increasing NP
size d. In the case of ZnO1 NPs with d ~ 150 nm, it reaches the value y**’=2.6x10"" esu at the
pump-laser wavelength 1064 nm, which is close to the reference data for the bulk ZnO (see
Ref. [20]). In other words, the results obtained for the THG efficiency of the ZnO NPs agree well
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Fig. 4. (a) THG intensity at the colloid/glass interface versus the peak laser intensity at 1064nm for ZnO1
sample (open circles) and ethanol (filled triangles); (b) The corresponding dependence of susceptibility ;(fj; on

the volume NP fraction (filled circles). Open triangle denotes verification data point for the ethanol solvent taken
after the concentration-dependence measurement set is finished (see explanations in the text).
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with the reference data for the bulk ZnO (x,)=2.5%10""esu [20], thus validating the

experimental technique applied in the present work.

4. Conclusion

We study the THG efficiency for the colloidal ZnO NP suspensions, using the interface scanning
technique and the regime of nanosecond-range pulsed laser excitation at 1064 nm. The
measurements are performed along the pump-beam propagation direction in the flow cell with
thick fused silica sidewalls, in order to resolve the contribution of each of the interfaces. Basing on
the reference data for the fused silica, we have obtained the THG efficiency of the ethanol solvent

%) =1.9x10"esu in the units that correspond to the reference data. The characteristic
orientation-averaged parameter < ;(gl)0>~ 10 "% esu is obtained for the ZnO NPs with the mean

sizes 40—-150 nm. A notable impact of the NP size on the THG efficiency is demonstrated. The

efficiency increases up to <)(gq)0>=2.6><10’10 esu with increasing NP size. In other words, it

achieves the known reference data for the bulk ZnO [20] for the case of NPs with the largest size,
d~ 150 nm.
The technique suggested in this work can be applied to nondestructive express diagnostics of

colloidal NP suspensions on the stage that follows the synthesis stage. This ensures characterizing
the nonlinear optical properties of HNPs, as well as studying the effects of their size and shape.
Moreover, it also enables efficient metrics for designing novel nanoprobes based on surface-
modified HNPs.
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Anomauyia. [Jocniosxceno epexmusHicms ceHepayii mpemvoi 2apMOHIKU 3d 00NOMO20I0 MEMOOUKU
CKAHYBAHHSA NOBEPXOHb PO30LNY O KOJIOIOHUX CYCHeH3Ill 2apMOHIYHUX Hanoyacmunox ZnO npu
30V021CeHHI HAHOCEKYHOHUMU NIa3epHUMU IMAYAbcamu Ha 008dcuni xeuni 1064 wm. Iapmoniuni
HAHOYACUHKU NPEOCMABISIIOMb COO0I0 HOBULL Mun biomapKepis 0as mexuHono2ii bazamopomon-
HUX 300pasicenb, AKI 3 8UCOKOI0 eeKMUBHICMIO 2eHepYIomb ONMUYHI 2APMOHIKU Opyeo20, mpe-
Mmb0o2o i Oinb UCOKUX NOPAOKIE. Bukopucmogyouu emanonti 0ami 01 niaeieHo2o Keapyy, O
nanouacmunox ZnO 3 cepeonimu posmipamu 40—150 um odepoicano ycepeoneny 3a opieHmayiero
xapakmepucmuuny nesupodxceny Kybiuny neniniino-onmuuny cnpuiinamuicme ~ 107'° 00. CI'CE.
Edpexmusnicme cenepayii mpemvoi eapmouiku 3pocmae 3i 30I1bUIeHHAM PO3ZMIPI6 HAHOYACMUHOK §
00cseae emanoHHUx Oanux, sioomux 01 Kpucmanie ob’emuozo ZnQ. 3anponoHogany Hamu me-
MOOUKY MOJICHA 3ACMOCY8AMU Y HEPYUHIBHIN eKChpec-0iacHOCmuYyi HAHOYACMUHOK OJIsl XapaKme-
PU3YBAHHSL IXHIX HENIHIUHO-ONMUYHUX 6IACIMUBOCTEl, BUGHEHHS GNIUBY HA HUX PO3MIPIE i popmu
HAHOYACTNUHOK, d MAKONC NOOATbULO20 NIOBUUeHHS IXHbOT edheKkmusHOCI 2eHepayii 2apMOHIK.

98 Ukr. J. Phys. Opt. 2018, Volume 19, Issue 2



