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ABSTRACT

This paper presents a methodology for providing traceability to OCT measurements linked to Length SI unit.
The link to primary length standard is provided by an interference microscope (IM). The chosen transfer standard was a
step height gauge block. The results for IM and OCT showed good agreement for step height standards, such that the
OCT will be able to perform reliable measurements of complex surface topographies and to ensure traceability to the
length scale. The main uncertainty components were evaluated for the OCT system. In addition, OCT also was used for
measuring a surface roughness standard -a depth standard - in order to test this methodology for round groove profiles.
Results were found to be in good agreement with the calibration certificate.

Keywords: interferometry measurements, depth standard, step height standard, interference microscope, optical
coherence tomography, optical transfer device.

1. INTRODUCTION

OCT (Optical Coherence Tomography) is an imaging technique developed originally for tomography of biological
microstructures [1] but soon found applications in other areas. For instance, OCT measurements have found broad
medical and industrial applications ranging from dermatological characterization [2] to material analysis [3].

OCT allows reconstructing 3D images of the internal microstructure of a sample, using a Michelson interferometer
with a broadband spectrum light as a source and a high speed optical detector. The axial resolution of OCT images is
governed by the coherence length of the illumination source. The penetration depth depends on both, the wavelength of
the source and sample optical properties.

The particular features of this technique are the controlled penetration depth, non contact measurement and potential
high speed data acquisition. OCT technology is experiencing a fast growth due to high resolution achievement of about
1 pum, improving the conventional technical limit of 10 um [4]. The high speed data acquisition (~25000scans/s) was
possible due to FD-OCT technique ( Fourier Domain — OCT ) developed in 2006 and some companies achieved higher
speed for their systems compared to TD-OCT (Time Domain OCT - ~400 scans/s)[5]. This technology change allowed
reduction of speckle and motion artifacts during the image processing [6].

Despite of its widespread applications, OCT is still lacking a calibration method for axial scale measurements. We
propose in this paper a methodology to provide traceability to OCT measurements using step height gauge blocks as
transfer standards. In order to achieve SI traceability, an interference microscope of Linnik type illuminated by a
stabilized He-Ne laser source was used to measure this transfer standard. The He-Ne laser is traceable to Inmetro’s
primary length standard [7].
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2. BACKGROUND INFORMATION

2.1 TD-OCT system

In the beginning of the 90’s a great diversity of OCT methods was developed. There are two main types TD-OCT
(Time Domain) and FD-OCT (Fourier Domain), whose main difference is related to interferogram analysis in the time or
frequency domain. The FD-OCT can be classified as SD-OCT (Spectral Domain) and SS-OCT (Swept Source), latter
depending whether the illumination source is a broadband or tunable source, respectively [8]. In spite of the differences
between these techniques, the calibration procedure proposed here - focused in depth scale calibration - can be applied to
all of them. Calibration of lateral displacements (XY directions) can be done interferometrically with fringe counting
method.

OCT differs from ultrasound imaging by interfering the back reflected infrared light with a reference beam in the
interferometer arms. The tomographic measurements presented here are based on optical low-coherence reflectometry
(OLCR) [9]. It is based on a broad spectral width optical source with low coherence length. A continuous wave (CW)
signal is divided into two arms with equal lengths, reflected back at the end of these arms and combined again at a photo
detector. By changing the optical path of one arm relative to the other by a distance smaller than the coherence length, an
interference pattern can be recorded. From the temporal locus of the damped envelope of the interferogram, which only
occurs within the coherence length of the source and with the optical path of both arms matched, distance information is
extracted. Each mirror scan provides axial information (a-scan) and the transversal translation of the sample after each
axial scan provides a spatial tomographic image (b-scan).

The axial and transversal resolution for this technique are independent and their limits depend on the source
bandwidth and wavelength for axial resolution limit while the transversal resolution is determined by the focusing
properties of the probe beam [10].

2.2 Linnik interferometer

A Linnik interferometer is a modified Michelson interferometer with an objective lens in each arm. The sample lens
allows one to observe a small sample area, typically in the micrometer scale, and the other lens is placed into the
reference path. No fringes are observed when the optical paths from both arms are identical [11]. Fringes are observed
when the conjugation points between the reference plane and the object have different optical path lengths giving rise to
an interference pattern. If both reference and object are plane surfaces and slightly tilted to each other, the interference
pattern produced is a set of parallel interference fringes. At Inmetro, this kind of interferometer was assembled and
characterized for traceability transfer between the practical realization of the length and materialized artifacts in the sub-
micron scale. The data acquisition and analysis are performed by an in- house developed software in Visual Basic [12].

3. EXPERIMENTAL SETUP

3.1 TD-OCT system

Figure 1 shows an experimental setup of TD-OCT. A fibered super luminescent light-emitting diode (SLED with 90
nm spectral width centered at 1320 nm) was used as the broadband light source. This device was operated under
temperature and current control. After passing through a 50/50 fiber coupler the light beam emerging is launched onto
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the sample under test. Part of the back reflected beam from the sample and from the single mode fiber tip is collected and
guided by the same fiber and injected into a Michelson interferometer after passing through the same coupler. This
interferometer contains movable and stationary mirrors in perpendicular arms and a detector in the third arm. The fourth
arm is a bended fiber for avoiding undesired back reflection. The envelope of the interferogram is obtained in each
scanning cycle (inset in Figure 1). The data is processed and analyzed by an in- house developed software in MATLAB.
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Figure 1 — TD-OCT experimental setup.

3.2 Interference microscope — Linnik interferometer

Inmetro’s Linnik interferometer was mounted on top of an optical breadboard as shown in Figure 2. The light source
used in this setup is a frequency stabilized He-Ne laser. The laser beam is directed through a speckle removal device
consisting of two lenses with 100 mm focal length and a rotating diffuser plate. The emerging light is divided by a 50/50
beam splitter and directed into the object and reference arms. Two identical microscope objectives are placed at the same
distance from the step height block object and the flat reference mirror (A/20). The reflected beams from object and
reference are recombined at the image plane of the CCD camera where they generate the fringe pattern (inset at Figure 2)
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Figure 2 — Linnik interferometer setup

4. RESULTS AND DISCUSSIONS

The materialized artifact used as transfer standard for length realization consisted of a step height standard made up
from three different gauge blocks joined together with nominal step heights of 2 and 10 um, as shown in the inset of
Figure 2. The surface flatness was better than A/20 as specified by the manufacturer. This standard was first measured
with the Interference Microscope (IM) and then it was measured by TD-OCT technique. The measurement procedures
on both systems were adapted from SIM-Euramet L-K8 surface roughness technical protocol [15].

The correction results for the nominal height agreed very well with the manufacturer calibration in an IM similar to
the Brazilian Linnik type, as can be seen in Table la. One should observe that with the Linnik interferometer the
deviation from the nominal step height is measured, while with the OCT system the actual step height is determined, as
shown in Table 1b.

Table la — Deviation of nominal depth and uncertainty for step height gauge blocks measured by interference

microscopy
Nominal Step Heigth Manufacturer Inmetro Linnik
ho (pum)
Ah (nm ) U(h) (nm) Ah (nm ) U(h) (nm)
2 -50 50 -43 233
10 +50 50 +67 233
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Table 1b — Measured step height and uncertainty for step height gauge blocks measured by TD-OCT and Linnik.

Nominal Step Heigth TD-OCT Linnik
ho (um) h (um) U(h) (pm) h (um) U(h) (pm)
2 2.09 0.68 1.957 0.023
10 10.30 0.68 10.067 0.023

5. UNCERTAINTY BUDGET

The uncertainty components have been estimated and the uncertainty budget for measurements at Inmetro for both
systems (IM and OCT) was evaluated.

The uncertainty budget for Linnik interferometer (Table 2) can be evaluated taking into account some predominant
components and those which appear in other interferometers for length measurements, such as Koesters [16] or Twyman
Green [17]. The environmental influences have not been considered due to small length measurements which are
expected to be insignificant. They will be characterized in a future work with a proposal for minimization of these
systematic errors.

Table 2 - Uncertainty Budget for Primary Transfer Device — Interference Microscope (Linnik)

Value of Degrees
Standard standard oF u=C | ¢
Uncertainty | Source of uncertainty | yncertainty Ci:|5 u(xi) freedom
Component ' (nm)
u(x;) Vi
a | u(t) Sample-Objective 0.001 473.5 nm/mm 0.273 3
distance J3 mm
b | u(ly) Source Spot Size 0001 1.92 nm/mm 0.001 4
V3
c |ul) Source Alignment 0001 1701.7nm/mm 0.982 4
V3
d |ue) Fringe fraction 0.01 A2 * 3.16 ©
e | u(s) Interferometer 1.62 1 1.62 5
alignment
f | u(repe) Repeatability 8.81 1 8.81 5
g | u(repro) Reproducibility 0.83 1 0.83 12
h | u®) Laser Wavelength 0.009 1 0.009 0
Combined standard uncertainty uc 9.6
Effective degree of freedom 7
k (95.45%; 7.00) = 2.43
Expanded Uncertainty U=k uc 233

Materialized Standard for primary transfer — Step height
*A=633.99 nm
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In the absence of a mathematical model one has to determine a sensitivity coefficient experimentally as can be
observed in Figure 3.
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Figure 3- Experimental Sensitivity Coefficient for Linnik interferometer.

The uncertainty budget for TD-OCT (Table 3) can be evaluated taking into account the transfer standard and
statistical analysis of the system. The spectral bandwidth of broadband light source was measured and found to be stable
during the measurements such that the uncertainty component was not necessary to be evaluated.

Table 3 - Uncertainty Budget for Secondary Transfer Device — TD - OCT

Value of Degrees
Standard standard of u(D=Cu(x;) | of
Uncertainty | Source of uncertainty | yncertainty Ci:|§ freedom
Component L (um)
u(x;) pm Y
a | u(h) Step heigth uncertainty | 0.0096 1 0.0096 7
f | u(repe) Repeatability 0.040 1 0.040 330
g | u(repro) Reproducibility 0.300 1 0.300 660
Combined standard uncertainty uc 0.303
Effective degree of freedom 11
k (95.45%; 11)=2.25
Expanded Uncertainty U=k uc 0.683

Materialized standard for secondary transfer —Step height standard.
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In order to prove that OCT system works for another different topography, a depth standard was measured,
consisting of a flat surface with 6 grooves depths ranging from 0.264+0.008 to 9.457+0.020 um according to its
calibration certificate from German NMI — PTB (Physikalische Technische Bundesanstalt).

OCT measurements were performed with good agreement to the calibrated depth values as can be seen in Table
4 and the surface profile can be seen in Figure 4.

Table 4 — Depth standard calibration results.

e N]ggggfl PTB TD-OCT
do (pm)
d(pm ) U(d) (pm) d(um ) U(d) (pm)
1 10 9.457 0.02 9.47 0.71
2 6 6.191 0.15 6.13 0.71
3 3 3.075 0.013 3.01 0.71
4 1 0.979 0.010 1.42 0.71
5 06 0.624 0.009 0.96 0.71
6 02 0.264 0.008 0.53 0.71

The slope baseline for Figure 4 is due to a slight tilt angle of approximately 107 rad between the translation axis
and the surface of depth standard. The fitted depths were presented in the inset of Figure 4.
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Figure 4 — Sample Profile for depth standard
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Experimental measurements were compared to the calibration certificate values and the results were in good
agreement to each other according to the uncertainty for both systems, as shown in Figure 5.
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Figure 5 — Results comparison between the depth measurements performed by TD-OCT and the calibration certificate.

6. CONCLUSIONS

In this paper we implemented a methodology for providing traceability to OCT measurements. These first results
show good agreement for step height standards, such that the OCT will be able to perform reliable measurements of
complex surface topographies and to ensure traceability to the length scale. The uncertainty budget for the
measurements was determined to be smaller than 1 pm.
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