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We describe a method for time-domain surface profile measurements via white-light reflection spectroscopy
using a hyperspectral Fourier transform spectrometer (HS-FTS). This technique measures the frequency of
the spectral modulation of reflected light from a multilayer optical surface and reports the spatially resolved
optical thickness. Owing to the Fourier relationship, the Fourier transform spectrometer manifests this
spectral modulation as temporal satellites in interferogram space. We show that measurement of the posi-
tions of these satellites can be used to reconstruct the optical thickness profile over a surface using the

HS-FTS. © 2008 Optical Society of America
OCIS codes: 240.0310, 110.4234, 120.2830.

The development of a hyperspectral Fourier trans-
form spectrometer (HS-FTS) for surface profile imag-
ing with a primary application of biological binding
measurements has been previously reported [1]. This
instrument was designed to operate in two modes:
white-light reflection spectroscopy (WLRS) and spec-
tral self-interference  fluorescence  microscopy
(SSFM); however, the demonstration reported in this
Letter was done using the WLRS mode alone. The
measurement exploits the spectral content of the
light reflected from a multilayer surface to decipher
the optical thickness of a biomolecular layer bound to
the surface. WLRS can therefore be used to measure
changes in mass per unit area at the surface caused
by a biological binding event. More generally, WLRS
can be used as an all-purpose thin-film surface pro-
filer.

The application of the HS-FTS to this measure-
ment allows for spatially resolved optical thickness
determination of a surface thereby enabling high
throughput measurements. As for the previous re-
porting, the optical thickness determinations were
made in spectral space, meaning an interferogram
cube was collected and Fourier transformed, and
each spatially resolved spectrum was fit to a curve in
a least-squares sense to extract the desired optical
thickness information. While the data reduction
worked well, the time required to acquire the inter-
ferogram cube and process the data limited the sys-
tem to nondynamic applications. In this Letter we
present a new data reduction technique performed in
the time domain. The new technique exploits the fact
that a frequency shift in the spectral domain, which
is the quantity of interest for both WLRS and SSFM
measurements, exhibits itself as a shift in the loca-
tion of temporal satellites in the time domain. Here
we present concepts for measuring the locations of
these satellites and correlating the locations with op-
tical thickness using WLRS to demonstrate the con-
cept. Unlike white-light interferometric techniques
[2,3], ours does not require the sample to be aligned
inside the interferometer. While a comparable ap-
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proach employing FTS has been demonstrated [4],
our work features two key differences: the imaging
capability using a 2D focal plane array and the use of
envelope detection of the satellites’ positions rather
than traditional peak detection. The latter feature al-
lows us to work over narrower spectral ranges such
as a fluorescence emission spectrum, which results in
broad satellites that cannot be easily located via
simple peak detection.

The WLRS concept has been described in detail in
the literature [1,5,6]. Briefly, if we consider a silicon
(Si) substrate with a thin layer (5 to 10 um) of silicon
dioxide (SiOy) thermally grown on it, with WLRS, in-
cident broadband light reflected by the substrate ex-
hibits a sinusoidal spectral structure owing to the
thin-film interference between the wave reflected by
the air—SiO, interface and the wave reflected by the
Si0,—Si interface. The frequency of the spectral
modulation is proportional to the optical thickness of
the SiO, layer plus any feature such as biomolecular
material bound to it. The WLRS interference equa-
tion can be approximated by

I(0) = Iy + I3 + 2\I,I5 cos[4mmqa(t + 6)], (1)

where o is the optical frequency (in units of cm™1); I,
and I3 are the intensities reflected at the air—SiO,
and SiOy—Si interfaces, respectively; n, is the refrac-
tive index of SiO,; ¢ is the SiO, physical thickness;
and & is the height of the feature. For the biological
measurements it is sufficient to assume the refrac-
tive index of the biological material is approximately
equal to that of the SiO, (1.45) [7]. Although Eq. (1)
neglects multiple reflections, it is sufficiently accu-
rate for spectral fitting purposes.

If we take Eq. (1) as the Fourier or frequency do-
main expression of the thin-film interference, the
time-domain expression, which is effectively what
the Fourier transform spectrometer (FTS) physically
measures, is the inverse Fourier transform of Eq. (1):
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IFTI(0)] o Iy + I+ \IIs(&B(7) ~ [2ny(t + )1}
+ 8(B(7) +[2ny(t + &)1)), (2)

where B(7) is optical retardation as a function of
time. Equation (2) is an expression of the temporal
satellites we see in the interferogram whose positions
relative to the zero optical path difference (or to each
other) are proportional to the optical thickness of the
Si0, layer plus the feature. These satellites appear
as reduced amplitude copies of the centerburst whose
shape is dictated by the spectral range of the instru-
ment. Figure 1 shows interferograms acquired from 5
and 10 um SiO, samples using our experimental
setup; these data clearly show that the satellites of
the centerburst increase in separation by a factor of 2
between 5 and 10 um SiO,. Note that the actual cen-
terburst itself is not used in the calculations and was
intentionally saturated to increase the signal-to-
noise ratio of the satellites.

For this proof of principle, we calculated the satel-
lite separation using three different methods. The
first method was to subtract the mean from the inter-
ferogram, rectify the result, calculate the center of
mass of each satellite, and take the difference be-
tween them. The second method was to subtract the
mean, rectify, determine the envelope of each satel-
lite by identifying the peaks, interpolate the enve-
lopes to a fixed number of points, calculate the center
of mass of the envelopes, and take the difference be-
tween them. The final method was to subtract the
mean, rectify, determine the envelope of each satel-
lite, interpolate the envelopes, fit the envelopes to a
Gaussian function in a least square sense, and sub-
tract the means of the two Gaussian fits. Transfer
functions converting satellite shift to height informa-
tion were determined analytically. These calculations
were performed on a per pixel basis thereby reducing
the three-dimensional interferogram cube to a two-
dimensional height image. All calculations were done
in MATLAB.

Figure 2 shows the configuration of the HS-FTS
used for this WLRS measurement. The spectral
range of the light detected by the CCD was estimated
through a combination of the spectral operating prop-
erties of the beam splitters, lenses, and the CCD and
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Fig. 1. Measured temporal satellites.
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Fig. 2. HS-FTS configuration for WLRS measurement.

also by the width of the centerburst and satellites.
The estimated range based on these factors was ap-
proximately 600 to 800 nm. For these measurements
we scanned the interferometer mirror over an optical
retardation range of +40 um in 400 steps of 200 nm
each. These parameters support the required scan
range to acquire the satellites for 10 um SiOy with
sufficient point density. A single scan is acquired in
approximately 32 s. However, for future applications
it is actually not necessary to scan the entire range;
since the interferometer has absolute mirror position
feedback provided by the laser reference [1], the mir-
ror can simply be scanned back and forth over a
single satellite that covers approximately 25
samples. A single optical thickness measurement can
therefore be made in 2 s. Further improvements to
the interferometer servo will decrease this time
further.

Measurements were made of a positive photolitho-
graphically etched 10 um SiO, artificial sample with
approximately 40 nm deep etched features. Ten scans
were acquired, and the satellite portions were iso-
lated as 25 point arrays. Height images were then
calculated via the three methods previously de-
scribed. We also calculated the per scan noise equiva-
lent vertical displacement, or NEAZ, for each method
by taking the standard deviation of the difference be-
tween two height images, each calculated from a
single scan, and dividing by the square root of 2 to
account for the two independent noise sources. The
sample’s feature depths were verified using a com-
mercially available white-light interferometer sys-
tem.

Figure 3 shows reconstructed height images using
the three methods described. Grayscale units are in
nanometers with an assumed refractive index of 1.45.
With each height image is a crosscut taken over row
91. As can be seen in both the height image and the
crosscut, reconstruction by method 1 results in an ef-
fect at the edges of the features. We see that this ef-
fect becomes much less in the two envelope recon-
structions (methods 2 and 3); we therefore attribute
the edge effect primarily to the weighting of nonpeak
points in the satellites to the center of mass calcula-
tion near the edges. Calculating the envelopes of the
satellites removes the nonpeak points and minimizes
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Fig. 3. Reconstructed height images and crosscuts.

the edge effects. Reconstruction method 2 appears to
produce a more accurate image than method 1; how-
ever, it also appears noisier than method 1 most
likely because of the dropped data points. Recon-
struction method 3 shows the most accurate image
and appears to have a noise level comparable to
method 1.

The per scan NEAZ calculations were as follows:
15.2nm for method 1, 20.8 nm for method 2, and
16.6 nm for method 3. We would expect the NEAZ for
method 2 to be worse than method 1 since data points
were dropped; we would also expect the NEAZ for
method 3 relative to method 2 to improve owing to
the curve fitting. With respect to computation time,
method 1 is by far the fastest (on the order of a few
seconds for the 130 X 130 height image), as it is effec-
tively straight algebra with no curve fitting. Method
2 requires on the order of 1 min for the extra logic to
identify the peaks of each satellite. Method 3 re-
quires on the order of a few minutes for the envelope
detection and additional Gaussian fitting. Note that

OPTICS LETTERS / Vol. 33, No. 12 / June 15, 2008

use of a single satellite is expected to increase the
NEAZ in each case by a factor of 2.

In summary, we demonstrated the proof of prin-
ciple of time-domain optical thickness—height calcu-
lations using the HS-FTS. We described an approach
for correlating the positions of temporal satellites
relative to each other with optical thickness by their
Fourier relationship using WLRS. We demonstrated
this technique on a positive photolithographically
etched 10 um SiO, artificial sample and showed
three different reconstruction methods. The first
method, involving a center of mass calculation on
each satellite, proved to be the fastest and had the
lowest noise but also exhibited artifacts at the edges
of the features. The third method, based on a Gauss-
ian fitting of the satellite envelopes, shows the most
accurate reconstruction with comparable noise per-
formance to the first method; however, the computa-
tion time was much longer. Overall, we believe this to
be a viable surface profiling technique that can ac-
quire the relevant data in 2 s with the current hard-
ware system. Future improvements to the interfero-
meter’s servo should decrease the acquisition time
further.

This approach can be extended to the SSFM mea-
surement where the spectral range will be decreased
to approximately 100 nm because of the fluorescence
emission spectrum. In this case the satellites will be
effectively twice as wide, owing to the Fourier rela-
tionship. The effect on the resolution and accuracy of
the measurement will need to be determined.
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