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Near-field optical response of a two-dimensional grating of gold nanoparticles
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This article reports on the near-field optical response of a small square grating of gold nanoparticles tailored
by electron-beam lithography. The investigation of the grating is aimed at a deepened understanding of
electromagnetic interaction among particles due to scattered light fields. Therefore, a photon scanning tunnel-
ing microscope is applied to acquire near-field optical images. Two different incident wavelengths are used to
characterize the intensity and the spatial localization of the electromagnetic near field both in and out of
resonance for the excitation of particle plasmons. Furthermore, the near-field enhancement resulting from the
plasmon excitation is evaluated.
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[. INTRODUCTION to a particular grating order changes from evanescent to ra-
diative in character. As a consequence, a strong dependence
Nanoscale metal structures are well known to manifesof the plasmon resonance wavelength and the plasmon life-
strong local enhancement of the electromagnetic field wittiime on the interparticle distance was reported. This phenom-
respect to the incident light, due to the excitation of coherenenon was investigated by conventional far-field spectro-
resonant electron plasma oscillatiofsarticle plasmons' ~ SCOpy. Since the physical origin of the observed effects is
The resonance wavelength of this phenomenon depends &¥Pected to be connected to toeal electromagnetic fields
the geometry of the structure as well as on the dielectri@cting on the individual nanoparticles, direct measurement of
functions of both the structure and the surrounding medium.these local field intensities by near-field optical microscopy
Since metal nanostructures are promising candidates for sudh @ promising task. _ _ .
nano-optical applications as controlling and guiding light N this article we examine the'optlcal near-field zone of
fields on the submicrometer scalé& they are the subject of "egularly arranged gold nanoparticles by means of a photon
extensive fundamental research. In this context, specificalljcanning tunneling microscoffe (PSTM) operated i
designed nanostructures obtained by electron-beam lithogr&onstant-height mode. Previous work has established that the
phy (EBL) represent ideal samples for a fundamental sysPSTM is capable of measuring the near—flellg intensity Q|str|—
tematic investigation. EBL is a powerful tool for the fabrica- bution around nanoscale metal sampfes’~'°We investi-
tion of highly reproducible nanostructures with a greatdate a small regular 2D grating consisting of 3 gold par-
variety of geometries and arrangement pattérimsparticu- ticles with the interparticle distandgrating constantfixed

lar, it allows matching of the particle plasmon frequencies tof@ 1 «#m. We chose this small grating for the investigation
defined values. of the near-field zone of regularly arranged nanoparticles as

As for many practical applications large ensembles ofit constitutes the transition case between the individual par-

nanoparticles are of intereta better understanding of elec- ticle and the(infinitely) extended grating.

tromagnetic coupling effects among nanoparticles is of great

importance. Coupling can arise both from very short distance cypeRIMENTAL AND THEORETICAL BACKGROUND
interactions(on the order of some tens of nanometers, near-

field coupling and from long range interactioridipolar far- Samples consisting of gold particles with a diameter of
field coupling). Recently, direct observations of the near-100 nm and a height of 40 nm are produced by EBL per-
field response of an isolated gold nanoparticle and of a ondermed on a modified scanning electron microsc¢pEM).
dimensional(1D) chain of gold nanoparticles by means of As the substrate an indium tin oxiderO) doped glass plate
near-field optical microscopy were reportédt was shown is used to provide the weak electric conductivity required for
that the individual particle gives rise to a rather broadly dis-EBL and SEM in order to avoid charging effects. Further
tributed plasmon field, while a strong confinement of thedetails on EBL are provided elsewhérdfter fabrication, a
field was observed above the particle chain due to plasmostandard characterization of the samples is performed. The
near-field coupling. On the other hand, electromagnetic farSEM is used to check overall quality of the samples, and
field coupling was found to be particularly strong amongshape and lateral size of the particles, while atomic force
nanoparticles arranged in regular 2D particle gratifgs. microscopy(AFM) allows a cross-check and measurement
When the interparticle distance is increased for a given lighof the particle height. Optical extinction spectroscopy at nor-
wavelength, dipolar interaction between the particles in-mal incidence is accomplished to find the resonance wave-
creases dramatically whenever the light field correspondingengths of the particle plasmons. As the overall size of

0163-1829/2001/636)/1654226)/$20.00 63 165422-1 ©2001 The American Physical Society



M. SALERNO et al. PHYSICAL REVIEW B 63 165422

samples produced by EBL is limited to about 1@gn, a  electronics. The advantages of our approach procedure are
spectrometer coupled to a microscope equipped with a lowlearly that we prevent the bare fiber tip from being damaged
numerical apertur€0.075 objective is used. during scanning and that we gain a 3D data set by acquiring
To probe the optical near field of the gold nanostructureSTM images at different probe-to-sample distances. As a
we applied a PSTM. In this setup a laser source is used tdisadvantage we note the absence of topographical informa-
inject light in a glass prism under total internal reflectiontion simultaneously acquired with the PSTM images. This
conditions. A polarizer is placed between the laser and thave partly compensate by measuring sample topography by
prism for polarization control. Optical coupling between AFM before taking PSTM images.
prism and substrate is provided by immersion oil. Under For a comparison of the experimental PSTM images with
these conditions, the light distribution above the sampleheory we apply the Green’s dyadic techni@DT), which
plane corresponds to an evanescent field with its intensityelies on a real-space discretization of the objects under in-
decaying exponentially with distance from the surface. Thevestigation. This technique constitutes a reliable tool for
effective wavelength of the exciting light turns out to be simulation of the interaction of light with nanoscale objects,
Neii=Ng/nsing, where Ay is the light wavelength in dielectric as well as metallic. First, the electric field is deter-
vacuum,n is the effective index of refraction of the prism, mined self-consistently inside the object. Then knowledge of
and 6; is the angle of incidence. The local probe is a taperedhe Green’s dyadic associated with a reference systben
optical fiber fabricated by means of the so-called tubesample substrateallows one to compute the electric field at
etching method’”*® which yields small taper apexédiam-  any observation point. Details of the basics of the GDT are
eter smaller than 100 nmand a very smooth taper surface. beyond the scope of this paper, and can be found in recently
The light field close to the sample is scattered by the glaspublished literaturé® For the calculations the gold particles
fiber apex and guided through the optical fiber to a photoare discretized by cubic cells with a side length of 10 nm to
multiplier detector. The whole scanning and acquisition sysgive particle dimensions of 100100x 40 nnt. The dielec-
tem is provided by a commercial AFM. PSTM was the in- tric function of gold is taken from Ref. 26, and the effective
strument of choice since, as previously established, PSTMielectric constant of the substrate is set to 2.37, to account
images acquired with dielectric fiber tips represent to a goodor the ITO doping of the glass substrate. The illumination
approximation maps of the square modulus of the local eleceonditions correspond to the experimentally relevant param-
tric field around a sampl&!®1°2°This makes it possible to eters. As we established previouéftf:***°calculated maps
perform a direct comparison of PSTM images with theoreti-of the square modulus of the electric field in an observation
cal simulations, discarding any interaction of the probe tipplane parallel to the substrate plane fit well to experimental
with the sample. In contrast, recently published reétiits: ~ PSTM images acquired in constant-height mode. However,
dicate that the metal coating applied to fiber tips to form ann the calculations the distance of the observation plane from
aperture in illumination-mode scanning near-field optical mi-the substrate has to be considered somewhat larger than the
croscopy exerts a crucial influence on the image characterisralue known from the experimental parametésound 50
tics of particle plasmon fields excited in gold nanoparticlesnm above the substrate plane, i.e., about 10 nm above the top
One technically important point in our experiments is theof the particleg in order to match to the experimental PSTM
procedure of approaching the probe to the sample surface. Amages*'° This effectiveobservation height, around 140 nm,
we found bare dielectric fiber tig@o metal coating applied is due to the finite size of the fiber tip and consequently an
to be inevitably damaged by shear-force operation, we usitegrated signal pickup over a finite fiber tip volume. This
the exponentially decaying intensity of the exciting evanes{inding has been corroborated recently by results reported in
cent light field as the distance dependent quantity to controRef. 27. In order to refine the consideration of the finite tip
the approach, similar to a method previously repotted.  volume in the calculations presented in this work we use an
We approach the fiber tip to the sample until a strong in-approach different from the concept of an effective observa-
crease in the detected light signal reveals the evanescent figlidn height. Rather, we calculate the detected intensity at a
and thus the immediate vicinity of the sample. Note that aiven lateral position above the sample by averaging the
this stage of operation the actual distance between probe asguare modulus of the electric field within the volume of a
sample is unknown. Once the evanescent field is detectedhodel tip centered above the considered position. The tip
we start to acquire PSTM images in constant-height modevolume is modeled as that of a cone truncated to yield a flat
This mode is used in order to avoid any topography inducedace with a diameter of 40 nm facing the sample, while the
artifacts that might show up when working in constant-cone angle is set to 15°. These parameters were derived from
distance mode, whatever the feedback system t#sétBe-  a determination of the shape of the fiber tip apex region with
tween two subsequent images, we move the probe closer tigh-resolution transmission electron microscopy. The flat
the sample byAz=10 nm. After a final approach step the face of the truncated cone is positioned at a height above the
probe is touching the sample, thereby ending the experimensample corresponding to the experimental parameter, and the
The piezoactuator position for the last image is the zero refeverall height of the tip is fixed to 200 nm. Comparison of
erence for evaluating the distances from the sample surfaazlculated and experimental PSTM images allows us to de-
at which the previous images have been acquired. In particiduce the lateral position of the nanoparticles with respect to
lar, the last unperturbed image is acquired at a distancthe optical features found in the PSTM images. We note that
smaller thanAz, which in principle is only limited by the even simultaneously acquired topography data, as provided
mechanical stability of the PSTM and the noise level of thein a shear-force controlled constant-distance mode using
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FIG. 1. PSTM images ofa) an isolated gold particle arith) an Wavelength (nm)

ensemble of gold particles arranged in a 2D regular pafgrating

constand=1 um). In both cases diameter parallel to the substrate FIG. 2. (a) SEM image of a X3 gold particle grating. The

and height of the individual particles are 40 and 100 nm, respecdiameter of the particles parallel to the substrate is 100 nm and the

tively. The exciting light is incident from left to right\g particle height is 40 nm. The grating constant isudn. (b) Corre-

=633 nm, TM polarizationp;=43.7°. sponding extinction spectrum showing the plasmon resonance
wavelength at 630 nm.

metal coated fiber tips, does not necessarily provide this in-
formation with sufficient accuracy in our specific case. This3X 3 particle grating is shown in Fig.(&@. The grating con-
is due to(1) the limited lateral resolution of the topographi- stant of 1 um was choosen to exclude any grating induced
cal images of around 100 nm af2) a possible lateral shift effectd! in the considered spectral range as discussed briefly
between topographic and optical features in the correspondr Sec. |. Figure &) displays the extinction spectrum corre-
ing images, due to the spatial separation of the points o$ponding to a sample containing many 3 particle grat-
shear-force and optical interaction on the fiber’fip. ings. We find the resonance wavelength of the particle plas-
mon driven parallel to the substrate plane to be located close
to a vacuum wavelength of 633 nm.

We now turn to PSTM images of thex33 gold particle

We start with the optical response of a resonantly excited@rating. Figure 3 displays a PSTM image ovex5 um?
single isolated gold nanoparticle similar to the one investifor a laser wavelength ;=488 nm, TM polarization, and
gated in previous work® In Fig. 1(a) the light intensity dis- an incident angle§;=43.7°. As in the case of the isolated
tribution around such a feature as measured by PSTM iparticle we find a pattern of standing waves around the par-
shown. As in all the images presented here, the projection dicle grating. In front of the gratingleft side of the image
the wave vector of the incoming light on the substrate planghe standing wave pattern shows a spatial periodicity of
is oriented mainly from left to right, and the distance be-about 240 nm, corresponding closely to half the effective
tween tip and sample is less than 10 nm. As already reportegavelength of the incident light. /2. This pattern is attrib-
in Ref. 10, a rather broad bright spot due to forward scatteruted to interference of the incoming and backscattered sur-
ing, together with a pattern of standing waves due to interface waves. Standing waves also appear on the sides of the
ference between the incident and backscattered propagatijating (upper and lower sides of the imageHere the
surface waves, is clearly visible. In contrast, a strong confringes of the standing wave pattern are oriented at an angle
finement of light has been observed above a 1D chain of gold
nanoparticles for a particular distance between the particles
as reported in Ref. 10. Going one step further in structural
complexity, we turn to gold nanoparticles arranged in a large
2D square grating. A PSTM image of such a grating consist-
ing of 200< 200 particles with a grating constant fixed to
1 wumis shown in Fig. (b). For both the single particle and
the particles within the extended grating, height and diameter
were set to 40 nm and 100 nm, respectively. The incident
light was TM polarized,\o=633 nm, andf; was set to
43.7°. The PSTM images clearly demonstrate that the light
field distribution above the grating cannot be considered sim-
ply as the superposition of the light field intensities of iso-
lated particles. Rather, we find particular spatial profiles of
the bright spots in the two images and additional maxima g 3. pSTM image over 85 um? of the 3x 3 gold particle
and minima in light intensity within the area of the grating, grating for off-resonant particle plasmon excitation=488 nm,
obviously due to interference effects. As already outlinedry polarization, 8, = 43.7°. The anglex formed by the fringes of
above, this finding led us to study the transition case of ane standing waves with the horizontal directionais=48° and
grating consisting of only &3 particles. We expect this o”=58° on the upper and lower borders of the grating, respec-
intermediate case to simplify the interpretation of PSTM im-tively. Thus, the inclination of the incoming light turns out to be
ages compared to the extended grating. A SEM image of thg=5° approximately.

Ill. RESULTS AND DISCUSSION

y (um)

Intensity (arb. units)
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light intensity on the polarization of the incident light is in-
vestigated by collecting images in both TM and TE condi-
tions, for an angle of incidence &=43.7°. Cross sections
taken at horizontal lines in the PSTM images as indicated by
the arrows are also displayed.

We first discuss the off-resonant ca$eg. 4. When ex-
citing the sample with TM polarized lightFig. 4(@)] the
PSTM map displays bright spofsappearing with a period-
icity corresponding to the grating constaht1 um as the
most prominent features. Between two consecutive spots
three more bright spot8 of lower intensity are found. Due
4 to the above mentioned misalignment one of these maxima
(marked by the arrows in the images and the cross sedtion
B! . = only barely visible. Taking the misalignment into account,

X (um) we conclude that the average relative distance between the

FIG. 4. PSTM images of the 283 gold particle grating for SpotsB is 259 nm. Th's_ value correspon_ds cl_osely to the
off-resonant particle plasmon excitationg=488 nmg,=43.7°). expec_ted periodicity of interference maxima, le., hqlf the
(a TM and (b) TE polarization. The cross sections are taken on€ffective wavelength of 234 nm. For TE polarizatiffig.
horizontal rows in the images, as indicated by the arrows. 4(b)], we find bright spotsA next to a large zone of low

intensity that again show a spacing equal to the grating con-
a with respect to the horizontal axis. This is due to inter- Stantd=1 um. Between two consecutive spdisthree in-

ference between the incident wave and the scattered O&SHSIW maximaB are found, corresponding to the expected

propagating at an anglea?2with respect to the horizontad periodicity for an interference pattern.

axis. The different spatial periodicity of the interference pat- For the resonant cad€ig. 5) a laser wavelength of 633

tern is in agreement with the geometrical constraint that imm was used to match the particle plasmon resonance.

poses a correction factor 1/sin The distance between two Analogous considerations apply as for the off-resonant case

adjacent fringes of the interference pattern is 280 nm on thFeOr bqth ™ gr;]d fTE polafnzatlon. Agallrll, we take Ith(_a most
lower and 310 nm on the upper side of the image correProminent bright feature for TM as well as TE polarization
sponding to two different values af, as shown in Fié 3 as the reference spofs The distance between these spots

The difference between the two valuesaotan be attributed fits with the gra_tmg cons_tant of um. .In the resonant case,
L . S the number of intermediate featurBsis different from the
to an inclination of the plane of light incidence from the X .
; : - ' . off-resonant case, namely, two instead of three. Indeed, this
horizontal x axis of 3=5°. Furthermore, we find maxima . . " .
L mEes U E . ; s result fits with the exciting wavelength used here, since the
and minima in light intensity due to interference within the S . ;
. . expected periodicity of the interference patteg;/2 is now
partlclg grating. . close to 300 nm. The PSTM images obtained in this experi-
In Figures 4 ad 5 a full set of PSTM images of the 3

X3 grating is shown, corresponding to particles excited oﬂment suggest a misplacement of the bottom right particle,
(Ao=488 nm) and in K,—633 nm) resonance, respec- This was confirmed by imaging the sample topography by

: A FM.
tively. In both cases the dependence of the distribution ofA‘ For validation of our results we now turn to a comparison

with numerical simulations based on the GDT. The calcu-

0
0

12 16
Intensity (arb. units)
12 186

8
8

0 o] A lated maps of the electric field intensity for off-resonant par-
Y A g B B A ticle excitation in TM and TE polarization are displayed in
S~ B Figures 6a) and &b), respectively. For the case of TM po-
o 0 larization, the calculated map of the electric field intensity is
o B ol shown in Fig. 6a), together with a cross section along a
T5T horizontal line as indicated in the image by the arrow. As we
s ' ' find from a comparison of the cross section shown in Fig. 6
+ -g" with Fig. 4, the experimental results are well reproduced by
o £ o the numerical simulation. In particular, the calculated image
confirms the position of the bright spBtbarely visible in the
M experimental image. For TE polarization a[$tg. 6(b)], ex-
_ cellent agreement with the experimental profile is achieved.
In particular, the calculation reproduces the intensity of the
N 4 {6‘ “ spotsB increasing from left to right. We now compare ex-
X (um X (um

periment and simulations to recover the lateral positions of
FIG. 5. PSTM images of the 33 gold particle grating for the nanoparticles. In the simulated images, the positions are
resonant particle plasmon excitationo=633 nmg,=43.7°).(a)  indicated for one row of particles by the white squares and
TM and (b) TE polarization. The cross sections are taken on hori-the black rectangles in the images and the cross sections,
zontal rows in the images, as indicated by the arrows. respectively. Therefore we find the near-field signature of a
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Connected to the excitation of particle plasmons, a strong
FIG. 6. Calculated maps of the square modulus of the electridncrease of the optical near-field intensity is expected. We
field above a X 3 gold particle grating with a grating constant of estimate the enhancement factor by calculating the ratio be-
1 um for the off-resonant case =488 nm,#,=43.7°). For the tween the measured average intensity of the maxima in op-
averaging algorithm applied see the text. For compatibility with thetical intensity above the grating and the intensity of the driv-
experimental images in Fig. 4 the projection of the wave vector ofing evanescent field as measured on the flat substrate. The
the incoming light on the substrate plane was tiltedasy5° (com- results from the measured PSTM images in Figs. 4 and 5 are
pare Fig. 3(a) TM and (b) TE polarization. The maximum electric marked by the diamonds in Fig. 8. In TE polarization the
intensity is normalized to 1. The positions of three particles areresonant case provides a clearly larger enhancement
marked by the white squarékeft) and black rectangle§ight). (Gin,7e=3.5=1.0) than the off-resonant casé{s; tg=1.9
+0.3), as expected. On the other hand, in TM polarization

gold nanoparticle to be strongly dependent on the polarizano enhancement is observed for resonant excitat@g fy
tion of the incident light, displaying a bright contrast for TM =1.6+0.4) as compared to the off-resonant ca€g v
and a dark contrast for TE polarization. =2.0=0.4). The maximum enhancement observed fits well
Similar considerations apply in the case of resonantly exwith values found from PSTM measurements previously
cited particle plasmongsee Fig. . The resemblance of the reported:*>?’ However, it is about an order of magnitude
relative intensities of the individual features found in experi-smaller than values for particle plasmon induced intensity
ment and calculation is somewhat worse in this case. Howenhancement known from the literatdf&® This effect is
ever, the overall shape of the features as well as the numbegain due to the finite detection volume of the fiber tip. Con-
of interference maxima are well reproduced. sidering an effective observation height of 140 nm, we ob-
serve a correspondingly lower plasmon induced intensity en-
hancement, as the intensity enhancement drops strongly with
distance from the particle. Indeed, enhancement values cal-
culated for an effective observation height of 140 nm as
marked by the circles in Fig. 8 agree well with the experi-
mental results. The apparent absence of an enhancement in
the TM case is simply due to the specific three-dimensional
plasmon field profile around the nanoparticle, which leads to
almost identical optical signal levels as detected by a dielec-
' i ' tric fiber tip in both cases, resonant and off-resonant excita-
tion. Choosing smaller values for the effective observation
height in the simulations allows one to calculate the particle
plasmon induced intensity enhancement in the immediate vi-
cinity of the nanoparticle. Thereby we find a maximum in-
tensity enhancement factor for a resonant excitation of our

5 1 2 3 particular particle geometry of about 30.
X (um)
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FIG. 7. Calculated maps of the square modulus of the electric IV. CONCLUSION

field above a X 3 gold particle grating with a grating constant of ) .

1 um for the resonant case =633 nmg,=43.7°). For the av- We successfully applied a PSTM operated in constant-
eraging algorithm applied see the te¢d) TM and (b) TE polariza-  h€ight mode to probe the near-field optical response of a
tion. The maximum electric intensity is normalized to 1. The posi-reégular array consisting of>83 gold nanoparticles. On one
tions of three particles are marked by the white squélefy and  hand, the investigations emphasized the influence of the illu-
black rectanglegright). mination conditions, such as the polarization, on the apparent
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profiles of the features in the near-field images. On the othemear-field results were supported by calculations based on
hand, the properties of the single metal nanoparticles as plathe GDT. The calculated images reproduced the main fea-
mon resonators were probed when the exciting light is tunedures of the PSTM images, i.e., a high intensity spot in TM
to the proper resonance wavelength. Indeed, under appropipolarization and a low intensity spot in TE polarization, with
ate conditions particle plasmons appeared as a clear increaee same periodicities as in the experimental images. More-
in the light field enhancement. In the PSTM images of theover, we recovered the measured particle plasmon induced
3X3 particle grating we found a spatial intensity profile field enhancement in the calculations.

clearly different from that of the single particle. The number

of _interference _maxima within the grating depends on the ACKNOWLEDGMENTS
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