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ABSTRACT 
White light interferometry (WLI) is a state-of-the-art technique for high resolution full-filed 3-D surface profiling of 
Microsystems. However, the WLI is rather slow, because the number of frames to be recorded and evaluated is large 
compared to the single wavelength phase shifting interferometry. In this paper, we combine white light interferometer with a 
single-chip color CCD camera which makes the measurement faster, simpler, and cost-effective. The red-blue-green (RGB) 
color interferogram stored in a computer is then decomposed into its individual components and corresponding phase maps 
for red, green, and blue components are calculated independently. The usefulness of the technique is demonstrated on 
reflective micro-scale-samples.     
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1. INTRUDUCTION 

The single wavelength phase shifting interferometry (PSI) offers excellent vertical resolution and sensitivity 1-4. It requires 
more than 3 phase shifted frames for phase calculation. But, it’s unambiguous range is limited to half a wavelength (λ/2). 
The approaches adopted to extend the measurement range are based on multiple-wavelength5-17 and white light 
interferometry 4,18. Multiple wavelength technique requires typically 2 or 3 laser wavelengths for surface profiling. White 
light interferometry makes use of the short coherence length of the white light source. High contrast fringe occurs only when 
the optical path difference is close to zero. The 3-D plot of the axial positions of the zero OPD along the optical axis 
represents the surface profile of the test object. Compared to single wavelength PSI, the white light interferometry is rather 
slow, as the number of frames to be recorded and evaluated is large. The spectrally resolved white light interferometry 19, on 
the other hand gives only a line profile of the object, although the requirement on number of frames is similar to the single 
wavelength PSI. 

Phase shifting white light interferometry combined with 3-chip16 and single-chip17,18 colour CCD camera have been 
demonstrated. It can make the data acquisition as simple as in single wavelength case. In a 3-chip CCD each chip registers a 
different primary colour, red (R), green (G), or blue (B).  Thus one pixel for chip is used to reproduce image. A 3-chip colour 
CCD can give high resolution, but is costly. In a single-chip CCD camera, on the other hand, a group of three pixels is 
required to register all the three colours of the image with the help of colour filters. However, this technique requires 
typically 5 to 8 phase shifted frames for phase evaluation 16,17. Though PSI can provide high resolution phase profile; it is 
time consuming and cannot be used for dynamic measurements. So, fringe analysis using a single frame obviously is an 
attractive scheme as it makes the measurement faster and dynamic. Hilbert Transform (HT) method has been successfully 
applied for single frame analysis 21-23. 

In this paper, we discuss Hilbert transform fringe analysis of a single white light interferogram acquired with a single-chip 
colour CCD camera for optical inspection of microsystems. First the individual interference data for red, green, blue colors 
are separated from the color white light interferogram and then processed independently for phase calculation using Hilbert 
transformation. The present technique does not require phase shifting method, multiple-wavelength laser sources, or 3-chip 
CCD for surface profiling. Thus, it makes the measurement faster, simpler and less expensive. The single chip-CCD has 
three separate spectral bands, R, G, B centered at Red (λ1 =620 nm), Green (λ2=540 nm), and Blue (λ3=460 nm) wavelengths 
respectively. Experimental results on micro-specimens are presented. 



 
 

2. THEORY 

The white light interferogram may be considered as the superposition of the interferograms corresponding to the R, G, B 
wavelengths. In this procedure we separate the R, G, B data and process them separately. The intensity distribution of any 
one of the  interferograms may be expressed as 

0 b bh (x, y) h (x, y) h (x, y) (x, y)cos (x, y)= + γ δ                                               (1) 

where hb(x,y) is the bias intensity, γ(x,y) is the visibility, and δ(x,y) is the phase at any point (x,y) in the interferogram 
corresponding to the wavelength under consideration.   

According to the signal theory, a complex wave function ψ(x) = p(x) + iq(x)  may associated, with each real wave function 
p(x). Here, the real part p(x) is the original signal and imaginary part q(x) is the HT of the original signal which is phase 
shifted by π/2 21-23. In Hilbert transform, only the phases of the spectral components are altered by π/2, positively or 
negatively according to the sign of x, but their amplitudes left unchanged. Prior to the application of Hilbert transformation, 
the bias must be eliminated from the signal. If the bias is uniform, it can be removed by applying Hilbert transformation. But 
the phase analysis in this case requires second time application of HT.  

However, typical white light interference fringes are modulated and associated with non-uniform bias. Such a fringe system 
can be effectively processed using a min-max method 25, 26. Eq.(1) represents a typical signal in the colour channels. Eq(1) 
can be used to obtain cosδ at any pixel using the relation : 

2h h h0 0 max 0 mincos( ) C
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−
                                                               (2) 

Eq.(2) represents a cosine signal (C). The HT of the signal in Eq.(2) can be obtained as 

{ }S Im hilbert C sin( )= = δ                                                                         (3) 

Now, the desired phase can be calculated using Eq.(2) and Eq.(3)  

   S = arctan
C

 δ  
 

                                                            (4) 

However, the phase  δ determined using Eq.(4) differs from the correct argument δ of the cosine function in Eq.(1) because 
of finite extent of the original signal. Hence the calculated phase using Eq.(4) may be represented as δ', where δ' may be 
written as  

'δ = δ + ξ                                         (5) 

where ξ is the error. The error ξ can be calculated for any value of δ to create a look-up table which can be used to correct the 
calculated phase 22,23.   

3. FRINGE ORDER METHOD 
 

The phase δ is related to the surface profile 'z' by the following equation: 

4 k zi iδ = π                                                                                      (6) 

where, i represents the wavelengths in the RGB channels, z is the height or depth of the surface,  ki = 1/λi is the wavenumber. 
The individual phase maps thus evaluated can be used to remove half wavelength ambiguity which appears at single 
wavelength in two ways: (a) Phase subtraction method 5-12, and (b) Fringe order method 16,17. In this paper, we use fringe 
order method to achieve ambiguity-free high resolution surface profile phase.     



 
 

The variation of δi with ki is linear as shown in Eq. (6). Using the phases at three wavelengths, it is possible to adjust the 
wrapped phase data at any pixel such that they lie on a best fit line by addition or subtraction of multiples of 2π. The slope of 
this line gives the absolute height at the pixel as 

a
1z

4 k
∆δ =  π ∆ 

                                                                        (7) 

where (Δδ/Δk) is the slope of the line obtained by plotting the individual phases (δi) with respect to the corresponding 
wavenumbers (ki). The value of za obtained from Eq.(7) is less precise but it is quite close to the actual value. The absolute 
height za thus measured can be used to estimate the fringe order (n) using the relation  

i i a
i

4 k z
n round
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δ − π =  π 

                                                                      (8) 

The function round () gives the nearest integer. Using the fringe order number (n), the total phase (Φ) with single wavelength 
resolution can be obtained as  

                                                      i i2 nΦ = δ − π                                                                              (9) 

Thus the fringe order method allows measurement of large discontinuities and retains the single wavelength resolution of the 
surface profile. 

 

4.  EXPERIMENTAL RESULTS 
Experiments were carried out using a conventional white light interferometer with single-chip RGB CCD. The test specimen 
is an etched silicon sample with discontinuities beyond the range of a single wavelength measurement.  Fig.1(a) shows the 
colour image of white light tilt fringes generated on the surface of the test specimen. The dimensions of the raw colour image 
acquired using the single-chip CCD are 2456 X 2058 X 3 pixels. The colour image is then separated into its individual R, G, 
and B components of dimensions 2456 (H) X 2058 (V). The decomposed components correspond to Red (λ1 =620 nm), 
Green (λ2 =540 nm) and Blue (λ3 =460 nm). The signals from the R G B channels are associated with non-uniform bias and 
are modulated. So, these individual interferograms are processed using min-max method as discussed in Section-2. The 
interference pattern at λ1 is shown in Fig.1(b). The corresponding phase calculated using Eq.(4) is shown in Fig.1(c). 
Similarly, the phases at individual wavelengths are calculated using Eq.(4).  

The wrapped phase maps thus evaluated at three wavelengths λ1 , λ2 , λ3 are used to increase the unambiguous range using 
fringe order method as explained in Section-3. The wrapped phase values at a pixel are adjusted by addition of integers so 
that the adjusted values lie on a line. The slope of the line gives the absolute value of z at the pixel. Fig. 2(a) shows the 
ambiguity removed 3-D surface profile using the fringe order method for λ1 = 620 nm. The surface profile measured along 
central y-axis is shown in Fig. 2(b) and as expected it has the usual smoothness of single wavelength phase shifting 
interferometer. The height of the step has been determined by linear least square fitting across the top and bottom of the 
profile and determining the height difference at the location of the step. From the analysis, the step height value measured is 
645 nm.  

We have also carried out surface profiling on micro-lens array as shown in Fig.3.  The application of HT is straight forward 
for open fringe system (such as tilt fringes). For objects which generate closed fringes, the application of HT is not straight 
forward. This results in an additional ambiguity in the wrapped phase map. To solve this problem, procedures described in 
the references 22-24 can be followed. Fig.4. shows the surface profile analysis on a reflective sample with micro-grooves.  



 
 

 
Fig.1. Fringe analysis using Hilbert transformation: (a) white light interferogram, (b) interferogram at λ1, and (c) wrapped phase calculated. 

 
(a)                                                                                       (b) 

Fig.2. Surface profile analysis using the fringe order method: (a) 2π ambiguity corrected single wavelength 3-D surface profile of an etched 
silicon sample using the phase at λ2, and (b) line scan profile showing the step height 645 nm. 
 

 
Fig.3. Surface profiling on micro-lens array: (a) white light interferogram, (b) wrapped phase calculated at λ1, and (c) 3-D view of the micro-lens 
array. 

 
Fig.4. Surface profiling on micro-groves: (a) white light interferogram, (b) wrapped phase calculated at λ1, and (c) 3-D view of the micro-groves. 



 
 

5. CONCLUSIONS 
We have demonstrated a single frame white light interferometer using a single-chip colour CCD camera for surface profiling 
of both continuous and discontinuous surfaces. Hilbert Transformation is used to generate the phase shifted frame; hence it 
does not require any phase shifting hardware. The proposed method is simpler, faster, and cost-effective. As it requires only 
one frame, it allows dynamic measurements as well.  The system will find applications in industry for optical inspection of 
microsystems. 
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