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We report on the performance and inherent artifacts of k-space optical microscopy for the study of

periodic arrays of nanoparticles under the various illumination configurations available on an

inverted optical microscope. We focus on the origin of these artifacts and the ways to overcome or

even benefit from them. In particular, a recently reported artifact, called the “condenser effect,” is

demonstrated here in a new way. The consequences of this artifact (which is due to spurious

reflections in the objective) on Fourier-space imaging and spectroscopic measurements are ana-

lyzed in detail. The advantages of using k-space optical microscopy to determine the optical band

structure of plasmonic arrays and to perform surface plasmon resonance experiments are demon-

strated. Potential applications of k-space imaging for the accurate lateral and axial positioning of

the sample in optical microscopy are investigated. Published by AIP Publishing.
https://doi.org/10.1063/1.5029976

I. INTRODUCTION

Most often in optical microscopy, only an intensity
image is recorded and the phase information is ignored. As a

result, the wavevector (k-vector) content of the light emitted

from the sample cannot be obtained simply from a Fourier

transform of the real-space image. Nevertheless, the k-vector

information may be retrieved from the intensity distribution

of the collected light in the back focal plane of the micro-

scope objective, i.e., from the Fourier-space image.1,2 This

technique, referred to as k-space or Fourier-space optical

microscopy, is increasingly used by researchers, especially

for the study of periodic nanoparticle arrays.3–8

Periodic arrays of metallic nanoparticles on transparent

substrates and their complementary structures, i.e., periodic

nanohole arrays etched in metallic layers, have been widely

studied for their unique optical properties.9 These properties

include the existence of spectrally sharp collective optical

resonances,10–17 the ability to control spontaneous emis-

sion,18–21 the ability to disperse22 and focus light,23,24 the

ability to support lasing,25,26 and the extraordinary transmis-

sion of light through nanohole arrays.27,28 Numerous appli-

cations of nanoparticles and nanohole arrays as chemical and

biological sensors have been described in the recent litera-

ture.29–35 In addition, periodic arrays of metallic nanopar-

ticles on metallic films have attracted special interest for

the engineering of the dispersion of surface plasmon polari-

tons (SPPs),36–38 for the design of micro-optics for SPP

launching and decoupling,39 waveguiding,40 multiplexing,41

and steering,42–44 and for lasing,45 biosensing,46,47 and pho-

tovoltaic48 applications.

In several of the most recent publications cited

above,18,20,21,25,26,42–44 k-space optical microscopy is key in

the elucidation of the investigated physical mechanisms.

Recently, it has also been reported that k-space optical

microscopy may be used to take advantage of a previously

disregarded artifact from microscope objectives, called the

“condenser effect,” in order to resolve the geometry of peri-

odic nanoparticle arrays beyond the optical diffraction

limit.49–52 However, only an indirect demonstration for the

origin of the “condenser effect” is available in the litera-

ture,50 and the consequences of this artifact on spectroscopic

measurements have been unaddressed until now.

In this paper, we report on some of the most interesting

possibilities and artifacts of k-space optical microscopy for

the study of periodic nanoparticle arrays. Three different

illumination configurations available in a liquid-immersion-

objective-equipped inverted optical microscope are used.

First, we describe in Sec. III A how the Fourier-space image

of a periodic array is formed in the microscope, and we guide

the reader in the interpretation of this image. We provide in

Sec. III B a new and more direct demonstration of the

“condenser effect,” and we discuss the ways to overcome or

even benefit from this artifact. We quantitatively analyze in

Sec. III C the contribution of this artifact to the total detected

light and describe in Sec. III D the consequences of the

“condenser effect” on spectroscopic measurements. Next, in

Sec. III E, we focus on the advantages of using k-space

optical microscopy for the study of the SPP band structure

of periodically nanostructured metallic layers. Finally, wea)eric.le-moal@u-psud.fr
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describe in Sec. III F potential applications of k-space optical

microscopy and periodic nanostructure arrays for the accu-

rate lateral and axial positioning of the sample with respect

to the illumination focus.

II. SAMPLES AND EXPERIMENTAL SETUP

A. Sample fabrication

Figure 1 shows scanning electron microscopy (SEM)

images of the samples used in this study. The samples are

fabricated using an e-beam lithography technique.53,54 They

consist of periodic arrays of cylindrical gold nanodots,

whose height and diameter are 30 nm and 200 nm, respec-

tively. The choice of these geometrical parameters is moti-

vated by previous studies on similar nanodot arrays used

as sensors or for fundamental studies of their plasmonic

properties.16,17,53–55 The nanodot arrays are lithographed on

a 170 lm-thick glass coverslip that is either bare or coated

with a 85 nm-thick indium tin oxide (ITO) layer or with a

30 nm or 50 nm-thick gold film. The ITO films are purchased

from SOLEMS, Palaiseau, France. The gold films are grown

in vacuum at a base pressure of 5� 10–7 mbar using an

electron beam evaporator [PLASSYS, used at the micro-

nanotechnology platform of the Center for Nanosciences and

Nanotechnologies (C2N-CTU) in Orsay, France]. Prior to

gold deposition, a 2 nm-thick titanium layer is deposited in

the same vacuum chamber in order to improve adhesion to

the substrate.

For the e-beam lithography process, an 80 nm-thick

layer of polymethylmethacrylate A2 (PMMA A2) resist is

first spin-coated on the substrate and baked. By design, an

array occupies a 250� 250 lm2 area on the substrate. E-

beam lithography is then performed at a current of 2 nA. A

development step in a 1:3 methylisobutylketone/isopropa-

nol (MIBK/IPA) solution is used to reveal the written pat-

tern. Next, a 30-nm thick gold layer is evaporated on the

sample. Finally, the nanostructures are obtained after a lift-

off process in acetone. The same process as described above

is performed on the ITO- and gold-coated substrates. For

the bare glass substrates, an extra step is added: a thin layer

of the conducting polymer Espacer 300Z is spin-coated

on top of the resist before e-beam lithography in order

to avoid charging.56,57 This conducting layer is removed

using deionized water before the development of the resist. All

nanostructure dimensions are confirmed using scanning elec-

tron microscopy and atomic force microscopy measurements.

Film thicknesses are verified using ellipsometry and X-ray

measurements.

B. Optical microscopy

All experiments are carried out using an inverted optical

microscope (Nikon Instruments, Eclipse Ti-U) equipped

with an oil-immersion, high numerical aperture (NA) objec-

tive lens. In particular, a Nikon CFI Apochromat 100 � 1.49

NA TIRF objective is used. (TIRF stands for total-internal-

reflection fluorescence microscopy.) The microscope is cou-

pled to a cooled CCD camera (Andor, IKON-M) and an

imaging spectrometer (Horiba Jobin Yvon, iHR320 spec-

trometer and Synapse CCD detector). We use a set of remov-

able achromatic doublet lenses that are arranged in a 4f
geometry (as in a telescope or a Fourier filtering system) in

such a way that the setup can be switched from real-space to

the Fourier-space imaging mode by simply removing two

lenses and adding another without changing the detector

position. Thus, an optical image with spatial coordinates

(real-space) or angular coordinates (Fourier-space) is pro-

jected directly onto the detector or, using a removable mir-

ror, onto the entrance slit of the imaging spectrometer. The

k-scale of the Fourier-space images is calibrated using

the SPP leakage radiation angle on a 50-nm thick gold film

on glass as a reference, following the method described in

Ref. 58.

Figure 2 shows schematically the different illumination

configurations used in this study. In the first two configura-

tions [Figs. 2(a) and 2(b)], the initial illumination is through

the transparent substrate, and the objective lens is used for

both the illumination of the sample and for the collection of

the light that is reflected or back scattered (episcopic config-

uration). The initial light beam may be (a) focused on the

sample or (b) collimated with normal (hinc ¼ 0�) or tilted

(hinc > 0�) incidence. Here, we use a CW linearly polarized

He-Ne laser (vacuum wavelength k0 ¼ 632.8 nm). These

configurations are described in more detail below.

In the configuration shown in Fig. 2(a), the objective

lens is used to focus the laser beam onto the substrate-sample

interface and to collect the reflected light. The laser beam is

expanded using a telescope to completely fill the rear pupil

of the microscope objective (the width of the expanded beam

is larger than the inner diameter of the pupil). Thus, the

FIG. 1. Scanning electron microscopy (SEM) images of the samples used in

this study. The samples consist of periodic arrays of gold nanodots, 30 nm in

height and 200 nm in diameter, which are nanolithographed on an 85 nm-

thick ITO layer [(a)–(c)] or a 50 nm-thick gold film on a glass coverslip (d).

The array has square symmetry with periods 400 nm [(a) and (b)] and

500 nm [(c) and (d)]. The SEM image magnification is 6500� (a) and

50 000� [(b)–(d)].
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reflectivity of the substrate-sample interface may be mea-

sured for all incident angles within the acceptance cone of the

objective lens in a single Fourier-space image. Moreover, since

the initial beam is linearly polarized, the focused incident light

is s-polarized in one plane and p-polarized in a perpendicular

plane. Thus, the reflectivity for both s- and p-polarized inci-

dence may be measured simultaneously.

The configuration shown in Fig. 2(b) is similar to a stan-

dard light diffraction setup, where a quasi-plane wave is

back scattered from a 2D periodic grating in directions that

are determined by the period of the grating and the wave-

length of the incident light. In Fourier space, a diffraction

pattern is observed, where bright spots on a dark background

correspond to the diffraction orders of the periodic sample.

In the following, we refer to these spots using (i, j) Miller

indices. Moreover, by varying the angle of incidence

(hinc > 0�), this configuration may also be used as a Surface

Plasmon Resonance (SPR) system59 as shown in Sec. III E

(additional experimental details can be found in the supple-

mentary material).

In addition, in a final configuration, the incident light

originates from above the sample and the transmitted light is

collected using the microscope objective (diascopic configu-

ration). This is illustrated in Fig. 2(c). The incident beam is

from a collimated white light source (from a K€ohler illumi-

nation system included in the microscope apparatus) and

arrives from above the sample at normal incidence

(hinc ¼ 0�). An iris diaphragm is used to control the diameter

of the incident beam. Bandpass (BP) interferometric filters

are used to select narrow spectral bands from the broad emis-

sion spectrum of the lamp. A linear polarizer is set in front

of the light source to control the orientation of the incident

electric field with respect to the main axes of the array

(Einc k x or Einc k y). Here, we use a white light source in

order to investigate the spectral dependence of the optical

response of the sample.

III. RESULTS AND DISCUSSION

A. Interpreting the Fourier-space image

In this section, we describe how the Fourier-space image

is formed in the optical microscope and how it may be ana-

lyzed in order to retrieve geometrical information about a

periodic sample. Here, we focus on the possibilities offered

by k-space optical microscopy when it is used to study nano-

dot arrays on transparent or semi-transparent substrates

which do not support surface waves. Further possibilities

specific to the study of nanodot arrays on metal-coated sub-

strates (which support SPPs) are described in Sec. III E. Here,

we first use the reflected light illumination configuration with

a focused laser beam which is introduced in Fig. 2(a). One

motivation for the use of this configuration is that the

“condenser effect” (addressed in Sec. III B) does not occur,

and thus, the description of image formation in k-space opti-

cal microscopy is simplified.

Figure 3(a) shows a real-space image where both the

gold nanodots of a 500� 500 nm periodic array and the laser

spot may be seen due to additional wide-field, white light

illumination of the sample. The laser beam is focused using

the high-NA objective lens to a spot whose dimensions are

almost at the diffraction limit. The width at half intensity

maximum of the laser spot (<250 nm) is thus smaller than

the unit cell of the array (a¼ 500 nm). When keeping only

the laser illumination and saturating the contrast of the image

as has been done in Fig. 3(b), one can see, however, that

light is scattered from gold nanodots that are several micro-

meters away from the focal point. Indeed, the nanodots at

the focal point can scatter the incident light in all in-plane
directions. This light can then be scattered out-of-plane by

nanodots further away. Thus, tens to hundreds of nanodots

actually contribute to the total scattered light. As a result,

even though the incident beam is tightly focused, the scat-

tered light is expected to be sensitive to the geometry of the

nanodot array, at least to within an area of a few tens of lm2

of the incident beam. The effect of the array periodicity on

the scattered light is confirmed in the Fourier-space observa-

tions discussed below.

Figures 3(c) and 3(d) show the Fourier-space images

obtained when the laser spot lies within the nanodot array and

when it is far away from it, respectively. When the laser beam

does not interact with the gold nanostructures [Fig. 3(d)],

only the back reflection of the incident light from the

substrate-air interface is seen in the Fourier-space image. As

expected, internal reflection is weak at subcritical angles

(
kjj
k0
¼ n sin h < 1) and total at supercritical angles (

kjj
k0
> 1).

FIG. 2. Schematics of the illumination configurations used in this study. In

(a) and (b), the sample is illuminated through the substrate with (a) a focused

or (b) a collimated laser beam, and the reflected and back-scattered light is

collected in reflection using the same objective lens. In (c), the sample is

illuminated from above with a collimated white light beam, and the trans-

mitted and scattered light is collected in transmission using the objective

lens.
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Thus, except for artificial spots due to dust on the CCD

detector or bubbles in the oil droplet on the objective lens,

the Fourier-space image of the structureless area is feature-

less. Conversely, when the laser spot is focused on the array,

as is the case in Fig. 3(c), the result is a tangle of dark and

bright narrow rings.

Figure 3(g) shows an image obtained under similar con-

ditions but on a different (this time 400� 400 nm) periodic

array of gold nanodots. Dark and bright narrow rings of the

same radius as those in Fig. 3(c), the 500� 500 nm array

image, are again seen; however, in the two images [Figs.

3(c) and 3(g)], the rings are centered on different points in

Fourier space. These rings do not result from the so-called

“condenser effect” discussed in Refs. 49–52, which is an

artifact that can only occur under diascopic (i.e., transmitted

light) illumination. The origin of the observed rings may be

understood from Fig. 3(h), where an iris diaphragm is used

to reduce the diameter of the laser beam entering the rear

pupil of the objective (thus limiting the “illumination NA”).

When the experiment is repeated with the lower-NA illumi-

nation, we see that the “illumination pattern” (within the

circle of NA ¼ 0.75) is replicated and shifted to specific

points of Fourier space which correspond to the diffraction

orders of the periodic array.

The same conclusion may be drawn for the 500� 500 nm

array from Figs. 3(e) and 3(f). Figure 3(f) is obtained when the

nanodot array is illuminated with a collimated laser beam in

normal incidence and shows the position of the diffraction

orders of the nanodot array. In Fig. 3(e), the Fourier-space

image of the nanodot array is normalized by that of a structure-

less area in order to increase the visibility of the interesting

features. Looking closely, we can now see that the ring centers

coincide with the observed diffraction spots. Moreover, the

observed rings, which have radii which are slightly smaller

than the circle of NA¼ 1.49, also appear centered on the (0, 0)

spot. Such rings do not appear in Fig. 3(d) for the structureless
area. They are not a simple intensity feature of the reflected

light image but must be a phase feature of the reflection pat-

tern. The dark and bright narrow rings seen in Figs. 3(c) and

3(g) result from the interference between the pattern centered

on (0, 0) and those shifted to ði; jÞ 6¼ ð0; 0Þ or, in other words,

from the interference between the back-reflected light and the

light diffracted by the array.

Why do we see these rings at a radius that is slightly

smaller than the circle of NA ¼ 1.49? This is due to a well-

known optical phenomenon whose effect increases with the

incidence angle. Namely, light is known to undergo a phase

shift upon total internal reflection at a dielectric-dielectric

FIG. 3. Real- and Fourier-space optical microscopy images of periodic gold nanodot arrays on ITO-coated glass, with periodicities of 500� 500 nm in (a) to (f)

and 400� 400 nm in (g) and (h). Intensity images are in false color (see the color scale on the right). All images are obtained in a reflected-light illumination con-

figuration using a focused laser beam, as shown in Fig. 2(a), except in (f), where a collimated laser beam in normal incidence is used, as in Fig. 2(b). In (a), trans-

mitted white light illumination is added to see the array which extends over the whole field of view. In (b), the intensity scale is saturated so that the lateral

extension of the excitation may be seen. In [(c)–(f)], the two dashed circles indicate the maximal collection angle of the objective lens (NA ¼ nglass sin hmax

¼ 1:49; hmax � 79�) and the critical angle at the air/glass interface (NA ¼ nglass sin hc ¼ 1; hc � 41�), respectively. In (d), the measurement is carried out in an

area where there are no nanostructures present. In (e), the image is obtained by dividing the image shown in (c) by that shown in (d). In (g) and (h), white dots

indicate the position of the diffraction spots. In (g), the laser beam completely fills the rear pupil of the objective, whereas in (h), the beam width is reduced so as

to fill only the central area of the pupil. In the latter case, the sample is illuminated with a light cone whose angular aperture is limited to hinc ¼ 30� (equivalent to

NA ¼ 0.75). In all images, except in (e), the intensity scale is normalized with respect to the intensity maximum.
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interface.60,61 This phase shift monotonously increases from

0 at the critical angle to p rad at hinc ¼ 90�. This is actually

the same phenomenon that is responsible for the Goos-

H€anchen effect, where a finite sized beam undergoes a lateral

shift upon total internal reflection. The effect observed in our

case is a pure phase effect and would thus not be detected in

intensity images if the reflected light did not interfere with

the light diffracted from the periodic nanodot array. Because

of the Abbe sine condition (which is fulfilled in the type of

objective used), kk=k0 ¼ sin hinc, and the angle of incidence

hinc and the phase shift increase more rapidly as the position

in Fourier space moves to the rear pupil edge. As a result,

the interference fringes are most easily observed close to the

circle of radius NA¼ 1.49. A second effect, occurring inside

the microscope objective, may further shift the phase of the

reflected and diffracted light at supercritical angles, espe-

cially when using high-NA objectives that are designed to

compensate for image aberrations due to phase delay at high

emission angles; a description of this additional effect can be

found in the supplementary material.

As discussed above, the images shown in Figs. 3(c) and

3(f) are the diffraction patterns of a focused laser beam and a

collimated laser beam on a periodic nanostructure array, as

measured using the illumination configurations introduced in

Figs. 2(a) and 2(b), respectively. Both images may be used

to characterize the orientation, symmetry, and periodicity of

the nanostructure array. These geometrical parameters are

obtained from the coordinates of the diffraction spots in

Fourier space. However, the configuration used in Fig. 3(c) has

a major advantage over the one used in Fig. 3(f), which is the

possibility to resolve these geometrical parameters beyond the

diffraction limit. Indeed, in Fig. 3(c), the coordinates of the

diffraction spots may be determined even when they exceed

the maximum k values accessible using the optical microscope

(note that (jkxj2 þ jkyj2Þmax ¼ k2
0NA2, where k0 ¼ 2p=k0).

The incomplete circles in the Fourier image are centered on

the diffraction spots. Thus, the position of these diffraction

spots in Fourier space may be obtained by fitting an entire cir-

cle to the observed segments even when the diffraction spots

are not visible [see an example in Figs. 3(g) and 3(h)]. Thus, in

principle, the spatial periods P of the array may be measured

for P > Pmin with Pmin ¼ k0=ð2NAÞ (e.g., Pmin ¼ 213 nm for

k0 ¼ 632.8 nm and NA¼ 1.49). In contrast, no such circles

occur using the other configuration; only the diffraction spots

are expected, and they may only be detected if they lie inside

the disk of radius k0NA. As a result, the evaluation of the spa-

tial period is limited to values of P larger than k0/(NA).

In addition, the illumination configuration used in Fig.

3(c) has potential applications in the field of positioning

metrology. This is true since the intensity distribution in the

Fourier-space image is highly sensitive to the relative position

of the laser spot with respect to the nanodot array. A detailed

description of this effect and its use in the accurate lateral and

axial positioning of the sample is given in Sec. III F.

B. The “condenser effect”

Here, we address the issue of the “condenser effect,” an

artifact that occurs under diascopic illumination [Fig. 2(c)]

and which was previously reported in Refs. 49–52. First of

all, we present results that confirm the occurrence of the

“condenser effect” when studying a periodic array of nano-

structures on a transparent substrate, i.e., the appearance of

artifactual rings in k-space microscopy images due to spuri-

ous reflections in the objective. Interestingly, this effect may

also be used to characterize the spatial periodicity of the

array beyond the transmission limit of the microscope objec-

tive, in a way that is similar to what was shown in Sec. III A

for episcopic illumination. A model for the origin of the

“condenser effect” has been proposed in Ref. 50 on the basis

of experiments requiring a modified setup with two objective

lenses. Below, we introduce a more direct and simpler way

to reveal the origin of this artifact using a single standard

microscope objective. Our results unambiguously verify the

following hypothesis: incident light that is internally

reflected in the front objective lens (i.e., in the first of the

series of lenses that make up the collection objective) is then

scattered from the circular edge of the lens mount back to

the sample. Finally, we explain why the “condenser effect”

generally does not occur when the periodic array of nano-

structures lies on a metal-coated substrate (e.g., a thin gold

film on a glass slide).

Figure 4 shows the Fourier-space images that are

obtained when a periodic array of gold nanodots on an ITO-

coated glass substrate is illuminated by white light in trans-

mission using the configuration described in Fig. 2(c). For

the first row of images, the width of the incident light beam

exceeds the apparent diameter of the front objective lens

(i.e., the diameter of the aperture in the metallic housing into

which the lens is sealed). For the second row of images, the

width of the incident light beam is smaller than the apparent

diameter of the objective. In both cases, the first image in the

series is recorded without spectral filtering; thus, the pattern

in Fourier space is averaged over the broad spectrum of the

white light source. Interferometric bandpass (BP) filters are

used in the next two images in order to select narrow spectral

bands (full-width-at-half-maximum, 13 nm) centered at k0

¼ 650 and 740 nm, respectively. The last of the four images

is obtained on an unstructured area of the sample, far from

any gold nanodot, and is used as a reference.

As is seen by comparing Figs. 4(a) and 4(e), the diffrac-

tion pattern of the nanostructure array appears in the Fourier-

space image regardless of whether the incident beam

diameter Øbeam exceeds the front lens diameter Ølens or not.

However, in the former case (Øbeam > Ølens), the Fourier-

space image exhibits an additional feature which resembles a

four-leaf clover in Fig. 4(a). It is only when the front edge of

the collection lens is illuminated that the artifact occurs.

Spectrally filtering the image reveals that the clover-shaped

feature is the result of the sum of sharp circular rings cen-

tered on the diffraction spots of the array. The radius of these

circles is equal to or slightly larger than the radius corre-

sponding to the maximum collection angle (i.e., the circle of

radius k0NA). These observations indicate that the rings in

Figs. 4(b) and 4(c) are due to the illumination of the array

from the substrate side with light that has scattered from the

edge of the metallic casing that holds the front lens. This

artifact was named the “condenser effect”49 by analogy to
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the optical condensers used in microscopy since the resulting

scattered radiation which illuminates the sample has a partic-

ular form. Below, we use a new method to elucidate the ori-

gin of the “condenser effect” which differs from the

previously reported, more demanding, methods50,51 in its

simplicity.

Figure 5 shows the results of an experiment similar to

that described in Fig. 4 except that the incident light beam is

partially blocked above the sample using a piece of opaque

paper. Thus, the aperture of the metallic casing that holds the

objective front lens may be completely (first column in Fig.

5) or partially illuminated (second and third columns). In the

second column of Fig. 5, more than half the area of the front

lens is illuminated, which includes the field of view of the

microscope objective (a 0.2 mm-wide area centered on the

optical axis). In this case, the diffraction spots of the array

remain unchanged in the image, but some of the incomplete

circles are absent, as compared to the images shown in the

first column. We infer that the light scattered from the edge

of the lens toward the sample yields a conical illumination

pattern, whose angular distribution corresponds to the sharp

circular rings that appear in Figs. 5(f) and 5(i). The blocking

part of the incident beam results in missing rings, as shown

in Figs. 5(g) and 5(j). In the third column of Fig. 5, less than

half of the area of the front lens is illuminated. In particular,

the field of view of the microscope objective is blocked and

no light directly from the source arrives in this region. As a

result, the only light that illuminates the observed area on the

sample is the light that has scattered from the unblocked side

of the lens edge. No diffraction spots are seen in the Fourier-

space images in this case since no light illuminates the array

in normal incidence. (The array occupies a 250� 250 lm2

area on the sample, which almost fits the objective’s field of

view, and is much smaller than the top side of the front lens,

which has a diameter of 3 mm.) The incomplete circles

remain however, thus confirming that their origin is the inci-

dent light scattered from the lens casing.

Figure 6 is used to explain the observed effect in detail.

A axial cut of the microscope objective is shown where the

hemispherical front lens and part of its cylindrical mount are

seen. In principle, a light ray (I) impinging on the edge of the

lens mount may scatter in all directions in the surrounding

transparent media, i.e., in the oil and glass. Within a very

narrow solid angle (a few angular degrees in the incident

plane), the scattered light from the aperture edge reaches the

field of view of the microscope objective which is more than

ten times smaller than the front lens diameter [see Fig. 6(a)];

the resulting illumination of the sample is similar to that

obtained using an annular condenser. The internal reflection

of the light from the top interface of the sample is not

expected to be collected since the angle of incidence is equal

to or slightly larger than the angular aperture of the lens;

however, the periodic array on the sample can diffract the

light in directions that are within the collection cone. The

involved combination of wavevectors is described in Fig.

6(c). Upon diffraction at the array, the in-plane wavevector

component kk;S of the scattered light from the aperture is

modified by the addition of a Bragg vector K�1;0; the resulting

wavevector lies within the collection cone, with

jkk;Dj ¼ jkk;S þK�1;0j < k0NA.

As shown in Fig. 6(b), light impinging on the edge of

the aperture can also scatter into the glass lens (S1) and

undergo a number of total internal reflections before scatter-

ing out from the opposite side of the circular aperture. In a

similar but mirrored situation as compared to the above, the

scattered light (S2) from the edge can be diffracted by the

FIG. 4. Fourier-space optical microscopy images of a 400� 400 nm periodic gold nanodot array on ITO-coated glass. All images are obtained in a transmitted

light illumination configuration using a collimated white light beam with normal incidence, as shown in Fig. 2(c). In [(a)–(d)], the diameter of the incident light

beam is larger than the front aperture of the microscope objective, whereas in [(e)–(h)], the beam diameter is smaller than the front aperture. Bandpass filters

are used in [(b) and (c)] and [(f) and (g)] (see the wavelength and bandwidth in the bottom right-hand corner of the image). In (d) and (h), measurements are

carried out on an area without nanostructures. In each image, the intensity is divided by its maximal value, which corresponds to the intensity of the transmitted

light at h ¼ 0 (i.e., the central spot). In all images, the intensity scale is normalized with respect to the (0, 0) spot intensity.
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periodic array and collected by the lens. In this case, the

involved wavevector combination is symmetrical to the one

shown in Fig. 6(c) with respect to ky. Therefore, the two pos-

sible optical pathways proposed in Fig. 6 result in light emit-

ted at opposite angles h and –h, respectively. Thus, by

measuring the direction of the diffracted beam in Fourier

space, the dominant mechanism may be determined.

Due to the axial symmetry of the problem with respect

to the optical axis, the demonstration may only be carried

out when the lens mount is not fully illuminated; part of the

incident beam must be blocked. In Fig. 5(h), only a small

area on the right-hand side of the front lens is illuminated.

An incomplete circle is visible on the right side in Fourier

space, which, according to Fig. 5(b), indicates that the scat-

tered light from the array propagates from the right-hand

side of the optical axis. In contrast, no such incomplete circle

is visible on the left-hand side in Fourier space. In other

words, scattered light from the array is only collected from

the side of the optical axis that is illuminated, as in Fig. 6(b).

Thus, the model introduced in Fig. 6(a) is ruled out, and the

effect of multiple internal reflections inside the front lens is

confirmed. The model of Fig. 6(b) also implies that the scat-

tering of the incident light at the lens edge occurs essentially

in the forward direction as is expected from the theory of

light scattering from a circular aperture of diameter much

larger than the wavelength.

We now explain why the “condenser effect” does not

occur on metal-coated substrates. Figure 7 shows Fourier-

space images of a 400� 400 nm periodic gold nanodot array

on bare glass and on gold films deposited on glass. All

images are obtained in the same transmitted light illumina-

tion configuration as used in Figs. 4 and 5. As seen in Fig.

7(a), the diffraction pattern in Fourier space of a nanostruc-

ture array on bare glass is very similar to the result for a

nanostructure array on ITO-coated glass [Fig. 4(a)]. The two

Fourier-space images have the same diffraction spots and a

clover-shaped feature which is ascribed to the “condenser

effect.” On both substrates, the scattered light from the edges

of the front lens illuminates the array from the substrate side,

as described in Fig. 6(b), with an angle that is equal or

slightly larger than the angular aperture of the objective.

Liquid-immersion objectives generally have NA > 1; there-

fore, the light from the lens edge undergoes total internal

reflection in the substrate, and it is the resulting evanescent

field at the surface of the substrate that interacts with the

nanostructure array.

FIG. 5. The origin of the “condenser effect” revealed. (a) Schematics of the experiment: a transmitted light illumination configuration using a collimated white

light beam with normal incidence is used, as shown in Fig. 2(c). The incident beam diameter exceeds the front lens diameter. A beam block is inserted between

the primary light source and the sample (not shown) in order to truncate the incident light beam so that only part of the lens edge is illuminated. (b) Schematics

of the Fourier-space image formation on the CCD camera: a pair of lenses projects an image of the objective’s back focal plane onto the detector. Here, an inci-

dent light beam coming from the right yields a spot on the right side in the Fourier-space image. (c)–(e) Top-view schematics of the microscope objective,

showing the front lens and the shape of the incident light beam: non-truncated in (c), less than half-truncated in (d), and more than half-truncated in (e). (f)–(k)

Fourier-space optical microscopy images of a 400� 400 nm periodic, gold nanodot array on bare glass. Bandpass filters centered on wavelengths 740 nm

(13 nm bandwidth) and 562 nm (40 nm bandwidth) are used in [(f)–(h)] and [(i)–(k)], respectively. The illumination corresponds to that shown in (c)–(e). In all

images, the intensity scale is normalized with respect to the maximum of intensity in the image.
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As shown in Fig. 7, similar diffraction spots occur

when the array is on a substrate that is coated with a 30 nm

or 50 nm-thick gold film, as compared to the same array

on bare glass; however, the features of the “condenser

effect” are absent on the metal-coated substrates. When the

metallic film is thin enough, the incident light beam from

the air side is partly transmitted and can follow the optical

pathway described in Fig. 6(b); however, the transmission

of the light scattered at a high angle from the lens edge [S2

in Fig. 6(b)] is minimal in the case of a metallic film. Only

if the scattered light couples coherently to surface plasmons

at the metal-air interface will the transmission be significant

enough to interact with the array. This only occurs for a

very narrow angular range around the surface plasmon reso-

nance (SPR) angle. At any other high angle, the evanescent

field that is generated at the array upon internal reflection

of light in the substrate is extremely weak, as compared to

that at the SPR angle where the incident light and surface

plasmon polaritons (SPPs) have matched in-plane wavevec-

tor components.62 Due to the SPP dispersion relation at the

metal-air interface, the SPR angle is close to the critical

angle of the substrate-air interface, which is lower than the

angular aperture of most liquid-immersion objectives.

Thus, the array on the sample does not “feel” the light scat-

tered from the edge of the front lens and the “condenser

effect” does not occur.

A noteworthy feature of the Fourier-space images in

Figs. 7(b)–7(d) is the absence of the sharp circular ring that

is expected for SPP leakage radiation in the substrate.

Despite the presence of nanostructures on the metallic films,

the incident light, which excites a significant portion of the

array and not just a single nanodot, does not excite SPP

waves at the metal-air interface. This is due to wavevector

mismatching. SPPs at the metal-air interface have a larger

FIG. 6. (a) and (b) Side-view schematics of the experiment describing two

possible scenarios for the “condenser effect”. In (a), the incident light (I)

scatters at the aperture of the metallic part holding the front lens of the

objective. Part of the backscattered light (S) diffracts on the periodic array

within the field of view and is collected (D) at an angle h. In (b), the scat-

tered light (S1) from the aperture undergoes a number of total internal

reflections (TIR) inside the front lens before it scatters out (S2) in the

upper medium. Part of this light diffracts on the periodic array and is

collected (D) with an angle �h. (c) Fourier-space model for the

scenario shown in (a), where K�1 ;0 is a Bragg vector of the periodic array

and kk;S and kk;D ¼ kk;S þK�1 ;0 are the in-plane wavevector components

of the scattered light from the aperture, before and after diffraction at

the periodic array, respectively. The spots correspond to the expected

diffraction pattern upon normal incidence. A 400� 400 nm periodic

array and a vacuum wavelength k0 ¼ 740 nm are considered, as in Figs.

5(f)–5(h).

FIG. 7. Fourier-space optical microscopy images of a 400� 400 nm periodic

gold nanodot array on bare glass or on gold films. All images are obtained in

a transmitted light illumination configuration using a collimated white light

beam with normal incidence, as shown in Fig. 2(c). A bandpass filter with a

40 nm bandwidth centered on a wavelength of 700 nm is used in (d). The

intensity scale shown on the right, which is normalized with respect to the

(0, 0) spot intensity, applies to all four images.

043102-8 Bryche et al. J. Appl. Phys. 124, 043102 (2018)



wavevector than photons in air; therefore, a supplementary

in-plane wavevector component is necessary for coherent

coupling. In principle, the Bragg vectors Ki;j of the periodic

array may be used to achieve wavevector matching; how-

ever, the Bragg vectors available from a 400� 400 nm peri-

odic array are too large for any combination of them to

match a circle of radius kSPP within the spectral range where

SPPs exist on an air-gold interface.

C. Quantitative analysis of the artifacts

Here, we use the Fourier-space images shown in Fig. 4

to carry out a quantitative analysis of the artifacts that occur

under diascopic illumination, i.e., when the incident light

hits the front aperture of the microscope objective. The

intensity of the artifactual rings seen in Fig. 4 is two to three

orders of magnitude lower than that of the (0, 0) spot and

depends on wavelength (the longer the wavelength, the

higher the relative intensity). The intensity of this artifact is

one to two orders of magnitude lower than the ð61; 0Þ and

ð0;61Þ diffraction spots of the nanodot array. Nonetheless,

once integrated over all collection angles, the relative contri-

bution of all artifacts to the total amount of light transmitted

in the microscope objective is seen to be significant. This

may be calculated from Fig. 4 by integrating the Fourier-

space images [after normalization with respect to the (0, 0)

spot intensity] and subtracting the results obtained from

Figs. 4(e) to 4(h), where no such artifacts occur, from those

obtained from Figs. 4(a) to 4(d), respectively. In this way,

we find that up to 35% of the total transmitted light from the

nanodot array is due to artifacts; this result depends on the

wavelength, with a contribution of 6% found at 650 nm and

35% at 740 nm. The consequences that this result may have

on spectroscopic measurements are discussed in Sec. III D.

The “condenser effect,” i.e., the off-centered rings of

diameter kk=k0 � NA whose origin is explained in Fig. 6, is

not the only contribution to the artificial increase in collected

light described above. Centered on the (0, 0) spot, an addi-

tional ring and disk of radii kk=k0 ¼ 0:65 and 0.81, respec-

tively (i.e., 25� and 32�), are observed, e.g., in Figs.

4(a)–4(d). These additional features cannot be ascribed to a

reflection on the front side of the illumination source since

the latter has an angular size viewed from the microscope

objective that is about 10�. Instead, the scattered light from

the objective’s front aperture must be reflected back to the

sample, as in Fig. 6, yet from other interfaces which are fur-

ther inside the objective or at the tube lens of the micro-

scope. Without the array [see Fig. 4(d)], only the centered

ring and disk described above may be observed, and we find

that they represent 19% of the total detected light. Therefore,

we infer that, since the transmitted light from artifacts repre-

sents 35% of the total in Fig. 4(a), the “condenser effect”

alone represents about 16% of the total transmitted light.

Additional results may be found in the supplementary

material where similar experiments are performed on the same

sample and under the same illumination conditions but using a

different microscope objective, i.e., an Olympus PlanApoN

60� 1.45 NA TIRF objective. These results show that the arti-

facts described above are not specific to a particular objective.

Similar off-centered rings are observed, yet with a smaller

radius due to the lower NA, and their intensity is also about

0.1% of that of the (0, 0) spot. A centered disk of light is also

observed.

D. The “negative extinction” artifact

We now describe a consequence of the “condenser

effect.” This effect can lead to significant artifacts in spectro-

scopic studies on extraordinary light transmission and collec-

tive optical effects in periodic arrays of nanostructures

(nanoholes or nanoparticles) when using a microscope objec-

tive for collecting the transmitted light. As described in Sec.

III B, the presence of a periodic array on the sample virtually

extends the NA of the microscope objective as compared to

the same substrate without any surface structuring. Thus, as

a result of the array and the “condenser effect,” there is an

apparent increase in the transmission of light. We therefore

refer to this effect as a “negative extinction” artifact.

Figure 8 shows the optical extinction spectra obtained

from a 400� 400 nm periodic gold nanodot array on bare

glass. All measurements are conducted in the same transmit-

ted light illumination configuration as used in Figs. 4–7.

Here, the extinction coefficient is defined relative to that of a

bare air-glass interface, which has an extinction coefficient

of �0:04, essentially due to reflection. (In other words, the

reported extinction coefficient E is defined as E ¼ 1� T
with T ¼ I

I0
and I the measured intensity with the sample and

I0 the measured intensity for a bare glass substrate). As in

Fig. 4, we compare the results obtained when the width of

the incident light beam is smaller and larger than the diame-

ter of the front aperture of the objective. The two spectra in

Fig. 8 exhibit the same spectral features which are due to the

interplay of the localized surface plasmon resonances

(LSPRs) in the nanoparticles and collective resonances in the

array13–15 and to the far-field interference of the transmitted

and diffracted beams on the detector. Note that in the case

FIG. 8. Transmission spectra of a 400� 400 nm periodic gold nanodot array

on bare glass. Both spectra are obtained in a transmitted light illumination

configuration using a collimated white light beam with normal incidence, as

shown in Fig. 2(c). The real-space image is projected on the entrance slit of

the spectrometer. The width of the incident light beam is either smaller

(black curve) or larger (red curve) than the diameter of the front aperture of

the microscope objective.
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where the incident beam interacts with the edge of the front

lens, the extinction coefficient decreases artificially with the

wavelength for vacuum wavelengths of around 580 nm to

820 nm. This reveals that a significant amount of light (up to a

40% increase in transmitted intensity at k0 � 820 nm) enters

the objective through the pathway described in Fig. 6(b). This

relative amount is frequency dependent. Preventing the illumi-

nation of the edges of the front lens is thus mandatory for

avoiding this “negative extinction” artifact and for conducting

reliable spectroscopic measurements using an optical

microscope.

In addition, the effects due to the interference of the

transmitted and diffracted beams in the far-field may also be

avoided by combining the k-space optical microscope with

an imaging spectrometer. Projecting the Fourier-space image

on the entrance slit of the spectrometer provides combined

angular and spectral resolution;58 thus, the spectral content

of the (0, 0) and ði; jÞ 6¼ ð0; 0Þ diffraction orders may be sep-

arately analyzed. Further information is obtained in this way,

as compared to traditional on-axis spectroscopic measure-

ments on an optic bench or using a commercial spectropho-

tometer (i.e., no high angle objective lens is used), where

only the (0, 0) order is generally detected.

E. SPP-nanostructure array coupling

In the following, we report on the advantages of k-space

optical microscopy when applied to nanostructure arrays on

substrates that support surface waves, in particular SPP

waves on thin metallic films. Such plasmonic systems are of

increasing interest in the growing field of sensing for their

combined properties inherited from the local surface plas-

mon resonances in the nanostructures and the propagating

surface waves on the underlying interface.46,47,63,64 This

geometry notably allows one to combine surface enhanced

emission processes and surface plasmon resonance sensing,

two methods that have already been separately implemented

in existing biochemical sensors.53,54 Below, we show how k-

space optical microscopy may be used to investigate the cou-

pling between a nanostructure array and the underlying

metallic film. In particular, the angular dependence of this

coupling and the resulting modification of the SPP dispersion

relation are investigated. As shown below, our results con-

firm well-known grating diffraction laws and existing results

in optical spectroscopy and angle-resolved microscopy of

periodic systems, as described in, e.g., Refs. 36–38 and

41–43 and reviewed in Ref. 9.

1. Forbidden regions or gaps

Figure 9 shows the Fourier-space images obtained from

periodic gold nanodot arrays on a 50-nm thick gold layer on

glass illuminated in the reflected light configuration with a

focused laser beam as presented in Fig. 2(a). Unlike in Fig.

3, here we use a spinning diffuser to blur the speckle of the

laser beam in order to improve the visibility of the current

features of interest in Fourier space. The orientation of the

linear polarization of the incident light is specified in the top

right corner of the images. Data measured on a 400� 400 nm

and a 500� 500 nm periodic array are shown in Figs. 9(a),

FIG. 9. Fourier-space optical microscopy images of periodic gold nanodot arrays on a 50-nm thick gold layer. All images are obtained in a reflected light illu-

mination configuration using a focused laser beam, as shown in Fig. 2(a). White double arrows in the right-hand corners of the images indicate the polarization

of the incident light. [(a)–(d)] Intensity images measured on (a) a 400� 400 nm array and (b) a structureless area of the gold film and (c) their intensity ratio.

[(e)–(h)] Intensity images measured on a 500� 500 nm array with the incident field parallel to (e) the ky and (f) kx axes and (g) the subtraction of one image

from the other. Parts (d) and (h) show sketches of circles with a radius corresponding to the SPP wavevector and centered on the diffraction orders. Forbidden

regions or gaps are expected to occur in the SPP dispersion relation when these circles intersect the one centered on (0,0). The two dashed circles have a radius

of kk=k0 ¼ 1:0 or 1.49, respectively. Part (d) corresponds to the 400� 400 nm array and part (h) to the 500� 500 nm array. In the images shown in (a), (b), (e),

and (f), the intensity scale is normalized with respect to the intensity maximum. The scale bar indicates the Fourier-space calibration kk=k0 ¼ 1.
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9(e), and 9(f). Two different methods of data presentation

are used. In the first case, a Fourier-space image is first

recorded by illuminating the array, a second image is

obtained with the illumination of a structureless area, and the

intensity ratio, shown in Fig. 9(c) is obtained by dividing the

first image by the second. Due to additional SPP scattering

losses, the SPR is weaker and angularly broader on the array

than on the structureless area of the metallic film. This yields

a sharp ring in the intensity ratio image. In the second case,

the Fourier-space images recorded on the array with the two

orthogonal incident light polarizations are subtracted one

from the other, yielding Fig. 9(g).

Both image processing methods used in Fig. 9 reveal

discontinuities in the ring of radius kk ¼ kSPP (see the white

arrows in the optical images). These discontinuities corre-

spond to the intersection of the isofrequency curves, i.e., the

replica of the SPP ring centered on the diffraction spots of

the 400� 400 nm and 500� 500 nm periodic arrays, as

shown in the Fourier-space models in Figs. 9(d) and 9(h),

respectively. In particular, gaps in the SPP dispersion rela-

tion,36,65 i.e., angular domains of forbidden SPP propagation,

around specific directions of the xy plane are visible. Gap

openings on periodically structured metallic surfaces have

been used to control the spontaneous emission of quantum

emitters in the near field of the surface,37,38 and SPP beam

self-collimation, steering, and negative refraction42,43 have

been obtained. Here, k-space optical microscopy leads to the

characterization of several phenomena in a single image cap-

ture, e.g., the interaction between the incident light, the

metallic film, and the periodic array and the effect of the

film-array coupling on the SPP dispersion relation. These

measurements are obtained simultaneously at all angles of

incidence within the objective aperture and for both p and s
polarizations.

2. Angular resonances

Figure 10 shows Fourier-space images of a 500� 500 nm

periodic gold nanodot array on a 50-nm thick gold layer mea-

sured upon reflection of a collimated laser beam for two

different angles of incidence hinc (additional experimental

details can be found in the supplementary material). This illu-

mination configuration is used to investigate the angular

dependence of the coupling of the incident light with the

nanostructure array. The results obtained from the array

[Figs. 10(b) and 10(d)] are compared to the results obtained

from featureless areas of the gold layer, i.e., far from the

nanostructures [Figs. 10(a) and 10(c)].

At normal incidence hinc ¼ 0 (kk ¼ 0), the Fourier-space

image exhibits a single spot corresponding to the reflection of

the incident light [i.e., the (0, 0) spot of the diffraction pat-

tern], irrespective of whether the surface of the metallic film is

periodically structured or not. The faint spot at the position of

the asterisk in Figs. 10(a)–10(d) is an artifact due to a back

reflection inside the microscope and is not related to the

geometry of the sample. Apart from this artifact, the (0, 0)

spot is the only visible feature in Fourier space within the

accessible angular range.

It is only when hinc is close to hSPR � 43� (kk ¼ kSPP)

that other spots from the diffraction pattern of the periodic

array are visible in the image [see Fig. 10(d)]. This occurs

when there is matching between the in-plane wavevectors of

the incident light and the SPP waves at the air-metal inter-

face. Resonant light-to-SPP coupling strongly enhances the

transmitted (evanescent) field which is otherwise compara-

tively very weak when a 50-nm thick gold layer on glass is

illuminated off-resonance.62 Since it is the transmitted field

that diffracts at the periodic array, the intensity of the diffrac-

tion spots ði; jÞ 6¼ ð0; 0Þ is related to the excited SPP inten-

sity. Thus, two different types of analysis are possible. The

intensity variation of the diffraction spots versus hinc may be

FIG. 10. Fourier-space optical microscopy images of a 500� 500 nm peri-

odic gold nanodot array on a 50-nm thick gold layer. All images are

obtained in a reflected light illumination configuration using a collimated

laser beam with a variable angle of incidence (see details in the supplemen-

tary material). Illumination is either [(a) and (b)] in normal incidence

(hinc ¼ 0�) or [(c) and (d)] at an angle of incidence, allowing light-SPP

wavevector matching (hinc ¼ hSPR � 43�). Images in [(a) and (c)] and [(b)

and (d)] are measured on a structureless area and a 500� 500 nm array on

the gold film, respectively. In all images, the intensity scale is normalized

with respect to the (0, 0) spot intensity. (e) Intensity of the light reflected

and scattered from a 500� 500 nm array on the gold film, as a function of

the in-plane wavevector of the incident light, obtained from the (0,0) and

(61, 61) diffraction spots, respectively. The relationship between the inci-

dent angle and the in-plane wavevector component is kk=k0 ¼ nglass sin hinc.

The data shown in (e) are corrected for the ðcos hÞ�1
apodization factor, i.e.,

the experimental intensity values are multiplied by cos h. The reflected

intensity (black curve), obtained from the (0,0) spot, is normalized with

respect to its maximum value within the investigated angular range.
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used to study the angular dependence of the internal reflec-

tion coefficient by monitoring the intensity of the (0, 0) spot.

Also, the angular dependence of the SPP intensity at the air-

metal interface may be determined by monitoring the other

diffraction spots. The result of such an analysis is shown in

Fig. 10(e). The spot intensities are plotted as a function of

kk=k0 ¼ nglass sin hinc for the angular range of 41� (kk=k0

¼ 1) to 52� (kk=k0 ¼ 1:2). The reflection coefficient and the

diffraction spot intensities exhibit a dip and a peak, respec-

tively, for the displayed 1:04 < kk=k0 < 1:05 range

(43:2� < hinc < 43:8�), with the same full width at half max-

imum of 0.054 (2.8�). The attenuated total reflection (ATR)

angle coincides almost perfectly with the SPR angle as

expected for a Kretschmann-Raether experiment.66 In this

way, k-space optical microscopy provides an alternative

technique to prism-based experiments on an optic bench for

SPR measurements.

In addition, by controlling the incident light polarization,

k-space optical microscopy may be used for quantitative

angle-resolved reflectivity measurements, i.e., a sort of

micro-ellipsometry. This is similar to an already known and

implemented technique known as Mueller polarimetry67 or

Mueller matrix imaging ellipsometry.68 Importantly, reflected

light images may only be converted into quantitative reflec-

tance maps if they can be normalized by the incident light

intensity. The incident light intensity may be obtained from

measurements performed under the same illumination condi-

tions on a totally reflective interface. For instance, a gold film

thicker than typically 200 nm on glass could be used to obtain

the necessary reference images.

F. Accurate lateral and axial positioning of the sample

In this section, we report on the possibility of applying k-

space optical microscopy to the problem of accurate lateral

and axial positioning of a sample or a laser spot in an optical

microscope. In particular, the application proposed below

concerns (but is not limited to) the control of the absolute

position of the sample in an optical microscope or the relative

position of a laser spot with respect to the sample. The data

discussed in Fig. 11 are obtained under the same illumination

conditions as used in Fig. 3(g), i.e., reflected light illumina-

tion using a focused laser beam as described in Fig. 2(a).

Figure 11 shows a series of three Fourier-space images

measured on a 400� 400 nm periodic array of gold nanodots

on bare glass. The relative lateral position of the laser spot

with respect to the array on the sample is different for each

image. In order to acquire this series, the position of the laser

spot is laterally shifted in steps of 100 nm along the x-axis in

real space (the sample is translated using the piezoelectric

stage, and the laser spot is kept fixed). We observe that such

a lateral shift, that is but a fraction of the array period, results

in a significant modification of the intensity distribution in

Fourier space. Namely, it is the intensity ratio between the

left (kx < 0) and right (kx > 0) halves of the Fourier-space

image that changes. A lateral shift in real space corresponds

to the addition of a constant phase ramp, i.e., a tilt of the

wave front, in Fourier space. This phase modification yields

an intensity change since we record the interference pattern

of the specular reflection and the first-order diffraction of the

incident beam. The optical path difference between the

reflected beam (0, 0) and the four first-order diffracted beams

ð�1; 0Þ; ð0; �1Þ, (1, 0), and (0, 1) is only the same when the

laser spot is centered on one of the nanostructures in the

array as in Fig. 11(b). In this case, only the kx=ky anisotropy

due to the linear polarization of the incident light may be

seen in Fourier space. As soon as the symmetry of the beam-

array system is broken, the intensity distribution in Fourier

space becomes clearly asymmetric with respect to the ky

axis.

Intensity profiles taken from Fourier-space images

acquired for different lateral shifts along the x-axis are dis-

played in Fig. 11(d) using the same color scale as in the

source images. As the sample is moved along the x-axis,

FIG. 11. Fourier-space optical microscopy images of a 400� 400 nm peri-

odic gold nanodot array on bare glass. All images are obtained in a reflected

light illumination configuration using a focused laser beam, as shown in Fig.

2(a). A nanopositioning piezo stage is used to control the lateral position of

the sample and thus the relative position of the laser spot with respect to the

nanodot array. [(a)–(c)] Images obtained for three different lateral positions

of the laser spot with respect to the array. The position is changed by 100 nm

along the x axis for each subsequent image. (d) 2D maps of the intensity var-

iation along the kx and ky axes in Fourier space as a function of the lateral

shift of the sample position (in steps of 100 nm) retrieved from the intensity

profiles of parts [(a)–(c)]. Profiles from along the kx-axis in part (d) are plot-

ted in (e).
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little change is seen along the ky direction in Fourier space

[see the top half of Fig. 11(d)]. Looking along the kx direc-

tion, however [bottom half of Fig. 11(d)], the variation in

intensity is clearly periodic with a lateral shift, and the period

is equal to that of the nanostructure array. A restricted kx-

range of these profiles is plotted in Fig. 11(e). Here, we see

that the intensity ratio between two points in Fourier space,

e.g., ðkx; kyÞ ¼ ð0:20k0; 0Þ and ð0:25k0; 0Þ, may be used to

estimate or monitor the relative position of the laser spot

with respect to the periodic array to a precision that is far

beyond the Rayleigh criterion. This precision can descend to

the sub-100 nm or sub-10 nm range, depending on the noise

level of the experiment. In contrast, such accurate control in

real-space typically requires a correlation analysis of the

real-space images in order to determine the lateral shifts of

the array and/or a super-localization algorithm that pinpoints

and tracks the laser spot. Thus, k-space optical microscopy

provides an appealing alternative to existing real-space tech-

niques for the accurate lateral positioning of a laser spot or

sample in an optical microscope. Similar techniques, referred

to as interference Fourier scatterometry, were previously

reported and applied to the nanoscopic lateral positioning

and the characterization of sub-lambda features of 1D grat-

ing structures.69,70

The technique of k-space optical microscopy is also sen-

sitive to shifts in the axial position of the sample, i.e., to the

defocusing of a periodic array. This has potential applica-

tions for auto-focus systems in optical microscopy. Figure 12

shows a series of six real-space images of the same sample

as in Fig. 11, obtained upon transmitted light illumination

using a collimated white light beam in normal incidence [see

schematics in Fig. 2(c)]. The relative axial position of the

sample with respect to the objective lens is different for each

image. The microscope objective is translated along the z-

axis, and the stage holding the sample is kept fixed; thus, the

periodic array moves away from the front focal plane of the

objective (referred to as z0) and a defocused image is

recorded. Figure 12(g) shows the xz and yz cuts in the stack

of defocused images.

Figure 12(g) reveals a periodic replication of the image

of the array in the z direction, with periodic contrast inver-

sion, especially when the array is axially located beyond the

front focal plane of the objective (z > z0). This is due to the

well-known Talbot effect71–73 (the fading of the replica

beyond 5 lm away from the focus is due to the broad spec-

trum of the illumination source). The Talbot effect increases

the difficulty of finding the precise in-focus position of the

sample along the axial direction when using only real-space

images; this is even more so the case when sharper spatial

features occur in the replica, as compared to the in-focus,

real-space image of the array, as seen in Figs. 12(a) and

12(b). We demonstrate below that k-space optical micros-

copy constitutes an advantageous alternative to real-space

image analysis for the accurate axial positioning of a periodi-

cally structured sample. Unambiguous determination of the

image focus is possible in the case of Fourier-space imagery.

Figure 13 shows three Fourier-space images acquired

for the same three sample positions along z as the real-space

images shown in Figs. 12(d) to 12(f), yet measured in

reflection upon illumination with a focused laser beam, as in

Fig. 11 [see also Fig. 2(a)]. In this illumination configuration,

the laser beam is invariably focused on the front focal plane

of the microscope objective. As the objective is axially trans-

lated, both the focal plane and the laser spot are moved away

from the sample. In an optical microscope, the imaging con-

ditions in Fourier space are compatible with the paraxial

approximation (i.e., the emitted optical rays make low angles

with respect to the optical axis). Therefore, it is commonly

admitted that the Fourier-space image is comparatively less

sensitive to sample defocusing than the real-space image.

Nevertheless, the Fourier-space image can be highly sensi-

tive to the defocusing of the illumination spot on the sample

when the angular aperture of the focused beam is large.

Moving the laser spot axially away from the periodic array

increases the dephasing between the k-vector components of

the incident field at the array (which are all in phase at the

focus of the beam). As discussed in Sec. III A, k-space

FIG. 12. Real-space optical microscopy images of a 400� 400 nm periodic

gold nanodot array on bare glass. All images are obtained in a transmitted

light illumination configuration using a collimated white light beam with

normal incidence, as shown in Fig. 2(c). The fine focusing knob of the

microscope stand is used to control the axial position of the objective and

thus the relative axial position of the front focal plane with respect to the

nanodot array. [(a)–(f)] Images obtained at six different axial positions of

the objective. (g) 2D maps of the intensity variation along the x and y axes

in real space upon axially shifting the objective position in steps of 0:5 lm.

These data are retrieved from images such as those in part [(a)–(f)] along the

x and y axes as shown in part (c).
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optical microscopy of periodic nanostructure arrays converts

phase information from the back reflected light into intensity

contrast in the Fourier-space image, through the interference

of the specular reflection and first-order diffraction of the

incident light beam. As shown in Fig. 13, a pattern of dark

and bright fringes, with the same in-plane symmetry as the

periodic array (i.e., quadratic in the present case), is seen in

the kxky plane, while a hyperbolic fringe pattern is seen for

the kx or ky cross-sections as a function of defocus. The

number of visible fringes rapidly increases with the defocus-

ing distance, in such a way that their number and position

can be used to evaluate the defocusing distance to a precision

that is far beyond the depth of focus.

The potential of k-space optical microscopy for autofo-

cusing applications in optical microscopy still needs to be

investigated further.74 Yet the technique presented here is, in

principle, compatible with existing imaging techniques such

as those based on sample photoluminescence or nonlinear

coherent emission processes. In these cases, the excitation

light propagating back from the filter cube of the microscope

may be imaged in Fourier space on a remote camera, just by

inserting a semi-reflective component in the light beam

before the entrance port of the microscope. In this way, auto-

focusing using k-space optical microscopy may be imple-

mented as a simple add-on module and only requires that

part of the sample area in the field of view contains a peri-

odic nanostructure array. Furthermore, a single module can

be used for both accurate lateral and axial positioning since

the same illumination configuration is used, and the two

measurements are compatible; the lateral phase shift induced

in Fourier space by a lateral position shift in real space is not

expected to depend on the axial position of the array with

respect to the focal plane and the focus spot.

IV. CONCLUSION

Implementing k-space optical microscopy with the various

illumination configurations available on an inverted optical

microscope equipped with a liquid-immersion objective pro-

vides a powerful toolbox for the characterization of periodic

samples, including nanostructure arrays with subwavelength

periods. A number of effects occur in the formation of the

Fourier-space image in an optical microscope, some of which

are well known from the general theory of optical imaging sys-

tems while others are more unexpected and specific to the use

of liquid-immersion objectives. As shown in the present study,

understanding these effects leads to the extraction of more

information about the sample from Fourier-space images and

also to the identification of the origin of possible artificial

results, e.g., in spectroscopic measurements.

Among the most interesting results are the k-space opti-

cal microscopy images of periodic samples illuminated with

a focused, coherent light beam, in an episcopic configuration.

These images result from the coherent interference of the

reflected and diffracted light beams. Crucial phase informa-

tion, which can be either related to the sample geometry or

to the relative position of the illumination focus and the sam-

ple, is thus converted into intensity variations; this leads to

possible applications for the precise control of the sample

position in optical microscopy.

In addition, the illumination of periodic samples with a

collimated light beam in a diascopic configuration offers

novel possibilities in k-space optical microscopy. This is

thanks to the “condenser effect.” This artifact makes higher

spatial frequencies accessible and reveals the geometry (i.e.,

the periods, orientation, and symmetry) of periodic samples

beyond the resolution limit of the microscope objective

(which is fixed by its NA). Moreover, the “condenser effect”

may be controlled (or removed) by changing the incident

beam diameter. This is because this artifact is the result of

light scattering at the objective’s front aperture. Thus, the

same high-NA objective may be used both for imaging peri-

odic samples with extended resolution and performing spec-

troscopic measurements without detrimental artifacts due to

additional light entering the objective.

SUPPLEMENTARY MATERIAL

See supplementary material for additional experimental

details, an additional discussion of the interpretation of

Fourier-space images, and further investigations on the effect

of the objective properties on the “condenser effect.”
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