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Abstract
Nonlinear optical properties of poled and unpoled, lead zirconate-titanate (Pb0.52Zr0.48TiO3)
nanorod arrays, grown on Pt-coated Si with∼200 nm diameter and∼600 nm height, were
investigated. Clear signatures of second harmonic generations (SHG), from 490–525 nm
(2.38–2.53 eV) at room temperature, were observed. Furthermore, time resolved differential
reflectivity measurements were performed to study dynamical properties of photoexcited carriers
in the range of 690–1000 nm where multiphoton processes were responsible for the
photo-excitations. We compared this excitation scheme, which is sensitive mainly to the surface
states, to when the photoexcited energy (∼3.1 eV) was close to the band gap of the nanorods. Our
results offer promises for employing these nanostructures in nonlinear photonic applications.

1. Introduction

Optoelectronic technologies, based on the second harmonic generation (SHG) effects, have been making
impacts in devices such as ultrafast pulse laser generation [1], optical switches [2], modulators [3], materials
analysis, and sensors [4–7]. Toward these advancements, employing low dimensional materials systems have
attracted many research activities, aiming for more tunability, miniaturization, and integration on chips.

Beyond commonly used materials such as LiNbO3, KDP, KTP, and BBO [8], low dimensional materials
are being explored as promising alternatives to existing nonlinear optical materials. With the advancement in
material engineering and material fabrication techniques, several emerging 2D structures have been studied
including graphene [9], graphdiyne [10], 2D metal–organic frameworks (MOFs) [11], antimonene [12], and
2D transition-metal carbides [13], and carbonitrides [14].

Furthermore, for broader photonics applications it is significantly important to discover and explore
materials with new functionalities. Ferroelectric nanostructures have been widely studied due to their broad
range of applications where their piezoelectric and pyroelectric properties can be used in sensors [15, 16],
actuators [17–21], transducers [22, 23], infrared detectors [20], and energy harvesting [23–30]. Our
Pb0.52Zr0.48TiO3 (PZT) nanorod arrays in this study, exhibit excellent coupling between electro-mechanical
parameters and display polarization switching behavior along the growth direction, making them ideal
candidates for nonvolatile memories [31–33].

Because the optical properties of these single crystalline PZT nanorod arrays are less explored, we study
SHG, in which, for practical applications these nanorods can be easily grown on commercial silicon wafers to
be compatible with existing semiconductor devices. We also used transient time-resolved differential
reflectivity (TRDR) measurements to characterize the nature of carrier relaxation dynamics in this
nanostructure. Near infrared (NIR) optical pulses were used, to probe multiphoton absorption, in which the
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Figure 1. Cross-sectional FESEM image (a) and surface morphology (b) of PZT nanorod arrays. The array has a close-packed
structure and is nearly homogeneous in diameter and height. (c) Polarization versus electric field (P-E) loop for the nanorod
arrays displaying ferroelectric behavior.

relaxation dynamics are expected to be sensitive to the surface states. To directly probe the interband carrier
dynamics, we employed near gap excitation at 400 nm. Probing these two schemes allowed us to probe
several different relaxation mechanisms in these nanorod arrays.

2. Sample preparation and characterization

The PZT nanorod arrays were synthesized through the physical vapor growth method. The nanorods were
grown on 20 nm diameter La0.67Sr0.33MnO3 (LSMO) seeds, patterned on top of Pt coated Si(100) substrate
through a polymer nano-template method, using RF sputtering at 400 ◦C. The microstructure of PZT
nanorod arrays was observed using field-emission scanning electron microscopy (FESEM, LEO 1550). The
PZT nanorod arrays were synthesized with∼200 nm diameter and∼600 nm height, as shown in figures 1(a)
and (b). The PZT nanorods were found to have a close-packed structure and nearly homogeneous
dimensions for diameter and height, grown on commercial grade 3 inch silicon wafers [31]. While each
nanorod is a single crystal, the ensemble is composed of nanorods with random orientations. From x-ray
diffraction (XRD) patterns, the nanorod arrays were found to exhibit perovskite phase without any
secondary phases. The nanorod arrays exhibited randomly oriented diffraction peaks without preferred
crystal orientation, which is often observed in the polycrystalline thin films due to the difference in the
coefficient of thermal expansion between the substrate and thin film. The nano-structuring in PZT can
overcome the influence of the substrate clamping effects [31].

The polarization-electric field (P-E) loop for the PZT nanorods was measured using a ferroelectric tester
(Premier II, Radiant), and it was found that the nanorods exhibit typical ferroelectric behavior with remnant
polarization of∼16 µC cm−2 (figure 1(c)). In order to induce the switching of the polarization direction of
the nanorod arrays, the corona poling method was used [34]. A DC bias of 23 kV was applied between the Pt
bottom electrode and a sharp tungsten tip placed 5 cm above the sample surface to generate a corona
discharge through the partial breakdown of air. This method forms electrical charges on the sample surface
and enables non-contact ferroelectric polarization switching over a large area.

3. SHG in PZT nanorods

Pulsed femtosecond lasers are suitable sources to observe nonlinear optical phenomena. The field generated
by the incident light in a nonlinear medium gives rise to nonlinear effects like SHG where the electric field of
the incident light results in an atomic dipole moment in the material. These nonlinear optical processes can
be described macroscopically [35], by the induced polarization as following:

P(t) = P0 + ε0χ
(1)E(t)+χ(2)E2(t)+χ(3)E3(t)+ · · · (1)

where P0 is a constant polarization, the second term describes the linear response, and the higher order
electric field terms describe the nonlinear optical response. The third term in equation (1) gives rise to
second-order nonlinear optical phenomena, such as SHG, where χ(2) is the second-order nonlinear electric
susceptibility. The polarization is an odd function of electric field in a nonlinear material system with
inversion symmetry (i.e. a centrosymmetric medium). Therefore, second-order nonlinear phenomena can
only be observed in a medium where inversion symmetry is broken. In nanostructures, SHG can occur at
grain boundaries, interfaces, and defects. Compared to thin films, in nanorods, the surface to volume ratio is
higher, resulting in a higher surface SHG contribution, as the effective surface dipole moment is also higher
[8, 36, 37].
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Figure 2. Piezoresponse force microscopy (PFM) images of PZT nanorod arrays with (a) unpoled, (b) poled up, (c) and poled
down states. The images present both the topology (top panels) and phase signals indicating the polarization directions (lower
panels) of the nanorods. The samples are different pieces from the same wafer. (d) The amplitude of SHG response for the
unpoled (S1), poled up (S2), and poled down (S3) PZT nanorod arrays. (e) Power dependence of the samples show the SHG
intensity is proportional to the square of the intensity of the incident light.

The SHG measurements at room temperature were probed, on both unpoled and poled nanorods from
the same wafer. The piezoresponse force microscopy (PFM) response confirming the surface poling and is
presented in figures 2(a)–(c). The initial polarization state of as-grown nanorods is the upward direction
(out of plane). Without poling, the initial polarization of the nanorod arrays tend to most likely follow the
growth direction (figure 2(a)); but the poling process is still required to align the polarization direction of the
nanorods along the z-direction (figures 2(b) and (c)).

Our laser source was a Coherent Chameleon Ti:sapphire laser with a repetition rate of 80 MHz, and a
pulse duration of 100 fs. We carried out measurements for wavelengths ranging from 690 nm to 1050 nm.
The laser pulses were horizontally polarized (P-polarized). Figure 2(d) presents SHG on the three nanorod
arrays, where the unpoled sample exhibited higher amplitudes under the same experimental conditions
compared to the poled structures. Furthermore, the SHG intensity is expected to be proportional to the
square of the intensity of the incident light (Iw

2). As shown in figure 2(e) we observe this quadratic
dependence in all three samples.

In order to probe the differences between the poled and unpoled samples, in figure 3(a) we compare the
SHG of sample S2 (poled up) under the exact experimental conditions before and after the sample was
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Figure 3. (a) The amplitude of the SHG for sample (S2) for when it was poled and then after it was heated to
400 ◦C. The measurements are under the exact same conditions. The SHG amplitude of the unpoled state of sample S2 is
comparable to S1 (unpoled), in figure 2(d). (b) Topology from PFMmeasurements and (c) the phase of Sample S2, after it was
heated to 400 ◦C for about 10 min, confirming the sample is unpoled after being heated.

heated to∼400 ◦C to be unpoled. In Sample S2, the amplitude of the SHG, after heating is comparable to the
SHG amplitude of sample S1 (unpoled), in figure 2(d). In figure 3(b), We also present the PFM images of the
sample S2 after it was heated, demonstrating the sample is unpoled when the SHG was measured.

To provide some insights to the observed differences in the SHG amplitudes, we note that the
phase-matching (PM) condition can play a role. For an isotropic crystal [38], SHG emitted from regions
located within distances, comparable to the emission wavelength, can destructively interfere with each other.
In disordered polycrystalline materials, a random quasi-phase-matching condition as an alternative method
to enhance SHG conversion efficiency was demonstrated [39]. In their study, they reported that SHG resulted
from different domains in a polycrystalline disordered structure, with nonidentical domain parameters
(orientation, shape, and size), would acquire random phases [38, 39]. In a far field measurement such as our
setup, when multiple randomly oriented single crystal domains exist and can be probed, one would expect
that the interference would not be a major issue and thus the resultant SHG intensity is the sum of each
SHG amplitudes from different domains [38, 40]. In Tetragonal CH3NH3PbI3 the presence of multiple
ferroelectric domains resulted in destructive interference between SHG scattered from domains with inverted
polarity [41].

Furthermore, the coherence length, described as the distance in which the SHG intensity drops to zero
due to destructive interference, depends on the excitation wavelength and the difference between the index of
refraction associate with the SHG and the excitation wavelengths, in a given material [35, 40]. Therefore, in
our samples, we would expect the amplitude of SHG to display some dependence on wavelengths and the
overall orientation of the ferroic domains.

4. Polarization dependence

We also explored the polarization-dependence of SHG where the incident laser polarization was varied via a
half-wave liquid crystal variable retarder/wave plate (Thorlabs; LCC1221-B), with an analyzer positioned
before the spectrometer set at vertical (S) polarization. To test the sensitivity of the analyzer, we first used a
488 nm laser where the power plot as a function of polarization is presented in figure 4(a), showing a
symmetric pattern.

Furthermore, figure 4(b) presents the polar plot with 980 nm, 200 mW incident power, for S1 (unpoled
sample). Here we have constructed the polar plots using the area of the observed SHG peak as a function of
incident light polarization. Compared to single-crystal systems, polycrystalline systems increase the
complexity of determining the symmetry point groups of the material structure because, in a multi-domain
system, the observed SHG intensity could be related to the net polarization of the domain pattern or the
collective intensity of each contributing domain state [42].

Looking closer at the polarization dependence, as shown in figure 4(b), we observed a moderate
dependence of the SHG intensity with respect to the incident polarization that displays four lobes. We note
that in a previous work [43], PZT solid solutions with the composition close to x = 0.47 exhibited a
morphotropic phase boundary with rhombohedral and tetragonal symmetries. Thus, the observed polar plot
could result from the combination of the two phases in the PZT. Similar SHG observations have been
reported in BiFeO3 (BFO) films, where the authors have attributed the observed double lobed configuration
to the combination of the monoclinic point group symmetry in BFO of each phase [42, 44]. Moreover, Wang
et al [45] reported the SHG observation of non-zero minimum for thicker BFO films due to the overlapping
of SHG signal generated from rhombohedral and tetragonal phases domains [45]. We should also note that
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Figure 4. (a) Testing the analyzer sensitivity to polarization with a laser at 488 nm. The choice of this laser line was to be close to
the SHG wavelengths. (b) The incident polarization dependence of SHG in the unpoled nanorod at 980 nm using an analyzer,
with an analyzer set at S polarization on the emission path, similar to the measurements in panel (a). (c) The sample’s orientation
and the direction of the incident light where xy is referring to the table plane.

Figure 5. (a)–(d) The examples of the polarization dependence at 980 nm and 1000 nm for samples S1 and S3 with two different
incident-analyzer arrangements (S or (P). In sample S1 (a) and (b) the S-S configuration resulted in the highest measured
intensity and for sample S3 (c) and (d) P-P displayed the highest intensity.

the laser beam of∼1 mm diameter covers a large number of individual nanorods; thus, the observed SHG
could be an averaged intensity over multiple nanorods resulting in a less clearly resolved double lobed shape.

To show a few more examples of the polarization dependence in these nanorod arrays, figures 5(a)–(d)
display SHG intensities, for two different excitation (S and P) and analyzer (S and P) configurations.
These measurements were taken at 980 nm and 1000 nm under the exact same conditions. For all four
configurations, the largest amplitude was measured when the excitation and analyzer polarizations were
the same states. For the unpoled PZT sample (S1), S excitation polarization with S analyzer (S-S)
configuration has the highest amplitude. In case of the poled down sample (S3) in figures 5(c)–(d), the P-P
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configuration displayed the highest SHG emission. We should note that here the observed differences are due
to the net polarization direction of the PZT nanorod arrays.

The second harmonic anisotropy pattern changes with the corresponding domain variant of the
ferroelectric domain structure [46, 47]. The sample S1 (unpoled) has a net polarization direction to be
partially upward whereas the net polarization direction sample S3 (poled down) is downward with respect to
the sample structure, resulting in different in-plane and out-of-plane contributions to the final SHG
amplitude. This results in different SHG anisotropy patterns with different intensities. Thus, the observed
change in the SHG amplitude with the different incident polarizations and the analyzer configurations for
the two samples (S1 and S3) could be due to the different in-plane out-of-plane contributions of each
sample. Similarly in a recent study, Zhang et al [47] reported a significant difference in the shape and the
intensity of the SHG polar pattern with different in-plane and out of plane domain components. In their
study, the authors have illustrated the relationship between azimuth polarization dependent SHG signals and
domain variants, for BFO, BTO, and PZT films. Moreover, they demonstrated that in-plane domain
components were distinguished by analyzing the azimuth-polarization-dependent SHG patterns whereas out
of plane domain components were analyzed by comparing the variation in the SHG patterns taken at the
initial position (0◦), and after rotating the sample 180◦ around sample plane. As shown in figure 4(c), we
should note that for all the measurements presented here, the incident angle was kept∼25◦ and the sample
holder was tilted by about 3◦.

5. Carrier relaxation dynamics in PZT nanorods

Ultrafast time-resolved spectroscopy can also be a useful tool for studying the energy relaxation processes
and carrier dynamics in a wide variety of nanostructures. The extracted information can be used toward
developing novel devices such as fast optical switches. Two types of ultrafast spectroscopy are commonly
employed: time resolved differential transmission spectroscopy (TRDT) and TRDR. In carrier dynamics
studies, TRDT measurements usually provide information on the exact energy state within a given band a
carrier occupies and how it scatters into/out of that state. Photoexcited carriers within a given state block the
absorption of further carriers through the Pauli exclusion principle (phase space filling). The TRDT signal is
sensitive to all the photoexcited carriers throughout the entire thickness of the sample. TRDT measurements
can provide detailed information on scattering rates from specific electronic states, but have the drawback
that they are limited to thin samples (compared to the absorption depth) since the light must get through the
sample.

In contrast to TRDT, transient reflectivity measurements depend upon the changes to the index of
refraction that result from the photoexcited carriers. As a result, the TRDR measurements are not sensitive to
the exact state within a band the photoexcited carrier occupies, but rather are sensitive to the effective mass
of the bands, in which the carriers reside. Therefore, the scattering of a carrier within a band does not
produce a change in the TRDR spectrum. Furthermore, the TRDR signal depends on the gradient of the
change in the index of refraction due to the photoexcited carriers. This gradient is typically larger at the
surface of the sample, and as a result, TRDR measurements studying carrier dynamics are mainly sensitive to
the carriers near the surface [48, 49].

We employed TRDR and figure 6(a) displays degenerate pump/probe measurements at different NIR
wavelengths, where we expected to observe multiphoton absorptions. The pump pulses had a spot size of
150–200 µm exciting multiple rods. For the carrier contribution, the TRDR signal, as noted above, is
sensitive to the photoexcited carriers at the surface (or in layered structures, possibly at the interfaces). We
should note that we required the maximum possible pump powers for the different NIR excitations to
observe the multiphoton process, but these pump powers could not have been identical for each wavelength.

In TRDR, the differential reflection is related to the gradient of the change in the index of refraction that
results from the pump pulse. This gradient is the largest when there is a discontinuity in the change of the
index, such as at the surface or at the interface. The change in index comes about because, the carriers
generated by the pump pulse, will change the real and imaginary parts of the dielectric function and hence,
the index of refraction. As a result, TRDR measurements are sensitive to the density of photoexcited carriers
near the surface of the sample. Photoexcited carriers can change the index of refraction in several ways. Some
of the ways are described in detail by Zollner et al [48] which we just summarize here. They include: (a)
Drude Model/induced free carrier absorption: Photoexcited carriers can screen internal electric fields and
hence change the Drude part of the dielectric function (this is a photoinduced enhancement of the free
carrier absorption). (b) Many body effects which include both the renormalization of the band gap by the
photoexcited carriers as well as the change to the Coulomb enhancement of the optical matrix element
arising from the screening of the photoexcited electron–hole Coulomb interaction by the other photoexcited
carriers. (c) Phase space filling of the interband contribution to the dielectric function, which has a strong
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Figure 6. (a) Room temperature TRDR of PZT nanorods of the unpoled sample (S1). We observed carrier dynamics where both
the pump/probe wavelengths were tuned in NIR. We should note, except at 800 nm, we observed an increase in the transient
reflectivity, with the largest increase of (∆R/R) at 730 nm. The inset shows the topology and the phase of the nanorods. (b) Similar
measurements on the LSMO seed show a much smaller response to the NIR optical excitations with no sensitivity to the variations
in the excitation wavelengths. The inset displays the SEM image of the LSMO seeds to compare with the PZT nanorods’ topology.

effect on the absorption and thus must also effect the index. While the first effect is considered to be the
dominant effect, the relative importance will depend on the exact details of the electronic band structure of
the material as well as the excitation wavelength of the pump laser pulse and the wavelength of the probe
pulse.

Typical ways that the surface carrier dynamics can be altered include: (a) scattering of carriers at the
surface to different bands (with different effective masses), (b) recombination of photoexcited carriers (across
the gap), (c) diffusion of photoexcited of carriers away from the surface (including possible drift effects if
there are internal fields) [48, 49] and (d) trapping/recombination of carriers at surface/interfaces. The
thickness of layered structures can also influence the relaxation dynamics. More specifically, for thin layers,
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photoexcited electrons can reach a surface or interface and recombine with the surface states in a few
picoseconds without any radiative or thermal recombination. Carrier dynamics in InN nanorod arrays
demonstrated wavelength dependence, and similar to our observations the sign change of∆R/R was
attributed to nonlinear effects such as band gap renormalization and the bleaching of the absorption near the
absorption edge [50].

Since the band gap of PZT (∼3.4 eV) is greater than the excitation energy of the laser pump pulse, the
absorption depth is fairly large≈0.5–1.0 µm or more, one initially might not expect diffusion to play a role.
However, the dominant method of photoexcitation is not through single photon absorption, but is instead
through two photon (or multi-photon) absorption. It is well known, that carriers generated by two (or
multiple) photon absorption can be highly spatially confined or localized. Depending on the focus, this is
typically near the surface, and this fact allows one to investigate carrier dynamics and transport in these
systems. As carriers generated near the surface they can diffuse into the sample.

Our observation of TRDR in the nanorods with the photoexcited carriers generated along the rods, could
be more complex than what one would expect in films, specially when multiphoton processes are involved.
Furthermore, the additional surface area of the nanorods could lead to a larger number of surface
traps/defects which in turn could affect the carrier relaxation dynamics. As shown in the figure 6(a), in the
case of the pump/probe at 800 nm, the dynamics start with a negative rise in the∆R/R where the decrease at
timing zero can be attributed to the Pauli blocking when conduction states fill up, causing the refractive
index to decrease, resulting in a negative∆R/R. The dynamics at this pump/probe scheme can be fitted with
one single exponential decay with the time constant of 22 ps.

For the pump/probe excitations at 690 nm and 880 nm, we observed positive changes in∆R/R followed
by decays characterized by slow time constants. The slow relaxation phenomena are typically attributed to
carrier diffusion where there will be a large positive offset at long time delays. In this case, all the absorbed
energy could heat up the lattice indicating a slow thermal diffusion in these two pump/probe cases.
Furthermore, for excitation at 730 nm and 1000 nm with positive changes in∆R/R, we can describe the
relaxation with a single exponential fit resulting in decay component of 160 ps and 1.6 ps, respectively.

The sensitivity of the carrier dynamics to the excitation wavelength was reported in GaAs [51]. In their
work, they observed an increase in the initial differential reflectivity for the incident pump wavelengths of
820, 875, and 880 nm and a decrease for 885 nm. Their observations of the sign changes in∆R/R were
consistent with the theoretical investigations of refractive index nonlinearities near the bandgap of GaAs.
They associate the near band edge transient nonlinear optical response, to band-gap renormalization where
the excitation energies were near bandgap. In our study, the incident wavelengths 690–1000 nm
(1.80–1.24 eV), are below the bandgap for PZT nanorods of 3.4 eV [52]. But for two or three photon
absorption, can either be above the band gap, or close to the band gap.

Thus, we observe several multiphoton processes in these measurements. At 690 nm (1.80 eV) it requires
at least two photons to excite a charge carrier into the conduction band via an intermediate state. Similarly, at
1000 nm (1.24 eV) it requires at least three photons to excite carriers into the conduction band via an
intermediate state. Although we did not expect the pump/probe excitations could reach to the substrate, we
tested the bare LSMO patterned on top of Pt coated Si(100) substrate. As shown in figure 6(b) the observed
dynamics for the substrate are different under the exact experimental conditions as the ones for the nanorods,
and we observed only a small response, with no sensitivity to the excitation wavelengths. This fact confirms
that the multiphoton excitations are mainly probing highly localized states of the nanorods near the surface.

Furthermore, as shown in figure 7 in order to probe the interband relaxation time scale, we used pump
pulses closer to the bandgap of the PZT nanorods and we employed a two-color pump-probe scheme [49].
The pump and probe wavelengths were 400 nm and 800 nm, respectively where we used an amplified
Ti:sapphire system with a repetition rate of 1 KHz. Our laser spot size was∼150 µm in diameter with a
pump power of 1 mW, and a pump/probe ratio of 1000:1. In this scheme, we used a BBO non-linear crystal
to upconvert the pump pulses from 800 to 400 nm. We observed a much smaller amplitude of∆R/R, with an
initial sharp increase at the timing zero, followed by a slower increase. This fact suggests that the 400 nm
pump pulse creates carriers in higher energy bands and the 800 nm pulses probe lower energy bands, which
see an increase in carrier density, as the carriers in higher energy bands relax. This is similar to what is seen in
Ge where one sees scattering and relaxation from the light hole bands to the heavy hole bands (figure 1(b) in
Zollner et al [48]).

We note that the photoexcited carrier lifetime is much longer than the cases presented in figure 6(a),
created via two or three photon processes. In this two color scheme the initial slow relaxation, is attributed to
the carrier lattice heating (10–100 picoseconds) followed by an interband relaxation process of large carrier
population (lasting∼1 ns), after the initial thermalization. In addition, in the two color scheme, at 1 ns;
∆R/R changes sign, where we expected the system should have reached to equilibrium.
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Figure 7. The TRDR of the nanorods in a two color scheme where the pump tuned at 400 nm, is close to the expected bandgap of
PZT. The inset shows the two color pump/probe measurements on the LSMO seeds for the same experimental condition.

6. Conclusion

Our optical characterizations presented in this study, provide new directions to employ PZT nanorods,
with enhanced piezoelectric and ferroelectric performance, for devices on the basis of SHG when low
dimensionality and compatibility to Si are desirable. The choice of PZT, with a bandgap of∼3.4 eV, has the
additional advantage of avoiding the re-absorption of the SHG emissions in the observed range of
(2.36–2.5 eV). Employing nonlinear optical processes at the nanoscale can play important roles in quantum
optics, information technology, and in the development of new light sources.

Furthermore, we used TRDR spectroscopy to study the carrier dynamics of the nanorods. Probing, both
close to the bandgap, as well as through multiphoton processes allowed us to identify several different
relaxation mechanisms. The TRDR through multiphoton excitations displayed strong wavelength
dependence, where the dynamics are typically occurring near the surface and the relaxation processes can be
dominated by carrier diffusion. Moreover, we used near gap excitation at 400 nm to identify the interband
relaxation time scale, and estimated to be about 1 ns. These results provide insights for different paths toward
optical manipulation of these less explored PZT nanorods in time domain; suggesting that they have
potentials for fast optoelectronic applications. The possibility of employing NIR excitation provide an
opportunity, to go beyond traditional visible spectroscopy, in which multiphoton time resolved spectroscopy
can shade light to new and important dynamical mechanisms.
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