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Abstract: Raman microscopy is a powerful analytical technique for materials and life sciences12

that enables mapping the spatial distribution of the chemical composition of a sample. State-of-13

the-art Raman microscopes, based on point-scanning frequency-domain detection, have long14

(∼ 1 second) pixel dwell time, making it challenging to acquire images of significant area (e.g.15

100×100`m). Here we present a compact wide-field Raman microscope based on a time-domain16

Fourier-transform approach, which enables parallel acquisition of the Raman spectra on all pixels17

of a 2D detector. A common-path birefringent interferometer with exceptional delay stability and18

reproducibility can rapidly acquire Raman maps (∼ 30minutes for a 250 000 pixel image) with19

high spatial (<1 `m) and spectral (∼ 23 cm−1) resolution. The time-domain detection allows us to20

disentangle fluorescence and Raman signals, which can both be measured separately. We validate21

the system by Raman imaging plastic microbeads and demonstrate its multimodal operation by22

capturing fluorescence and Raman maps of a multilayer-WSe2 sample, providing complementary23

information on the strain and number of layers of the material.24

© 2023 Optica Publishing Group25

1. Introduction26

Raman Scattering (RS) microscopy is a remarkably powerful investigation technique in ma-27

terials [1] and life sciences [2], as it enables label-free and non-invasive determination of the28

(bio)chemical composition of a sample. In RS, a monochromatic light beam at frequency a029

irradiates the sample and is inelastically scattered at frequency a𝑆 (a𝐴𝑆) = a0 − (+)a𝑅 where a𝑅30

is a vibrational frequency of the molecules in the sample. The red-shifted light a𝑆 is known as31

Stokes radiation, while the blue-shifted light a𝐴𝑆 is the anti-Stokes radiation. Since at thermal32

equilibrium most of the population is at the lowest energy levels, the Stokes component is33

much more intense than the anti-Stokes component, which is why Stokes photons are typically34

detected in RS microscopy. Since a molecular/solid sample has several vibrational modes, the35

RS spectrum consists of discrete bands which altogether provide a chemically specific signature36

that allows material identification and characterization. The main drawback of this technique is37

the very small cross-section of the RS process, as only 1 over 109 − 1012 photons is scattered.38

RS microscopy is typically performed in a point scanning fashion, whereby the illumination39

beam is tightly focused on the sample and scanned across the field of view (FOV), while the40

forward or backward scattered Stokes light, spectrally filtered from the illumination, is measured41

by a frequency-domain spectrometer consisting of a dispersive element (such as a diffraction42

grating) coupled to an array of detectors. This approach, although being well established, suffers43

from two drawbacks: (i) the weak RS signal results in pixel dwell times of the order of 0.1-144

second, making the acquisition of large RS images with high spatial resolution impractically45



long; (ii) the presence, in many samples, of an intense fluorescence background (such as, e.g.,46

from endogenous fluorophores in cells/tissues [3]) which is also red-shifted with respect to the47

illumination and overlaps with, and in some cases overwhelms, the RS signal.48

Alternatively, the RS spectrum can be detected in the time domain using a Fourier transform49

(FT) approach. In FT spectroscopy an optical waveform is split by an interferometer into two50

delayed replicas, whose interference pattern is measured by a detector as a function of their51

relative delay. According to the Wiener-Khinchin theorem, the FT of the resulting interferogram52

provides the intensity spectrum of the waveform [4]. The FT approach is widely used in FTIR53

spectroscopy to measure absorption spectra in the mid-infrared (MIR) spectral range (∼ 2.5−54

25 `m wavelength) [5]. FTIR spectroscopy directly measures the absorption of vibrational55

transitions which involve a change in the dipole moment (the so-called IR-active modes). It is56

worth noting that, while the selection rules for IR and Raman active transitions are different57

and (generally) complementary, both yield comparable spectroscopic information in the range58

between 500 and 3200 cm−1. However, the long IR wavelengths and the low numerical aperture59

of IR objectives typically limit the spatial resolution of FTIR to 4− 5 `m. On the other hand, RS60

provides very good spatial resolution, as it makes use of visible or near-infrared light which can61

be focused to diffraction-limited spots of 500 nm or smaller. Moreover, RS makes it easier to62

study biological samples as it is free from strong water absorption signal which affects FTIR63

measurements [6]. Finally, detectors in the MIR spectral range, typically based on Mercury64

Cadmium Telluride (HgCdTe) have, due to the low energy gap, high noise even at cryogenic65

temperatures, so that multichannel detectors have low performance, and high cost; RS, on the66

other hand, requires detectors based on silicon or InGaAs, which are easier to operate.67

FT detection has been successfully applied to Raman spectroscopy using near-IR illumination to68

minimize sample fluorescence [7,8], until the diffusion of efficient CCD detectors which facilitated69

dispersive approaches [9]. FT-Raman has been also initially exploited for point-scanning RS70

microscopy but without significant improvement in acquisition times over the standard dispersive71

techniques [10].72

To increase the acquisition speed in RS microscopy, it is possible to use a wide-field73

configuration, in which a large area of the sample is illuminated, and the RS spectrum is measured74

simultaneously for all the pixels of a two-dimensional (2D) detector. Wide-field Raman imaging75

is a particular implementation of hyperspectral (HS) imaging, an experimental approach in which76

a spectrum is obtained for each point of the FOV. HS imaging is a powerful tool for characterizing77

the composition of a variety of systems and finds a broad range of applications, from remote78

sensing [11] to microscopy [12, 13]. However, while the technology for remote HS imaging has79

reached a high level of maturity, few implementations of HS microscopy have been reported80

so far, due to the strict requirements in terms of sensitivity, stability, and compactness. HS81

microscopes adopt two spectral selectivity strategies [14–16]:82

(i) Bandpass approaches, in which the image is acquired at a discrete number of frequencies,83

by either a mosaic of bandpass filters on the detector surface [14], or a tunable spectral filter84

in front of a monochrome imaging camera [16–22]. Alternatively, for the specific case85

of RS imaging, the spectrum can be recorded by tuning the illumination frequency while86

keeping the narrowband detection frequency fixed [23]. Since the spectrum is measured87

just at a few discrete frequencies, these techniques are more accurately referred to as88

multispectral microscopy.89

(ii) Dispersive approaches, that use spectrometers to record continuous spectra. As such, these90

methods are referred to as HS microscopy (HSM). In the line-scanning or push-broom91

approach, the illumination beam is focused along a line of the FOV and the collected92

signal (reflectance, fluorescence or RS) is dispersed by a spectrometer, producing a93

2D image in which one axis corresponds to the spectrum and the other to one spatial94



dimension [22, 24, 25]; the HS image is recorded by sweeping the line across the FOV.95

Despite increasing the acquisition speed compared to point scanning, dispersive line-96

scanning approaches suffer from the high losses introduced by the entrance slit of the97

spectrometer.98

Time-domain FT detection, on the other hand, ideally lends itself to HSM. When the detector99

is a 2D matrix of sensors, the FT approach can be applied to each of its pixels in parallel, enabling100

the recording of the spectra of all the pixels within a 2D FOV. Thus, FT detection can be used101

in imaging systems, combining wide-field microscopy and hyperspectral resolution. FT-HSM102

provides unique advantages over traditional methods: (i) it has higher throughput, due to the103

absence of filters and slits (the Jacquinot étendu advantage [26]); (ii) it can record the spectrum of104

a large number of pixels, thanks to the parallel acquisition approach, in which the measurement105

time does not depend on the number of sampled pixels. These advantages make FT-HSM a106

powerful alternative to dispersive frequency-domain approaches.107

Despite the enormous potential, FT-HSM must meet two challenging requirements: (i) the108

relative delay of the replicas must be controlled to a small fraction of the optical cycle; (ii)109

the beam of rays forming the interferogram at a given pixel must have a limited variation in110

phase-delay in order to add up coherently and generate interference fringes with high visibility.111

The first requirement calls for ultrastable interferometers, a technological challenge that explains112

the very limited number of FT-HSM schemes demonstrated so far. Wadduwage [27] and113

Müller [28] have proposed FT-HSMs for RS imaging based on proprietary interferometers. Yet,114

both systems are cumbersome and difficult to operate in routine experiments. Jullien [29], on115

the other hand, used a common-path interferometer based on a liquid crystal cell; however, this116

system limits the replicas delay to 130 fs, which corresponds to a spectral resolution of 130 cm−1,117

insufficient for RS microscopy.118

Recently, we have developed a compact and ultrastable common-path birefringent interferometer119

[30], which we called Translating-Wedge-based Identical pulses eNcoding System (TWINS).120

The interferometer, briefly described in the Supporting Information and schematically sketched121

in the inset of Fig.1, provides delays of hundreds of optical cycles between the two orthogonal122

polarizations of a light beam. Since the two fields share a common optical path, their delay can123

be adjusted with interferometric precision and exceptionally high long-term stability [31]. The124

TWINS interferometer, which combines the advantages of FT spectroscopy with the robustness125

and accuracy of a common-path design, has been employed as an FT spectrometer in spectral126

ranges from the visible [32] to the mid-infrared [33], with both coherent and incoherent light127

beams. The TWINS system has been applied to excitation-emission spectroscopy [32, 34]. It128

also enabled the implementation of a high-performance HS camera [35, 36] and of wide-field129

FT-HSM [37–39] capable of simultaneous transmission and fluorescence imaging with spatial130

resolution <1 `m.131

Here, we introduce a wide-field multimodal FT-HSM that allows one to acquire simultaneously,132

and to separate, RS and fluorescence images from the same FOV. The high throughput and133

stability of the TWINS interferometer enable the detection even of weak signals. Along with134

multimodality, a remarkable advantage of our system is the intrinsic decoupling of the Raman135

signal from fluorescence, a background that may limit or hinder Raman data collection. To136

demonstrate the performances of our system, we acquire high spatial resolution Raman images137

of plastic microbeads at a pixel dwell time that is 1-2 orders of magnitude lower than in point138

scanning schemes, as well as multimodal images of a multilayer-WSe2 sample.139

2. Microscope design140

Figure 1 shows the schematic of the wide-field HSM setup. The system is based on a commercial141

optical microscope (Leica DMRBE). The illumination is a frequency-doubled Nd:YAG laser at142

_ = 532 nm (NPS, Bright Solutions), coupled to the microscope via an optical fiber. The beam is143



Fig. 1. Schematic setup of the FT-HSM, with the TWINS interferometer in the
detection path; P1/2: linear polarizers; B1/2: birefringent blocks, whose optical axes
are represented by green circles and double-arrow; F: multimode fiber; DM: dichroic
mirror; RS: Raman Scattering; TL: tube lens; SPF: short-pass filter for the suppression
of fluorescence; LPF: long-pass filter for rejection of the illumination light.

focused by an infinity-corrected objective, and the backscattered red-shifted fluorescence/Raman144

light is transmitted by a dichroic mirror (Semrock®Di02-R532-25x36) and imaged on the 2D145

detector (EMCCD camera, ANDOR Luca-R, Oxford Instruments, Ireland) by a tube lens with146

𝑓 = 250mm focal length; the TWINS interferometer is placed between the tube lens and the147

detector. The EMCCD camera has 1004 x 1002 pixels, low dark (0.17 e−/px/s) and readout148

(18 e−/px/s) noise, an effective dynamic range close to 11 bits and 60% quantum efficiency in149

the spectral range of interest. It is also possible to control the gain of the EMCCD: however,150

for the measurements presented in this paper, the gain was set to 1. A 532 nm long-pass filter151

(Semrock®LP03-532RU-25) is used to reject most of the residual illumination light. It is possible152

to further reduce the detected bandwidth by adding long- and short-pass filters (SPF, LPF) in the153

collection path, as will be detailed later.154

2.1. Birefringent interferometer155

We designed the birefringent interferometer to maximize the spectral resolution for RSmicroscopy.156

In general, the spectral resolution Δa of an FT spectrometer is inversely proportional to the157

maximum delay 𝑇𝑚𝑎𝑥 between the signal replicas. For the TWINS, 𝑇𝑚𝑎𝑥 depends on three158

parameters: the crystal birefringence Δ𝑛 = 𝑛𝑜 − 𝑛𝑒, the wedge apex angle 𝛼 and the maximum159

translation length 𝐿, according to the expression:160

𝑇𝑚𝑎𝑥 =
𝐿

𝑐
Δ𝑛 sin𝛼 (1)

Equation 1 shows that large delays require high birefringence and long translations. By comparing161

the optical properties of the most common visible birefringent materials (see list in the Supporting162

Information), YVO4 represents the best compromise between transparency range, birefringence,163

and strength of the refractive index. This last parameter is particularly important because it is164

responsible for the beam deviation caused by each wedge (which acts like a prism). In fact,165

along with the non-uniform phase difference of a pencil of rays after propagating inside the166

interferometer [37], a large beam deviation introduces a spatial walk-off between the signal167



replicas, leading to a reduction of the interferometric contrast. We hence opted for YVO4 which168

has lower values of 𝑛𝑜/𝑒 with respect, e.g., to the highly-birefringent TiO2. The interferometric169

contrast experimentally reached with the YVO4 TWINS in the microscope is 55%, in agreement170

with the estimation proposed in Ref. [37]. Thanks to its broad transparency range, YVO4 can be171

used to detect RS with illumination wavelength broadly tunable from the visible to the infrared,172

which can be selected depending on the sample being examined.173

The chosen wedges tip angle is 𝛼 = 10𝑜, and their transverse size is 30mm, limited by174

technical constraints in growing the crystal. The wedge scan is performed with a stepper motor175

(25mm travel range, 0.02 `m step size); since the image beam has a diameter 𝑑 = 12mm at the176

wedge plane, the maximum excursion of the wedges without clipping the image is 18mm. This177

corresponds to a maximum delay range of 2930 fs at 600 nm, which leads to a spectral resolution178

of 21 cm−1.179

2.2. Top-hat illumination180

To provide uniform illumination of the sample FOV for wide-field imaging, we used a multimode,181

large-core fiber, the tip of which is imaged on the sample surface (See Fig. 1a). To guarantee a flat182

field profile at the fiber tip, a mechanical scrambler distributes the modes in the core of the fiber.183

This latter is also shaken by a vibrating voice coil to average out the speckle pattern at the sample184

surface induced by the spatial coherence of the monochromatic laser beam. The illumination185

spot at the sample plane is a flat circular field, whose diameter covers 82% of the FOV width;186

since both the illumination light and the signal propagate through the same objective, this ratio187

holds true for any magnification. Details on the characterization of the top-hat illumination are188

reported in the Supporting Information.189

2.3. Sampling strategy190

FT spectroscopy, which measures a time-domain interferogram, offers a great advantage over191

dispersive spectrometers because it provides access to different features of the spectrum by192

tailoring the sampling strategy. For example, in [37] we developed a sampling procedure193

that synthesizes a tunable spectral filter. The sampling of the interferogram is defined by two194

parameters: the scan range𝑇 and the sampling period 𝑇𝑠 . The scan range, defined as𝑇 = |𝑇2−𝑇1 |,195

where 𝑇1(𝑇2) are the initial(final) delays of the interferogram, is inversely proportional to the196

spectral resolution Δa of the interferometer. Additionally, the proper choice of 𝑇1 and 𝑇2 enables197

selecting the fluorescence or the Raman signals: it is on this unique advantage that our multimodal198

microscope is based. To illustrate the method, we recall two properties of the FT:199

(a) the bandwidth of an optical signal is inversely proportional to the duration of the corre-200

sponding interferogram. As a consequence, the interferogram produced by a broadband201

signal has significantly fewer optical cycles than the one of a narrowband field;202

(b) the FT is a linear operator, hence the interferogram of a linear combination of uncorrelated203

spectra is the linear superposition of the individual interferograms.204

These properties can be used to decompose a spectrum into its broadband and narrowband205

components, according to the approach illustrated in Fig. 2. Panel (a) shows a multimodal206

spectrum consisting of narrow features (e.g. Raman peaks) overlapped to a broad background207

(e.g. fluorescence). The corresponding interferogram is given in panel (b). It is characterized208

by large oscillations at early delays and tiny signals at long delays, whereas its average value209

𝐶 is proportional to the integrated spectrum. The signal at short delays corresponds mostly to210

the broad spectral features, while the oscillations at long delays are only due to the narrowband211

components. One can therefore separate these signals by taking the FT of the symmetric early-212

delay interferogram (red dashed box) or of the long-lived oscillation. In the latter case, we only213



Fig. 2. Schematic representation of the FT approach in the case of a multimode
spectrum (a), characterized by both broadband (e.g. fluorescence) and narrowband (e.g.
Raman peaks) features. (b) The corresponding interferogram, characterized by the
overlap of prominent few-cycle oscillations at early delays and weaker signals lasting
for a large number of cycles. (c) The application of the FT to the early delay fraction of
the interferogram conveys the broadband, slowly varying spectrum; the long-lasting
oscillations at longer delays give rise to narrowband spectra.

consider the portion of the interferogram at large positive delays (green dashed window). Panel214

(c) shows the resulting spectra, that correspond to the broadband and narrowband components of215

the initial spectrum, which are now completely separated. This method allows the extraction216

of fluorescence-free Raman spectra and offers an additional advantage: since the scan does not217

include the strongly oscillating interferogram at early delays, the long-lived oscillations can be218

obtained with a longer integration time without saturating the detector dynamic range.219

It must be noted that in practice this method is advantageous only in an FT-based detection220

system, as in the case of our FT-HSM. Conversely, the application of the same time-filtering221

approach to the numerical FT of a measured frequency-domain spectrum would lead to a severe222

degradation of the retrieved peaks.223

The second relevant acquisition parameter is the sampling period 𝑇𝑠 which, besides the total224

acquisition time, also influences the signal-to-noise ratio (SNR) of the measurements, as explained225

in the Supporting Information. The proper 𝑇𝑠 is hence a trade-off between these two parameters,226

and depends on the system under test. In the following sections, we will present two application227

examples of our Raman microscope in which the sampling strategy is adapted to the signal228

strength.229

3. Results and discussion230

3.1. Raman measurement231

To test the Raman FT-HSM we measured a mixture of poly-methyl-methacrylate (PMMA)232

and polystyrene (PS) beads, respectively of ∼ 8 `m and ∼ 10 `m diameter, air-dried on a233

microscope steel slide (see Supporting Information for details on sample preparation). For234



this measurement, we added in the detection path a 550 nm LPF (Thorlabs®FELH0550) and235

a 650 nm SPF (Thorlabs®FESH0650): they reject the residual illumination light and block236

the background outside the Raman bands of interest, tailoring the detection bandwidth to the237

expected Raman-shift range. Narrowing the detection bandwidth has two advantages. Firstly, it238

reduces the total amount of collected background, hence lowering the average value 𝐶 of the239

interferogram measured for each pixel (see Fig. 2); this enables better use of the sensor’s dynamic240

range. Secondly, it allows for sampling beyond the Nyquist-Shannon (NS) limit without the risk241

of spectral aliasing, as discussed in the Supporting Information.242

With the selected LPF/SPF filters, the detection band is in the frequency range from amin ≈243

460 THz to amax ≈ 545 THz (corresponding to Raman shifts from 615 cm−1 to 3412 cm−1): the244

sampling step can hence be increased to 𝑇𝑠 = 3.1 fs @600 nm, which is ∼ 2.7 times larger than245

the NS limit (𝑇𝑠 < 1.15 fs), and the acquisition time can be reduced accordingly. The scan246

delay ranged from 𝑇1 = 34 fs to 𝑇2 = 2452 fs @600 nm, where the starting delay 𝑇1 excludes247

the oscillating contribution of the broadband background, whereas 𝑇2 is the maximum delay248

allowed by the YVO4 TWINS. This delay range corresponds to a spectral resolution of 23 cm−1.249

By applying the undersampling approach, the whole scan consists of 806 frames.250

We used a 20× objective (Leica®PL FLUOTAR, 20×, NA 0.40), which leads to an illumination251

spot on the object plane with a diameter of 320 `m. The laser power was set to 350mW,252

corresponding to an irradiance on the sample of 435W/cm2. We used a hardware 2x2 pixels253

binning, resulting in images with 502× 501 pixels. Since the size of the binned pixels is254

comparable to the Abbe’s limit of the microscope, binning does not affect the spatial resolution,255

but increases the SNR for a given measurement time. The integration time of each frame was256

2.5 s and the total measurement time, including the communication time with the motor and257

the camera, was 38 minutes. For the sake of comparison, in a raster-scanning approach such258

acquisition time would correspond to a pixel dwell time of 8ms, resulting in unacceptably low259

SNR for the RS spectra.260

After the acquisition, the temporal hypercube (502×501×806) was transformed into a spectral261

hypercube by performing the FT at each pixel. The hypercube was then processed following two262

different techniques in sequence. By applying the mini-batch k-means analysis [40], we identified263

the substrate (i.e. the steel slide and the area outside the illumination) and the sample areas. The264

centroid spectra related to the PS and PMMA clusters identified with this method are shown in265

the Supporting Information. Subsequently, we performed the Multivariate Curve Resolution266

(MCR) analysis [41] on the sample points: the results are shown in Figure 3. The spectra of the267

first two MCR components (see panel (a)) match the Raman signatures of PS and PMMA and268

are in very good agreement with the peaks recorded by a standard RS system (home-built system269

using a 660 nm illumination laser and a standard spectrometer, see Supporting Information).270

Note that, thanks to our acquisition approach, the spectra are background-free, as illustrated in271

Section 2.3 and in Fig. 2. The FWHM of the isolated peaks is 23𝑐𝑚−1, in agreement with the272

spectral resolution expected from the scanning range and the apodization of the interferograms273

(see Supporting Information for details on the apodization); the resolution is sufficient to separate274

the characteristic peaks of the two species. The MCR analysis also enables us to distinguish the275

two types of beads, as illustrated in Fig. 3 c-e.276

In order to resolve the two nearby Raman modes of PS @1001 cm−1 and @1030 cm−1 (see277

panel (b)), we fitted the spectrum with two Gaussian functions using the nonlinear least-squares278

Levenberg-Marquardt method: the free parameters of the interpolation were the amplitudes, the279

central frequencies and the FWHM. The retrieved FWHM is 22 cm−1 for the peak at 1004 cm−1
280

and 34 cm−1 for the peak at 1030 cm−1: the position and FWHM of the fitting peaks are in good281

agreement with the expected values. We repeated the measurement using a 100× objective282

(Leica®PL FLUOTAR, 100×, NA 0.75), which scales down the image FOV to 64 `m; the laser283

power on the sample was reduced to 70mW (irradiance 2175W/cm2) to prevent sample damage,284



Fig. 3. Wide-field Raman HSM of polymer beads. (a) Spectra of the first (PS) and
second (PMMA) components retrieved with MCR analysis; for the main peaks, we
provide the positions measured both with our system and with a standard Raman
spectrometer (in brackets); complete spectral comparison in the Supporting Information.
(b) Detail of the 1004−cm−1 peak of PS (solid red line), together with the fitting
Gaussian curves (shaded areas). The frequencies of the fitting maxima are shown by
labels (RS peak values in brackets). (c) Map of the first MCR component (PS); the
white dashed circumference identifies the illuminated area of the sample. (d) Map of
the second MCR component (PMMA). (e) Composite map retrieved by merging the
MCR images in panel (c) and (d). (f) Composite MCR map of Raman map obtained
with 100×magnification. Sampling: the same as for the 20× acquisition; binning: 6×6;
integration time: 2 s.



and the total acquisition time was 29 minutes. The clustered image after MCR analysis is shown285

in Fig. 3f.286

3.2. Multimodal acquisition287

To demonstrate the multimodal capability of our microscope, we analyzed a multilayer sample of288

the transition metal dichalcogenide (TMD) WSe2, acquiring both fluorescence and Raman HS289

images. TMDs are van der Waals semiconductors made of atomically thin layers with strong290

in-plane covalent bonds, stacked together by weak out-of-plane forces [42]. This allows the291

separation of individual monolayers (1L) from multilayers using mechanical exfoliation [43].292

When the system thickness undergoes a transition frommultilayer to 1L, the quantum confinement293

experienced by the electrons in the out-of-plane direction radically modifies the band structure294

of the material, switching from indirect to direct bandgap, as evidenced by the increase of the295

fluorescence quantum yield in 1Ls, as compared to bilayers (2Ls) [44].296

We tested a large area TMD device fabricated using the gold-assisted mechanical exfoliation297

technique [45]. This method can produce 1L-TMDs of mm size, but with the drawback of a298

low spatial homogeneity of the optical properties, with areas covered not only by 1L regions,299

but also by 2Ls or multilayers, demanding the use of wide-field characterization techniques for300

their identification [39, 46]. The sample preparation methodology and its reflectivity image301

are provided in the Supporting Information. For all spectral measurements we used a 20×302

objective (Leica®PL FLUOTAR, 20×, NA 0.40). Although the system is in principle able303

to measure simultaneously the RS and the fluorescence spectra, we performed two sequential304

measurements adjusting the acquisition parameters (sampling period and exposure time, see table305

in the Supporting Information) to allow separation of the RS and fluorescence contributions.306

Since in multilayer WSe2 both fluorescence and Raman signals are very weak, we applied307

hardware binning. Moreover, in order to obtain acceptable SNR for the Raman measurement, the308

sampling step was lowered to 𝑇𝑠 = 0.652 fs @600 nm, significantly shorter than the sampling309

used for the PS/PMMA beads, and well below the NS limit. Since the multilayer WSe2 has lower310

Raman shifts with respect to PS/PMMA beads, the filters in the detection path were changed to a311

532-nm LPF (Semrock®LP03-532RU-25) and a 600-nm SPF (Thorlabs®FES0600), allowing312

one to measure Raman shifts from 160 cm−1 up to 2130 cm−1.313

Figure 4 shows the results of the multimodal measurements. The selected area has both 1L314

and 2L regions (the sample micrograph is provided in the Supporting Information). In the315

fluorescence 2D map (shown in false RGB colors in Fig. 4a) we can clearly discriminate the316

1L (white area) from the 2L (red area) regions. The 1L regions are characterized by different317

emission intensities and slight variations of the peak, revealing the strong spatial heterogeneity318

of the sample [45]. The corresponding fluorescence spectra are shown in Figure 4b. The peaks319

originate from the radiative emission of the neutral A exciton [47, 48]. The peak positions of the320

1L at ∼ 750 nm and of the 2L at ∼ 775 nm are in good agreement with previous results [47, 48].321

As expected, the 2L displays a weaker fluorescence intensity with respect to the 1L, due to322

the transition from direct to indirect bandgap. On the other hand, the variations in the spectra323

from the 1L regions can result from fluctuations in dielectric environment [49], strain-induced324

electronic bandgap shifts [50], and electrostatic potentials [51]. 1L-TMDs are very flexible,325

being atomically thin, and they withstand large strain levels (>10%) before fracture, which can326

also modify their electronic band structure and shift the excitons fluorescence spectrum [52].327

Strained regions in 1L-TMDs can occur during the fabrication process, as in our case, or can328

be intentionally introduced by tailored substrates [53], thus achieving a continuously controlled329

bandgap modification. Our technique helps to identify the highly strained regions in the observed330

samples. In some cases, the strain level in 2Ls is high enough that a strong modification of331

the band structure occurs, leading to a shift from indirect to direct bandgap. The fluorescence332

intensity increases accordingly, becoming comparable to the one of the unstrained 1L [54]. In333



Fig. 4. (a) False-color RGB image obtained from the fluorescence map. The white
dashed circumference identifies the illuminated area of the sample. Three circles
indicate three selected regions of interest (ROIs) on the 1L (green and red) and on the
2L (blue). (b) Fluorescence spectra of selected ROIs in panel (a). (c) Peak map of the
𝐴1𝑔 Raman mode of WSe2. Two circles indicate one ROI on the 1L (red) and one ROI
on the 2L (blue). (d) Raman spectra of selected ROIs in (c). The inset shows a zoom of
the peak.

this case, Raman measurements can be very helpful to distinguish the 1L from the 2L.334

The RS spectra (Fig. 4d) clearly identify the out-of-plane 𝐴1𝑔 optical phonon mode of WSe2,335

degenerate with the 𝐸2𝑔 mode, at 258 cm−1 [55]. Instead, the peak at 525 cm−1 originates from336

the underlying silicon substrate. Figure 4c shows the map of the 𝐴1𝑔 peak in which we are able to337

resolve a Raman-shift variation in the 2L of ∼ 3 cm−1, in agreement with previous results [56–58].338

Such precision is possible because, even if the spectral resolution of the HSM is 23 cm−1, the339

spectral-peak maximum in each pixel of the image can be localized with a precision of ∼ 1 cm−1.340

This feature stems from the high SNR of the measurements and the exceptional stability of the341

TWINS interferometer, that guarantees jitter-free spectra.342

4. Conclusions343

In this work, we have introduced a wide-field FT Raman microscope that acquires high spatial344

resolution maps in a significantly shorter time compared to state-of-the-art point-scanning Raman345

microscopes, with accurate RS peaks separation. The FT approach allows us to select the best346

sampling strategy according to the specific measurement: we can retrieve background-free347

maps and significantly reduce the acquisition time by adopting appropriate sampling strategies.348

By measuring PMMA and PS beads we show outstandingly short Raman acquisition time349

(∼ 38minutes for 250 kpixel map) and demonstrate the capability of the microscope to identify350

the chemical composition of small plastic beads (<10 `m diameter) based on their Raman spectra.351

We demonstrate its multimodal capabilities by acquiring in sequence Raman and fluorescence352

maps for the same FOV on a WSe2 sample in presence of both 1L and 2L regions. In this case,353

the multimodality of our microscope allows us to combine information on sample heterogeneity354

obtained from the fluorescence data with the identification of 1L and 2L provided by the Raman355



signal.356

The spectral resolution of the Raman HSM is 23 cm−1; it can be further improved by developing357

a TWINS interferometer with longer maximum delay scan. Moreover, after suitable optimization,358

the system can be applied also to the study of biological samples. Here, the main challenge will359

concern the minimization of the sample heating, arising from the inefficient monodirectional360

dissipation of the excess power conveyed to a widely illuminated area. The sample heating361

can be reduced by utilizing longer illumination wavelengths (e.g. 785 nm), thus lowering the362

power absorption, or by developing suitable heat dissipation strategies. Finally, we point out363

that the simple design of our Raman HSM, which is based on a standard optical microscope364

coupled to our compact ultrastable TWINS interferometer and a suitable illumination system,365

could facilitate its further developement into a commercial product.366

367

5. Supporting Information368

The document contains details about the following: the characterization of the illumination spot369

at the sample plane; the common-path interferometer; the samples preparation; the interferogram370

sampling period; the interferogram apodization; the computing time and data volume; frequency371

calibration; correction of the delay axis; comparison of the PS and PMMA beads spectra with the372

ones measured with standard Raman microscope; WSe2 multimodal measurements acquisition373

parameters.374
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