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A scanning white-light interferometer is built for precisely measuring phase properties of dispersive multi-
layer thin film structure with the aid of the commercial spectrometer. Combining seeking optimal function
for interferogram maximas with wavelet denoising algorithm, a novel time-domain algorithm is presented
which enables the direct extraction of group delay and thus obtains a remarkable decrease of noise level
in group delay and group delay dispersion. The apparatus shows reasonable potential for multilayer mea-
surement, material characterization, displacement measurement as well as profilometry.
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With the development of commercial design software
and ion assisted deposition, multilayer dispersive mirrors,
such as Gires-Tournois (GT) mirrors or chirped mirrors,
play a crucial role in ultra-fast laser system by provid-
ing precise dispersion compensation. Nevertheless, pre-
cise knowledge of its group delay (GD) as well as group
delay dispersion (GDD), which are the first and sec-
ond derivatives of the optical phase delay with respect
to the angular frequency w, respectively, though neces-
sary for manufacturing and characterization of this de-
vice, is still a tough task. There are many different ways
to approach for the measurement of these properties.
Methods based on white-light interferometry (WLI), in-
cluding the spectral method™ and temporal method!?,
are widely used for determination of the thin film struc-
ture reflection phase, as well as the GD and GDD. The
spectrally resolved methods, often applying with Fourier
transform®4 or wavelet transformﬁ, can retrieve the
dispersion properties by a single measurement of the
spectral interferogram intensity. However, limited by the
small quantity and considerable noise of data acquired
for one-shot spectral interferogram and the com[plexity
derived from uncertainty of algorithm parameters(®, it is
difficult to extract precise GD or GDD information. For
measuring of optical components directly, Knox et al.l”]
employed stepping motor and optical filter to get on
the central wavelength of each filter, but the wavelength
resolution was limited by the quality of optical filters.
Beck et al.[®9 measured the changes in the optical path
length (OPL) as a function of wavelength using He-Ne
laser while the phase-locked interferometer was too com-
plicated for operation.

In this letter, a novel scanning spectral interferomet-
ric method is presented for characterization of multilayer
dispersive mirrors. By searching for the balance position
on each interferogram corresponding to each wavelength
and determining the accurate length the stepping mo-
tor moves for every step, we can figure out the phase
changes brought by the reflection on dispersive mirrors

1671-7694/2013/S10302(3)

S510302-1

in the whole wavelength range.

A schematic of our scanning white-light spectral inter-
ferometer is presented in Fig. 1. It consists of a tungsten
halogen lamp, a 50/50 home-made beam splitter made of
BKY7, input and output collimators, a Glan-Taylor prism
polarizer which is employed to eliminate the interference
in the beam splitter caused by s-component, two hori-
zontal displacement platforms with test sample and ref-
erence mirror mounted on respectively, and a fiber-optic
spectrometer with a spectral operation range from 350
to 1100 nm. The reference arm, with a high-reflection
silver mirror on it, is driven by a stepping motor which
varies the length of reference arm approximate linearly.

The white-light beam emitting from the tungsten halo-
gen lamp is divided into two parts: one part reflected by
the test sample, the other part reflected by the reference
silver mirror. Both of the two parts are overlapped and
collimated into the channel spectrometer. The spectral
intensity distribution on every motor step is monitored
and saved by the spectrometer,

I\ L) = IO(/\){I +V cos [27% + ¢(A)} } (1)

where Ip()) is reference spectrum, V is the envelope
function of which the maximum appears when the to-
tal phase of the system is zero, L is the optical path
difference between two arms in air, and ¢(\) stands for
the phase changes on reflection of multilayer dispersive
mirror we desire to know. Since the total phases of the
system are determined by L and ¢()\), we can just trace
the balance position, i.e., the position where the total
phase of the system is zero and where the interferometric
envelope function intensity is maximum.

We set the integrated time of the spectrometer as 8 ms
and the average times as 5 to reduce the noise level in
interference signal brought by vibration and CCD noise.
Our stepping motor makes one step with 25-35 nm ev-
ery 100 ms and we collect 6000 spectral scans which
can almost cover the center range of dispersive region.
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Fig. 1. Schematics of the scanning white-light spectral inter-
ferometer.
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Fig. 2. Spectral intensity distribution recorded by spectrom-
eter.
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Interferograms corresponding to different wave-

One typical scanning interference signal recorded by the
spectrometer is shown as Fig. 2.

Typical interferograms corresponding to different
wavelengths are shown in Fig. 3. If there is no dis-
persive mirror on the sample arm, the balance position
of each wavelength should be the same. If a dispersive
mirror is mounted into the interferometer, then the bal-
ance positions of each wavelength will vary from each
other because of the presence of phase shift on reflection

of dispersive mirrors. To find the balance position of each
interferogram corresponding to different wavelengths, we
first extract the positions of maximums and minimums
in aninterferogram using trigonometric function fitting.
Thus the approximate outline curve of function V' would
be extracted from every interferogram(see Fig. 4).

In order to find the balance position of each interfer-
ogram, we apply the local extrema of the interferogram
into Gaussian function with four parameters. By search-
ing for the optimal solution of the parameters to describe
the local extrema curve, we can get the Gaussian func-
tion which best describes the extrema of interferogram.
Therefore, we can obtain the balance position from the
parameters described in the form of pace numbers.

Note that the length of each step of the motor are not
exactly the same, we should also calculate the exact pace
length of the stepping motor. To get the relationship
between L and pace number, we present a procedure
for calculating length increments with every motor step.
Consider the interferogram corresponding to one certain
wavelength \,, as being shown in Fig. 5(a), measured
intensity values can be easily found on a smaller seg-
ment marked by black dots in Fig. 5(b). The intensity
is a trigonometricperiodic function with the period of
An. Assuming that there are k paces in a semi period,
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Fig. 4. Maximums and minimums of the interferogram corre-
sponding to 700 nm.
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Fig. 5. Schematic illustrating the procedure of calculating
pace length on each wavelength.
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Fig. 6. Average pace length of every step.
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then I, Is, I3, - -+, Ixy_o, Iy 1, Ix will be the intensity val-
ues achieved on each pace. If we make a simple assump-
tion that every pace in one semi period is same, we can
get the average pace length of this semi period,

A2
ln = IZ T1 (2)
(k o 3) + Io—1 + Iy—1—1Ig

Accordingly, we can get the groups of calculated pace
length based on each interferogram corresponding to each
wavelength. By averaging them, the exact pace length of
every step can be acquired (see Fig. 6). Therefore, the
balance position for each wavelength Ly(\) can be ex-
pressed by the optical length difference in the air. The
corresponding GD and GDD of the dispersive mirror un-
der test will be

a=1W 4y 3)
A2 dLy(N)
GOD =02 )

Since the GD is extracted from the interferometric in-
tensity data, the noise level of GDD will be much higher
due to a straightforward numerical differentiation. For
this reason, the denoising procedure is indispensable af-
ter the acquisition of GD. In our algorithm, we apply a
method combing the cubic spline interpolation® with
wavelet denoising algorithm to reduce the noise level in
GDD.

To certificate the feasibility and accuracy of our appa-
ratus, the GDD properties of the home-made GT mirrors
are measured. Two pieces of GT mirrors are designed
to compensate GDD +400 fs*> around 800 nm and man-
ufacturedby ion beam sputtering (IBS) simultaneously.
After the procedure of seeking for balance position and
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Fig. 7. Comparison of designed and measured GD curve of
two GT mirrors.
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Fig. 8. (Color online) Comparison of designed and measured
GDD curve of two GT mirrors.

calculating paced lengths, GD is acquired without de-
noising algorithm. Measured GD of the two GT mirrors
in contrast with design one is shown in Fig. 7. The shape
of measured GD curves is quite similar with the design
one, especially around the central wavelength, regardless
of the y-axis shift which is due to the uncertainty of pa-
rameter A in Eq. (3). The measured GDD of the two GT
mirrors further verified our apparatus. The wavelength
shift between measured and designed GDD is around 3
nm which is in the tolerance range of our manufacture
procedure (see Fig. 8). In addition, the measured am-
plitude is a little smaller than designed GDD which may
come from the denoising and smoothing algorithm.

In conclusion, a new method based on scanning in-
terferometer for evaluating the GD and GDD of multi-
layer dispersive mirrors is proposed and experimentally
demonstrated. It utilizes new algorithm for seeking for
balance positions of interferograms and denoising method
combing the cubic spline interpolation with wavelet de-
noising algorithm. Thus, the apparatus is a powerful
tool for evaluating multilayer dispersive mirrors and a
promising method which can expand to other application
in thin film industry.
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