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Abstract

Since the detection of nanoparticles is a major issue in nano sciences, we have developed two
instruments for the fast imaging of individual nano objects. The first one is based on a spatial
modulation of the sample using an incoherent dark field illumination and a multiplexed lock in
detection. The second instrument uses digital heterodyne holography. Both instruments make it

possible to achieve a high signal-to-noise ratio and therefore to detect very low signal.

PACS numbers: 78.67.Bf 78.90.+t



I. INTRODUCTION

Detecting nano objects has been a subject of great interest for the last ten years because
applications are numerous in nano sciences [1] [2] [3] and biology [4] [5]. As the optical
properties of the nano objects strongly depend on their size, shape and environment, far
field optical measurements allow a good characterization. Furthermore, detecting isolated
nano objects prevents from any averaging the optical information and gives access to local
optical properties.

Today, most biological labels are luminescent. At the beginning, fluorescent dyes were heav-
ily used but were limited by their photobleaching that induces a short life time. To increase
the life time, semi conductor nano crystals have been developed but also appear to bleach and
blink, which yields an instability of the detected signal with time. To circumvent this issue,
we propose to detect metallic nano objects in our experiments, for further implementation
as biological labels.

In the last five years, different far field techniques based either on the absorption [6] [7] or
on the scattering of light by the particles have been developed. Most of these methods use
a single detector that implies a long acquisition time because of the scanning of the sample
and prevents from observing moving objects. In order to dramatically reduce the acquisition
time, we propose different instruments providing wide field measurements owing to a multi
pixel detector.

The power of the detected signal is proportional to the power of the source and to the
cross section of the particle. As the scattering cross section of a spherical particle scales up
quadratically with the volume of the particle, the signal is very low for small particles and
this constitutes the main difficulty in our experiments. To be able to detect nano objects,
the continuous background has to be reduced and the sensitivity maximized. Thus, we
propose two different instruments using either a dark field or an off-axis illumination to
avoid stray light, and combined with a multiplexed lock in detection to extract the relevant
signal modulated either by a spatial modulation of the sample or by a phase shift between

the interfering beams.



II. FULL FIELD IMAGING BASED ON A SPATIAL MODULATION OF THE
SAMPLE

This technique uses a dark field illumination [8] in order to reduce stray light. Thus,
only the light scattered by the sample penetrates in the accepting angle of the microscope
objective. With no further implementation, particles with diameter lower than 40 nm can
not be detected [9]. That is why, to modulate the signal, the position of the sample is
modulated in the plane perpendicular to the optical axis. In order to extract only the
modulated part of the detected signal, this system is combined with a multiplexed lock in
detection [10]. By using the proper signal processing, the non-modulated part of the image
(defects of the camera and of the illumination) is cancelled.

As the particles are illuminated with an incoherent source, this technique also allows acqui-

sition of the full scattered-light spectrum of an individual particle.

A. Experimental set-up

The sample is obtained by electronic lithography. It consists in gold dots (height: 7 nm,
width: 60nm, spaced out 7pum) placed in a matrix configuration on a silicon substrate.
Fig.1 shows a diagram of the sample and of the experimental setup. The sample is lit
by an incoherent source (100 W halogen lamp) in a dark field illumination configuration.
The position of the sample is sinusoidally modulated at the frequency fpzr in the plane
perpendicular to the optical axis using a piezo electric actuator driven by the low frequency
generator # 2. To prevent overlapping of the signal when images are demodulated, the
amplitude of the modulation is larger than the diffraction pattern of the dot, typically a few
micrometers. The charge coupled device (CCD) camera, driven by generator #1, is used in
a four-buckets integration mode [10], i.e. it acquires four images per period of the spatial
modulation: feep = 4fpzr = 24Hz. Generators # 1 and # 2 share a common reference

clock to avoid phase drifts between the spatial modulation and the camera acquisitions.

B. Full field imaging of gold nano dots

We acquired 100 images i, during N = 25 periods of the spatial modulation (Tpzr =

167 ms) with an exposure time of 10ms < Tpzr. The signal processing on these images
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FIG. 1: Experimental set-up and zoom on the sample.

yields the amplitude image Iy, [10]:

V(L - IS)L\J; (L2 — 14)? (1)

Tamp = |(Iy = I3) + j(Iy — I)| =

where j2 = —1 and [, = fo:_ol lyak+p With p = 1 to 4. Fig.2 shows the diagram of the
matrix (a) sample (10x10 dots) observed and the acquired image (b) which are very similar
except for a few dusts particles in the field of view. Due to the signal processing two spots
correspond to one gold pin, as seen on the surface image of six dots Fig.2(c). If needed, this
measurement artefact can be removed by a deconvolution of the image which is represented
on Fig2(d).

Thus, with the described setup and signal processing, dots of 7nm in thickness and 60 nm
in width are easily detected. Neglecting the geometry effects, a dot can be roughly compared
to sphere of the same volume, i.e. 36 nm in diameter, as the scattering cross section varies
quadratically with the volume. Simulations of the interaction of light with a 36 nm spherical
particle (Mie calculation of the scattering cross section using the refractive index of bulk gold
[11] for the relevant range of wavelengths) and of the whole measurement process (spectral
power of the source and quantum efficiency of the camera) show that this instrument based
on a spatial modulation is able to detect a signal down to 0.04pW, i.e. 10° photons per

second per frame, which is a very good sensitivity.
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FIG. 2: Diagram of the sample (a) and acquired image in logarithmic arbitrary units (b). surface

image of six dots before (¢) and after (d) deconvolution.
C. Towards spectroscopic characterization

Owing to the technique based on a spatial modulation of the sample, which is an incoher-
ent equivalent of the spatial modulation scanning imaging [7] combined with a multiplexed
lock in detection [10], full scattering spectra of isolated nano objects should be obtained very

soon by adding an imaging spectrometer between the microscope and the CCD camera.

III. FULL FIELD IMAGING USING INTERFEROMETRY

The second instrument we developed for the detection of isolated gold nano objects is
based on digital heterodyne holography. The light from the incident laser beam which is
scattered by the nano objects is collected by a microscope objective and propagates to the
CCD camera. In the CCD plane, the wave coming from the sample interferes with a reference
beam or local oscillator (LO) coming from the same laser source as the probing beam.

The novelty of this experiment does not lie in the instrument itself that have been well de-
scribes in references [13] and [12] but in the observation in three dimensions of the scattering

diagram of a metallic nano-object.



A. Interferometric experimental setup

The sample consists in 200 nm diameter gold nanoparticles (NPs) embedded in polyvinyl
alcohol and spin coated on a glass slide in order to obtain less than one particle per pum?
to avoid any inconvenience caused by the diffraction-limited optical resolution. Fig.3 shows
the experimental setup. The main laser beam at wavelength A = 532 nm, i.e in the plasmon
resonance range of gold NPs; is split (BS) in two secondary beams.

The first beam (FEy, f;) illuminates the sample in a configuration very similar to dark field,
as only the light scattered by the NPs, called the signal beam (FEg, fs), is collected by
the microscope objective and reaches the CCD camera. At the same time, the secondary
beam (FEro, fro), called reference or local oscillator, is expanded (BE) and propagates to
the camera with a tilt angle of approximately 1° with respect to the average direction of
propagation of the signal beam. In the plane of the CCD camera, the LO beam (Er0, fro)
and the signal beam (Eg, fs) interfere and the corresponding interferometric pattern is called
the hologram. The off-axis holographic configuration will allow a fast and simple filtering of
the unwanted signal coming mainly from the LO [12].

The signal and the LO beams can be attenuated using neutral densities ND1 and ND2 in
order to adjust their respective intensities and to optimize the total magnitude of the signal
according to the dynamic range of the CCD camera.

In order to minimize the parasitic contributions of the LO and the twin image in the
hologram, the interferometric pattern is modulated by shifting the optical frequency of
the signal and LO beams using acousto optic modulators AOM1 and AOM2 [12] yielding
fs = fr + faonm1 and fro = fr + faome respectively, where fr is the optical frequency of
the laser. The phase shift between the two waves that interfere induces a beating of the
hologram at the frequency fy = faonm2 — faonm: that is set in order to acquire four images
per period of the beating: fy = foccop/4, to extract the relevant part of the hologram. In
order to avoid phase drifts the generators that drives the AOMs share a common reference

clock.
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FIG. 3: Digital heterodyne holographic setup. BS: beam splitter, ND: neutral density, AOM:

acousto-optic modulator, BE: beam expander, M: miror, CCD: charge coupled device camera.
B. Full field imaging of gold NPs

The virtual image is reconstructed owing to a double Fourier transformation (FT) process
and to a numerical backward propagation of light through the demodulated hologram, in
the plane z = 0 of the CCD camera in the real space, obtained by summing the four images

I, (calculated as in II B) with an appropriate phase factor:

H(z,y,0) =Y "I = (Io = I) + j(I — Is) (2)

The hologram in the Fourier space is obtained by a 2D FT:

H(k,, k,,0) = FT[H(z,y,0)] (3)
As the directions of propagation of the LO and signal beams are slightly tilted, the three
diffraction orders (corresponding to the LO intensity (0 order), the twin image (-1) and the
virtual image (+1)) do not overlap in the Fourier space which allows a spatial filtering of
the relevant signal (+1) yielding the filtered Fourier space hologram H it (kz, Ky, 0).
The backward propagation of the scattered field at a distance z in Fourier space is written:

. _ k2 + K
Hyip(kyy by, 2) = Hpg(ky, Ky, 0).exp (jTyz) (4)

where k = 27/ is the optical wave factor and the exponential factor is the kernel function

that describes the Fourier space propagation from 0 to z. The reconstructed image in plane



z is then obtained by an inverse FT:
H(.’I},y,Z) = FT_l[ﬁfilt(kwakyaz)] (5)

The image can be reconstructed in several z planes in order to obtain a 3D image and most

noticeably in the focal plane of the objective z = z;.

FIG. 4: Reconstructed images of a 200nm gold NP at several axial positions: (a) z = zp — 22 um,
(b) z = 2y (focal plane of the objective), (¢) z = zp + 8 um, displayed in logarithmic arbitrary

units.(g) Axial plane distribution. Scale bar is 5 ym.

Fig.4 shows the reconstructed image of an isolated 200 nm gold nanoparticle in different
transversal z plane (a-c) and the axial plane distribution over 47 ym (d). This result denotes
a signal elongated by several microns in the axial direction. A particle of 200 nm in diameter
has been used in this experiment to obtain a very good signal to noise ratio but smaller
particles (down to 30 nm) can be detected with this setup owing to its very high sensitivity

of one photon per second per pixel [13].

IV. CONCLUSION AND PROSPECT

The instrument we developed, based on a spatial modulation of the sample, allowed to
detect nano dots with a volume equivalent to a 36 nm diameter sphere and showed a very
good sensitivity of 10° photons per second per frame. Spectroscopic abilities are expected
to be implemented to this setup in order to obtain full scattered-light spectra of individual
nano objects.

Digital holography in phase-shifting and off-axis configuration is a very sensitive technique
(1 photon per second per pixel) and allows acquisition of the full diffusion diagram of a
nano object (down to 30nm) by recording only one hologram. To detect smaller objects,

photothermal effects will be implemented in this setup.



The two instruments presented here show a similar sensitivity (10° photons per second per
frame for spatial modulation and 1,4.10° for holography) and the holographic setup, unlike

the spatial modulation setup, allows a fast 3D-imaging of nano-objects.
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