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Abstract 

An optical profilometer is described which enables vertical resolution of ±1 nm to be obtained 

while simultaneously acquiring a confocal image of an object. The profile is independent of 

the object's reflectivity and no active feedback is required while the object is scanned. 



1 Introduction 

Three dimensional profilometry is important in many surface analysis and manufacturing 

applications. Optical profilometry, being essentially non-contact, is of particular importance 

in areas where stylus profilometry may damage the surface. Several optical techniques have 

been developed to measure the shape of a surface1'13. The most sensitive of these are based on 

interferometric methods combined with a confocal technique. Wide field methods have been 

developed but are limited in their application to a surface with non-uniform reflectivity. 

In this paper we present a simple scanning technique, based on the method of Kobayashi et al'\ 

thai is able to simultaneously obtain the vertical profile and reflectivity distribution over a surface 

with ± 1 nm vertical resolution. 

2 Principle of Operation 

The technique described here consists of the modified confocal microscope shown in figure 1, 

in which a surface is profiled using the properties of the intensity distribution about the focal 

point of a lens. A collimated laser beam is focused onto the object, where initially the system 

is set so that the focal spot falls onto the surface to be profiled. Light reflected or scattered from 

the surface returns through the objective and is directed via a beam-splitter (Bl) into a long 

focal length lens. A second beam-splitter (B2) produces two copies of the focal distribution. 

Pinholes are placed on either side of the focal point (figure 2) at locations where the gradient 

of the transmitted intensity is a maximum. 

As the object is scanned, the lens-object distance changes with surface height variation, and 

causes the imaged focal distribution to be displaced along the optic axis so that the pinholes 

measure different intensities. This results in a differential signal between the two pinholes 



which, for uniform reflectivity, is a sensitive indication of the object's displacement. For a 

small range of object displacements, this differential signal is linear. Over the same region, 

the sum of the pinhole intensities is approximately constant Since the differential signal is also 

sensitive to reflectivity changes, by normalizing it with the sum signal the effect of varying 

reflectivity is, to a good approximation, eliminated. 

The performance of thisdevice may be optimized using the analysis of Dobosz13, which assumed 

a gaussian beam passing through optics with effectively infinite apertures (i.e. the gaussian beam 

is not truncated). Dobosz arrived at values for the pinhole locations and size which optimize 

the sensitivity to height variations. 
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where lop, is the optimal distance the pinhole is placed from the focal point of L2 along the optic 

axis and aopl is the optimum pinhole radius. oV is the 1/e2 beam radius at the focus of L2, to 

is the beam radius entering L2, f2 is the focal length of L2 and X is the wavelength. Using these 

values, we find the power transmitted through each pinhole is given by 

Pt(z) = Pa 
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where z is the displacement of the surface from the focus of LI, / , is the focal length of LI and 
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pg is the power on the optic axis at z=0. The + and - refer to the pinhole in front of and behind 

the focus respectively. The normalized output of the profilometer /B(z) is thus given by 

'"(z)=7T5)7w ( 4 ) 

A simple Taylor expansion about z=0 demonstrates that /„(z) is linear with z to second order 

and the normalization against reflectivity is constant out to third order. 

3 Experimental Arrangement 

The system was designed for gaussian laser beams with minimum aperture cut-off. In this case 

the laser was expanded to a 2.6 mm beam radius to illuminate the aperture of the objective lens 

(LI), which was a 0.46 NA microscope objective, chosen for its small focal depth and high 

lateral resolution. L2 was chosen to have a focal length of 160 mm which is short enough to 

reduce mechanical instability, but long enough to produce a focal distribution into which the 

pinholes can be easily placed. The pinhole sizes were selected to maximise the gradient of the 

intensity distribution transmitted into the pinholes, and thus maximize the sensitivity. From 

equation 1, the optimum pinhole diameter was found to be 25 |im and the pinholes were placed 

-0.8 mm either side of the focal point. With these parameters the theoretical description of the 

previous section predicts a working range (to a ± 5% deviation from linearity) of ± 1 (am. 

The second beam-splitter (B2) was placed as close to the pinholes as possible to provide the 

maximum common-path for the two beams. The detectors were photodiodes (RS Components 

651-995) and a current-to-voltage amplifier was used to convert the signal so that it could be 

read by an analogue-to-digital converter in a personal computer. Processing of the data was 
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then performed by computer to obtain the height profile and confocal image. The object was 

scanned using stepper motor stages and a typical 60 u.m by 60 Jim scan took approximately 2 

minutes. This rate is limited by the speed of the stepper motors. 

4 Results 

The system was calibrated by observing the normalized differential signal as a function of the 

voltage applied to a piezoelectric disk. A mirror mounted on the back of the disk enabled the 

displacement to be determined by using a Michelson interferometer simultaneously with the 

profilometer. The data from the interferometer was analysed to provide precise displacement 

data. Figure 3 shows the result of this calibration, and it is clear that the data is highly linear 

over this short range. The fundamental factor limiting the resolution of this device is the noise 

on the output signal; the noise in figure 3 corresponds to an equivalent displacement of ± 1 nm. 

Thus we are led to conclude that our device has a limiting resolution of 1 nm. 

In order to check the validity of our theoretical description, a test object was translated through 

the range of the device using a stepper motor driven stage. The output signals were recorded 

and compared with the predictions of equations (1) and (2). The results are shown in figure 4. 

It can be seen that the agreement is quite good and that the predicted linear working range is as 

expected. 

In order to test both the lateral resolution of the device and its ability to successfully profile 

surfaces with greatly varying reflectivity, several test surfaces were produced by evaporating 

aluminium onto either a glass or an aluminium substrate whilst masked with a tapered 

obstruction. The taper reduced smoothly to well below one micron in width. Both these objects 

displayed the same heightvariation, but the reflectivity varied on the object with a glass substrate, 

from 95% to 4%, whereas the reflectivity was uniform for the object with the aluminium 

substrate. 
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Two dimensional scans of the masked region of these surfaces are shown in figure 5. The sum 

signal from the aluminium substrate is shown figure 5(a) and illustrates the constant reflectivity 

over the masked and unmasked regions. The normalized differential signal encoded using a 

grey scale is shown in 5(b), where the higher regions appear lighter. Figure 5(c) and 5(d) are 

the corresponding image and profile for the sample with aluminium evaporated onto a glass 

substrate with an identical step height. The sum signal, figure 5(c), indicates that the reflectivity 

is no longer constant across the sample. Artefacts can be seen at the edges of the step in figure 

5(d) which are thought to be a result of spherical aberration introduced by the cube beam-splitter 

(B2), resulting in an afmmetric response at the pinholes. The effect is more pronounced in 

figure 5(d) than 5(b) because the differential signal is amplified by the normalization. It is 

anticipated that the use of a pellicle beam-splitter at B2 will eliminate this effect. Apart from 

these features, the profile in figure 5(d) shows no significant differences to that shown in figure 

5(b). The depth of the trench was measured to be 100 ± 5 nm in both cases, the error being 

greater than 1 nm as a result of vibrations in the scanning mechanism. Step heights on similar 

samples were verified with a Tencor Instruments Alphastep stylus profilometer. 

In order to test the vertical resolution, a 3 nm deep step was produced on an aluminium substrate 

and scanned with the profilometer. The height profile of this trench is shown in figure 6(a). 

The step is visible but is at the limit of the resolution of the device. Thus the resolution is close 

to that deduced from the noise measurements, although it is slightly degraded as a result of 

vibrations in our mechanical scanning stages. A scan of the tip of one of the wedge shaped 

profiles is shown in figure 6(b). The trench continues until the width is less than one micron, 

but the tip of the wedge is only resolved to a width of about 1.5 \xm. This provides a measurement 

of the lateral resolution of the profilometer that is consistent wiih the resolution expected from 

a 0.46 NA objective lens. 
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5 Summary 

An optical system is described which is based on the method of Kobayashi et al. The instrument 

is capable of simultaneous confocal imaging and profilometry with nanometric vertical resol

ution. The profile is independent of the reflectivity of the sample and is obtained by ras

ter-scanning the sample without active feedback. We have shown that the vertical resolution 

of this technique may be extended down to 1 nm and have recorded images with a resolution 

of better than 3 nm. The concept and design is considerably simpler than most optical profi-

lometers and may represent the most affordable method of profilometry with nanometric res

olution available. 
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Figure Capuons 

Figure 1. Differential confocal microscope arranged as a profilometer. The Michelson inter

ferometer mounted at the back is used for calibration. 

Figure 2. Intensity along the optic axis at the focal point of L2, and the positions of the pinholes 

with respect to this intensity distribution 

Figure 3. I heoretical (dashed line) and experimental (solid line) results for the sum signal A+B, 

differential signal A-B and for the normalized differential signal /„(z). 

Figure 4. The normalized differential signal /„(z) plotted against the displacement of a pie

zoelectric disk as determined by the interferometer. 

Figure 5. Scan of a test object, consisting of an aluminium step upon a glass or aluminium 

substrate, (a) The sum signal, constituting a confocal image of the object, and(b) the normalized 

difference signal, constituting a height profile of the object with the aluminium substrate. 

Increasing height is represented by lighter grey scale, (c) and (d) are the image and profile 

obtained from the sample with the glass substrate, with an identical step height to that scanned 

in(a)and(b). In both cases the depth of the trench was measured to be 100 ±5 nm. Thescanned 

area is 60 urn by 60 urn. 

Figure 6. (a) Profile of a 3 nm deep trench, (b) Profile of wedge shaped trench which narrows 

from 5 |im to less than 1 urn 
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