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A B S T R A C T   

Development of materials with highly nonlinear optical activity represents an intensively studied discipline due to potentially unique applications of such materials in 
photonics and information technologies. In this work the creation of ordered nanostructured arrays of c-shaped metals (Ag, Au, Al, and Pd) and characterization of 
their nonlinear optical properties are described. Large scale ordered arrays were created by the excimer laser pattering of a polymer surface and subsequent coating 
with Ag, Au, Al, and Pd. The successful creation of required structures was confirmed by the conductive AFM and FIB-SEM techniques. Linear optical response of the 
structures was examined using the UV–Vis technique and strong excitation of surface plasmon polariton resulting in appearance of strong absorption band was 
confirmed. The Z-scan technique with femtosecond laser pulses was used to determine the nonlinear optical response of the prepared metal arrays. It was found that 
the strong two-photon absorption appears under the illumination at the wavelength corresponding to the surface plasmon excitation. Extensive comparison with 
available literature data shows that the present structures exhibit markedly higher two-photon absorption activity.   

1. Introduction 

Nowadays, nonlinear optics (NLO) are of a great interest because of 
the great number of their potential applications in high-speed optical 
signal processing, ultrafast switching, ultra short pulse generation, 
second-harmonic generation etc. [1–5] NLO processes, governed by 
photon-photon interactions in suitable materials, include a broad spec
trum of phenomena such as optical frequency conversion, phase 
conjugation, Kerr effect, two-photon absorption, Raman scattering, and 
so on [6]. All materials can potentially show the NLO behavior but in 
practice, the weak nature of optical nonlinearities requires the high light 
intensity, which can damage materials before the optical nonlinearities 
reach a reasonable level [7,8]. 

However, there is an elegant way how to boost NLO effects without 
the materials damage, i.e. using of the spatial concentration of light in 
plasmonic nanostructures. The distinctive ability of plasmonic struc
tures to concentrate light energy in deep sub-wavelength space is 
actually used in the fields of ultrasensitive sensors and ultrafast optical 
modulation [9,10]. This also provides an efficient pathways to decrease 
light intensity required for NLO phenomena induction [11]. In other 

words, strong light localization significantly facilitates NLO effects [12, 
13]. Moreover, plasmon-based NLO structures can combine the NLO 
effects enhancement typical for noble metals with ultrafast optical 
response times and allow NLO components to be scaled down in size 
[13]. Additionally, the plasmonic nanostructures offer a versatile plat
form where the absorption bands can be turned over a broad range of 
wavelengths through control of their shape, size and material properties 
[14,15]. 

Exposed to high-power laser illumination, metallic nanostructures 
can undergo a wide range of NLO responses, including photo-thermal 
reshaping [16], second harmonic generation [12] and third order opti
cal nonlinearities [17]. Especially interesting are the ordered arrays of 
plasmonic nanostructures, where the plasmon coupling effect can 
significantly increase local energy concentration [18-21] compare to the 
single metal nanostructure. For the ordered metal nanostructures the 
more efficient optical nonlinearities were observed when the funda
mental wavelength of probing light was at plasmonic resonance of the 
structure [22]. Attention has been paid to the construction of metal 
nanostructures with specific shapes and lock of symmetry, where the 
second order nonlinearities can be expected [23]. It was also observed 
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that the traditional rules for symmetry do not play a role in the case of 
plasmonic structures and the small deviation from an ideal symmetry 
can lead to the second order nonlinearity appearance [24]. 

It could be expected, that the combination of plasmonics with 
nonlinear optics may lead to the construction of a wide range optical 
components and devices with expected properties and functionalities, 
including subdiffraction optical microscopy [25], creation of nanolasers 
logical gates [24], optical modulators [25], all-optical signal processing 
[2,28,29] and so on [30,31]. 

In this work we investigate the NLO properties of Ag, Au, Al, Pd 
highly oriented c-shaped nano-resonator array using the Z-scan tech
nique. The metal nano-resonators were created on the layer of highly 
resistant, optically transparent and crosslinked resins using excimer 
laser followed by tilted evaporation of the metals. The creation of pro
posed structures was confirmed by the conductive AFM and FIB-SEM 
techniques. The UV–Vis spectra of the prepared structures showed the 
surface plasmon polariton (SPP) related absorption in the spectral range 
near the wavelength of probing laser light. This phenomenon, observed 
using in the Z-scan technique, was crucial for the two photon absorption 
observation. 

2. Experimental 

2.1. Materials and samples preparation 

A solution of Su-8 - epoxy based photoresist (purchased from 
Microchem) was spin-coated (1000 rpm, 30 min) onto glass substrates 
(supplied by Glassbel Ltd., CR) to form polymer films. The samples were 
dried at 50 ◦C for 2 h and exposed to a UV-source for 30 min. After that, 
the samples were dried at 60 ◦C for 24 h (see Fig. 1). 

The polymer surface was patterned by a KrF excimer laser (COM
PexPro 50F, Coherent, Inc., wavelength 248 nm, pulse duration 20–40 
ns, repetition rate 10 Hz). The laser light was linearly polarized with a 
UV-grade fused silica cube with an active polarization layer (Fig. 1). The 
angle of laser beam incidence was 50◦ with respect to normal to the 
sample surface. An aperture with an area of 5 × 10 mm2 was used. 
Periodic structures (ripples) on the surface were produced by irradiation 
with 9000 pulses and fluence of 9 mJ cm− 1. 

The patterned samples were coated with metals by vacuum evapo
ration on a Leybold-Heraeus Univex 450 device (room temperature, 
pressure of 3 × 10− 4 Pa). The deposition was performed under angle of 
50◦ with respect to the sample surface normal from both sides to create 
metallic nano-wires. Ag and Au were evaporated using electrical resis
tance heating and Al and Pd by the electron gun evaporation. The 
thickness of all layers was set to be about 20 nm in each step. Scratch test 

Fig. 1. Schematic representation of the c-shaped metal structures preparation, their characterization, and Z-scan measurements (for more details see the text).  
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was performed by a reference comparative method on the flat glass 
surface and recalculations of the two-photon absorption on the real 
thickness were made using the equation mentioned in section 3.4.3. 

2.2. Measurement techniques 

Linear optical properties were studied using a PerkinElmer Lambda 
25 UV/Vis/NIR spectrometer equipped with a wire-grid polarizer 
(WP25L-UB,Thorlabs) working at spectral range from 250 to 4000 nm. 
The absorption spectra were recorded in the spectra range from 300 to 
1100 nm at scanning rate of 120 nm min− 1 and a data collection interval 
of 1 nm. 

The surface morphology of the samples was examined using AFM 
(Icon-Bruker), working in Peak Force mode with Scan-Asyst probe. 
Conductive AFM measurements were performed with 3 V bias voltage, 
applied between the sample surface (after silver deposition) and AFM 
Pt/Pd covered probe. For visual representation of the samples the Focus 

Ion Beam Scanning Electron Microscope (FIB-SEM, LYRA3 GMU, Tes- 
can, Czech Republic) was used. The FIB cuts were made with a gal
lium ion beam. The images were taken under the applied voltage of 10 
kV. 

NLO properties were examined by the open aperture Z-scan tech
nique using a Ti:sapphire amplifier generating 30 fs pulses with a central 
wavelength at 800 nm and repetition rate of 1 kHz. The laser beam was 
focused using a 250 mm focal length lens leading to a beam waist radius 
of 23 μm. 

3. Results and discussion 

3.1. Ordered c-shaped metal array 

Scheme of the preparation of surface plasmon polariton (SPP) sup
ported grating and its non-linear optical characterization is presented in 
Fig. 1. The flat Su-8 film was deposited by spin-coating (Fig. 1A), 

Fig. 2. 2D and 3D morphological AFM scans of the ordered metals nanostructures prepared by the tilted angle metals deposition. Graphs below show the comparison 
of morphological and conductive cuts for all structures. 
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patterned by excimer laser (Fig. 1B) and finally metal-coated by shadow 
evaporation (Fig. 1C). The created structure represents array of the c- 
shaped metal nanostructures, which are not connected physically but 
can efficiently interact with each other. For characterization of its 
nonlinear optical properties the Z-scan technique was applied (Fig. 1D). 

Creation of the periodical structure and results of tilted metal 
deposition were checked using morphological and conductive AFM 
techniques. Fig. 2 shows the 3D morphological scans of Su-8 gratings 
after the metals deposition and corresponding distribution of the surface 
current. The comparisons of surface profile cutaways with current cut
aways are given below the corresponding AFM images. Morphological 
scans show the well-ordered grating structure and the conductive im
ages represent the well separated conductive and dielectric areas too. 
Comparison of morphological features with the current pattern indicates 
the good correlation between surface and current maxima. So, the 
deposition of metal on the surface tops is clearly visible, confirming the 
success of a shadow effect which is the basic prerequisite for the creation 
of ordered c-shaped structure (Fig. 1B). 

Further characterization of the shape of the evaporated metal 
nanostructures was performed using the FIB-SEM technique (see Fig. 3). 
This technique involves the structure cut-off by the Ga ions beam and 
further SEM imaging under an inclination with respect to the sample 
surface. The white areas in Fig. 3, attributed to the conductive material, 
characterize the metal covering. Arrays of created c-shaped nano
structures are perfectly visible in the case of Ag and Pd. For Al and Au 
the structure is slightly smeared, but the creation of c-shaped nano
structures is also visible. It should be also noted that the Al structures 
undergo the quick oxidation at the air, which could explain the slight 
disagreement between the FIB-SEM and AFM measurements since both 
these methods are affected by the thin Al oxide layers. However, the 
optical measurements should not be influenced by this phenomenon 
within several weeks from the date of the preparation [32]. All these 
measurements and obtained data confirmed that the preparation of the 
required structures, as shown in Fig. 1, was successful. 

3.2. Linear plasmonic response 

The created ordered arrays of c-shaped metal nanostructures are 
expected to support strongly the excitation and propagation of SPP 
waves. To characterize the linear optical response of the structure, the 

UV–Vis measurements were performed and the results are presented in 
Fig. 4. As could be expected, the prepared structures exhibit the strong 
SPP absorption band and its peak absorption depends on the metal used. 
The SPP peak is located at the 870, 850, 780 and 750 nm for Au, Ag, Pd, 
and, Al respectively. The pronounced and sharp peaks were observed in 
the case of Ag and Au. The SPP absorption bands of Al and Pd, however, 
are smeared slightly compared to Ag and Au. It must also be noted that 
the appearance of SPP related absorption peak is a pronounced function 
of the light polarization. All spectra presented in Fig. 4 were measured 
with the light polarization perpendicular to the grating orientation. 
When the light electric field was oriented along the metal nanostructures 
the absorption band was not detected. This phenomenon is strongly 
related to the typical plasmon nature, in which the periodical boundary 
conditions are required for SPP excitation. 

Fig. 3. FIB-SEM image of metals distribution after tilted angle evaporation on the structured polymer surface.  

Fig. 4. Absorption spectra (linear absorption) of c-shaped ordered metals 
nano-array. 
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3.3. Plasmon optical nonlinearity – preliminary experiments 

3.3.1. Z-scan technique 
The evaluation of the two-photon absorption (2 PA) coefficient was 

accomplished using Z-scan technique in an open aperture arrangement 
[33]. The method utilizes a focused Gaussian laser beam of high in
tensity to trigger the nonlinear optical effects in the sample. Normalized 
transmittance as a function of the sample position is collected in the 
course of the sample moving through the focal point of the beam. 
Determination of the 2 PA coefficient may be complicated by other 
nonlinear effects since the Z-scan is not able to distinguish between 
different nonlinearity contributing to the nonlinear absorption. There
fore, the careful determination of experimental data and their exact 
comparison with a numerical model was necessary. In addition the 2 PA 
coefficient is a macroscopic material parameter which depends on the 
light wavelength, pulse duration, repetition rate, concentration of 
absorbing molecules and dielectric surrounding. 

3.3.2. Elimination of polymer/glass response 
The prepared SPP supported plasmonic structures were subjected to 

Z-scan measurements and the results are presented in Fig. 5. To precisely 
characterize the structure response, a series of experiments were per
formed on the polymer grating without the metal layer to determine the 
intensity threshold at which the polymer itself (including the glass 
substrate) starts to exhibit the nonlinear absorption. Then, the 
plasmonic-related nonlinearities on the prepared structures were probed 
with the light intensity substantially smaller than the detected threshold 
to eliminate the nonlinear absorption contributions of polymer/sub
strate and assess the absolute metal nanostructures response. Addi
tionally, the possible structure damage was checked using the confocal 
microscopy and no destructive changes were detected under the applied 
experimental conditions. 

3.3.3. Elimination of thin flat metal response 
Further investigation was performed with the aim of eliminating the 

response of continuous thin metal films, where the plasmon boundary 
conditions are not satisfied and SPP could not be excited. Experiments 
were performed at the laser intensity determined in the previous section. 
Since no nonlinearities were detected in the case of flat metal films all 
further measured effects can be attributed only to the plasmon response 
of the prepared metal nanostructure but not to the metal intrinsic 
properties. 

3.4. Plasmon optical nonlinearity – direct experiments 

3.4.1. Polarization dependences 
Two probing polarization were used to measure the nonlinear optical 

response of the ordered metal arrays. In the first one electric vector was 
oriented along the main axes of the metal nanostructures. Since the 
length of each metal structure can be considered as infinite (i.e. too long 
in comparison with light wavelength used in Z-scan), the given structure 
can be considered as having no spatial or translation-symmetric poten
tial, which affects the periodical light-induced oscillation of the free 
electron gas in metallic nanostructures. In other words, the structure did 
not show any plasmon behavior and its response to the high light in
tensity was governed by the intrinsic metal properties. As can be ex
pected, no optical nonlinearity was measured under this polarization. 
Quite different results were obtained using the light polarization with 
electric field vector orientation perpendicular to the metal nano
structures main axes. In this case the pronounced effect of transmitted 
light intensity on the material transparency was detected. It must be 
additionally noted that in this case the effective plasmon excitation took 
place (Fig. 4). 

3.4.2. Measured curves dependences – two-photon absorption 
The normalized transmittance as a function of sample position 

measured with respect to the focal point of the focused laser beam is 
shown in Fig. 5. It is evident that all plasmon-supported nanostructures 
exhibit an apparent optical nonlinearity. Moreover, preliminary exper
iments at different light polarization clearly show that the observed 
phenomena solely arise from the plasmonic properties of ordered metal 
nanostructure. It is also evident that the degree of nonlinearity strongly 
depends on the strength of the linear plasmonic band. The higher impact 
of nonlinearity was observed in the case of Ag and Au nanostructures, 
which also show pronounced absorption bands (see Fig. 4). In the case of 
Al, the lower intensity of plasmonic band was observed (Fig. 4) which in 
turn results in the less pronounced plasmon-related nonlinear optical 
response. The weaker nonlinear response was also detected in the case of 
Pd nanostructures, which do not exhibit well centered plasmonic band 
too. 

In the next step the careful analysis of the results from the Z-scans, 
presented in Fig. 5, was performed. Simultaneous absorption of two 
photons with 800 nm wavelengths corresponds to interband electron 
transition which can take place in the metals but usually results in only 
weak absorption peak. So that, the following mechanism of optical 
nonlinearity can be proposed: under the intensive plasmon excitation a 
change in the electron intrinsic density distribution occurs, leading to an 
intensification of electron interband transition, appearance of additional 
absorption peak and pronounced nonlinear optical response. It should 
be noted that the observed phenomenon takes place only in the case of 
metal arrangement in the form of plasmon-supporting nanostructures 
and was not found in the case of flat metal films, which does not exhibit 
pronounced plasmon resonance (similar phenomenon was reported for 
example in papers [2,34–37]). 

3.4.3. Optical nonlinearity calculation and fit of experimental data 
Known mechanism of optical nonlinearity allows the semi- 

quantitative estimation of material nonlinearity. For the calculation of 
two-photon absorption coefficient the following equation was used: 

T(z) = 1 −
β × I0 × L

2 ×
̅̅̅
2

√
×

[

1 +

(
z
z0

)2] (1)  

where the T(z) is normalized transmittance, β is two-photon absorption 
coefficient, I0 is on-axis light intensity at focal point, L is the metal 
thickness, and z is the sample position. The model is valid whenever, 0 <

β× I0 × L < 1, which is satisfied in the present case and for all metal 
thicknesses. An effective metal thickness L as an average thickness of the 

Fig. 5. Experimental results of Z-scans from c-shaped ordered metals nano- 
array (points) and corresponding theoretical fit (line). 
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c-shaped metal nanostructures was used for the calculation. The only 
adjustable parameter in the fitting procedure was coefficient of two- 
photon absorption β and the results of the best fits are shown in 
Fig. 5. The extracted values of two-photon absorption coefficient for the 
investigated metals are presented in Table 1. While the coefficient of 
two-photon absorption of Ag and Au are high and the same order of 

magnitude, those for Al and Pd are one or two orders of magnitude 
lower. As it can be seen from Table 1, the lower values of intensity in 
case of Ag and Au are sufficient to observe 2 PA represented by q co
efficient, which is expressed by the equation: q < β× I0 × L. Because of 
the higher q coefficients values, the dips in Fig. 5 are more pronounced. 
Less 2 PA active material needs to be probed by a laser intensity, which 
can reach the laser threshold limit, to get the same q coefficient value. 
The threshold limit was probably reached for Al and Pd during several 
measurements at the same point, since intensity was around twice as 
high as for Ag and Au. Q coefficients in both cases decreased, which 
could be explained by melting of the nanostructures and losing plas
monic properties. To verify this idea, the surfaces were investigated 
using AFM, but with no results that would confirm it. 

Table 1 
Parameters used for fitting procedure and calculated values of two-photon ab
sorption coefficients β.  

Metal q (− ) I0 (GW/cm2) β (cm/GW) L (nm) 

Au 0,51 2,27⋅102 1,08⋅103 20,96 
Ag 0,75 2,64⋅102 1,16⋅103 24,81 
Al 0,25 3,77⋅102 2,88⋅102 22,84 
Pd 0,11 4,53⋅102 7,15⋅101 33,29  

Table 2 
Comparison of the measured and calculated SPR-related two-photon absorption coefficients with literature data.  

Plasmon structure Probing wavelength 
(nm) 

Experimental details (pulse duration, 
frequency, intensity) 

Resonance 
wavelength (nm) 

Two photon absorption 
coefficient (cm/GW) 

Reference 

Ag nanowires in glass 780 130 fs, 
76 MHz 
1.9 GW/cm2 

720 0.82 [34] 

Ag nanoflowers microrods nanowires 
in suspension 

800 87 fs, 
1 kHz 
399 GW/cm2 

33 GW/cm2 

333 GW/cm2 

400–1100 
400 
400, 600 

1.54⋅10− 2 

3.67⋅10− 2 

1.41⋅10− 2 

[42] 

Ag nanorods in borosilicate glass 800 240 fs 
800 KHz 
8.8 GW/cm2 

400 1.73 [38] 

Ag NPs in PVA film 532 5 ns 
10 Hz 

410 1.23⋅10− 6 [43] 

Ag NPs with betacyanin dye in PVAC 
film 

532 7 ns 
10 Hz 
0.4 GW/cm2 

550 6.88⋅102 [35] 

Ag NPs in PMMA film 532  445 4.04⋅103 [44] 
Ag NPs in PVA film 532 CW 

2.3 kW/cm2 
421 2.93⋅106 [45] 

Monodispersed Ag NPs in film 1064 
532 

25 ps 
20 Hz 
19⋅09 GW/cm2 (1064 nm) 

490 4.40⋅102 (1064) 
− 3.00⋅104 (532) 

[39] 

Ag ellipsoidal NPs in silicate glass 800 100 fs, 
1 KHz 
250–350 GW/cm2 

390 
450 
550 
1200 

2.20 
2.90 
− 1.10⋅103 

− 6.70⋅102 

[46] 

Ag NPs in glass 800 200 fs 
76 MHz 
2.35 GW/cm2 

400 − 1.90⋅104 [47] 

Ag nanocubes in DMF 720–920 130 fs 
76 MHz 
0.25 GW/cm2 

460 
490 
680 

≈≤ 0.00 
≈-3.00 
≈-1.50 

[40] 

Ag nanostructures 1064 10 ns 
0.5 GW/cm2 

435 4.21–6.73 [48] 

Au ellipsoidal NPs in bismuthate 
glass 

800 200 fs 
76 MHz 
1.42 GW/cm2 

865 7.40 [49] 

Au triangular nanoprisms in water 1100–1300 200 fs, 
76 MHz 
0.43 GW/cm2 

1240 1.89⋅10− 1 [39] 

Au nanocubes and and octahedra NPs 
in toluene 

800 60 fs, 
1 KHz 
33.1 GW/cm2 

538 
552 

1.61⋅10− 10 

2.44⋅10− 10 
[50] 

Au nanorods in PVA film 800 3 ns 
10 Hz 
8.8 GW/cm2 

≈890 − 7.23⋅103 [51] 

Au–Ni–Au nanorods in anodic 
aluminum oxide 

800 0.13 GW/cm2 800 − 2.65⋅106 [37] 

Au metamaterial 890 115 fs 
80 MHz 
2.3 GW/cm2 

890 7.70⋅105 [2] 

Pd NPs in ethanol 532 4 ns 
2 Hz 
7.96⋅10− 2 GW/cm2  

7.10⋅101 [52]  
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3.4.4. Comparison with literature data 
Careful literature analysis indicates that the plasmon-based 2 PA 

coefficient has been found to be a function of many parameters, 
including the noble metal kind, nanostructure morphology and param
eters of used laser. For the sake of comparison the values of 2 PA co
efficients, measured on the range of precisely engineered plasmonic 
nanostructures, were collected from the literature and summarized in 
Table 2. The structures having the plasmon resonance on the wavelength 
of the laser or its half exhibit the relatively high values of the 2 PA co
efficients due to the enhancement of third order nonlinearity or two- 
photon absorption that is purely originating from the surface plasmon 
resonance [38]. This is the case of metamaterials, for which demanding 
preparation and proper design are necessary [2]. The negative values(39, 

40) of 2 PA coefficients in the fs-regime are probably a consequence of 
saturable absorption resulting from the fact that the probe wavelength is 
too far from the resonance wavelength or not twice the resonance 
wavelength. The experiments with nanoseconds, picoseconds or MHz 
pulsed lasers cannot be quantitatively compared with present ones since 
their results are of different nature because of the effects of non
linearities containing thermal cumulative effects and nonlinear scat
tering [41]. Comparison of available literature data (Table 2) with the 
present results indicates that in our case one of the highest values of 2 PA 
were obtained. It should be noted that most of the results presented in 
Table 2 are related to the localized surface plasmon resonance, while in 
our case the plasmon response originates in the surface plasmon polar
iton, SPP. Therefore, it can be concluded that in the case of SPP exci
tation and propagation not less but even higher value of two-photon 
absorption coefficient can be achieved. 

4. Conclusion 

Relevant information on 2 PA is crucial for applications of materials 
with highly nonlinear optical activity in optics, informatics and pho
tonics. In this work the ordered array of c-shaped metal nanostructures 
was proposed as a material with pronounced non-linear optical 
response. The large scale ordered array was produced through the 
excimer laser pattering of polymer surface followed by the tilted metals 
deposition (Ag, Au, Al and Pd were used). These structures are able to 
support the excitation and propagation of surface plasmon-polariton 
wave, which was confirmed by linear optical measurements. Examina
tion of the structure response under the high light intensity indicates 
that: (i) prepared materials show the high value of two photons ab
sorption coefficient; (ii) nonlinear optical response is strongly related to 
plasmonic properties of created structures but not to the intrinsic 
properties of constructed materials; (iii) the degree of optical nonline
arity is a strong function of the linear plasmon absorption band in
tensity. It should finally be noted that further enhancement of the 2 PA 
could be potentially reached at arbitrary visible wavelengths by shifting 
the plasmon resonance position to laser wavelength via changing of 
grating periodicity. 
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A. Ajami: Supervision. P. Macháč: Investigation. J. Siegel: Writing - 
original draft, Funding acquisition. Z. Kolská: Writing - original draft. P. 
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