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ABSTRACT 

I measure the optical thickness of thin substrates using a transmitted wavefront test in which the object is placed inside a 

Fizeau cavity comprised of a reference flat and a mechanically actuated transmission flat for phase shifting 

interferometry (PSI). Traditionally, this test had been complicated by the unwanted secondary reflections between the 

object surfaces even when the object is tilted. These reflections generate errors that are increasingly difficult to suppress 

as the substrate thickness decreases. The new technique involves two successive PSI measurements of the optical profile 

separated by a discrete change in source wavelength. The change in source wavelength is calculated so as to invert the 

error contributions from multiple surface reflections. Thus the average of the two measurements is relatively free of 

these error contributions.  
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BACKGROUND 

A familiar problem in optical testing is the profiling of transparent objects having plane-parallel surfaces, which can 

generate unwanted multiple reflections in laser-based interferometers.  Available solutions to this problem include white 

light,1 grazing incidence,2 desensitized grating interferometry,3 the use of multimode laser diodes,4 and combinations of 

measurements in different orientations.5  A number of recent techniques are based on continuously tunable lasers,6,7,8, 9 

the most comprehensive of these being the Fourier-Transform or FTPSI technique introduced by Deck.10 

The particular case of interest for this paper is the optical thickness, i.e. the physical thickness multiplied by the index of 

refraction, of substrates having two plane-parallel surfaces that are very close to each other, e.g. < 1mm. An accurate 

(1nm) optical thickness measurement is critical e.g. for the production testing of etalons for the telecommunications 

industries.  Measurement of such thin plates using a continuously tunable laser are complicated by the very large tuning 

range, well in excess of 100GHz and approaching 1THz for 0.1-mm thick parts, required to separate the contributions 

from the various surface reflections. At present, a smooth, continuous laser tuning over this range is not easy to achieve 

with visible wavelength sources. 

I propose here therefore a means to measure the optical thickness of thin parallel plates that also involves a wavelength 

shift to suppress unwanted reflections, but in this case, only a stepwise shift between two discrete wavelengths.  Such a 

discrete change in wavelength is less demanding on the laser source and is therefore proposed as a meaningful 

alternative when a large continuous tuning range is impractical. 
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MEASUREMENT GEOMETRY 

 

sample RFTF
Laser Fizeau 
Interferometer

 
Figure 1: Familiar transmitted wavefront test geometry using a commercial laser Fizeau interferometer. 

 

A useful geometry for optical thickness measurement is the transmitted wavefront test for a laser Fizeau interferometer 

(see Figure 1).  In this familiar test, the first step is to characterize the Fizeau cavity comprised of a transmission flat 

(TF) and a reflectance flat (RF) only, without the object. The next step is to place the object or sample inside the cavity, 

tilted slightly to avoid direct, first-order reflections back into the interferometer imaging optics.  Next is the 

measurement of the transmitted wavefront profile of the sample, which is approximately equal to the optical thickness of 

the object minus the physical thickness of the object.  The measurement usually employs mechanical changes to the 

Fizeau cavity using PZT actuators, sufficient to shift the phase of the Fizeau cavity formed by the TF and the RF by e.g. 

2π.  Electronic image acquisition and data processing then yields the interference phase across the sample image.   Using 

the transmitted wavefront profile, the known index of refraction of the object, and the known characteristics of the 

cavity, a computer calculates the optical thickness profile of the object.   

Figure 1 would be already the end of the story were it not for errors related to the unwanted multiple reflections between 

the object surfaces, typically on the level of a few nm, which cannot be suppressed by tilting the sample. Figure 2 shows 

in somewhat greater detail the optical geometry with the addition of a wavelength-adjustable (but not necessarily 

continuously tunable) laser. The first-order reflected electric fields are TFE  and RFE , as shown.  These electric field 

interfere to create a field-dependent intensity variation at the CCD proportional to   

 

( )1 cosI V θ= +  (1) 

 

where θ is the interference phase, V is the fringe visibility.  The phase θ is linearly proportional to the round-trip optical 

path length from the TF to the RF:  

 

2 OPLπθ
λ

=   (2) 

 

where λ  is the laser wavelength.  Note that there is an inherent 2-π  ambiguity in the phase measurement, the field 

dependence of which may be eliminated using any one of the standard phase connect or unwrapping procedures.   
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Figure 2: Schematic of transmitted wavefront geometry showing  

spurious reflected electric fields 1 2,ε ε  and the addition of a wavelength-adjustable laser source. 

The usual transmitted wavefront procedure involves an initial calibration calOPL  of the Fizeau cavity optical path 

length with the object removed. With the object in place, I measure a new path length testOPL the optical thickness 

profile Z  of the object is  
 

( ) ( )
2 1 test cal

n
Z OPL OPL

n
= −

−
.  (3) 

 

There are however in addition to the desired electric fields TFE  and RFE , two spurious electric fields 1 2,ε ε  resulting 

from internal reflections between the front and back object surfaces.  For thin substrates (e.g. < 1mm) and nearly parallel 

TF and RF (e.g. < 10-µrad wedge), the spurious electric fields are nearly identical in phase and amplitude and one can 

set them to a common value ε: 
 

1 2ε ε ε≈ ≡  (4) 
 

The phase of the spurious fields relative to the desired field reflected from the RF is 
 

( ) ( )arg arg RFEα ε= −  (5) 

 

which evaluates to 
 

( )4
Z nT

πα
λ

= +   (6) 
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where T is the nominal physical thickness of the object and Z is the field-dependent optical thickness profile, less the 

nominal value nT.  The relative amplitude of the error term is 

 
2

RFr Eε = .  (7) 

 
where r is the surface reflectivity. The resulting error in the measured optical path difference caused by the sum of 

1 2,ε ε  is therefore 
 

( )2 sinOPL r
λδ α
π

≈ .  (8) 

 

For a nominal laser wavelength of 633 nm and an amplitude reflectivity r of 20% for the object surfaces (typical of BK7 

and fused silica glass), the peak-valley round-trip optical path error is 16 nm, much too large for precision testing.  

Further, for the case of thin plates, it is impractical to tilt the plates to attempt a cancellation of the errors according to 

the technique developed by Ai and Wyant for optical flats.11 

Here I propose to suppress the error terms 1 2,ε ε  by means of two (or more) successive measurements of optical path 

length at two (or more) discrete laser wavelengths.  These independent optical path length measurements are then 

averaged to create a final data set with reduced error.  The proposed measurement sequence is as follows:  The 

instrument measures a first optical thickness profile 1Z  at a first wavelength 1λ , using Eq.(3).  Then, the laser is tuned 

in wavelength an amount ∆λ sufficient to change the relative phase α defined in Eq.(5) by ±π. From Eq.(6).  The 

required shift may be calculated from 

 
2 4nTλ λ∆ = −   (9) 

 

which is equivalent to an optical frequency shift of 

 

4c nTν∆ =   (10) 
 

As a rule of thumb, most glasses have an index of n ~ 1.5, for which a 0.1-mm thick substrate would require a 

∆ν = 500-GHz frequency shift or a ∆λ = 0.7-nm wavelength shift. The instrument now measures a second optical 

thickness profile 2Z  at a second wavelength 2 1λ λ λ= ± ∆ .  This measurement will have an equal but opposite error 

contribution attributable to 1 2,ε ε . As a final step, the computer averages the two optical thickness profiles: 

 

1 2

2net
Z Z

Z
+=   (11) 

 

resulting in a final profile netZ  with substantially reduced error. 

A suitable tunable laser source is the NewFocus model 6304 with a coarse tuning range of 632-637 nm and a wavelength 

tuning resolution of 0.02 nm.  This laser has a continuous fine-tuning range of 70 GHz (0.09 nm) but is easily capable of 

switching between discrete wavelengths separated by 0.7-nm to invert the error terms on a 0.1-mm thick substrate. 
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EXPERIMENTAL VALIDATION 

I have demonstrated in the lab the proposed technique on a 50-mm diameter, 1-mm thick substrate intended for use in 

the fabrication of high-precision telecommunications filters, achieving reasonable thickness profiles with a repeatability 

of the P-V (peak valley) flatness on the order of a nm.  The difficulty in measuring these thin substrates means that there 

are few techniques to validate that the results are accurate.  The best solution that I have identified is to use the FTPSI 

technique operating at an infrared wavelength for which large, continuously tunable laser sources are more readily 

available.12  Figures 3 through 5 show comparative results, with a general agreement of a few nm for the two profiles. 

 
 

 
 

Left: Present technique at 633nm. Right: 1550 nm FTPSI. 

Figure 3: Optical thickness profile of a glass substrate, showing PV=145 nm of wedge.  Left: two-step wavelength 
adjustment technique described in this paper at a nominal 633-nm wavelength; Right: independent measurement using 

Fourier Transform techniques and continuous tuning at 1550nm. 

 

  

Left: Present technique at 633nm. Right: 1550 nm FTPSI. 

Figure 2: Optical thickness profile of a substrate having PV=14 nm of flatness error. 
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Left: Present technique at 633nm. Right: 1550 nm FTPSI. 

Figure 3: Optical thickness profile of part B showing a point defect at the center.  PV=21 nm. 

 

CONCLUSION 

I show in this paper how one may adapt the familiar laser Fizeau transmission test to the task of high-precision optical 

thickness profiling by means of a wavelength-adjustable laser. By tuning to two or more successive wavelengths selected 

to reverse the sign of multiple-reflection error terms, the damaging effect of spurious reflections can be reduced from a 

few tens of nm to a few nm. 

Although this technique overcomes the requirement for a continuously tunable laser for this specific application, I relied 

upon the more advanced FTPSI technique to for the comparison studies and experimental validation.  This suggests that 

when possible, it is preferable to make this measurement using infrared FTPSI.  Nonetheless, if a visible wavelength is a 

necessity and a suitable wide, continuous-tuning bandwidth source is unavailable, the present technique can be of 

service. 
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