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Spatial light interference microscopy (SLIM) is a novel method developed in our laboratory that provides
quantitative phase images of transparent structures with a 0.3 nm spatial and 0.03 nm temporal accuracy
owing to the white light illumination and its common path interferometric geometry. We exploit these features and demonstrate SLIM’s ability to perform topography at a single atomic layer in graphene. Further,
using a decoupling procedure that we developed for cylindrical structures, we extract the axially averaged
refractive index of semiconductor nanotubes and a neurite of a live hippocampal neuron in culture. We believe that this study will set the basis for novel high-throughput topography and refractometry of man-made
and biological nanostructures. © 2010 Optical Society of America
OCIS codes: 180.3170, 120.5050.

Quantitative phase imaging (QPI) has recently become an active field of study and novel experimental
approaches have been proposed to improve the existing (qualitative) phase contrast and differential contrast microscopy [1,2]. The range of QPI applications
in biology has been broadened to cover red blood cell
imaging [3], cell dry mass [4], cell and tissue refractometry [5], and polarization imaging [6]. Remarkably, due to the quantitative phase information rendered, the QPI is capable of bridging the fields of
light scattering and imaging via Fourier transform
light scattering, which is the spatial analog of Fourier transform spectroscopy [7].
However, because of speckle noise, QPI methods so
far have not matched the resolving power of white
light techniques such as phase contrast microscopy.
To overcome this obstacle, we combined the QPI with
a commercial phase contrast microscope, which uses
white light illumination [8]. As a result, this method,
referred to as spatial light interference microscopy
(SLIM), is speckle free and, thus, exhibits a 0.29 nm
optical-length sensitivity spatially (pixel to pixel),
which significantly exceeds the performance of previously reported QPI systems. This allows nanoscale
accuracy in thickness measurements if the refractive
index is known and, conversely, highly accurate refractive index information if the thickness is known.
In this Letter, we present for the first time, to our
knowledge, a novel application of SLIM to graphene
topography at the single atomic layer and refractometry of cylindrical structures, i.e., nanotubes and neurites.
SLIM is described in more detail elsewhere [8].
Briefly, the SLIM can be characterized as a combination of Zernike’s phase contrast microscopy and Gabor’s holography. SLIM was developed by producing
additional spatial modulation to the image field outputted by a commercial phase contrast microscope.
0146-9592/10/020208-3/$15.00

Specifically, in addition to the  / 2 shift introduced in
phase contrast microscopy between the scattered and
unscattered light from the sample [9], we generated
three additional phase steps, in increments of  / 2,
via a liquid crystal phase modulator. Four images
corresponding to each phase shift were recorded and
combined to produce a quantitative phase image.
To demonstrate the capability of SLIM for imaging
single atomic layers, we first performed measurements on graphene flakes. Graphene is a twodimensional lattice of hexagonally arranged and
sp2-bonded carbon atoms, i.e., a monolayer of the
bulk material graphite. The graphene sample was obtained here by mechanically exfoliating a natural
graphite crystal using an adhesive tape [10]. The exfoliated layers were deposited on a glass slide that
was then cleaned using isopropanol and acetone to
remove excess adhesive residues. Single-layer
(graphene) and few-layer graphite flakes are routinely obtained in this process, with lateral dimensions of up to several tens of micrometers.
Figure 1(a) shows SLIM image of such a graphene
flake. Qualitatively, it can be seen that the background noise is below the level of the sample itself. To
quantify the nanoscale profile of this structure we
transformed the phase distribution  into thickness
h, via h =  / 2共n − 1兲, with n = 2.6 being the refractive index of graphite [11]. Thus, we generated the topography histogram of the entire sample and individual regions as shown in Fig. 1(b). The overall
histogram exhibits local maxima at topography values of 0 (background), 0.55, 1.1, and 1.65 nm. These
results indicate that the topography of the graphene
sample has a staircase profile, in increments of 0.55
nm. This is comparable with reported values in the
literature for the thickness of individual atomic layers of graphene via atomic force microscopy (AFM) in
air (⬃1 nm step size) or scanning tunneling micros© 2010 Optical Society of America
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Fig. 1. (Color online) SLIM topography of graphene. (a)
Quantitative phase image of a graphene flake. (b) Topography histogram for the various regions indicated in (a).

copy (STM) in ultrahigh vacuum (⬃0.4 nm step size)
[12,13]. The difference between air and vacuum measurements indicates the presence of ambient species
(nitrogen, oxygen, water, and organic molecules) on
the graphene sheet in air. Thus, SLIM provides topographical accuracy that is comparable with the AFM,
but its acquisition time is much faster (by 2–3 orders
of magnitude) and, of course, it operates in a noncontact mode.
SLIM was further applied to image semiconductor
nanotubes (SNTs). The SNT is a new type of nanotechnology building block [14]. It is formed by a combination of bottom-up and top-down approaches
through self-rolling of residually strained thin films
that are epitaxially grown and lithographically defined. The tube diameter is determined by the total
layer thickness and the mismatch strain in the epitaxial layers (bottom-up aspect). The top-down aspect
allows feasible large area assembly and integration
with existing semiconductor technologies. Heterojunctions including structures with active light emitters embedded in the wall of the tube [14,15]. For this
study, clusters of such rolled-up tubes consisting of
InGaAs/GaAs coated with Cr/Au (see Fig. 2 for structure and SEM images) are randomly distributed on
glass slides and imaged by SLIM.
Figures 2(e)–2(g) show the results of SLIM investigation of such nanotube structures. We used the prior
knowledge of the tube cylindrical shape to decouple
the thickness and the refractive index as demonstrated on the 15 m ⫻ 20 m SLIM image of Fig.
2(e). This procedure operates on the principle that
the tube thickness, generally unknown, can be obtained for cylindrical structures from the projected
width, which is directly measurable in the image. Of
course, the refractive index information reports on

Fig. 2. (Color online) (a) Tube structure with refractive index and thickness of layers shown in (b). (c),(d) SEM images of nanotubes. (e) Optical path-length map; color bar is
in nanometers. (f) Distance map; color bar is in micrometers. (g) Histogram of the refractive index contrast, n − 1, of
the selected area in the inset. Inset, distribution of refractive index contrast, n − 1.

the chemical composition of the nanotube and its optical behavior. Using thresholding and binary masking of the SLIM image, we measured the distribution
of the tube projected width, which is illustrated in
Fig. 2(f). This distance map shows the distance from
the center of the tube to its edge; thus the diameter is
twice the number indicated by the color bar. This process was implemented via an automated routine in
ImageJ, an image processing platform based on Java.
Assuming that the tube thickness h and width are
equal, we extracted the average tube refractive index, 共n − 1兲 =  / 2h. Note that for each tube SLIM
provides refractive index information that is spatially resolved. Thus, in Fig. 2(g), we present the histogram of the refractive index measured along one of
the nanotubes. The average value, nav − 1 = 0.093,
compares very well with the estimated value, nest
= 1.087, resulted from averaging the refractive index
2
for the layered structure shown in Fig. 2(b), nest
2
= 共兺ini hi兲 / h. The fluctuations in the refractive index
along the nanotube are most likely due to physical inhomogeneities in the tube itself. We believe that
SLIM may offer a high-throughput screening method
for nanofabricated structures.
We employed this refractometry procedure to extract the refractive index of neuron processes, i.e., axons and dendrites, which are also characterized by
cylindrical shapes. The refractive index is an intrin-
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sic measure of the cell content and also defines how
light interacts with tissues. Dendrites are the principal recipients of incoming chemical messengers from
axon terminals. On dendritic shafts, specialized
structural elements (dendritic spines) initially
emerge as collateral filopodia then mature into spineous synaptic contacts, or filopodia are pruned. The
mechanisms by which dendrogenesis leads to spine
formation have not been resolved. Thus a label-free
noninvasive method for imaging such structures in
detail is very beneficial.
Figure 3 shows the SLIM image of a live rat hippocampal neuron in culture, i.e., immersed in culture
medium during imaging. Following the routine applied to nanotubes, we retrieved the distance map of
the axon [Fig. 3(b)] and its refractive index distribution. The average refractive index contrast obtained
is ⌬n = 0.034. Thus, by using the refractive index of
the culture medium of 1.34, we obtain an average
value for the neuronal structure that is comparable
with what has been measured before on other live
cells [5]. Besides providing the absolute values for
the refractive index of cellular structures, which is
crucial for predicting the light-tissue interaction,

Fig. 3. (Color online) (a) Optical path-length map of a hippocampal neuron. Color bar has units of nanometers; (b)
distance map of the axon selected in (a), in micrometers; (c)
refractive index contrast map; (d) refractive index contrast
histogram; the average value is indicated.

SLIM can quantify the spatial inhomogeneities of the
neurite structures. Thus, the discrete regions of the
enhanced refractive index are most likely related to
the development of synaptic connections. The ability
to image these dynamically without the need for fluorescence tagging may open the door for studying cellto-cell communication.
In summary, we reported novel applications of
SLIM that cross the boundary between biomedicine
and nanoelectronics. We believe that here we reported for the first time the optical topography of
graphene, which may provide a high-throughput alternative to testing such atomic-scale structures. We
developed an approach for extracting the refractive
index information from cylindrical structures. This
procedure was applied successfully to SNTs and neurites. Based on these initial results, we anticipate
that SLIM may become a useful quantitative tool in
both materials science and cell biology.
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