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A B S T R A C T   

Here we present an interferometric wide field hyperspectral microscope based on a common-path birefringent 
interferometer with translating wedges, to measure photoluminescence emission from two-dimensional semi
conductors. We show diffraction-limited hyperspectral photoluminescence microscopy from two-dimensional 
materials across millimeter areas, proving that our hyperspectral microscope is a compact, stable and fast tool 
to characterize the optical properties and the morphology of 2D materials across ultralarge areas.   

1. Introduction 

Optical microscopy is a powerful and non-invasive technique for the 
study of material properties. It can work either in point-scanning or in 
wide-field modalities: in the first case, the image is acquired by raster 
scanning over the sample a tightly focused beam and measuring the 
transmitted/reflected/emitted light intensity with a single detector, 
while in the second case a large sample area (of the order of hundreds of 
microns) is illuminated and imaged via a suitable optical system on a 
two-dimensional detector, such as a CCD. In both cases the image is 
typically acquired at a specific frequency, selected by a spectral filter, or 
integrated over a range of wavelengths, and consists of a 3D matrix in 
which the light intensity I is recorded as a function of the spatial co
ordinates (x,y). 

Multispectral [1]/hyperspectral [2] microscopy is an advanced im
aging technique which records a discrete/continuous spectrum of the 
transmitted/reflected/emitted light at each pixel of the image. Similar to 
single-frequency maps, the scanned regions have lateral sizes from few 
to hundreds of microns, depending on the objective lens used. The full 
collection of measured spectra at each pixel of the image generates the 
so-called spectral hypercube (Fig. 1a), i.e. a 3D data set consisting of the 
intensity as a function of two spatial coordinates (x,y) and one frequency 
axis (ω). From the hypercube we can either extract one image at a single 
frequency (Fig. 1b) or the spectrum at a single point of the image 
(Fig. 1c). 

Multi/hyperspectral microscopes are extensively exploited in a wide 

range of applicative and fundamental studies, e.g. biology/medicine [3], 
agriculture [4], cultural heritage [5], safety [6], etc. They are usually 
integrated into standard wide-field microscopes and operate in the fre
quency domain. Typical multispectral configurations acquire a limited 
number of frequency channels, and they can be implemented mostly in 
two ways: either by placing a mosaic of a finite number of spectral filters 
on the detector surface [7] (Snapshot Multispectral Imaging, see Fig. 2a) 
or by using spectral filters [8] (either tunable, or fixed and inter
changeable) in the optical path between the sample and the mono
chrome 2D detector (Staring Multispectral Imaging, see Fig. 2b). 
Hyperspectral configurations, on the other hand, measure the full 
spectrum at each pixel of the field of view (FOV); this is typically ach
ieved by coupling the imaging system to a dispersive spectrometer. The 
hypercube is then acquired by raster scanning the sample point by point 
[9] (whisk-broom) or line by line [10] (push-broom, see Fig. 2c). 
Although these techniques are widely used, and some of them are even 
commercially available, the intrinsic high losses introduced by the un
avoidable spectral or spatial filters impose very long acquisition times. 

Both for multispectral and hyperspectral imaging the low throughput 
–imposed by the spectral/spatial filters- require very long acquisition 
times, which can be overcome by limiting the total number of measured 
pixels in the scanned regions. This prevents large-area materials char
acterization with fine spatial resolution. In the last years, compressive 
sensing [11] has been used to improve, after post-processing, the per
formances of hyperspectral imaging. Here, the FOV is photoexcited by a 
sequence of excitation patterns and the emission/absorption signals are 
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acquired using a spectrometer and analyzed through an inversion al
gorithm. Yet, the impossibility to parallelize the acquisition of each 
spectrum at every pixel severely limits the acquisition time. 

Here we propose an alternative high throughput and fast hyper
spectral microscope, based on Fourier-transform [12] (FT) spectroscopy 
combined to a monochrome imaging camera. We use a birefringent 
interferometer, which allows to generate the phase-locked replicas of 
the optical waveform required for FT spectroscopy, to obtain a very 
compact microscopy platform [13–15]. We then apply the hyperspectral 
microscope to measure the emission spectra of novel two-dimensional 
(2D) materials and probe their optical and morphological properties 
across ultra-large areas (millimeter lateral size). The paper is organized 
as follows: Section 2 presents our innovative FT hyperspectral micro
scope; Section 3 reviews the properties of 2D materials; Section 4 pre
sents results of hyperspectral imaging of 2D materials; Section 5 draws 
conclusions and perspectives for future work. 

2. Fourier transform hyperspectral imaging 

In a spectrometer based on the FT approach, the optical signal is split 
into two replicas, which accumulate a variable temporal delay and are 
then sent to a detector (see Fig. 3a). The interference between the two 
replicas, recorded as a function of their relative delay, gives rise to the 
interferogram. According to the Wiener-Khinchin theorem, the FT of the 
oscillating component of the interferogram yields the intensity spectrum 
of the optical waveform [16]. By using an array of detectors, the tech
nique can be easily parallelized and extended to an imaging system, 
enabling the measurement of the spectrum for each pixel of the sample 
image within the FOV (Fig. 3b). In addition to the advantage offered by 
parallelization, FT hyperspectral imaging has other relevant advantages 
with respect to standard multi/hyperspectral dispersive methods. It has 
a higher signal to noise ratio, higher throughput (no dispersive elements 
are present in the detection path [17,18]) and flexible spectral resolu
tion adjusted by setting the maximum delay of the acquired interfero
gram. However, one relevant requirement of the FT spectroscopy 
technique, which long hindered its application in the short-wavelength 
(short-optical cycle) visible spectral range is that the delay between the 
replicas must be precisely controlled at least within a small fraction 
(approximately 1/100) of the optical cycle (which is, e.g., 20 as for 
visible light with wavelength λ = 600 nm and corresponding optical 
cycle of 2 fs). 

Previous FT hyperspectral imaging configurations were based on 
Michelson or Mach-Zehnder interferometers [19], which are highly 
sensitive to vibrations and require active stabilization or tracking with 
an auxiliary beam to reach the desired interferometric stability. 
Recently, we introduced an innovative common-path birefringent 
interferometer, the Translating-Wedge-based Identical pulses eNcoding 

System (TWINS), which has been successfully employed as a FT spec
trometer with both coherent and incoherent light fields [20,21], in 
different photon energy ranges, i.e. from the visible to the mid-infrared. 
TWINS enables short acquisition times, high spatial resolution and 
spectral accuracy, and low background noise (− 30dB). 

A scheme of our hyperspectral camera is depicted in Fig. 3c. It con
sists of a TWINS interferometer (Pol1, B1, B2 and Pol2) followed by an 
imaging lens and a monochrome CMOS camera. B1 and B2 are two 
birefringent crystal blocks made of α-barium borate (α-BBO), while Pol1 
and Pol2 are two broadband polarizers (working range 400–2000 nm) 
with high extinction ratio (>5000). Pol1 polarizes the input light, i.e. 
the PL signal, at 45◦ with respect to the optical axes of B1 and B2. B2 is a 
α-BBO plate which introduces a fixed phase delay between the two 
orthogonal polarizations that propagate along the fast and slow axes of 
the material. B1 and B2 have orthogonal optical axes, thus they intro
duce a delay of opposite sign between the two polarizations. B1 is sha
ped in the form of two wedges (see Fig. 3), and one wedge is mounted on 
a motorized translation stage to finely control the delay between the two 
replicas. The second polarizer is set at 45◦ with respect to the optical 
axes of B1 and B2 and projects the two fields back to the same polari
zation, ensuring interference between the two replicas. The interfer
ometer is compact (<10 cm × 10 cm footprint), with exceptional static 
and dynamic delay stability in the visible spectral range. Thanks to these 
favorable properties, it has been successfully applied to hyperspectral 
imaging and microscopy. More details about the experimental setup, i.e. 
the camera performances, frequency calibration and resolution can be 
found in Ref. [14]. 

The parallelization capability of the interferometer enables high- 
quality wide-field hyperspectral microscopy, generating spectral hy
percubes containing for every pixel the full spectrum. 

3. Two-dimensional materials 

The discovery of graphene, a one-atom-thick sheet of carbon atoms, 
opened up the research on other 2D materials, like semiconducting 
transition metal dichalcogenides (TMDs), e.g. MoS2, MoSe2, WS2 and 
WSe2. TMDs are layered semiconducting materials which comprise 
crystalline sheets with strong in-plane covalent bonds but weak van der 
Waals (vdW) out-of-plane interactions, enabling the mechanical exfoli
ation of individual monolayers (1L) with atomic thickness from their 
bulk counterpart. 1L-TMDs are at the forefront of both fundamental 
science and nanotechnology, including applications in photonics and 
optoelectronics, e.g. transistors, photodetectors, LEDs, sensors, plas
monic and tunneling devices [22]. The most interesting properties 
indeed arise when the system undergoes a transition from bulk/multi
layer to 1L configuration, since the evolution of the band structure in
duces an indirect to direct bandgap transition, as evidenced by the huge 

Fig. 1. Hyperspectral Imaging. (a) Hyperspectral data-cube consisting of an intensity value for each spatial coordinate x and y and frequency ω. (b) Sub-space of the 
hypercube consisting of one image at a single frequency. (c) Sub-space of the hypercube consisting of one spectrum at a single point (x,y). 
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increase of the photoluminescence (PL) quantum yield in the 1L, 
compared to the bilayer (2L) [23]. 

Excitons, i.e. bound electron-hole pairs, are the main photoexcited 
species in 1L-TMDs. Differently from standard 3D semiconductors, like 
Si or GaAs, whose exciton binding energy (EB) is on the order of few 
meV, in TMDs the extreme quantum confinement and reduced Coulomb 
screening result in large exciton binding energies [24], up to 500 meV. 
The lower energy excitonic transitions, called A and B, involve elec
tronic states at the K/K’ edges of the Brillouin zone and they strongly 
renormalize the optical absorption spectra of 1L-TMDs [24]. 

Due to the weak interlayer vdW forces, TMDs can also be stacked 
together forming the so called vdW heterostructures [25] (HSs). Since no 
interlayer covalent bond is formed, the vertical stacking process can be 
performed without any limitation caused by the lattice mismatch be
tween different layers. As a consequence, the physical character of each 
layer is preserved and the electronic/optical properties of the HS can be 
tailored by, e.g., the interlayer twist angle of the constituting layers. The 
possibility to create an innumerable quantity of new and ad-hoc tunable 
atomically thin materials is opening pathways for the exploration of new 
quantum phenomena at the nanoscale [26], like superconductivity and 
Moiré excitons. VdW HSs promise to revolutionize the field of photonics 
and optoelectronics, and also integrated linear and nonlinear optics 
[27]. 

1L-TMDs can be obtained either by mechanical exfoliation [28] from 
their bulk counterpart or by direct Chemical Vapor Deposition (CVD) 
growth [29]. CVD typically provides polycrystalline monolayers on 
wafer scales (cm size). Large area fabrication methods offer an alter
native for a substrate-wide coverage of monolayer islands, ideally 
allowing for a scalable and controlled production of mono- and multi
layers. This has led to a plethora of methods being developed, including 
top-down approaches such as liquid phase exfoliation [30] and various 
forms of thinning [31], as well as bottom-up routes such as wet-chemical 
synthesis [32], physical vapor deposition [33] and the aforementioned 
CVD. However, all these techniques yield polycrystalline monolayers. 
Moreover, large area TMDs are usually not uniform due to the challenges 
posed by controlling homogeneously the conditions of growth and 
fabrication, and they present very high defect densities and thus limited 
optoelectronic performances. In this context, optical characterization 

tools are crucial to assess the optical quality of the material on large 
areas in a both fast and accurate way. 

On the contrary, mechanical exfoliation by the standard scotch-tape 
technique produces very high quality μm-sized single-crystal lattices but 
with very low yield, preventing massive large scale production and 
commercialization. The strong interest towards exfoliated samples is 
motivated by the fact the most of the interesting quantum phenomena 
can be exclusively observed in single-crystal monolayers and their 
related vertical stacks. 

Standard mechanical exfoliation with scotch-tape typically produces 
a variety of flakes on a single substrate (1 cm × 1 cm), with different 
thickness (from 0.65 nm, monolayer, to several microns, bulk) and 
lateral size (from sub-micron to tens of microns) that need to be classi
fied and selected, either for direct investigation or for stacking into 
vertical HSs. In the vast majority of cases, monolayers are identified by 
direct visual inspection under an optical microscope. The thickness 
characterization of the few selected “good” flakes (1–5 over hundreds) is 
obtained using standard optical techniques, e.g. ellipsometry, Raman 
and PL spectroscopy, as well as morphological characterizations, e.g. 
atomic force microscopy (AFM). 

For instance, Raman spectroscopy can provide the number of layers 
in the exfoliated flake based on the energy shift of the two optical 
phonon modes [34], i.e. the in-plane E mode and the out-of-plane A 
mode. In addition, from the line shape and the intensity of the PL peak, 
originating from radiative emission at the optical bandgap of the ma
terial, is it possible to probe defects and disorder. An increased width of 
the PL peak is evidence of inhomogeneous broadening, i.e. disorder, and 
a reduced peak intensity identifies nonradiative recombination, which is 
typically mediated by defects [35]. 

Although such standard techniques can provide accurate thickness 
and quality characterization at each point of the sample, for flake search 
and sorting over large areas (mm-cm) this standard procedure is 
extremely time-consuming and labor intensive. Machine learning com
bined with optical spectroscopy has recently shown great potential for 
large area flake search [36], providing automatic search and sorting of 
micron-sized flakes with randomly distributed thicknesses. The different 
types of 2D materials can be distinguished by standard optical micro
scopy using color filters, i.e. tuning the RGB-based optical contrast 

Fig. 2. Multispectral and hyperspectral imaging methods. (a) Snapshot multispectral imaging. (b) Staring multispectral imaging. (c) Push-broom hyper
spectral imaging. 
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according to their characteristic absorption. The layer thickness of the 
different exfoliated flakes across large areas can be estimated by com
plementing the optical contrast with spectroscopic techniques which are 
able to resolve the characteristic thickness-dependent optical spectra of 
the different flakes in the sample. 

In addition to CVD and standard scotch tape exfoliation, a nonde
structive, high-throughput technique based on a gold-assisted exfolia
tion has recently proven the disassembling and reassembling of 2D 
single-crystal monolayers with macroscopic size, limited only by the 
size of their bulk counterpart, with near-unity yields [37]. Although gold 
tape exfoliation is a deterministic process and the obtained large area 
monolayers possess intrinsic quality comparable to single-crystal 
monolayers produced by the standard scotch-tape method, their opti
cal and electronic properties can slightly change across tens of microns 
sized regions in the sample. In fact, the flake cracks at multiple edges, 
due to the massive strain experienced during the transfer process, 
resulting in locally strained and doped regions on micron scales which 
induce strong inhomogeneity in the sample. 

Single layers of TMDs are only three-atom-thick, and they have been 
observed to withstand large strain levels (>10%) before fracture, of
fering unique possibilities to engineer their electronic band structure 
using strain. Spatial variation of the strain in TMD layers can occur 
during the fabrication process, for instance during the transfer, or it can 
be intentionally introduced by controllable bending substrates, trans
lating into a position-dependent bandgap modification. This leads to a 
spectral shift of the excitons PL intensity peak, possibly giving also rise 
to funneling of excitons into the areas with a larger tensile strain, where 
the lowest exciton energy is achieved [38,39]. 

Here we apply our interferometric wide field hyperspectral micro
scope, based on the compact and stable common-path birefringent 
interferometer, to measure PL spectra from exfoliated large area TMDs. 
We show that diffraction-limited hyperspectral PL microscopy over 

large areas (millimeter-sized), complemented with machine vision tools, 
can be used as fast technique for optical and morphological character
ization of 2D crystals, i.e. identification of areas with different thickness, 
edges, bubbles and strained regions. The same fast and reliable method 
could be also applied to the classification of standard scotch tape exfo
liated flakes and their selection across ultralarge areas, on a timescale of 
minutes. 

4. Hyperspectral imaging of monolayer transition metal 
dichalcogenides 

We use our hyperspectral microscope to measure the PL maps of 
gold-assisted exfoliated large area monolayer MoS2, transferred on a 
reflective substrate, i.e. 90 nm-SiO2/Si. The sample is excited by a 
continuous wave 532 nm laser. The laser light is delivered to the mi
croscope by a multimode optical fiber. Subsequently, an optical system 
images the fiber tip to the sample plane, enabling a uniform top-hat 
illumination over a circular area with diameter covering 80% of the 
FOV. We select a 1L region with lateral size of ~600 μm × 600 μm in 
which tiny spurious bilayer (2L) regions are present (see Fig. 4a). We 
compare the monochromatic reflectance images of the sample acquired 
with a commercial optical microscope and two different objectives 
(Fig. 4a, objective 10× and Fig. 4b, objective 50×), with the corre
sponding PL hyperspectral images stretched in false RGB colors which 
represent the peak emission wavelength (Fig. 4c and d). 

From the reflectance images (Fig. 4a–b), although the monolayer is 
cracked at multiple edges and some residual bubbles from the exfolia
tion process are present, the surface looks homogenous and clean over 
tens of microns areas. By optical contrast we can distinguish the SiO2/Si 
substrate (light grey), from the 1L region (grey) and the 2L area (dark 
grey). On the contrary, the hyperspectral PL maps, shown in false RGB 
colors in Fig. 4c–d, reveal dramatic spatial variations of the PL intensity. 

Fig. 3. Hyperspectral Fourier Microscope. (a) Working mechanism of an FT spectrometer. (b) Acquisition scheme of an hyperspectral image using an FT approach. 
(c) Experimental layout of our hyperspectral microscope which consists of a TWINS interferometer (Pol1, B1, B2 and Pol2) followed by a CMOS camera (monochrome 
imaging system). More details about the experimental setup can be found in Ref. [15]. 
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In order to quantitatively estimate the difference in the PL signals we 
focus on the hyperspectral map of Fig. 4d, whose integrated PL map is 
reported in Fig. 5a. The colored zones represent the selected 1L, 2L and 
substrate areas, and the corresponding spectra are shown in Fig. 5b. As 
expected, the bilayer displays a weaker PL intensity compared to the 
monolayer, due to its indirect bandgap nature. The most interesting 
optical emission properties come from the comparison of different 
spectra at different monolayer regions. In fact, Fig. 5c shows the selected 
1L areas from which we extract the corresponding spectra, reported in 
Fig. 5d. Surprisingly the monolayer sample shows dramatically different 
PL spectra at different points of the sample, whose intensity changes 
within a factor of 4 and whose peak wavelength ranges from 656 nm to 
665 nm. Such variations can result from fluctuations in dielectric envi
ronment [40], strain-induced electronic bandgap [41,42], and electro
static potentials [43,44]. Hyperspectral imaging offers a unique tool for 
fast and large-area imaging of the emission properties of 2D semi
conductors, providing a direct estimation of the sample inhomogeneity, 
which is essential for preparation optimization. We stress that, in order 
to obtain the same large area characterization with standard techniques, 
like raster-scan (whisk-broom or push-broom) PL, due to the high 
detection losses associated with the spectrometer, it would take at least 
10 times longer (2–3 h vs. 15 min in our case) to achieve similar spatial 
resolution and signal to noise ratio. 

In order to improve the quality of large-area TMD monolayers and to 
produce optically homogeneous and low-defect wafer-size devices, it is 

crucial to systematically characterize entire large-area samples with 
reliable and automatic methods (rather than employing a point-by-point 
manual analysis). Such hyperspectral imaging based characterization 
can serve as feedback to the entire preparation chain for optimization of 
the desired sample quality. Computer vision has been used in the field of 
2D materials, predominantly as a tool for automatic mono- and multi
layer identification of exfoliated material across large areas, dramati
cally reducing the amount of time needed for flake search. A similar 
approach can be also applied to hyperspectral imaging, in order to 
provide an innovative, compact and fast tool which is ideal for the 
characterization of large area fluorescent materials. 

We use computer vision functions from the MATLAB Image Pro
cessing Toolbox [45] to analyze the high-resolution hyperspectral PL 
image of the sample. The different monolayer and bilayer TMD areas 
were identified via their PL, and their size and shape were extracted 
using MATLAB shape recognition functions. In order to measure the 
properties of the identified islands, it is necessary to first convert the PL 
image into a binary form, with pixel values set to either on (1), repre
senting PL emission, or off (0), for areas of substrate or non-emitting 
thick material. This is achieved through color thresholding to isolate 
the different colored objects in an image. The properties of TMD islands, 
such as size and density, are then measured from the binary images, 
which mask the picture selecting only the desired areas. More details on 
the machine vision methods applied to large area TMD microscope im
ages can be found in Ref. [46]. 

Fig. 4. Hyperspectral imaging of 1L-MoS2. (a) Reflectance contrast image under a 10× objective, the scale bar is 100 μm. (b) Reflectance contrast image under a 
50× objective, the scale bar is 10 μm. (c) Hyperspectral PL map of the sample region in panel a and (d) panel b following CW diode laser excitation at 532 nm with an 
average power density of 8 W/cm2. Colorbars: false-color spectral assignment. (For interpretation of the references to color in this figure legend, the reader is referred 
to the Web version of this article.) 
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Fig. 6 displays the results of the image processing on the stretched 
RGB pictures generated from the hypercubes. For the different selected 
color channels, the identified parts of the images are highlighted, 
showing in transparency the related binary image and a red square box 
surrounding each analyzed object. Both the 10× and 50× images from 
Fig. 4 have been analyzed, identifying very different areas of the sample 
by focusing on the color scale, being directly related to the emission 
spectrum of each point. By selecting shades of red, green or blue, the 
algorithm can easily recognize portions of the images with wrinkles, 
defects or areas with more uniform morphology, being also capable of 
clearly distinguishing and isolating the bilayer region (Fig. 6d). It is 
worth noticing that the combination of the high selectivity given by the 
color thresholding approach plus the optical contrast of stretched RGB 
scale generated from the high resolution hyperspectral image allow to 
achieve an unprecedent degree of accuracy in the identification of even 
very small morphological details of the analyzed samples. 

Table 1 summarizes the quantitative results of the machine vision 
analysis, showing for each processed image the number of identified 
objects, the total area measured in the selected color region, the per
centage of that area compared to the FOV of the hyperspectral micro
scope, the maximum area of a single object and the average area of the 
recognized islands within the sample. In this case, the machine vision 
analysis proved to be very useful for identifying areas with wrinkles in 

the image acquired with a 10× objective (Fig. 6b), or the portion of 
indirect bandgap bilayer present in the 50× magnification image 
(Fig. 6d). The capability of producing an accurate statistical analysis on 
the highly detailed images measured by the hyperspectral microscope 
makes it an ideal approach for a fast and precise characterization of 
large area TMD samples, in view of a large scale production. 

5. Conclusion and outlook 

In conclusion, we have introduced a high throughput hyperspectral 
microscope based on a common-path birefringent interferometer, the 
TWINS, to perform FT imaging on 2D materials. Our hyperspectral 
camera is capable of acquiring spectrally resolved fluorescence images 
with broad spectral coverage (300–1000 nm, i.e. 700 THz) and high 
spectral resolution (2.5 nm @500 nm, i.e. 3 THz), which can be easily 
increased upon scanning longer delays, making use of thicker birefrin
gent wedges. By complementing our measured PL spectra with machine 
vision tools, we are able to rapidly assess the quality of the sample on 
large areas, enabling a quantitative statistical analysis of the uniformity 
of the fluorescent material, resolving even very small morphological 
details. In the future, the machine vision approach could be extended to 
map directly the spectral features of the samples measured by a hyper
spectral microscope, such as the PL intensity or the emission peak 

Fig. 5. Emission spectra. (a) Integrated PL intensity map. The colored zones represent the selected 1L, 2L and substrate areas. (b) Extracted spectra of the selected 
1L, 2L and substrate areas. (c) Integrated PL intensity map. The colored zones here represent the different 1L regions. (d) Monolayer spectra of the selected areas. The 
scale bar is 10 μm. 
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wavelength. While our present configuration is based on silicon de
tectors, i.e. it can only detect light in the wavelength range 300–1000 
nm, it can be straightforwardly extended to the near-infrared and mid- 
infrared ranges using appropriate detectors and wedges made of mate
rials transparent in that range. We expect our hyperspectral microscope 
to become a powerful tool for the optical characterization of 2D crystals, 
semiconductors and semimetals, with optical bandgap in the visible and 
in the infrared, across millimetric regions and within a timescale of 
minutes. 
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