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Refractive index characterization of both living and non-living microscopic objects is of significant interest for variety of 
biomedical applications. Here, we report use of an integrated Atomic force microscope (AFM) and Digital holographic 
microscope (DHM) for refractive index mapping. Though DHM yields quantitative phase properties of the sample with 
high temporal resolution, the phase measurements are inherently dependent on both the refractive index and physical 
thickness. Integration of DHM and AFM on the same inverted microscope led to realization of a powerful platform for 
nanoscale mapping of phase and thickness of microscopic samples. © Anita Publications. All rights reserved.
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1 Introduction

 Refractive index characterization of both living and non-living microscopic objects is of significant 
interest for variety of material science and biomedical applications. For example, microspheres of high 
[1] as well as low [2-3] refractive indices have been finding importance as contrast enhancement agents 
for optical coherence tomography as well as other (e.g. ultrasound) modes of imaging. Further, significant 
changes in refractive index of living cells (especially, red blood cells) are known to occur under influence of 
number of diseases such as malaria [4], cancer [5], and diabetes [6]. Therefore, measurement of the change 
in refractive index of cells can lead to better understanding of disease progression as well as pathological 
characterization [7]. Though digital holographic microscopy [8-9] (DHM), allows wide-field recording of the 
quantitative phase of the samples with high axial resolution, the refractive index and physical thickness values 
are not decoupled. Therefore, quantitative phase imaging methods [10] generally assumes either thickness 
or refractive index of the sample in order to determine the other parameter from the phase. Recently, we 
reported a dual-medium method [11] for decoupling refractive index from physical thickness. However, it 
requires change of medium surrounding the microscopic object and therefore may not be acceptable in many 
situations. For the purpose of determining thickness and refractive index of microscopic objects without 
changing the medium, we integrated atomic force microscopy (AFM) imaging [12] with DHM on same 
microscope platform. While such measurements have been carried out earlier on independent platforms, 
the integrated system has distinct advantages of in-situ characterization and manipulation of microscopic 
samples. The integrated AFM-DHM system was employed to characterize polystyrene microspheres and red 
blood cells.
 Digital holography, an emergent wide-field imaging technique, offers high axial resolution 
for quantitative phase imaging. In this method, a hologram that consists of the interference between the 
object and the reference beams is recorded by a CCD camera and the holographic image is numerically 
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reconstructed using the results of diffraction theory. Calculation of the complex optical field allows direct 
access of both the amplitude and phase information of the optical field, and by numerical focusing; the 
images can be obtained at any distance from a single recorded hologram. Digital holography also affords 
numerous digital processing techniques for manipulating the optical field information such as curvature 
in ways that are difficult or impossible in real space processing. For numerical reconstruction in digital 
holographic imaging, the propagation of the optical field can be calculated based on the Fresnel diffraction 
formula. The holographic image is numerically reconstructed using the angular spectrum method. Briefly, the 
angular spectrum of the wave field is obtained by taking the Fourier transform of electric field and separating 
it from other spectral components of the hologram with a band-pass filter by adjusting the off-axis angle θ of 
the incident beam. Then, the modified field can be rewritten as the inverse Fourier transform of the filtered 
angular spectrum. Thus the complex field distribution E(x,y,z) of any plane perpendicular to the propagating 
z axis can be calculated from Fourier theory [13]. The resolution of the reconstructed images from the angular 
spectrum method is the same as that in the hologram plane. The non-ambiguity phase range calculated from 
the complex field distribution is only from –π to π. Any phase outside this range will cause a wrapping effect 
of the phase map. The 2π phase ambiguities can be directly resolved to get an absolute sample phase map by 
phase unwrapping using Goldstein’s algorithm [14]. From the quantitative phase information, the refractive 
index (n) of the microscopic object was estimated from the physical thickness (Δd) using the equation Δd = 
λ(Δφ/2π)/(n – n0), where λ is the wavelength, Δφ is the phase, and n0 is the refractive index of the surrounding 
medium. 

2 Result and Discussion

 To enable simultaneous height and phase imaging of the sample, the integrated AFM-DHM system 
was built on the same inverted microscope. The schematic of the system is shown in Fig 1. The optically 
transparent fiber optic cantilever-tip of the AFM (Multiview, Nanonics) allowed successful integration of the 
DHM with the AFM. The mirror (M1) reflects the diode laser (DL) beam on to the fiber-tip. The reflection 
from the tip is detected by a quadrant photodiode (QPD) interfaced with PC. For holographic imaging, a 
diode laser (Micro Laser Systems) with an output wavelength of 670nm was used. The beam was collimated 
and expanded with a beam expander and split by a beam splitter (BS1) for Mach-Zehnder interferometry. 
One beam is directed to illuminate the sample through a condenser (CL) as would be done for transmission 
mode microscopy. The beam splitter transmits white light from halogen lamp (HAL) for bright-field imaging. 
The transmitted light is imaged by CCD1. The reference beam transmitted through BS1 is routed via a lens 
(L) and mirror (M2) to impinge on another beam splitter (BS2). The transmitted sample beam is deflected 
to the right by use of a mirror (M3) for allowing interference with the reference beam, which is recorded 
in the right-CCD2. Another microscope objective was placed in the reference arm of the interferometer 
for curvature compensation (not shown in picture). A slight angle is introduced between the object and 
the reference beams for off-axis holography. The holographic diffraction pattern and phase images were 
calculated in real time using custom-made software based on LabVIEW®. The AFM images were processed 
using WSxMsoftware [15].
 Polystyrene microspheres, and discotic RBCs (in an isotonic solution) were used for the AFM-
DHM based refractive index characterization experiments. The samples were placed on the AFM piezo 
stage (Multiview, Nanonics), which was then mounted on the microscope sample platform. The piezo stage 
was controlled by the computer. Figure 2 shows DHM and AFM imaging of polysterene particles (Bangs 
Lab). The AFM intensity (height) map of one of the polystyrene particles (Fig 2a) is shown in Fig 2b. The 
3D topographic reconstruction is carried out using WSxM software [15]. In order to determine the phase of 
the particles, simultaneous DHM imaging of the particles was carried out. The wrapped phase map obtained 
using DHM and corresponding unwrapped quantitative phase map in 3D are shown in Figs (2c) and (2d), 
resepectively. Figure (2e) shows the quantitative phase profile (green line) along a line across one of the 
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particles. The height profile of the same particle along the line (drawn in Fig 2b) is also shown in Fig (2e)
(black line). The optical thickness obtained from DHM-phase value is divided by physical thickness (AFM) 
to obtain refractive index map. The calculated refractive index profile of the polystyrene particle along the 
line is shown in Fig 2e (red line). 

Fig 1. Schematic of the integrated AFM and DHM set up on an inverted microscope platform. HL: 
Holographic laser for DHM; BS1 and BS2: Beam splitters; L: Lens; HAL: Halogen Lamp; CL: Condenser 
lens; DL: Diode laser; FL: Focussing lens; QPD: Quadrant photo diode; MO: Microscope objective; M1-3: 
Mirrors.
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Fig 2. Height and refractive index characterization of of polysterene microsphere using AFM-
DHM. (a) Bright field image, (b) AFM intensity (height) map. (c) Wrapped phase map from 
DHM, and (d) unwrapped quantitative phase map in 3D. (e) Phase (green line), height (black 
line) and refractive index (red line) profile of a polystyrene particle along a line.

Fig 3. DHM-AFM imaging of red blood cells (RBCs). (a) Quantitative phase map (DHM) of three 
RBCs, (b) Zoomed phase image of a region of interest. (c) AFM Intensity (height) map of the region 
of interest, (d) AFM phase image of the RBCs.

 Figure 3 shows integrated DHM-AFM imaging of red blood cells. The quantitative phase map 
(DHM) of three RBCs are shown in Fig (3a). Figure (3b) shows the zoomed phase image of a region of 
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interest. In Fig (3c), we show intensity (height) map of the region of interest obtained by AFM. Figure (3d)
shows AFM phase image of the RBCs. While AFM provides nm-resolution mapping of physical thickness, 
it requires significant recording time for examination of wide sample area owing to the scanning nature of 
the recording method. However, accurate determination of the refractive index map from the DHM required 
estimation of the physical thickness of the sample by AFM. Once refractive index is quantified, DHM can 
be used for measurement of dynamic changes in physical thickness over a wide-area with high temporal 
resolution. Unlike AFM, transverse resolution of DHM is limited by the optical diffraction limit. Therefore, 
integration of DHM with AFM can provide nanoscale information (refractive index, physical thickness).
 While mapping of refractive index (a fundamental property for material characterization) will allow 
wide-area evaluation of changes in parameters such as temperature, density (e.g. biomolecular interactions), 
measurement of dynamic physical changes will allow estimation of surface uniformity, viscoelastic properties 
of cells, and will also allow imaging of other dynamic events during mechanical actuation by the AFM 
cantilever. Since the pathophysiology of progression of diseases such as cancer is reflected in the material 
properties of the cells, it will be possible to quantify such changes optically by measurement of refractive 
index and viscoeleastic properties.

3 Conclusion

 To conclude, DHM in combination with AFM allowed comprehensive evaluation of height and 
refractive index of microscopic objects. The transparent nature of the fiber-optic AFM cantilever allowed 
simultaneous bright field/phase contrast imaging of the sample. The setup was utilized for refractive index 
and topographic analysis of microscopic objects.
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