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The use of preferential etching and Atomic Force Microscopy

to measure refractive index profiles of optical fibres is investigated.

Both the etch rate and the position of lateral features are shown to

be independent of etch time. An elliptical core fibre has been

studied and the resultant profile found to be in qualitative

agreement with the preform index profile. It is shown, however,

that the ellipticity of the core has changed during the drawing

process. The method has been extended to fluorine and germanium

doped planar waveguides and the results correlated with the

fabrication process.
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I. INTRODUCTION

Optical fibre cores are, in general, only a few microns in diameter. For this

reason their refractive index profiles are usually inferred from preform measurements.

This technique is indirect and fails to account for changes that may occur in the drawing

process. A number of techniques have been developed to examine fibre profiles directly.

Refracted Near Field1'2'3, Propagation Mode Near Field4, and Interference techniques are

the most widely used. All are optical and therefore have diffraction limited resolution. In

addition, reliable profiles require complex sample preparation or intensive mathematical

analysis. Due to their poor resolution these techniques cannot be used to accurately map

small core fibres.

Here we investigate the validity of using etching5 followed by Atomic Force

Microscopy (AFM) to determine refractive index profiles with nanometer

resolution.6-7'8"9 The etch rate depends on the dopant concentration and hence the

resultant topography provides a representation of the refractive index profile.

Specifically, the possible dependence of the fibre profile on etch time is investigated.

This is done by comparing the profiles obtained from a number of samples etched for

different times, and locating the positions of several relevant topographical features. The

nanometric lateral and vertical resolution of the AFM enables these features to be

accurately measured.

As a demonstration of the resolution of this technique, we have profiled an

elliptical core fibre and compared this measurement to a refractive index profile of the

fibre preform.10 The index profile of this fibre cannot be directly measured with other

techniques due to its small core size. We also report measurement of the geometry of



fluorine and germanium doped silica slab waveguides and we correlate the results with

the fabrication process.

II. EXPERIMENTAL METHOD

In our experiment the samples under investigation are cleaved and the cleaved

face etched in HF. The resulting topography is measured with an AFM (Digital

Instruments Nanoscope IE). The AFM is operated in contact mode with a V-shaped

silicon nitride cantilever using square pyramidal tips, with a base length of 4jxm.

Care must be taken with the etch time so as to ensure that the topography is

within the vertical range of the AFM; if the etch time is too short the sample topography

will be difficult to resolve, and if the etch depth is too great the AFM tip will be unable

to accurately map the depressions in the topography due to the tip shape and finite tip

size. This is especially true for the case of optical fibres that have very small core

diameters. Its has been shown that for the batch of cantilevers used in this experiment,

the tip proper has a radius of ~3nm", making then more than adequate for the

examination of small core fibres.

There have been several studies regarding the problems caused by tip

convolution effects, 1213 however, in our experiments we have obtained identical

measurements using a number of cantilevers and believe tip convolution plays no

significant role.

HI. THE VALIDITY OF AFM PROFILES



Before the AFM can be used to accurately measure the geometry of etched fibres

or waveguides, it is necessary to investigate the dependence of this geometry on etch

time. To this end a total of ten samples of an optical fibre (3M-FS-SC-3224) were

cleaved (Siemens S46999-M9-A8 cleaver) and etched with 5% HF solution. The etch

times ranged between 0 and 3 minutes and the resulting AFM profiles are shown in

Figure 1. Two length parameters were selected in order to quantify the lateral geometry

of the fibre; these are labelled A and B. The mean value for length A was measured to

be 2.56 ± 0.03|im and the mean value for length B was measured to be 4.49 ± 0.07\im.

The error in these measurements is due entirely to the difficulty in locating the features,

particularly in the lightly etched samples. The consistency of the mean values indicates

that the parameters A and B are independent of the etch time. If the parameters were

time dependent, then each etch time would have a different lateral profile. These

measurements indicate that within the bounds of experimental error, the measured

lateral geometry of the etched fibres is independent of etch time.

To investigate the effect of etch time on the etch depth of the fibre, the heights

labelled C and D in figure 1 were plotted against etch time. Figure 2 shows that there is

a linear dependence of etch depth on etch time. The linearity clearly indicates that the

rate of etching at a particular position is independent of time, and depends only on the

local fibre composition (i.e. dopant concentration). Profiles obtained for fibres that

contain a single dopant species in the core can be scaled linearly to refractive index.

More complex fibres on the other hand could be examined in such a way that the

various dopants can be decoupled. This would require the use of a number of etchants,

chosen specifically to identify each dopant.

IV. APPLICATIONS



(a) Elliptical Core Fibre

Now that the above characteristics of the AFM profiling technique have been

established, a quantitative comparison can be made between an AFM profile and a

preform index profile. For this comparison the elliptical core fibre (OFTC AD023-05)

was deliberately chosen due to its small core size and inherent asymmetry; two features

which make such a fibre difficult to profile. The fibre coating was removed by soaking

in spectroscopic grade iso-propanol and the fibre cleaved with a Siemens S46999-M9-

A8 cleaver. The endface of the fibre was then exposed to 5% HF solution at 20°C for 40

seconds. The optical fibre samples are mounted in specially designed holders using

epoxy so that the fibre is oriented vertically. The total fibre length is approximately

3mm. The AFM tip is positioned above the sample with the aid of a high power optical

microscope and CCD camera. Once contact between the tip and fibre endface has been

achieved, the fibre core can be easily located by positioning the tip near the geometric

centre of the fibre. A typical AFM image is shown in Figure 3 for an elliptical core

fibre. For the case of Ge-doped samples, the core is found to etch at a faster rate than the

cladding. The Ge-doped regions have a higher refractive index than the surrounding

silica, so a dip in the AFM profile represents a peak in the refractive index profile.

Figure 4 is a contour plot of the fibre after drawing as measured by the AFM.

The preform index contour plot was measured by a York Technologies PI02 preform

analyser. The preform analyser uses a deflection function technique. The backscattered

pattern arising from a normally incident laser beam on the fibre axis is used to determine

the deflection function14 for the fibre from which the refractive index profile can be

reconstructed. The spatial resolution of the analyser is about 5|im. It therefore cannot be



used on the drawn fibre. One result from the preform analyser is shown in figure 5. By

scaling the preform data to the fibre dimensions we can compare the major and minor

axis profiles directly (Figure 6). The height measurements, when scaled to refractive

index via a multiplicative constant, are in good agreement with the refractive index

profiles of the preform. The lateral scaling factor was determined for the major axis, but

this factor leads to a discrepancy between the two minor axis plots. Clearly, the same

scaling parameter cannot be applied to both axes, presumably indicating that the

ellipticity of the core has not been preserved during the drawing process.

(b) Channel Waveguides

We now demonstrate the use of the AFM to map the structural features of

fluorine and germanium doped buried channel silica waveguides on silicon substrates.

The fluorine doped waveguide is fabricated in the following manner.15 Initially, a

fluorine doped silica buffer layer is deposited using plasma enhanced chemical vapour

deposition (PECVD) to optically isolate waveguides from the silicon substrate. A pure

silica (undoped) core layer, typically 2-5\im, is then deposited. The waveguide geometry

is then defined by masking with photoresist and reactive ion etching (RE) in Ar/CHF3

plasma. Finally an upper cladding layer of fluorine doped silica, with refractive index

matching that of the buffer layer, is deposited to enclose the channels. In this case the

pure silica of the core region etches more slowly than the fluorine doped silica of the

buffer and cladding layers.16 The fluorine doping of the buffer and cladding layers

reduces their refractive indices relative to that of the core.15 A step in the AFM profile

therefore represents a step in the refractive index profile.

The waveguide samples are mounted in a similar way to the optical fibres. The



location of the guides can be determined with an optical microscope and the AFM tip

positioned accordingly.

Figure 7 shows an AFM image of a fluorine guide after etching for lmin in 5%

HF solution at 20°C. The top left hand corner of this image, labelled A, is the buffer

layer. The guiding region is labelled B and the upper cladding is labelled C. Of

particular interest here are the seams, which are connected to the sides of the guiding

region. This structural feature is formed during deposition of the upper cladding layer

and is the plane of connection of the two surfaces of the growing material deposited in

different orientations: (i) on the surface of the buffer layer, (ii) on the sidewalls of the

RIE etched core, marked D and E respectively. The fact that the seam regions are etched

faster in HF solution suggests somewhat reduced material density along the seam

planes. The effect of the seams on the waveguide propagation loss is yet to be

established, however it may be speculated that, unless the core sidewalls are rough after

RIE17 and the seam is conformal with this roughness, it is unlikely to contribute to the

loss since it does not create material inhomogeneity in the direction of propagation. In

addition, the reported loss of these fluorine doped waveguides with the seams present is

oforderofO.ldB/cm15.

It is also evident, from this image, that these pure silica core waveguides do

indeed have the intended step index profiles. That is, diffusion between the fluorine

cladding and the silica core is absent on this scale. For the case of optical fibres this is a

result of the drawing process.

The germanium doped waveguides are made in a way similar to that of the

fluorine waveguides. In this case, however, the germanium doping is used to raise the

refractive index of the core while the buffer and cladding layers are undoped . Figure 8

shows an image of a germanium doped guide after etching for lmin in 5% HF solution



at 20°C. In this case the core material is etched faster than its periphery since the

chemical etch rate of PECVD silica increases with an increase in germanium content.18

Again the wing-like seam structures are visible and the guide is found to have a step

index profile. At the bottom of the guide there is a dip in the profile indicating enhanced

etching at the interface between the germanium doped core and the buffer layers. This is

likely to be an indication of a local increase in germanium content which can occur at

the beginning of the deposition process due to an initial pulse in the GeFLj flow. This

feature is not typical of the fabrication technique and can be avoided by using an

appropriate discharge start-up procedure. The image also indicates that the guide has

been over-etched after masking. The base of the waveguide should be at the same level

as the interface between the upper and lower cladding layers. In this case it is about 2

microns higher. This does not affect the guiding properties of the waveguide but is of

interest for optimisation of the fabrication process.

V. CONCLUSIONS

The validity of the profiles obtained from the AFM imaging of etched optical

fibres has been investigated. The measured geometry of the fibre is found to be

independent of etch time and the etch depth directly proportional to etch time. The

refractive index profile obtained for an elliptical core fibre is found to be in excellent

qualitative agreement with that found from preform measurements. The AFM

measurements, however, suggest that the ellipticity of the fibre core has changed during

the drawing process and hence, that this technique provides information about the fibre

which cannot be obtained from the preform index profiles. The technique has been



extended to examine the structural and chemical properties of planar waveguides which

are found to be consistent with the fabrication process. Thus, the use of etching followed

by AFM appears to be a powerful and reliable technique for determining the physical

properties of fibres and waveguides.
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CAPTIONS

FIG. 1. AFM profiles for 10 germanosilicate fibres with etch times ranging
from 0 to 3mins.

FIG. 2. Plot of Etch Depth vs Etch Time for the profiles in figure 1.

FIG. 3. Typical AFM topography scan of the endface of an etched elliptical
core fibre.

FIG. 4. Contour map of AFM image topography for an elliptical core fibre.

FIG. 5. Contour map of preform refractive index for an elliptical core fibre
as measured by a York PI02 preform analyser.

FIG. 6. Comparison of AFM and preform profiles for the elliptical core
fibre, (a) Major axis profiles (b) Minor axis profiles. The thick solid lines
represent the preform profiles and the points represent the AFM profiles.

FIG. 7. AFM image of the end face of an etched fluorine doped planar
waveguide

FIG. 8. AFM image of the end face of an etched germanium doped planar
waveguide
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