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Scanning Near Field Optical Microscopy is used to measure the

evanescent field and mode profile of a Ge-doped D-shaped optical fibre.

The structure of the fibre is determined by differential etching followed

by an investigation of the resultant topography with an Atomic Force

Microscope. This information is then used to theoretically model the

expected behaviour of the fibre and it is shown that the theoretical results

are in excellent agreement with the experimentally observed fields.
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1. INTRODUCTION

The "D-fibre" is identical to a standard fibre with the exception that the cladding is D-shaped

and the core is within a few microns of the flat cladding-air interface so that an appreciable

optical field extends outside the fibre (figure 1). The field propagates along the axis of the fibre

but decays exponentially with lateral distance from the core. Applications of D-fibres include

their use as optical switches,1 optical polarisers2 and optical fibre sensors.3

The presence of part of the field outside the fibre results in the overall field strength

transmitted along the fibre being dependent on the external environment. When used as an

optical fibre sensor, the D-fibre can be placed in chemical environments that allow the power

to be coupled out of the fibre. The overall loss along the entire length of fibre can be measured

and information about changes in the environment can be inferred. Optical fibres are

chemically very inert, which means the D-fibre sensor can be used in a wide variety of hostile

environments and the information transmission rate is much higher than that in electronic

sensors, allowing for greater temporal resolution.

In order to understand the performance of D-fibres, the evanescent field and the mode profile

must be well characterised. Here a combination of etching and atomic force microscopy

(AFM) is used to characterise the physical properties of the fibre4, while scanning near-field

optical microscopy (SNOM) is used to measure the optical fields surrounding the fibre.

Scanning near field optical microscopy is an optical imaging technique possessing sub-

wavelength resolution at optical wavelengths. It has been previously shown to be an excellent

technique for determining the mode profiles of optical fibres.567 The near field imaging

system also has the capacity to detect evanescent fields as well as high spatial frequency

information which cannot be detected using conventional far-field optical imaging techniques.



2. DETERMINATION OF FIBRE PARAMETERS

In order to model the optical field propagating along the fibre, as well as the protruding

evanescent field, it is essential that parameters such as the core's shape, profile, size and its

distance to the cladding-air interface are known. To determine this information, differential

etching and AFM imaging are used.5 The procedure begins with the precision cleaving of the

D-fibre. The end of the fibre is then exposed to 5% HF solution for 1 minute. Since the core of

the fibre is doped with germanium, it etches faster than the surrounding silica. The fibre is

then placed in the atomic force microscope (Digital Instruments Nanoscope III, operating in

contact mode) allowing a topographical map of the resulting surface to be obtained, such as

that shown in figure 2a. An accurate measurement of the dimensions of the core, the distance

from the core to the flat surface and a qualitative estimate of the shape of the refractive index

profile can thus be obtained.

The peak in the centre of the image in figure 2a is known as the "burn off' region.4 During the

fabrication process the germanium concentration in this region is depleted. The peak in the

centre of the AFM profile is a consequence of the low-dopant concentration in the burn off

region and, hence, slow etch rate. The depressed region around this peak is the result of

increased germanium concentration accompanied by an increased etch rate. Since higher levels

of germanium doping correspond to a larger refractive index, a maximum in the AFM profile

represents a minimum in the refractive index profile. Figure 2b is a cross section of the core

illustrating the topography obtained due to the differential etching. It can be seen that for this

image, the distance from the centre of the core to the flat face of the cladding is 5.3 um. In

practical applications this distance is reduced by further etching in HF. In the measurements

discussed below, this final value is 4.03 ± 0.03



3. THEORY

The fibre was modelled by assuming a circular core with a radially inhomogeneous refractive

index profile representing that shown in Figure 2(b) and approximating this by a series of

steps, Figure 2(c). The cladding and maximum refractive indices were inferred from perform

measurements to be 1.4563360 and 1.4700540 respectively. The region beyond the

cladding/air interface is approximated by an air side pit with a radius four times the core

radius. The point matching method8 involves the expansion of the electromagnetic field in

terms of a series of Bessel and modified Bessel functions multiplied by trigonometric

functions. The magnetic and electric fields inside the core are then matched to those outside

the core at selected points on the core boundary and the resulting equations solved

numerically. The fibre parameters obtained in the previous section were used in the model.

4. NEAR FIELD OPTICAL MEASUREMENTS

The near field probes used in these experiments are fabricated from optical fibre that is single

mode at 632.8nm.9 The fibre is heated with a Synrad Model D48-2-11SW CO 2 laser and

drawn until it breaks using a modified Sutter Instruments Model P-87 pipette pulling machine.

The sides of the tapered fibre are then coated with aluminium and the probes are orientated

during the coating process so that the tip of the probe is left uncoated. The result is a fibre

probe which is opaque everywhere except for a sub-wavelength aperture at the tip. Typically

these apertures are about 1 OOnm in diameter.

The near field probe is secured within a piezoelectric ceramic tube (Fig 3). By incrementing

the voltages on the four outer quadrants the tube is scanned in x, y and z directions. The

piezoelectric tube is driven by a set of high voltage amplifiers which are controlled by a

personal computer. The maximum range in the x and y directions in this case is about 20 urn



with a minimum step size of about 5nm. In the z direction the range is limited to ~4|im, so the

entire assembly is mounted on a precision stepper motor with a step size of 50nm. The

output from the near field probe is detected by a photomultiplier tube and stored in the

computer. The light from a 15 mW HeNe laser is coupled into the D-fibre using a microscope

objective. A schematic of the system, when used to detect the field at the endface of the fibre,

is given in figure 3. The near field microscope in this case is said to be operating in collection

mode.

Figure 4 shows the results of a 2D near field scan with 256 points in each direction at a

working distance of <500nm. At this distance the mode field measured is a good

approximation to the mode profile at the fibre endface1. The total collection time for such an

image is approximately 12 minutes. Figure 4a shows a shaded surface plot of the raw data

collected, indicating the low noise of the system. Figure 4b shows a cross section of the data

in the x direction with the corresponding mode-field profile predicted by the model. It can be

seen that there is reasonable agreement between the calculated and experimentally determined

mode profiles, particularly near the centre of the profile. The limitations on the convergence of

the model lead to the appearance of oscillations in the calculated profile away from the centre.

It should also be noted that the calculated profile was based on the assumption, only

approximately satisfied experimentally, that the electric field was polarised in the y-direction.

Figure 4c shows cross sections through the x- and y-directions. From this data the mode field

radius was found to be 1.234 ± 0.007 urn in the x direction and 1.25 ± 0.01 um in the y

direction. The mode-field radius predicted by the theory is 1.115|am which is in good

agreement with the experimental result. The errors quoted in the experimental results are

statistical fitting errors. The difference between the uncertainties in the x and y-directions is a



result of the fact that the x-axis is scanned for each fixed position on the y-axis which is then

incremented. The difference in the elapsed time between points shown on the y-axis is,

therefore, 256 times that for points on the x-axis and, as a result, the noise in the x-profile

which results from drifts, for example, is less than that in the y-profile.

As discussed above, the power contained in the evanescent field outside the flat face of the

fibre can be enhanced by reducing the core to cladding-air interface distance D in figure 1. In

this experiment the fibre was immersed in 10% HF solution for 30 minutes and from AFM

measurements D was found to be 4.03 ± 0.03 urn. The evanescent field was then measured

using the near field setup discussed above. The scan contains 256 points with a total

collection time of several seconds. The results are shown in Figure 5. The measured intensity

decays exponentially with a decay constant of 0.0213 ± 0.0001 nm'1. The error in this case is

the standard error of the mean. Also shown in this Figure is the evanescent field predicted by

the theory which is an exponential with a decay constant of 0.02109 nm"1 which is in excellent

agreement with our experimental result.

5. CONCLUSION

Scanning near field optical microscopy has been used to measure the evanescent and

propagating fields of a D-shaped optical fibre. Based on information obtained by using HF

solution to differentially etch the fibre and an AFM to measure the resulting topography,

these fields have been calculated theoretically and found to be consistent with the measured

results. It can thus be concluded that scanning near-field microscopy is a powerful tool for the

characterisation of both the propagating and evanescent optical fields surrounding optical



fibres. In addition it has been shown that the theoretical model discussed here can be used to

accurately predict the performance of the these fibres.
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FIGURE CAPTIONS

FIG. 1. Schematic of a D-shaped optical fibre with the coordinate system.

FIG. 2. (a) AFM image of an etched D-fibre endface giving the position of the core in relation to the flat

face of the fibre, (b) A cross section of the core is shown in (a) and in (c) the refractive index profile used

in calculations is presented.

FIG. 3. Schematic representation of a Collection Mode Scanning Near Field Optical Microscope.

FIG. 4. (a) Surface plot of the measured mode field distribution 500nm from the end of a cleaved D-

shaped optical fibre, (b) Lateral cross section of mode (points) with the theoretical prediction (solid line),

(c) Comparison between x (solid line) and y (points) cross sections showing mode symmetry.

FIG. 5. (a) Measured evanescent field strength (points) as a function of distance from the flat face of a D-

shaped optical fibre with theoretical prediction (solid line).
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