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Supplementary Materials

1. The optical configuration of the wide-field microscope

The working principle of the imaging system is shown in Fig. S1. Each mode of the SPDC
with a given k-vector is generated with a Gaussian intensity distribution (50). Thus, the

spatial resolution of the system is defined as follows:
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where 2 is the wavelength of the idler photons, NA is the numerical aperture, f1 is the focal
length of the lens, r is the radius of the beam, n is the refractive index of the medium where

the beam propagates.

The corresponding field of view (FOV) of the imaging system is given by:
FOV =210, (S2)
where Omax is the maximum emission angle of the SPDC (within a given spectral range),

typically a few degrees, where one can still observe interference pattern.
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Fig. S1. Light propagation in the interferometer arm. The imaging system in one of the
arms of the interferometer consisting of (A) one and (B) three lenses. In A, the crystal and

the sample are placed at a focal distance from the lens F1. In B, lenses F1, F2 and Fs with



their respective focal length of fi, fo, and f3 are positioned confocally. The parameters of the
three-lens system define the spatial resolution of the method. The beams reflected from the
sample (and reference mirror) take reciprocal paths as the original beams emitted from the

crystal.

Equation (S1) suggests that a higher resolution can be achieved by decreasing fi. However,
choosing the lens with small 1 is not practical, because it does not allow placing a dichroic
beam splitter after the crystal. Hence, we insert two additional confocal lenses to achieve
the desired resolution, see Fig. S1B. The first lens F1 is placed at a focal distance f; from the
crystal; the second lens F, with the focal distance f. is placed at a distance fi+f, from the
first lens, and the third lens F3 with the focal distance fs is placed at a distance f,+f3 from
the second lens. The sample is placed at the focal distance of the third lens f3. The three-
lens system in each arm of the interferometer projects the k-spectrum of signal and idler

photons on the mirror and the sample, respectively.

The resolution and the field of view after the three-lens system are given by:
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According to Eqg. (S3), smaller f; and f3, and larger f > are required to achieve the higher
resolution.

2. The intensity of signal photons in the nonlinear interferometer

In the nonlinear interferometers, the SPDC process takes place in two nonlinear crystals (or
within multiple passes of the pump through the nonlinear crystal). In the case of two

identical nonlinear crystals, the state vector of SPDC light is given by (19, 28, 34):
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where ¢ is the efficiency of SPDC generation, F (a)s , a},) is the two-photon amplitude, ws;i

are frequencies of the generated signal and idler SPDC photons, a;i are photon generation

operators for the signal (s) and idler (i) photons, respectively, s1,2 and i1,2 are the spatial
modes of down-converted photons, ¢, is the relative phase acquired by the pump photon in
the interferometer.

When the modes of the idler photons from the first i1 and the second i2 crystals are aligned,
one can express the operator a2 in terms of aj1. Using the beam splitter model for describing
losses for idler photons propagating from first to the second crystal, we can write the

following expression:

aip =€ (tiay +1idy) (S5)

where tj is the complex transmission coefficient of idler photons on the way from first crystal
to the second one, ap is the vacuum field entering from the empty port of the beam splitter

with the complex reflection coefficient ri, ¢ is the phase acquired by the photon in mode

i1. Taking into account Eq. (S5), the resulting state vector in Eq. (S4) is given by:
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where ES) (t) oc 3 ag (w)e ) +ag, (w)e (o) is the field reaching the detector,

t12 are the travel times of signal photons from the first and second crystals to the detector,

respectively. Then, we can determine the following expression:
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Using Egs. (S7) and (S8), the intensity of signal photons is given by (34):
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where ¢s; is the phases accrued by signal and idler photons in the interferometer,
respectively, u(At) is the normalized first-order correlation function of the SPDC light,
At=to-to-t1 is the time delay (to is the travel time of idler photons from crystal to the second
one), Q is the detuning frequency of SPDC photons from the central frequencies (19, 28,
34). Equation (S9a) is obtained considering a single spatial mode of SPDC light. Taking
into account multiple spatial modes, the interference pattern can be expanded depending on

the transverse coordinates p, , see Eq. (1) in the main text for details.

3. Experimental study of the spatial resolution

Figures S2A,B show the interference patterns acquired at the relative phase ¢i=0 and gi=rx,
respectively. The contrast of the interference patterns is proportional to the amplitude
reflectivity of the sample. Uncoated regions of the sample (glass substrate) show lower
contrast than the background (chromium coated). The difference can be seen in Fig. S2C,D,
which shows interference fringes from the chromium coated (red pixel in Fig. S2A,B) and

glass surfaces (gray pixel in Fig. S2A,B), respectively.

Next, we plot the visibility maps across the sample, see Fig. S3A. Then, by comparing the
obtained visibility map with the reference, acquired using a gold mirror as a sample (see

Fig. S3B), we infer the reflectivity of the sample, see Fig. S3C.
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Fig. S2. Interference patterns obtained with a resolution test target. Single interference
patterns produced by the resolution test target at the relative phase (A) ¢i=0 and (A) gi=m.
The patterns are obtained using the lens Fz with focal length of f3=15 mm. (C) and (D) show
interference fringes measured as a function of the path length difference for the reflective
chromium region (red pixel in A,B) and the glass substrate (gray pixel in A,B), respectively.

The wavelength of the probe photon is 3 um and the detected photon is 647 nm.
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Fig. S3. Reflectance measurements of test samples. (A) The visibility map of the
interference pattern obtained using the resolution test target obtained from 140 interference

patterns, see Fig. S2. (B) The reference visibility map acquired with the gold mirror. (C)



The inferred reflectivity of the resolution test target. The wavelength of the probe photon is
3 um and the detected photon is 647 nm.

4. The spectrum of SPDC photons

The measured spectrum of the signal photons is shown in Fig. S4. Orange triangles show
the spectrum in the central region of the interference pattern which correspond to the orange
dashed circle in Fig. S2A,B. The black dots show the spectrum integrated across the whole
detection region, shown by the black dashed circle in Fig. S2A,B. Figure S4 illustrates that
the central wavelength of the SPDC Ao varies depending on the scattering angles. The full
width at the half maximum of the central spot is 1.91+0.02 nm with the corresponding

linewidth of the correlated IR photon calculated to be 42.8+0.4 nm.
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Fig. S4. The normalized spectrum of the signal photons obtained in different areas of
the detected interference pattern. Orange triangles show the spectrum obtained at the
center of the image, and black dots show the spectrum obtained across the full field of view.

Both regions are shown in Fig. S2A,B by orange and black circles, respectively.

5. Further setup optimization

Spatial resolution



Taking into account Eq. (S3), the spatial resolution of the method can be improved by
modifying the ratio of focal lengths fifs/f.. To demonstrate this, we recently performed
additional measurements using f3=2 mm lens (see Fig. S5), which theoretically gives
7.5 um diffraction limit, according to Eq. (S3). The experiment was done using a 20 mm
long PPLN crystal. In this configuration, we achieved ~10 um resolution (region 5-5 in the
USAF1951 resolution test), which is close to the theoretical limit.

The spatial resolution in our method also determined by the aperture of the nonlinear crystal.
Therefore, the resolution of the method can be further improved by using a crystal with a
larger aperture. For example, using a crystal with an aperture of 5x5 mm? and a lens system
with fs=2 mm, it is possible to achieve the resolution down to 2 um, which is close to the

diffraction limit of imaging at 3 um wavelength.
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Fig. S5. Reflectivity of the resolutions test target. Imaging wavelength is 3 um, and the
lens focal length is f3=2 mm. Every step of the piezo stage is recorded for 250 ms. Inset

shows the horizontal cross-section of the image.

Spectral resolution
The width of the SPDC spectrum is inversely proportional to the length of the nonlinear
element. Hence, the spectral resolution of the method can be further improved by using

longer crystals. In our experiment, we used a 10 mm long PPLN crystal, with the spectral



width of the probing signal, and IR beams equal to 1.9 nm and 43 nm, respectively. We
made additional measurements for a 20 mm long PPLN crystal, see Fig. S6. The spectrum
of the signal and idler photons became narrower and equal to 1.2 nm and 26 nm,
respectively.

Thus, by using a 40 mm PPLN crystal, it is possible to achieve spectral bandwidth of ~10
nm (~11 cm™) at around 3 pm probe wavelength. Though ~11 cm™ is still larger than the
value for state of the art conventional techniques (~2 cm™), it is good enough to probe
relatively broad absorption lines at mid-IR range, e.g. —OH stretching (4000 - 3000 cm™) or
—CH stretching (3100 - 2800 cm™). We also note that using longer nonlinear crystals would
not only increase the spectral resolution of the method but also enhance the rate of generated

photons and hence reduce the measurement time.
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Fig. S6. The normalized spectrum of the signal photons. The 20 mm PPLN crystal is
pumped by the 532 nm wavelength laser. The central wavelength of signal photons is 646

nm, which corresponds to the wavelengths of 3015 nm for idler photons.



Measurement time

In the current setup, it takes about ~25 minutes (70s x 21 images) to retrieve the
hyperspectral image in the spectral range from 2.8 to 3.4 um (step of ~25 nm). For the
spectral range from 2.5 to 5 um, the measurement would take about ~100 minutes.

By further optimization of the method, it is possible to reduce the imaging time by technical
means, such as by changing to a more sensitive CMOS camera, using longer nonlinear
crystal and higher power laser.

In additional experiments with a 20 mm PPLN crystal, presented in Fig. S6, we reduced the
detection time by a factor of 2 yet preserving the image quality. We also note that it is
possible to decrease the measurement time by using a more powerful pump laser (cw or
pulsed). Indeed, cw lasers with ~W power and pulsed lasers with ~mJ energy are readily
available in the visible range. A significant advantage of our scheme is that the sample does
not interact with the pump beam (unlike in Raman and fluorescence microscopy), which

eliminates the risk of damaging and photo-bleaching the sample.

6. Raw visibility data

At the experiment, we obtain the visibility of the interference pattern first. The raw visibility
data at the three probing wavelengths are shown in Fig. S7. Then, based on the visibility

data we retrieve the absorption map of the sample.
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Fig. S7. Raw data of the visibility maps. Visibility map of the interference at (A) 2.87 pum,
(B) 3.18 um and (C) 3.32 um probe wavelengths. The red dashed lines correspond to the
cross-sections shown at the bottom of each picture. The horizontal axis in inserts are number

of pixels of the CMQOS camera.
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