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Abstract

A profilometer is developed to traceably characterize the roughness of high-aspect-
ratio micro structures. A slender silicon cantilever with an integrated piezoresistive
strain gauge is used in the instrument for sensing the surface and signal read-out.
With a width down to 30 um and a length up to 5 mm, the cantilevers allow to
measure the roughness profiles inside of micro holes with diameters of 100 pm and
less. At the head of the profilometer three laser interferometers with 1 nm resolution
are arranged perpendicularly to each other to provide metrological traceability. For
step height and roughness arithmetical mean deviation measurements, the uncertainty
of the system is within £10 nm. Finally, the roughness profile inside a micro hole of
100 pm in diameter is successfully measured.

1 Introduction

High-aspect-ratio microstructures (HARMS), such as micro holes, micro pipes and
micro gears, are used in practice in fields of biotechnology, aerospace and
automotive industries. However, quality control of HARMS, especially traceable
metrology at the nanoscale is still a challenge because it is difficult to measure such
structures by using existing measurement technology. The high walls with extremely
narrow spacing or the inside profiles of deep micro holes are neither detectable with
tactile nor with optical methods. In many cases these structures are only measured
after sectioning of the parts. Therefore a traceable profilometer has been developed
to achieve a non-destructive and accurate inspection of HARMS. In this paper the
construction of the profilometer is at first introduced, then the measurement of
roughness profiles inside of a micro hole with 100 um diameter is performed.
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2 System design and construction

Key part of the profilometer is a long silicon cantilever with an integrated
piezoresistive strain gauge (Figure 1), which is developed and is described elsewhere
[1, 2, 3]. The slender cantilever is used for signal read-out and enables the ability for
high-aspect-ratio surface measurement. The cantilevers are 1.5, 3 and 5 mm long, 30,
100 and 200 um wide. The tips are about 25 pm, 25 um and 70 um high. Tip radii are
smaller than 0.1 um. The sensitivity of the cantilevers are about 0.31, 0.19 and 0.24
pV/nm, and the noise of the cantilever read out is about 3 nm in a bandwidth of 10

mHz to 1 kHz without acoustic noise isolation in a laboratory room.

The actual construction of the profilometer is given in Figure 2. The cantilever is
bonded on a cantilever holder and mounted on the XYZ piezo stages with a motion
range of 800 pm x 800 pm x 250 pm (x x y x z). The cantilever moves with the
piezo stages. The read-out of the cantilever serves as the control value after
amplification and is input to the z piezo stage controller. During measurement the
contact force between cantilever and artefact surface keeps constant and can be set
down to 1 uN.

The artefact is placed on a coarse positioning stage with a movement range of 50
mm x 50 mm x 12 mm (x x y x z). The three linear coarse stages are mounted on a
rotation stage so that the artefact can be rotated by 360 degrees around the z-axis.
All coarse stages are equipped with motorized drives. In addition, the entire head of
the system can be moved about 100 mm in the z-direction to measure large artefacts

upto 8 cm x 10 cm x 10 cm.

On the head of the system, three laser interferometers with 1 nm resolution (SIOS,
SP2000) are arranged perpendicular to each other to provide metrological traceability.
The three laser beams intersect on the cantilever tip to achieve an Abbe error-free
measurement. The measured artefact surface is constructed by the readings of the

three laser interferometers.

Through numerous comparison measurements of step heights and roughness

standards with other metrology instruments in PTB, it is found that the error of the
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profilometer for step height and roughness arithmetical mean deviation Ra

measurements is within £10 nm (2c).
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Fig. 3 The measurement of a micro hole by the profilometer: (a) the measurement
artefact, a steel plate with micro holes of 100 pm diameter and (b) the 1.5 mm long
piezoresistive cantilever in a micro hole during a measurement.

3 Roughness measurements inside a micro hole

Micro holes with 100 um diameter each were drilled into a steel plate arranged in a
5x3 matrix. The depth of the holes was 500 um (see Fig. 3a). The roughness profile
inside one of the micro holes was measured using a 1.5 mm long piezoresistive

cantilever. During the measurements the cantilever moves along the axis of the
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cylindrical micro hole with a speed of 20 um/s. The probing force of the cantilever

during the measurement was 7 UN.

A 340 pm long profile was measured with 3580 sampling points and the
measurement was repeated eight times. Two repeated measurements are shown in
Fig. 4. Using a short wavelength noise filter As = 2.5 um, the measured profiles were
evaluated with the Reference Software RPTB for roughness measurements. An
arithmetic mean roughness of Ra = 845 nm at a standard deviation of ¢ = 2.0 nm

was obtained.
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Fig. 4 A typical roughness profile measured inside a micro hole of 100 um diameter
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