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We have studied the influence of probe–sample interaction in a scanning near-field optical microscopy (SNOM) in

the far field by using samples with a step structure. For a sample with a step height of ∼ λ/4, the SNOM image contrast

between the two sides of the step changes periodically at different scan heights. For a step height of ∼ λ/2, the image

contrast remains approximately the same. The probe–sample interaction determines the SNOM image contrast here.

The influence of different refractive indices of the sample has been also analysed by using a simple theoretical model.
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1. Introduction

The optical resolution in traditional far-field op-

tics can only reach ∼ λ/2, since it is limited by the

Rayleigh diffraction. By the use of evanescent waves,

a scanning near-field optical microscope (SNOM)[1−3]

can break this limit. In most common cases, the

aperture SNOM uses a tapered metal-coated optical

fibre[4,5] whose aperture diameter is about a few tens

of nanometres. The light emitted from the fibre probe

illuminates the sample surface in the near-field region.

Either the reflected or the transmitted signal is de-

tected in the far field, which gives the optical con-

trast. This is called the illumination mode (I-mode).

In a collection mode (C-mode) SNOM,[6,7] the sample

is illuminated as in a conventional microscope with

an extended beam, and the nanometric fibre tip is

used to probe the scattered optical field distribution

in the near field. This makes the SNOM a key imag-

ing tool for the local characterization of optical fields

in nanoscale photonic structures.[8−11] The C-mode

SNOM can also probe the field distribution in the far

field.[12] Thus together with the corresponding results

in the near field, it can give a complete picture of the

complex light field evolution process from near field to

far field.

To interpret the SNOM image, one must pay at-

tention to the sample topography[13] and the probe–

sample interaction because they mix with the true op-

tical field and make the signal complicated. In the

constant-height mode (CHM) operation, topography

artifacts can be removed[13] and the probe–sample in-

teraction will be the main source for the complex-

ity. Campillo et al
[14] showed that due to the probe–

sample interaction in photonic structures made from

arrays of air holes in a Si3Nx membrane, the holes

appeared dark and the film was bright in the trans-

mission SNOM counterintuitively.

In this paper, we study the influence of the probe–

sample interaction in a transmission SNOM working

in the far field region. Using a step structure, we show

how the probe–sample interaction changes the image

contrast between the two sides of the step at differ-

ent scan heights. Then the influence of different step

heights is discussed. Finally we give a theoretical dis-

cussion on the effect of different refractive indices of

the sample.
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2. Experiment and results

In the experiment, we used an Omicron Twin

SNOM in a transmission mode, as schematically

shown in Fig.1. A laser light at λ = 635nm with

a power of about 1mW was coupled into the fibre.

Then the Al-coated fibre tip, whose optical aperture

was about 50 nm, illuminated the sample surface. A

100× immersion oil objective with NA=1.25 was used

to collect the transmitted light. Then after passing

through a diaphragm, the collected light was focused

on a photo-multiplier (PMT). The diameter of the di-

aphragm could be adjusted from 1 to 7mm to change

the detected signal. Since we focused on the far-

field effect of the probe–sample interaction here, CHM

scanning mode was mainly used to scan the probe at a

constant height of a few tens to hundreds of nanome-

tres over the sample. We also measured the sample

topography by the constant-gap mode (CGM) and the

shear-force feedback system was used to keep the tip–

sample distance at a few nanometres.

Fig.1. Schematic of the experimental setup.

According to Helmholtz’ reciprocity theorem,[15]

the I-mode and the C-mode SNOM are equivalent in

principle. In experiments, the I-mode is usually used

to provide a better signal to noise ratio due to the

smaller excitation area and less stray light, as we did

here. The analyses in our work were done from the

view of C-mode to give a more intuitive physical im-

age, however the conclusions are appropriate for both

modes. In the experiment, we set the diaphragm to

the smallest diameter. As a result, only light near the

optical axis could be detected (see Fig.1). From the

view of the C-mode, this case corresponds to illumi-

nating the sample normally by a nearly parallel light,

which is usually the interested situation. For a flat ho-

mogeneous sample, nearly parallel light illumination

should induce an approximate homogeneous optical

field over it. Figure 2(a) shows the measured approach

curve, which is the optical signal I as a function of the

probe/sample distance z. It was taken on a flat cover

slip. Unlike our expectation, the measured approach

curve shows an evident oscillating behaviour. This is

because when the probe is present, light is reflected

between the probe and the sample. As a consequence

the reflected light coherently superimposes upon the

incident light, resulting in an oscillating signal. Its

oscillation period should be ∼ λ/2, which can be seen

in Fig.2(a). When the fibre probe detects the optical

field, the probe–sample interaction changes the optical

field and gives an additional component to the SNOM

signal. From the approach curve, we can see that this

component depends on the probe/sample distance z

and cannot be ignored even in the far field. It may

greatly affect the far-field SNOM image.

To illustrate this effect, let us refer to Fig.2(b)

which shows a step-structure sample consisting of the

same optical material. If the step height is much

smaller than the whole sample thickness, the approach

curves on the two flat sides of the step should be nearly

the same (see the approach curves in Fig.2(b)) ex-

cept for the transition region quite near the step. For

a CHM scan at a height of h over the step, its de-

tected signal on the left side of the step corresponds

to a probe/sample distance of z = h in the approach

curve, while on the right side the probe/sample dis-

tance should be z = h + d, where d is the step height.

For a step height of about λ/4, it means when one side

of the step is at the oscillation peak of the approach

curve, the other side is just at the valley. As the scan

height h changes, the signal contrast between the two

sides then changes periodically. If the step height is

just about λ/2, signals on the two sides reach the val-

leys or peaks at the same time, so that the resulting

CHM contrast remains the same as h changes.

To demonstrate the effect experimentally, we

spin-coated a poly (methyl methacrylate) (PMMA)

film on a cover slip first. Then a groove was made

on it by mechanical scratching and the step structure

was formed at the edge of the groove. Figure 2(c) dis-

plays the experimental topography profile of one of the

samples obtained in a CGM SNOM by the shear-force

control mechanism. The step height is a few hundreds

of nanometres, which is much smaller than the thick-

ness of the cover slip base. We used PMMA in the
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experiment because its refractive index is about 1.49

at λ=635nm, which is quite close to the refractive in-

dex of the cover slip, 1.51. The reflection between the

film and the cover slip is negligible and we can consider

them as the same optical material approximately. The

measured approach curve on the film is the same as on

the cover slip base within experimental errors, which

also indicates that the approximation is reasonable.

By changing the concentration of the PMMA solution

we can change the step height. In the experiment, we

chose the step heights to be 165 and 330nm, namely

∼ λ/4 and ∼ λ/2, respectively.

Fig.2. (a) Approach curve measured on the cover slip. (b) Schematic of the influence of the probe–

sample interaction on the CHM scan signals. (c) Topography profile of one of the samples obtained

in the CGM SNOM by the shear-force technique.

For a step height of d=165nm, the resulting CHM

signals are shown in Figs.3(a)–3(e) for h=60, 190, 360,

520, and 690nm, respectively. Here, we focus on the

signals over the two sides of the step and ignore the

complex optical structures in the transition region due

to diffraction and other effects. For each side, we can

find the corresponding positions in the approach curve

for Figs.3(a)–3(e), respectively. They are indicated

by arrows in Fig.3(f), where the symbols a–e mean

the corresponding CHM images, and L and R repre-

sent the left and right sides of the step respectively.

We can see that, for Figs.3(a), 3(c), and 3(e), signals

on the left side of the step correspond to the oscil-

lation valleys in the approach curve, indicating that

the probe–sample interaction gives negative additional

signals, and thus smaller total signals. At the same

time, signals on the right side correspond to the peaks,

and this results in positive additional signals, and thus

larger total signals. The opposite situations appear in

Figs.3(b) and 3(d). Thus, as predicted, the contrast

reversal behaviour is quite obvious in Figs.3(a)–3(e)

as h changes. Comparisons between the CHM signals

and the signals in the corresponding approach curve

show that they coincide very well.
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Fig.3. (a)–(e), the CHM scan signals for the scan

heights h=60, 190, 360, 520, and 690nm, respectively,

with the step height d=165nm. (f) is the correspond-

ing approach curve.

Fig.4. (a)–(e), the CHM scan signals for the scan

heights h=60, 190, 360, 520, and 690nm, respectively,

with step height of d=330nm. (f) is the corresponding

approach curve.

For a step height of d=330nm, Figs.4(a)–4(e) dis-

play the CHM signals at h=60, 190, 360, 520, and

690nm, respectively. We also indicate their corre-

sponding positions in their approach curve in Fig.4(f).

Here, the signals on the two sides of the step reach the

oscillation valleys or peaks at the same time, so that

they equal each other approximately in Figs.4(b)–4(e)

and the contrast reversal behaviour for the d=165nm

case does not occur. In Fig.4(a), the difference be-

tween the signals on the two sides is somewhat evi-

dent. This comes from the reduced oscillating ampli-

tude of the approach curve at a small probe/sample

distance z. A real fibre probe may have a complex tip

shape and metal coating. When it is very near to the

sample, complex probe–sample interactions and other

effects may reduce the coherent behaviour and the re-

sulting oscillating amplitude. Nevertheless, despite all

the small discrepancies, we must say that the probe–
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sample interaction has a much smaller influence on the

image contrast for a step height of ∼ λ/2.

Under nearly parallel light illumination, since the

optical field on the two sides of the step should be the

same without the probe for any step height, we can

say that the probe–sample interaction dominates the

SNOM image contrast here. For a step height of an ar-

bitrary value, the effect lies between the d = λ/4 and

λ/2 cases. The image contrast between the two sides

should also change periodically, but is not as distinct

as in the d = λ/4 case.

3. Theoretical discussion

Because of the major role of the approach curve,

we give a simplified theoretical discussion on how it

is affected by the refractive index of the film. The

schematic diagram is shown in Fig.5. We denote the

refractive indices of the cover slip base and film as n1

and n2. The light coming out of the fibre probe is

reflected at the sample surface, the sample/cover slip

interface and the probe surface. We use r1 and t1 to

denote the complex amplitude reflectivity and trans-

mittance for the light from the air into the sample,

r′1 and t′1 from the sample into the air, and r2 and t2

from the sample into the cover slip, respectively. The

effective complex amplitude reflectivity at the probe

surface, r, includes the influences due to diffractions

and other effects.

Fig.5. Configuration and the related symbols of the

theoretical model.

Here we assume the light to be parallel approximately,

which corresponds to an extreme small diaphragm de-

tection condition. For most common materials, their

refractive indices n2 lie between 1.3 and 2.5 and we can

treat n1 as 1.5. Then simple calculations tell us the

modules of r1, r′1 and r2 are smaller than 0.5. Thus we

can ignore multiple reflections here, and the resulting

complex amplitude of the detected light should be

A =t1t2exp(in2kd)[1 + r1rexp(2ikz)

+ r2rt1t
′
1exp(2ikz + 2ikn2d)

+ r2r
′
1exp(2ikn2d)]. (1)

In the first-order approximation, the oscillating com-

ponent of the detected light intensity is

Iosci =2t21t
2
2|r1r|[cos(2kz) + (r2t1t

′
1/r)

× cos(2kz + 2kn2d)]. (2)

For the special case of n2 = n1, this component be-

comes

Iosci
n2=n1

= 2t21,n2=n1
|r1,n2=n1

r| cos(2kz). (3)

This means that the approach curve oscillates with a

period of λ/2, and this agrees well with the main fea-

ture of the experimental approach curve in Fig.2(a).

For n2 6= n1, the approach curve also oscillates with

a period of λ/2, but has a different phase and am-

plitude depending on the sample thickness d. If we

define η = r2t1t
′
1/r1, we obtain the phase shift and

the relative oscillating amplitude, as compared with

the n2 = n1 case,

ϕ = tan−1 η sin(2kn2d)

1 + η cos(2kn2d)
(4)

and

Iosci

Iosci
n2=n1

=
t21t

2
2 |r1|

t21,n2=n1
|r1,n2=n1

|

× [1 + η2 + 2η cos(2kn2d)]1/2. (5)

They both change with a period of λ/2n2 as the film

thickness d changes. For the phase shift, its maxi-

mum value is |ϕ|max = tan−1(η/
√

1 − η2) = sin−1 |η|.

We show how it changes as n2 varies from 1.3 to 2.5

in Fig.6(a). The resulting maximum phase shift is

about 30 degrees. For the relative oscillating am-

plitude, it varies between
t21t

2
2 |r1|

t21,n2=n1
|r1,n2=n1

|
(1 − |η|)

and
t21t

2
2 |r1|

t21,n2=n1
|r1,n2=n1

|
(1+ |η|). Figure 6(b) shows the

dependence of these two values and their average on

n2. Compared with the oscillating amplitude of the

n2 = n1 case, this oscillating amplitude can vary from

less than 40% to more than 240% as d and n2 change.

So we can conclude that, for samples with different re-

fractive indices, the probe–sample interaction induces

different phases and amplitudes in their corresponding
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Fig.6. (a) Maximum phase shift of the approach curve

compared with the n2 = n1 case for different n2. (b)

Oscillating amplitude of the approach curve normal-

ized to that of the n2 = n1 case for different n2: its

minimum, maximum and the mean values.

approach curves, namely different additional signals.

Consequently, for a flat sample consisting of different

optical materials at different areas, these different ad-

ditional signals will greatly affect the CHM image. In

fact, our step structure can be considered as such a

flat sample, for instance, it has a refractive index of

1.5 on one side and a refractive index of 1 on the other

side.

4. Conclusion

We have shown that the probe–sample interaction

greatly affected the SNOM signals in the far field. The

probe–sample interaction gave an additional oscillat-

ing component to the SNOM signals depending on the

probe/sample distance for a flat homogeneous sam-

ple. Then using the step structure with a step height

of ∼ λ/4, we have shown how the effect changed the

CHM scan image contrast between the two sides of

the step at different scan heights. However, for a sam-

ple with a step height of ∼ λ/2, little changes was

observed. Finally the influence of different refractive

indices of the sample on the approach curve was dis-

cussed by using a simple theoretical model. To em-

phasize and clarify the effect of the probe–sample in-

teraction in the far field, we used a large-scale sample

in the experiment. For a real sample with smaller

features, things become more complicated because

of the more complicated probe–sample interactions.

Our conclusions will help to understand experimental

results qualitatively, but quantitative interpretations

need more complex theoretical models and numerical

simulations.
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