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ABSTRACT  
 

Phase shifting white light interferometry (PSWLI) has been widely used for optical metrology applications because of 
their precision, reliability, and versatility. White light interferometry using monochrome CCD makes the measurement 
process slow for metrology applications. WLI integrated with Red-Green-Blue (RGB) CCD camera is finding imaging 
applications in the fields optical metrology and bio-imaging. Wavelength dependent refractive index profiles of 
biological samples were computed from colour white light interferograms. In recent years, whole-filed refractive index 
profiles of red blood cells (RBCs), onion skin, fish cornea, etc. were measured from RGB interferograms. In this paper, 
we discuss the bio-imaging applications of colour CCD based white light interferometry. The approach makes the 
measurement faster, easier, cost-effective, and even dynamic by using single fringe analysis methods, for industrial 
applications.   

Keyword: Phase shifting interferometry, Optical metrology, White light interferometry, Bio-imaging, Red Blood Cells, 
Onion skin, Fish cornea.    

1. INTRUDUCTION 

Interferometry is a well-established full-filed, non-contact, non-invasive optical tool for both metrology and imaging 
applications. It has applications in the fields of fiber optics, optical metrology, surface profiling, microfluidics, 
mechanical stress/strain measurement, velocimetry, biology and medicine etc. It can inspect objects under static, quasi-
static or dynamic conditions. Interferometry can handle both smooth and rough samples.[1-5] In interferometry, the 
desired/phase information about the test object is encoded in the fringe pattern, which in fact represents the phase 
distribution. By analysing the interferogram produced by a test surface, one can extract the phase information. Various 
multiple-frame[5, 6] and single-frame[7-11] methods have been used for quantitative analysis of fringe patterns. Single 
wavelength (1λ) measurements are accurate, but using 1λ greatly limits the wide spread applications of interferometry. 
The major drawback associated with 1λ –metrology for surface profiling of discontinuous surfaces is the unambiguous 
step-height measurement range is limited to half-a-wavelength (λ/2). The approaches adopted to overcome this problems 
are based on scanning white light interferometry,[12, 13] spectrally resolved white light interferometry,[14, 15] 2λ or 3λ- 
interferometry,[16-19] and white light interferometry with colour CCD.[20-23]. 
Scanning white light interferometry (WLI) is a state-of-the-art technique for measuring discontinuities on specular 
surfaces. WLI makes use of the short coherence length of the white light source. High contrast fringe occurs only when 
the optical path difference (OPD) 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 object under test. Compared to 1λ- (phase shifting) interferometry, the scanning 
white light interferometry is rather slow, as the number of frames to be recorded and evaluated is large.[12, 13] The 
spectrally resolved white light interferometry (SRWLI) is a variation of WLI in which the white light interferogram is 
spectrally resolved into its constituent colour interferograms.[14, 15] All the colour fringes are analysed for respective 
phases, which are then used to determine the surface profile. The phases at all the wavelengths can be evaluated by phase 
shifting technique. However this procedure gives only a line profile of the test object, although the requirement on 
number of frames is similar to the single wavelength phase shifting interferometry. In 2λ or 3λ- interferometric 
techniques more than one visible (e.g. red (R), green (G), blue (B)) laser wavelengths are used for measurements. Each 
wavelength will generate its own interference pattern. The acquisition of the multiple-wavelength interferograms can be 
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done in two different ways: (i) Sequential illumination mode[16, 24] in which interferograms are recorded with different 
wavelength one after another sequentially using a monochrome CCD. This is a time consuming process, and (ii) 
Simultaneous illumination mode[25-28] in which all the interferograms are recorded in one go by using a colour CCD 
camera. This approach makes the fringe acquisition as simple as in single-wavelength case. Three different sensors have 
been used for recording colour interferogram: (a) 1-CCD sensor with Bayer filter,[22] (b) 3-CCD sensor,[25] and (c) 
Foveon X3 sensor.[29] The Bayer filter 1-CCD RGB camera has been demonstrated for many applications including: 
surface profiling of large discontinuities,[28] simultaneous measurement of shape and deformation,[27, 30] non-
destructive testing (NDT) of large defects,[31] simultaneous acquisition of blood flow, blood volume, and oxygenation 
on human fingers using dual-wavelength laser imaging[32] etc.  
Recently, white light illumination combined with single-chip CCD RGB camera was successfully demonstrated for 
surface profiling of micro-lens array and large-discontinuities,[33] refractive index profiling of biological cells 
(RBCs),[26] onion skin,[34] fish-eye cornea[35] etc. This approach was further simplified by using single-frame 
methods instead of multiple-frame methods for phase measurements.[30] Thus the WLI interferometry that uses a RGB 
1-CCD camera to acquire R, G, B interferograms simultaneously is a simpler, faster, and dynamic tool for metrology and 
imaging applications. In this paper, we will discuss the application of WLI with 1-chip CCD for surface profiling of 
microlens and discontinuous surfaces. Along with our optical metrology applications, we briefly discuss the applications 
of WLI with colour CCD for bio-imaging.  

2. WHITE LIGHT INTERFEROMETRY WITH 1-CHIP CCD CAMERA 

A typical white light interferometer with a RGB 1-CCD colour camera is depicted in Fig.1. The interference device is a 
micro- Mirau interference system equipped with PZT for phase shifting. A convex lens is used to collimate the white 
light. The collimated beam illuminates the micro-specimen via the beam splitter (CBS) and the Mirau objective (MO). 
The test specimen is mounted on a 3-axis stage for alignment. The measurement system consists in microscopic 
objectives with different magnifications. The white light interference pattern is acquired using a colour camera (1-CCD 
JAI BB-500GE 2/300 GigE vision camera). The colour CCD is interfaced to the computer with a frame grabber card. A 
piezo-electric transducer (PZT) is attached to the Mirau objective to generate phase shifted frames. The PZT is driven by 
the PC with a Data acquisition card (DAQ) card. Real-time fringe visualization, storing phase shifting, and quantitative 
fringe analysis were carried out in LABVIEW and MATLAB software. 

3. SURFACE PROFILING OF MICROLENS  

Measurement of the shape, surface quality, and optical performance of micro-lenses, as well as, the uniformity of the 
parameters across the wafer is an important issue. Laser interferometry is not ideal for surface profiling of smooth 
surfaces, because the long coherence length results in speckle noise, which could introduce error in the surface profile. 
Hence white light is ideal source for testing microlens array. 3-D surface profiling of a fused silica microlens is 
demonstrated using the system shown in Fig.1. The microlens and the reference mirror were illuminated with a white 
light source and interferograms were collected using a 1-CCD RGB camera. The three wavelengths corresponding to the 
three interferograms were determined by the spectral bands of the colour CCD used. The CCD has three separate spectral 
bands, R, G, B centered at Red (620 nm), Green (540 nm), and Blue (460 nm) wavelengths respectively. The PZT was 
calibrated at 540 nm for phase shift 90º, so the maximum phase shift error involved is ~16o, which can be compensated 
by using 8-step algorithm. Eight phase shifted frames were acquired and decomposed each frame in to its individual 
components and the corresponding phases at R, G, B were calculated using 8-step algorithm. Any one of them can be 
used to reconstruct the surface profile of microlens array. The white light colour interferogram obtained on a micro-lens 
is shown in Fig. 2(a). Figs. 2(b-d) shows the individual interferograms decomposed from interferogram in Fig. 2(a). The 
wrapped phase map at 620 nm and unwrapped 3-D surface profile of the array are shown in Figs. 2(e) and 2(f), 
respectively.  
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Fig. 1. Schematic of a phase shifting white light interferometer with a colour CCD: CBS- Cubic beam splitter, MO- Microscopic 
objective, RM - Reference mirror, PBS - Partial reflecting beam splitter, PZT - Piezoelectric transducer; DAQ - Data acquisition card.  

 

 

Fig. 2. 3-D Surface profiling of a fused silica micro-lens: (a) white light colour interferogram, interferogram at (b) 620 nm, (c) 540 nm, 
(d) 460 nm, and (e) wrapped phase map at 620 nm, (f) 3-D view of the micro-lens.  
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4. SURFACE PROFILING OF DISCONTINUOS SURFACES  

Fig. 3 shows the surface profiling of a silica sample with small (Figs. 3(a-c)) and large (Figs. 3(d-f)) discontinuities using 
the system shown in Fig. 1. Figs. 3(a) and 3(d) show the colour white light fringes generated on a small and large step, 
respectively. The colour white light interferogram, the interferogram at 620 nm, and corresponding 3-D phase map 
calculated using 8-step algorithm are shown in Figs. 3 (a-c), respectively. The step-height is about 130 nm, which is less 
than 310 nm if 620 nm data is used. Figs. 3(d,e) show the colour white light interferogram, and the interferogram at 620 
nm. The 3-D profile obtained using fringe order method is shown in Fig. 3(f). The step-height value measured from 
fringe order method is about 640 nm. The fringe order method could resolve the large discontinuity, and also retain the 
single-wavelength resolution. The maximum step-height that can be measured using this approach is determined by the 
spectral band widths of the R, G, B channels. For example. the bandwidth of R channel of the 1-CCD JAI BB-500GE 
2/300 GigE vision camera used for this experiment is ~80 nm, and hence the coherence length of this channel become 
~3600 nm ( 	 Δ⁄ . So, the maximum step-height measurement is limited by the coherence length of the channel. 
To increase the measurement range the channel spectral width needs to reduced. To make this measurement further 
simpler, and a single-shot approach using Hilbert transformation single frame analysis was demonstrated for profiling of 
large discontinuities.[33] 

 

Fig.3. 3-D Surface profile analysis of an etched silicon sample with small (a-c) and large (d-f) step: (a) white light interference pattern 
generated on a small step, (b) the extracted interferogram at 620 nm, (c) 3-D profile showing 130 nm step height, (d) white light 
interference pattern generated on a large step, (e) the extracted interferogram at 620 nm, (f) 2π ambiguity corrected 3-D surface profile 
using fringe order method. 

4. APPLICATIONS FOR BIO-IMAGING 

Quantitative measurement of the refractive index of biological cells is important for extracting vital information, such as, 
concentration of hemoglobin, thickness, average mass of cell, etc.[36] The refractive index [n(λ)] of a biological cell is 
wavelength dependent, hence requires several wavelengths for measuring the refractive index. Recently, quantitative 
measurement of phase and wavelength-dependent refractive index of RBCs was reported using a white light phase 
shifting interferometry and 1-CCD colour camera.[26] The measurement system used is similar to the system shown in 
Fig. 1. To make the measurements simpler and single-shot, a Hilbert transformation single-frame method was used for 
quantitative phase analysis of polystyrene spheres, biological (RBC) cells, onion skin etc.[37] The quantitative phase 
map of onion skin obtained using single-shot Hilbert transformation method. The refractive indices of the onion cell for 
three wavelengths red, green and blue and was measured to be 1.59, 1.55 and 1.51, respectively.[37] Cornea is a smooth 
membrane that covers the front of the eye and plays an important role in focusing images on the retina. Any minor 
changes in the surface shape of the cornea will affect clarity of the image. The cornea is a major refractive surface of the 
eye which contributes ~70% to the total dioptic power. Corneal topography information is helpful for finding the health 
of cornea, and for treatment or surgery. White light source which has short coherence length can provide high axial  
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resolution for precise cross-sectional imaging of Cornea. White light was already used for biological tissue imaging 
applications.[35] Using the same WLPSI with 1-CCD RGB camera system, topography and tomography of fish cornea 
were obtained.[35] Thus the white light interferometry with colour 1- CCD camera is a promising tool for biological 
imaging applications. 

5. CONCLUSIONS 

In this article, we presented a white light interferometry with single-chip colour CCD that can be used for optical 
metrology and imaging applications. The system was demonstrated for surface profiling of micro-lens and measurement 
of small / large discontinuities on micro-samples. Along with our optical metrology results, we briefly discussed the bio-
imaging applications of the system reported recently. The system has several advantages over single wavelength 
techniques: (i) along with small step-height measurements, large step-height measurements are possible, (ii) 
spectroscopic imaging of biological cells, (iii) the use of colour CCD allows the image acquisition as simple as single 
wavelength case. Thus the described interferometric system could be a promising tool that can provide simpler, cheaper, 
and faster quantitative measurements for optical inspection and imaging applications. 

 

ACKNOWLEDGMENT 

The authors would like to acknowledge the financial support from the Singapore Ministry of Health’s National Medical 
Research Council (NMRC/OFIRG/0005/2016: M4062012). Authors have no relevant financial interests in the 
manuscript and no other potential conflicts of interest to disclose. 

 

REFERENCES 

[1] P. K. Upputuri, and M. Pramanik, “Microsphere-aided optical microscopy and its applications for super-
resolution imaging,” Optics Communications, 404, 32-41 (2017). 

[2] U. Paul Kumar, N. Krishna Mohan, and M. P. Kothiyal, “Measurement of static and vibrating microsystems 
using microscopicTV holography,” Optik - International Journal for Light and Electron Optics, 122(1), 49-54 
(2011). 

[3] U. Paul Kumar, B. Bhaduri, N. Krishna Mohan et al., “Microscopic TV holography for MEMS deflection and 
3-D surface profile characterization,” Optics and Lasers in Engineering, 46(9), 687-694 (2008). 

[4] U. P. Kumar, M. P. Kothiyal, and N. K. Mohan, “Microscopic TV shearography for characterization of 
microsystems,” Optics letters, 34, 1612-1614 (2009). 

[5] D. Malacara, [Optical Shop Testing] John Wiley & Sons, Inc., 674-763 (2007). 
[6] P. K. Upputuri, N. K. Mohan, and M. P. Kothiyal, “Measurement of discontinuous surfaces using multiple-

wavelength interferometry,” Optical Engineering, 48(7), 073603-1-073603-8 (2009). 
[7] P. K. Upputuri, M. Pramanik, K. M. Nandigana et al., “White light single-shot interferometry with colour CCD 

camera for optical inspection of microsystems,” Proceedings of SPIE, 9524, 95240C-1-95240C-8 (2015). 
[8] U. Paul Kumar, U. Somasundaram, M. P. Kothiyal et al., “Single frame digital fringe projection profilometry 

for 3-D surface shape measurement,” Optik - International Journal for Light and Electron Optics, 124(2), 166-
169 (2013). 

[9] G. Goldstein, and K. Creath, “Dynamic 4-dimensional microscope system with automated background leveling,” 
Proc SPIE Int Soc Opt Eng, 8493, 84930N (2012). 

[10] K. Kitagawa, “Single-shot surface profiling by multiwavelength interferometry without carrier fringe 
introduction,” Journal of Electronic Imaging, 21(2), 021107 (2012). 

[11] U. P. Kumar, N. K. Mohan, and M. P. Kothiyal, “Characterization of micro-lenses based on single 
interferogram analysis using Hilbert transformation,” Optics Communications, 284(21), 5084-5092 (2011). 

[12] F. Fang, Z. Zeng, X. Zhang et al., “Measurement of micro-V-groove dihedral using white light interferometry,” 
Optics Communications, 359, 297-303 (2016). 

 

Proc. of SPIE Vol. 10503  105032E-5

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 3/1/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 
 

 
 
[13] B. Maniscalco, P. M. Kaminski, and J. M. Walls, “Thin film thickness measurements using Scanning White 

Light Interferometry,” Thin Solid Films, 550, 10-16 (2014). 
[14] S. K. Debnath, and M. P. Kothiyal, “Experimental study of the phase-shift miscalibration error in phase-shifting 

interferometry: use of a spectrally resolved white-light interferometer,” Applied Optics, 46, 5103-5109 (2007). 
[15] P. de Groot, and L. Deck, “Surface Profiling by Analysis of White-light Interferograms in the Spatial Frequency 

Domain,” Journal of Modern Optics, 42(2), 389-401 (1995). 
[16] U. P. Kumar, N. K. Mohan, and M. P. Kothiyal, “Deformation and shape measurement using multiple 

wavelength microscopic TV holography,” Optical Engineering, 48(2), 023601-1-023601-10 (2009). 
[17] U. Paul Kumar, N. Krishna Mohan, and M. P. Kothiyal, “Multiple wavelength interferometry for surface 

profiling,” Proceedings of SPIE, 7063, 70630W-1-70630W-10 (2008). 
[18] J.-M. Desse, “Oil-Film Interferometry Skin-Friction Measurement Under White Light,” AIAA Journal, 41(12), 

2468-2477 (2003). 
[19] R. Kästle, E. Hack, and U. Sennhauser, “Multiwavelength shearography for quantitative measurements of two-

dimensional strain distributions ” Applied Optics, 38(1), 96-100 (1999). 
[20] P. K. Upputuri, M. Pramanik, K. M. Nandigana et al., “Multi-colour microscopic interferometry for optical 

metrology and imaging applications,” Optics and Lasers in Engineering, 84, 10-25 (2016). 
[21] P. K. Upputuri, M. Pramanik, K. M. Nandigana et al., “White light interferometer with color CCD for 3D-

surface profiling of microsystems,” Proceedings of SPIE, 9302, 93023R-1-93023R-6 (2015). 
[22] U. P. Kumar, W. Haifeng, N. K. Mohan et al., “White light interferometry for surface profiling with a colour 

CCD,” Optics and Lasers in Engineering, 50(8), 1084-1088 (2012). 
[23] A. Pförtner, and J. Schwider, “3λ-Metrology,” Proceedings of SPIE, 4777, 194-201 (2002). 
[24] U. P. Kumar, B. Bhaduri, M. P. Kothiyal et al., “Two-wavelength micro-interferometry for 3-D surface 

profiling,” Optics and Lasers in Engineering, 47(2), 223-229 (2009). 
[25] A. P. rtner, and J. Schwider, “Red-green-blue interferometer for the metrology of discontinuous structures,” 

Applied Optics, 42, 667-673 (2003). 
[26] D. Singh Mehta, and V. Srivastava, “Quantitative phase imaging of human red blood cells using phase-shifting 

white light interference microscopy with colour fringe analysis,” Applied Physics Letters, 101(20), 203701 
(2012). 

[27] U. P. Kumar, N. K. Mohan, and M. P. Kothiyal, “Red-Green-Blue wavelength interferometry and TV 
holography for surface metrology,” Journal of Optics, 40(4), 176-183 (2011). 

[28] K. Kitagawa, “Fast Surface Profiling by Multi-Wavelength Single-Shot Interferometry,” International Journal 
of Optomechatronics, 4(2), 136-156 (2010). 

[29] J. M. Desse, P. Picart, and P. Tankam, “Sensor influence in digital 3λ holographic interferometry,” 
Measurement Science and Technology, 22(6), 064005 (2011). 

[30] M. Dai, F. Yang, and X. He, “Single-shot color fringe projection for three-dimensional shape measurement of 
objects with discontinuities,” Applied Optics, 51, 2062-2069 (2012). 

[31] P. K. Upputuri, S. Umapathy, M. Pramanik et al., “Use of two wavelengths in microscopic TV holography for 
non destructive testing,” Optical Engineering, 53, 110501-1-110501-3 (2014). 

[32] J. Wang, Y. Wang, B. Li et al., “Dual-wavelength laser speckle imaging to simultaneously access blood flow, 
blood volume, and oxygenation using a color CCD camera,” Opt Lett, 38(18), 3690-2 (2013). 

[33] P. K. Upputuri, L. Gong, H. Wang et al., “Measurement of large discontinuities using single white light 
interferogram,” Opt Express, 22(22), 27373-80 (2014). 

[34] D. L. Farkas, V. Srivastava, D. V. Nicolau et al., “Single shot white light interference microscopy with colour 
fringe analysis for quantitative phase imaging of biological cells,” 8587, 858706 (2013). 

[35] V. Srivastava, S. Nandy, and D. Singh Mehta, “High-resolution corneal topography and tomography of fish eye 
using wide-field white light interference microscopy,” Applied Physics Letters, 102(15), 153701 (2013). 

[36] B. Bhaduri, C. Edwards, H. Pham et al., “Diffraction phase microscopy: principles and applications in materials 
and life sciences,” Advances in Optics and Photonics, 6(1), 57 (2014). 

[37] V. Srivastava, D. V. Nicolau, and D. S. Mehta, “Single shot white light interference microscopy with colour 
fringe analysis for quantitative phase imaging of biological cells,” Proceedings of SPIE, 8587, 858706 (2013). 

 

Proc. of SPIE Vol. 10503  105032E-6

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 3/1/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use


