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Abstract
Two-beam interference method was applied to generate gratings having periods of 416 nm and 833 nm by the forth harmonic of a Nd:Yag laser

on thin poly-carbonate films spin-coated onto silver layer-covered substrates. The dependence of the modulation depth on the fluence and number

of laser pulses was investigated by atomic force microscopy. A secondary pattern appeared on very thin polymer layers thanks to the ‘‘p’’ polarized

laser beam illumination induced self-organized processes. The conditions of the emergence of grating-coupling caused additional plasmon

resonance peak were determined for the sub-micrometer periodic polymer gratings. Surface plasmon resonance measurements were performed in

attenuated total reflection arrangement to determine the effect of the angle between the plasmon propagation direction and the polymer groves on

the grating-coupling. The effect of the modulation depth on the grating-coupling caused additional resonance minimum was also analyzed. We

found coupling phenomena according to our calculations, the differences between the measured and theoretically predicted resonance curves were

explained by the scattering on the complex surface structure.

# 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The dependence of the field of plasmons excited in metals on

the surface properties is widely investigated and applied

phenomenon. The most preferred configuration to investigate

the plasmons excited by light is the attenuated total reflection

arrangement of Kretschmann [1]. The analyzes of the resonance

characteristic of plasmons can be performedmodifying thewave

vector of the plasmons by changing the angle of incidence of a

monochromatic light, or tuning the wavelength of the exciting

light at the same angle of incidence. The constant wavelength

method is appropriate to determine the optical thickness of a

dielectric over-coating layer [2], and to qualify the surface

roughness based on the broadening of the resonance curves [3,4].
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Thehigh sensitivity of themethod allows to determinevery small

changes in the thickness, in this way the detection of small

amount of material removed from or adhered on the surface is

possible [5]. The presence of individual or periodic sub-

wavelength metal objects on the surface causes interesting

changes in the resonance characteristic of the plasmons, and the

localization and grating-coupling effects are mainly studied at

constant angle via wavelength tuning [6,7]. Ultrasensitive

biosensors were developed based on silver nanoparticles, and

wavelength-dependent localized surface plasmon resonance

spectroscopy was applied to detect attached bio-molecules [8].

The grating-coupled surface plasmon resonance onmetal-coated

surfaces is also applied in biosensorization [9].

The purpose of our present study was to find the appropriate

period, modulation depth, and rotation angle, where the

grating-coupling phenomenon is detectable in presence of a

sub-micrometer polymer grating. The applied experimental

methods are detailed in Section 2. The sub-micrometer polymer
APSUSC-13332; No of Pages 8
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Fig. 1. (a) The experimental setup applied to generate grating via two-beam

interference by the fourth harmonic of a Nd:YAG laser; (b) attenuated total

reflection arrangement utilized to investigate the dependence of the reflected

intensity on the angle of incidence in presence of rotated grating; (c) the

condition of the grating coupling.
gratings were generated by two-beam interference technique on

special ATR substrates. We utilized the ATR method to excite

plasmons by monochromatic light at the interface of thin silver

layer and the over-coating, periodically structured polymer films.

We performed combined atomic force microscopy and angle

dependent SPRmeasurements to determine the sensitivity of the

grating-coupling effect to the modulation depth.

The influence of the laser treatment conditions on the surface

structure; the theoretical prediction of the dependence of the

grating-coupling phenomenon on the properties and orientation

of the polymer grating; the experimental proof of the grating-

coupling in case of appropriate conditions and the explanation

of the structure development are presented in Section 3. The

conclusions of the present investigation concerning the

applicability of ‘‘rotated grating-coupling’’ phenomenon to

detect material adherence onto the surface are described in

Section 4.

2. Experimental

2.1. Preparation of layered ATR substrates

NKB7 glass substrates (Geodasy) having a thickness of

2 mm were evaporated by double layer of 20 nm Al2O3 and

50 nm Ag. The presence of the aluminum-oxide does not cause

broadening of the resonance curve measurable on pure silver,

but promotes the silver adhesion. The metal surface was spin-

coated by thin poly-carbonate films. PC grains (Bayer, MW:

24 000) were dissolved in chloroform and the spin coating was

performed from solutions having 10 mg/ml concentration at

2500 rotation/min speed of spinning.

2.2. Grating generation by two-beam interference

We generated sub-micrometer periodic polymer gratings by

master grating based two-beam interference method [10]. Two

different master gratings (Spectrogon, PUV, 600 lines/mm and

1200 lines/mm) were illuminated by the fourth harmonic of a

Nd:Yag laser (lFH = 266 nm) in the experimental arrangement

presented in Fig. 1a. The spatial filtering realized in both of the

green and UV light-lines ensured clear Gaussian intensity

distribution of the incoming beam. The diffraction efficiency

was 30% for both of the first order-diffracted beams. The

average fluence of the combined beams at the target plane was

tuned in the region of Fav = 8.32–15.6 mJ/cm2 by rotating a

half-wave plate after the frequency doubling.

The fluence and number of laser pulses were varied in order

to modify the modulation depth of the resulted topographical

structure.

2.3. Surface plasmon resonance spectroscopy on rotated

sub-micrometer polymer gratings

Surface plasmons were excited in the attenuated total

reflection (ATR) arrangement of Kretschmann. The geometry

applied to study the plasmon resonance in presence of polymer

gratings is presented in Fig. 1b. An NBK7 semi-cylinder
(Geodasy) was placed on a two-circle goniometer (OWIS, with

DMT 65, 2-Ph-SM 240) rotated in step-mode.

A frequency doubled CW Nd:Yag laser (Intelite GSLN32-

20, lSH = 532 nm) was applied to illuminate the ATR substrates

from their back-side at different angles of incidence. A

secondary cylindrical lens arranged before the ATR half-

cylinder composed a telescope to compensate the divergence

caused by the light propagation through the half-cylinder. The

dependence of the intensity of the reflected light on the angle of

incidence was detected by a Si photo-diode (Thorlabs

DET110). The step motor controlling and the signal collection

were performed by home-made electronics directed via

LabVIEW6i. The circle-shaped ATR substrates were rotated

applying a special holder and index matching liquid (Schott).

2.4. Atomic force microscopy on polymer gratings

Tapping mode atomic force microscopic study (PSIA) was

performed to determine the modulation depth of the polymer

gratings generated by two-beam interference. We applied

TM AFM tips (NT-MDT NSG11) having a spring constant of

5.5 N/m and resonance frequency of 150 kHz.

3. Results and discussion

The following notation is applied to describe the interacting

gratings and the plasmon-field:

Harbutt Han
下划线
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� Ggrating1,2: period of the grating

� a(Ggrating1,2): the modulation depth at the period of the

grating

� Kgrating1,2 = 2p/Ggrating1,2: wave vector of the grating
g.

en

ati

en
� P
lasmons

� Lplasmon: wavelength of the plasmons

� Kplasmon = 2p/Lplasmon: wave vector of the plasmons

� w: resonance minimum on the angle-dependent resonance

curve
� R
otated-grating geometry

� W: angle between the plasmon propagation direction and the

grating normal

� g: angle between the plasmon propagation direction and

grating grooves (Fig. 1b and c).
2. (a) Polymer grating having a period ofGgrating1 = 416 nm, generated by ‘‘p’’ p

ce of Fav = 10.4 mJ/cm2; (b) line cross-section indicating an average modulat

ngs, the angle between the grating grooves and plasmon propagation was varied

tifiable also at g = 158 and g = 458 angles.
3.1. Polymer gratings generated by the interference of two

‘‘p’’ polarized beams

The two-beam interference realized in the arrangement

presented in Fig. 1a resulted in a fluence distribution having a

period half of the applied master grating:

FðxÞ ¼ Faverage

�
1þ V cos

�
4px

Gmaster grating

��
(1)

where V is the visibility of the interference fringes, Faverage and

F(x) are the average and place-dependent fluences, respec-

tively. The period of the dominant grating-like structure devel-

oping on the PC surface corresponds to the periodicity of the

interference pattern: Ggrating1 = 416 nm (Figs. 2a and 3a) and
olarized beam of the fourth harmonic of a Nd:Yag laser:N = 600 pulses having a

ion depth of 2a (416 nm) = 30 nm; (c) resonance curves measured on rotated

in 158 steps; (d) the grating-coupling is strongest at g ¼ 30� � g
n1¼1
coupling, but it is
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Fig. 3. (a) Polymer grating having a period ofGgrating1 = 416 nm, generated by ‘‘p’’ polarized beam of the fourth harmonic of a Nd:Yag laser:N = 600 pulses having a

fluence of Fav = 8.32 mJ/cm2; (b) line cross-section indicating an average modulation depth of 2a (416 nm) = 20 nm; (c) the resonance curves measured on gratings

rotated in 158 steps do not show additional resonance peak; (d) the deepest side-wing was detected at g = 158 between the grating grooves and the plasmon

propagation.
Ggrating2 = 833 nm (Figs. 4a and 5a) in case of 1200 lines/mm

and 600 lines/mm master gratings, respectively. Only in the

case of V = 1 visibility are the areas corresponding to the

intensity minima non-irradiated: F(xmin) = 0. In other cases,

the fluence is only reduced at the beam-parts corresponding to

the minima.

The repeating illumination by ‘‘p’’ polarized beams having a

fluence below the ablation threshold results in laser induced

periodic surface structure formation [11].

The LIPSS appeared in our case as a secondary droplet-

structure arranged parallel to the direction of polarization, i.e.

perpendicularly to the grating generated by two-beam

interference (Figs. 2–5/a).

The modulation depth of the primary gratings increased as

the fluence was increased at the same number of laser pulses.

The illumination by N = 600 laser pulses having a fluence of

Fav = 10.4 mJ/cm2 resulted in a modulation depth of 2a

(416 nm) = 30 nm (Fig. 2b), while in case of Fav = 8.32 mJ/
cm2 a smaller depth of 2a (416 nm) = 20 nm was measurable

on the line cross-section of the AFM pictures (Fig. 3b).

Comparing the AFM pictures taken about PC layers

illuminated by laser beams having the same fluence but

applying different number of laser pulses we concluded that

the increase of the number of shots also resulted in deeper

structures. The grating generated by laser beam having a

fluence of Fav = 15.6 mJ/cm2 has a modulation depth of 2a

(833 nm) = 30 nm after N = 300 laser pulses (Fig. 4b), while

N = 100 pulses caused smaller average modulation depth of

2a (833 nm) = 20 nm (Fig. 5b).

3.2. Theoretical considerations about the dependence of

the grating-coupling phenomenon on the period, angle of

rotation and modulation depth of the polymer gratings

The covering of the silver layer by dielectric film causes the

plasmon resonance peak to shift to a larger angle depending on
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Fig. 4. (a) Polymer grating having a period ofGgrating2 = 833 nm, generated by ‘‘p’’ polarized beam of the fourth harmonic of a Nd:Yag laser:N = 300 pulses having a

fluence of Fav = 15.6 mJ/cm2; (b) line cross-section indicating an average modulation depth of 2a (833 nm) = 30 nm; (c) resonance curves measured on rotated

gratings, the angle between the grating grooves and plasmon propagation was varied in 158 steps; (d) the grating-coupling is well defined at g ¼ 30� � g
n2¼2
coupling.
the film thickness. The Kplasmon wave vector of the surface

plasmon propagating at the polymer–silver interface can be

determined as follows:

Kplasmon ¼
2p

Lplasmon

¼ 2p

lSH
nglass sin’ (2)

where Lplasmon plasmon wavelength can be calculated based

on the w resonance position, and nglass (532 nm) = 1.519 is

the index of refraction of the NBK7 at the measuring wave-

length.

The presence of a periodic roughness may result in a

coupling phenomenon, the angle between the plasmon

propagation direction and the grating normal, where an optimal

coupling effect occurs is:
cos#n
coupling ¼

nKgrating

2Kplasmon

(3)
where Kgrating1,2 = 2p/Ggrating1,2 are the grating wave vectors.

The Kn
coupled plasmon wave vector of the coupled plasmon can be

determined as a projection of the original one (Fig. 1c):

Kn
coupled plasmon ¼ Kplasmon cosg

n
coupling ¼

2p

lSH
nglass sin’

n
coupling

(4)

where gn
coupling is the angle between plasmon propagation

direction and the grating grooves, ’n
coupling is the direction,

where we expect an additional peak in the resonance curve

in case of coupling. Rearranging the relation between the

change in the plasmon wave-vector and the modulation ampli-

tude of the grating on the dielectric layer [6]:

dKplasmon

Kplasmon

¼
Kplasmon � Kn

coupled plasmon

Kplasmon

¼ 4Kplasmonffiffiffiffiffiffiffiffiffi
e1;PC

p � ancoupling sin2 gn
coupling (5)
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Fig. 5. (a) Polymer grating having a period ofGgrating2 = 833 nm, generated by ‘‘p’’ polarized beam of the fourth harmonic of a Nd:Yag laser:N = 100 pulses having a

fluence of Fav = 15.6 mJ/cm2; (b) line cross-section indicating an average modulation depth of 2a (833 nm) = 20 nm; (c) the resonance curves measured on gratings

rotated in 158 steps do not show additional resonance peak; (d) the deepest side-wing was detected at g = 458 between the grating grooves and the plasmon

propagation.
we can give a condition for the appropriate modulation depth,

which is required to exist for the appearance of an additional

peak. For different angles of rotation we can calculate:

ancoupling sin
2 gn

coupling ¼
sin ’� sin’n

coupling

sin2’

ffiffiffiffiffiffiffiffiffi
e1;PC

p

4ð2p=lSHÞnglass
(6)

and it is important to emphasize that the original resonance

position is implicitly included in the first term of the equation.

The consequence, which has to be considered in practical

applications, is that at the given propagation direction the

modulation depth necessary to result in detectable coupling

depends on the original film thickness.

We determined the conditions for the optimal grating-

coupling based on the Eqs. (3)–(6) for polymeric surface gratings

having periods of Ggrating1 = 416 nm and Ggrating2 = 833 nm
(Table 1). Based on these calculations, we expect detectable

coupling in case of g
n1¼1
coupling ¼ 28:2� and g

n2¼2
coupling ¼ 28� angles

between the grating grooves an plasmon propagation direction.

Caused by the commensurability of the wave vectors of the

plasmons and that of thegrating in case of the smaller periodicity:

Kplasmon ¼ 2p
Lplasmon

> � 2p
Ggrating1

¼ Kgrating1, there is no other

favored direction, while in case of the larger periodicity one

more direction g
n2¼1
coupling ¼ 13:6� may result in the emergence of

an additional peak.

3.3. Experimental evidence of the dependence of plasmon

coupling phenomenon on the period, angle of rotation and

modulation depth of the gratings generated by two-beam

interference

The dielectric constants given in the literature resulted in

appropriate agreement between the plasmon resonance curves

measured and calculated in case of pure metal layers [12]. We
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Table 1

The coupling conditions

N Ggrating1 = 416 nm, w = 63.18 Ggrating2 = 833 nm, w = 63.78

gncoupling (8) #n
coupling (8) ’ncoupling (8) ancoupling (nm) gncoupling (8) #n

coupling (8) ’ncoupling (8) ancoupling (nm)

1 28.2 61.8 51.8 13.2 13.6 76.4 60.6 12.5

2 19.3 70.7 17.1 – 28 62 52.4 13.1

3 – – – – 44.7 45.3 39.6 –

4 – – – – 69.7 20.3 18.1 –

Fig. 6. The maximal temperature in the PC layer as a function of the average

fluence for V = 0.5 visibility, and aapparent (266 nm) = 1.9 � 105 cm�1 absorp-

tion coefficient.
applied the following dielectric constants to fit the resonance

peaks measured on the ATR samples covered by PC film:

e1,Ag = �11.6, e2,Ag = 0.38; e1;Al2O3
¼ 3:1427; e2;Al2O3

¼ 0;

e1;PC ¼ 2:53; e2;PC ¼ 0. The thickness of the intact PC layer

determined based on the ATR measurements on homogeneous

areas was: dPC,1 = 46.75 nm and dPC,2 = 47.5 nm, in case of

samples presented in Figs. 2 and 3 and Figs. 4 and 5,

respectively. The enhanced broadening of the measured curve

compared to calculated resonance peaks was explained by the

DdPC = �2.5 nm thickness distribution of the untreated

polymer film.

In our experiments, we rotated the ATR substrates in 158
steps, and investigated the angle dependence of the reflection at

six different orientations. We observed the emergence of

additional peaks arising from grating-coupling effect for both

of the periodicities, when the modulation depth was appro-

priately large of 2a = 30 nm (Figs. 2c and d and 4c and d).

The strongest coupling resulting in the deepest additional

resonance peak was experienced at g = 308, in accordancewith
the calculated condition of an optimal coupling (Table 1). The

additional peaks starts on the resonance curves at the

calculated angles ’
n1¼1
coupling ¼ 51:8� and ’

n2¼2
coupling ¼ 52:4�, but

they are not separated from the original resonance peak, on the

contrary we found continuous side wings. The coupling effect

was still well defined in case of g = 158 and g = 458 angles

between the grating groves and plasmon propagation direction

on the grating having the smaller periodicity (Fig. 2c and d). A

second additional minimum at ’
n2¼1
coupling ¼ 60:6� was non-

detectable caused by its small distance from the original peak

in case of PC films comprising a grating having the larger

periodicity (Fig. 4c and d). The depth of the side wings

decreased, and no real grating-coupling was detectable at

larger rotation angles: g = 608, 758, 908 on neither of the

gratings. The deviations from the calculated positions, the

broadening and the continuous transition between the peaks

can be explained by the complex surface structure. The

modulation depth distribution corresponding to Gaussian

illuminating beam, the non-rectangular surface profile of the

primary grating and the rotation angle dependent scattering of

the droplets contribute to these effects.

Similar set of measurements was performed on gratings

having smaller modulation depth of 2a = 20 nm (Figs. 3c and d

and 5c and d). We did not observe real additional minima

originating from grating-coupling effect on neither of the

gratings. Deeper side wings were detected in case of the grating

having smaller periodicity (Fig. 3c and d). The depth of the

remnant wings was the largest at g = 158 and g = 458 angles in
case of the Ggrating1 = 416 nm, and Ggrating2 = 833 nm gratings,

respectively (Figs. 3c and d and 5c and d).

The size of the droplets building up the secondary—LIPSS-

like structure is commensurable with the half of the plasmon

wavelength, in this way their presence may cause also some

localization effects.

We plan to realize measurements on polymer gratings built

up from continuous polymer stripes to determine the

contribution of the droplets caused scattering to the broadening.

3.4. The explanation of the complex structure based on

temperature model calculations

The detected small backshift of the resonance peaks

corresponds to small decrease in the average film thickness,

which reinforces that material redistribution plays important
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role in the grating development. We performed temperature

model calculations solving the one-dimensional heat flow

equation based on the numerical method described in Ref. [13].

The observed droplet formation refers to melting at the hills of

the primary grating. Taking into account the probable V = 0.5

visibility, an absorption coefficient larger than that of intact PC

has to be supposed aapparent (266 nm) = 1.9 � 105 cm�1 to

reach the melting point (225 8C) at the interference minima in

case of the lowest applied fluence Fav = 8.32 mJ/cm2 (Fig. 6).

These calculations proved that UV illumination induced

incubation plays important role in the structure formation.

The chemical changes contribute to material removal causing

increased apparent absorption coefficient and resulting in a

decrease of the threshold fluences.

4. Conclusions

We generated sub-micrometer polymer gratings consisting

of droplets by UV laser-based two-beam interference on the

surface of poly-carbonate. The emergence of additional

resonance peaks caused by grating-coupling effect was

demonstrated in case of two different grating periodicities at

rotation angles according to the calculations. It was demon-

strated, that the position and depth of the resonance peak is very

sensitive to the modulation depth of the grating. This sensitivity

reinforces that the grating-coupling phenomenon may be

utilized to detect very small amount of materials, which

selectively bind into the structure’s valley decreasing the

modulation depth. The spreading of the additional resonance

peak in large angle interval was explained by the scattering

effect determined by the complex structure of the grating.
Acknowledgements

Financial support of this research was provided by the SFB

Grant no. 1815, and the Hungarian Foundations: OTKA nos.

T34825, TS040759 and M41862. M. Csete would like to thank
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