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Abstract: We demonstrate a method of rapidly acquiring background-free
infrared near-field spectra by combining magnitude and phase resolved
scattering-type scanning near-field optical microscopy (s-SNOM) with a
wavelength-swept quantum cascade laser (QCL). Background-free
measurement of both near-field magnitude and phase allows for direct
comparison with far-field absorption spectra, making the technique
particularly useful for rapid and straightforward nanoscale material
identification. Our experimental setup is based on the commonly used
pseudo-heterodyne detection scheme, which we modify by operating the
interferometer in the white light position; we show this adjustment to be
critical for measurement repeatability. As a proof-of-principle experiment
we measure the near-field spectrum between 1690 and 1750 cm™ of a
PMMA disc with a spectral resolution of 1.5 cm™'. We finish by chemically
identifying two fibers on a sample surface by gathering their spectra
between 1570 and 1750 cm™', each with a measurement time of less than 2.5
minutes. Our method offers the possibility of performing both nanoscale-
resolved point spectroscopy and monochromatic imaging with a single laser
that is capable of wavelength-sweeping.
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1. Introduction

Scattering-type scanning near-field optical microscopy (s-SNOM) [1] has emerged as a
powerful tool for optical and infrared imaging at significantly sub-diffraction-limited length
scales, and has been applied to diverse range of research topics including polymer studies [2—
4], phonons [5,6], nanoscale free-carrier densities [7], plasmonics [8—12], biological materials
[13—-16] and graphene [17,18]. It is particularly effective when operated with mid-infrared
(IR) radiation, as in this “chemical fingerprint” spectral region the vibrational modes of
molecules can be probed to provide non-destructive analysis of a sample’s chemical
composition. The resolution of traditional infrared-spectroscopic techniques is constrained to
around half of the light’s wavelength (typically ~5 um) by the diffraction limit. S-SNOM, on
the other hand, circumnavigates this limit by making use of the enhanced and strongly
confined near field that exists at the apex of illuminated sharp probes [19,20]. As a result,
infrared near-field images and spectra can be obtained with a spatial resolution that is
determined by the size of the probe’s apex (typically ~25 nm).

To date, the majority of spectroscopic measurements made with s-SNOM have been
performed in one of two ways; either by extracting the pixel values of a sequence of
consecutively recorded single wavelength images [2,3,5,21-24] or by using a broadband light
source, such as a femtosecond-pulsed lasers [25-27], synchrotrons [28-30] or globars [31], to
perform Fourier transform spectroscopy at individual pixels (nano-FTIR). The former can be
time consuming in both data acquisition and post-processing whereas the latter’s light sources
tend to suffer from low spectral irradiance leading to long measurement times and low
spectral resolution.

An alternative approach is to use the spectral tunability and high powers offered by
contemporary external cavity quantum cascade lasers (QCLs) [32,33]. These lasers offer the
advantage of being able to perform single wavelength imaging [16,34,35], while also being
able to “sweep” through their tuning range to gather a full spectrum at any particular point of
interest [36]. Previous publications on near-field spectroscopy with a swept QCL source have
shown that it is possible to rapidly distinguish substances on a sample surface using such a
wavelength-sweep [37], but until now no demonstration has been made in which both the
magnitude and phase of the near-field signal have been measured via a swept laser source.
Both values are required for a number of important applications; the reconstruction of the
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sample’s local dielectric constant [38], near-field tomography [39,40] and, critically for
nanoscale chemical identification, the ability to directly compare spectra gathered in the near
field with traditionally acquired far-field absorption spectra [26].

This link between the near-field and far-field spectra is due to the fact that the imaginary
part of the near-field signal (as measured by s-SNOM) matches well with far-field absorbance
spectra [38] in the case of weak molecular oscillators, for example most polymers and
biological materials. Weak oscillators are characterized by a strictly positive real part of the
dielectric constant, Re(g) > 0, throughout a spectral region of resonant absorption [3]. Given
the prevalence of standard infrared spectroscopy tools (such as Fourier transform infrared
spectroscopy, or FTIR), large databases of infrared absorption spectra exist. With magnitude
and phase-resolved near-field spectroscopy, these same databases could be used in the future
for material identification by simply searching for the particular absorbance spectrum that best
fits the imaginary part of the near-field spectrum. Using the imaginary part in this way,
however, requires that both the magnitude and phase of the near-field signal are recorded.

2. Experimental
2.1. S-SNOM setup
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Fig. 1. (a) Schematic of the pseudo-heterodyne detection technique as employed for
wavelength-swept spectroscopy. Light from a laser passes through a beamsplitter (BS) where it
splits into two arms. In the signal arm (path length labeled P1), the light is focused at a sharp
oscillating probe (frequency ) that also acts to backscatter the light for collection at the
detector. In the reference arm (path length P2), the light is phase modulated by reflection from
a vibrating mirror (frequency M where M << Q). The effect of interfering the two beams is
shown in (b), a representation of the Fourier transform of the time dependent waveform V(t)
gathered at the mercury-cadmium-telluride (MCT) infrared detector (not to scale). Peaks at the
harmonics of the probe oscillation Q are split into sidebands separated by the mirror vibration
frequency M. The magnitude and phase of the near-field signal can be deduced from the odd
and even sidebands of a suitably high harmonic (labeled here as 3Q = M and 3Q + 2M
respectively). (c) Power spectrum of our QCL (solid line) over its tuning range of 1570 to 1750
cm™. The sharp dips in power are caused by atmospheric water absorption peaks. Also shown
is a guide to the eye (dashed line) where the water absorption is ignored.

Our experimental setup is based on the widely used pseudo-heterodyne detection scheme [41]
as implemented on a commercially available s-SNOM (NeaSNOM, Neaspec), a schematic for
which is shown in Fig. 1(a). In more detail, continuous wave (CW) light emitted by the QCL
(CW-PLS Laser, Daylight Solutions) passes through a beamsplitter where it forms two beams.
The first beam — the signal arm — continues to an off-axis parabolic mirror where it is focused
to the apex of an oscillating metallic probe (oscillation frequency Q typically in the hundreds
of kilohertz) which acts as an optical antenna by both confining, and subsequently scattering,
the field in its immediate vicinity. The same parabolic mirror collects and re-collimates the
backscattered light. The second beam — the reference arm — is phase modulated by reflection
from a vibrating mirror (oscillation frequency M typically a few hundred hertz). Both arms are
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recombined and focused on to a nitrogen-cooled mercury-cadmium-telluride (MCT) detector
(FTIR-16-0.1, Infrared Associates).

The light that is backscattered from the probe is made up of two complex coefficients: the
near-field signal onr and the background scattering o [1] as shown in Eq. (1):

Exm = (o-NF + o-B )Ein (1)

Es.. and E;, represent the scattered and incident fields respectively. The near-field signal oy
relates to the scattered near field that has been modified by the interaction between the probe’s
apex and sample (thus encoding information about the local optical properties of the sample
surface), while the background scattering og represents the field scattered by the sample or
body of the probe and remains unaffected by the near-field interaction. The two components
can be distinguished by their probe-sample separation dependence; the near-field signal onr
typically vanishes with a separation of a few tens of nanometers, while the background cg
varies only slightly. As a result of the probe’s vertical oscillation (typically a few tens of nm
at frequency Q), most of the high-frequency time variation in the detector waveform V(t) is
due to changes in the near-field interaction signal, and not the background which remains
relatively constant. Consequently, by Fourier transforming the time trace of the detector signal
over a short integration time (~10 ms) and measuring at a suitably high harmonic of the probe
vibration frequency nQ, background can be reduced [42,43]. To extract the background-free
magnitude and phase of oxr, we use the sidebands created by the reference mirror’s vibration
M, the amplitude of which is dictated by the wavelength [41]. These sidebands appear around
the harmonics of Q, as shown in Fig. 1(b) (where they are labeled 3Q2 + M, 3Q + 2M etc.) The
complex near-field signal can be calculated from the values of two adjacent sidebands. Taking
into account the higher harmonic demodulation, we denote the near-field signal as c,, where n
represents any harmonic at which the background scattering provides a negligible
contribution. For the experiments that follow, a probe oscillation amplitude of 50nm was
used, for which the background scattering was fully suppressed at the third harmonic (n = 3).
Figure 1(c) shows the power spectrum of our QCL. Its tuning range stretches from 1570 to
1750 cm™', which is a spectral region of particular importance for the identification of
biological materials [44]. It is also a region in which atmospheric water absorbs strongly at
multiple wavelength [45]; for this reason numerous dips are visible. At these transmission
minima very little power reaches the s-SNOM probe meaning that there are gaps in the
recorded near-field spectra o3(A). Such gaps do not tend to prevent material identification,
however, as will be seen later in this paper. Furthermore, it should be noted that these gaps are
not unique to the swept-wavelength technique; they are problematic for all forms of infrared
spectroscopy. In future implementations the atmospheric water absorption could be
circumvented by encapsulating the whole setup and filling it with dry air or pure nitrogen.

2.2. Pseudo-heterodyne spectroscopy: single wavelength imaging and wavelength sweeping

For spectroscopic measurements, the pseudo-heterodyne scheme can be employed in one of
two ways. The first way — as has been employed previously — is based on imaging. A single
laser wavelength is selected and the sample is raster scanned beneath the probe by a high
precision piezoelectric stage. As such, an image is built up pixel by pixel, and if a number of
images are taken at different wavelengths, the spectral characteristics of a particular feature
can be extracted from its pixel values. The second way is what we introduce in this paper,
where we position the probe at a single point and we sweep the laser’s wavelength through a
spectral range of interest. If the rate of change of wavelength is constant, the elapsed time
from the start of the sweep can be directly equated to the lasing wavelength. In this way, we
can measure the complex near-field spectrum at a single pixel, o3(A) — which is comprised of
both a magnitude spectrum, s3(A), and a phase spectrum, ¢s3(A) — within a few seconds.

Both the single wavelength imaging approach and the wavelength sweeping approach also
require a reference spectrum, o;..1(A), to be acquired. The reference spectrum accounts for
variations in laser power at different wavelengths, as well as changes caused by other
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wavelength-sensitive components of the experimental setup. In the imaging approach, this is
usually achieved by placing the sample on a spectrally flat substrate such as gold or silicon
such that both the sample 63 smpie(A) and reference 63,.4(A) spectra can be extracted from the
series of single wavelength pictures. For the experiments in this paper, we position the probe
above either the sample or reference material, and sweep the laser’s wavelength at each to
gather the relevant spectrum. For brevity, we denote the normalized near-field spectra
G3,sample(}")/c3,ref(7‘) as ﬂz(k)

Temporarily disregarding the characteristics of the laser itself, the spectral resolution of a
spectrum recorded by a wavelength sweep is defined by the interplay between two
parameters; the rate at which the laser changes wavelength, and the integration time of the
pseudo-heterodyne technique. The experiments contained in this paper used sweep rates of
approximately 20 cm™'/s and integration times of 6.5 ms (a value limited by the oscillation
frequency of the reference mirror, in our case the commercial Neaspec PMDK-2 module),
corresponding to a nominal spectral resolution of around 0.13 cm™. As will be seen in the
following section, however, difficulties in perfectly replicating sweeps — as well as signal-to-
noise considerations — lead us to average over a number of data points for an actual spectral
resolution of around 2 cm™'.

2.3. Importance of the white light position
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Fig. 2. (a) Near-field phase spectrum ¢s;(A) of a single QCL wavelength sweep on a silicon
surface where the path length difference is large (>2 cm). (b) A repeatability test of two sweeps
with a large path length difference (>2 cm). In a perfectly repeatable measurement, the phase of
one spectrum subtracted from the phase of another would be zero. (c) The same measurement
as (a), but with the path length difference small (green dots) and zero (blue dots). The
propagation phase ramping caused by the wavelength-path difference dependence of Eq. (3) is
clearly visible in the case close to the white light position (WLP). Data at low power
wavelengths have been removed for clarity. (d) Repeatability test performed at the white light
position.

A single near-field phase spectrum, ¢3(A), of a silicon surface recorded with a wavelength
sweep covering the entire tuning range of our QCL, is shown in Fig. 2(a). The reference
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mirror oscillation amplitude was adjusted for the central wavelength of 1660 cm™. It is clear
that the spectrum has a large distribution of values. This spread can be understood by looking
at the different contributions to the measured near-field phase, ¢3(), as shown in Eq. (2):

¢3 (/1) = ¢NF (/1) + ¢PR()P (;L) (2)

Onp(A) represents the contribution of the near-field interaction between the probe and the
sample (which is a constant value for a spectrally flat material such as silicon and can hence
be neglected in this discussion) and ¢prop(A) represents the contribution which arises from the
difference in propagation length between the two arms of the interferometer (the propagation
phase) [46]. The latter is related to the wavelength as shown in Eq. (3):

2r
Peror = 7 2d )

The path length difference of the two arms (path lengths labeled P1 and P2 in Fig. 1(a)) is
denoted d. For the measurements in Fig. 2(a) and (b), d was set to 2 cm, a typical value for an
unmodified commercial s-SNOM (NeaSNOM, Neaspec). With this relatively large path
difference, the change in the measured phase between wavelengths is also large. This means
that as the wavelength is swept, Gprop(A) introduces a very fast phase ramp that obscures
entirely dnr(L). A wavelength change of 0.5 cm™, for example, leads to a phase jump of 4w in
Oprop(L). The propagation phase, therefore, explains the broad distribution of the measured
values of ¢3(A) between —wt and 7 in Fig. 2(a).

In theory, the large spread of a near-field spectrum is not problematic; all s-SNOM
measurements must be normalized. If the laser sweep was perfectly reproducible, each point
within the spectrum would have exactly the same propagation phase Oprop(A) from sweep to
sweep — the propagation phases should cancel, and the remaining phase of the normalized
spectrum 13(A) should depend purely on the near-field interaction ¢nr(A) between the probe
and the sample. Figure 2(b) shows the results of a repeatability test, in essence a normalization
of one spectrum on silicon to another. Although the spread of values is smaller in this
“normalized” case than in that of a single sweep, the range of values is still big, and this
would mask all but the biggest of changes in ¢nr(A), which is fundamentally what we want to
measure. Such an inability to reproduce the near-field phase spectrum ¢5;(A) in two identical
measurements on silicon suggests a lack of repeatability in the wavelength sweep of our QCL
— the lasing wavelength at any given moment varies slightly from sweep to sweep, and these
small fluctuations in the wavelength introduce non-reproducible variations in the propagation
phase.

Taking the numerical value of the spread of phase values in the repeatability test of Fig.
2(b) (~2 radians), we can use Eq. (3) to calculate the uncertainty in the lasing wavelength as
approximately 0.08 cm™'. We suggest that this wavelength uncertainty is likely caused by the
mechanical nature in which the wavelength is tuned. Our laser is arranged in an external
cavity configuration [33], meaning that the wavelength is selected by use of an angled
diffraction grating as part of the laser cavity. A stepper motor with a non-zero repositioning
error controls the angle of this diffraction grating, and as such, no two wavelength sweeps are
precisely alike. This repositioning error, therefore — when coupled with a large interferometer
path length difference — is the root cause of the unrepeatability of the near-field phase spectra
O3(M).

It should be emphasized that the near-field phase spectrum is unrepeatable because of the
contribution of the propagation phase, ¢prop(A), and not the near-field interaction, Onp(A),
which does not change significantly within a single wavelength step. Significant
improvements in repeatability can be made, therefore, by reducing the dependence of the
propagation phase on the wavelength. By moving the interferometer to its white light position
(i.e. equal path lengths or d = 0), the recorded phase can be made entirely independent of the
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wavelength for a spectrally flat material (as seen from Eq. (3). This can be seen in the Fig.
2(c), which shows another single phase spectrum, ¢;(A), on silicon where the path length was
set small (green dots) and zero (blue dots). With a small difference, a regular ramp is observed
as the phase cycles from -n to m several times during the sweep, while at the white light
position itself, the phase is completely decoupled from the wavelength and remains at a
constant value. When another repeatability test is performed at d = 0 as shown in Fig. 2(d), it
is clear that slight differences in the wavelength from sweep to sweep no longer lead to a
broad distribution of phases, and two separate measurements can be reliably matched as
sample and reference spectra during the calculation of the normalized near-field spectrum
ns(A). We note that the silicon surface will be covered by a natural oxide layer several
nanometers thick. As this oxide layer does not absorb in the spectral range covered by our
laser, the “silicon’s” response remains spectrally flat, and is thus suitable for use as a
reference spectrum.

3. Results
3.1. PMMA discs

As a proof-of-principle experiment that our wavelength sweeping technique is capable of
collecting high-resolution infrared absorption spectra, we first present the results from a
simple sample — a polymer disc (poly-(methyl methacrylate), or PMMA) on a silicon substrate
prepared by colloidal lithography [47] — and compare them to a “traditional” near-field
spectrum gathered from a series of single wavelength images (e.g [3].). PMMA is known to
absorb strongly near 1730 cm™ due to C = O bond stretching, and so we expected to see a
peak in the imaginary part of n3(A) at these wavelengths. The studied disc was slightly under
20nm in height, and 100nm in diameter, as can be seen in the topography of Fig. 3(a).
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Fig. 3. (a) The topography of an 18nm thick PMMA disc. The dashed circles indicate the areas
for which the pixel values were averaged to find the sample and reference spectra for the single
wavelength images. The green ‘S’ and the yellow ‘R’ indicate the positions at which the QCL
sweep sample and reference spectra were taken respectively. (b)-(d) A selection of the near-
field phase ¢; images of the same disc taken at 1700, 1735 and 1745 cm™ respectively, where
the phase on silicon has been set to zero. (e)-(g) The normalized phase, magnitude and
imaginary part spectra extracted from a series of single wavelength images (red) and our QCL
sweeping technique (blue). For clarity, the wavelength swept curves have been offset by —10
degrees and —0.1 in the phase and magnitude spectra respectively. The solid blue and red lines
are Lorentzian curve fits — these are not intended to be precise representations of the underlying
data but rather guides to the eye. The two curves in the imaginary part (g) — which is directly
comparable to the local far-field absorption [38] — have been overlaid to show their agreement.
Also shown in (g) is the grazing incidence Fourier transform infrared (GI-FTIR) absorption
spectrum of an 8nm PMMA film (black line, plotted on right y-axis) which has a spectral
resolution of 2 cm™".

Panels 3(b)-3(d) show the near-field phase ¢; of single wavelength measurements at 1700,
1735 and 1745 cm-1. These phase data are shown because they indicate the local absorption
[38]. As expected, the images clearly show stronger contrast close to the C = O absorption
peak with a maximum phase contrast of 9° (as compared to the silicon substrate) at 1735
cm™'. The red curves in panels 3(e)-3(g) show the magnitude, phase and imaginary parts
respectively of the normalized near-field signal n;(X). Their values are extracted by averaging
over the pixels containing the PMMA and the substrate in each image as outlined in the
topography image Fig. 3(a) by a dashed circle. The error bars show the standard deviation of
the pixel values used in the averaging.

The blue curves in Fig. 3(e) and 3(f) are found using the wavelength sweeping method.
For these measurements the laser was swept from 1690 to 1750 cm™ a total of 30 times while
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the probe was on the PMMA, and 20 times on the silicon. Every sweep took 2.8 seconds
meaning a total measurement time of slightly less than 2.5 minutes. To extract the near-field
spectrum o;(A), the sweeps were first divided up into time bins of 70 ms (corresponding to a
spectral resolution of 1.5 cm™ as a number of wavelength steps occur within the bin). The
value of each time bin — also corresponding to a wavelength — was calculated by finding the
median average of the pseudo-heterodyne measurements within it. The mean and standard
deviation of each bin was then found by combining the individual sweeps (i.e. 30 on PMMA,
20 on silicon), leaving a single spectrum for each material with a measure of the error at each
wavelength o3(A) £ err(A). Next, the PMMA spectrum was normalized to the silicon spectrum
and the magnitude, phase and imaginary parts of nz(A) extracted. Finally, data points where
the phase error bars exceeded 8° were excluded for visual clarity, resulting in blank areas in
the spectrum.

In Fig. 3(g) — where the imaginary parts of the individual images and the wavelength
sweeping method are overlaid — close agreement is seen, proving that the wavelength
sweeping technique is effective for rapidly gathering near-field spectra. The slightly lower
peak in the single wavelength spectrum is likely due to averaging over an area of non-uniform
PMMA height leading to a variation in the strength of the local absorption. In both cases, the
peak maximum at 1735 cm™' shows excellent agreement with the far-field absorption
spectrum, which was taken using grazing incidence Fourier transform infrared spectroscopy
(GI-FTIR). It is also evident that some wavelengths that are accessible in single wavelength
imaging exhibit large measurement errors in the wavelength sweeping spectra; we speculate
that this is due to an insufficient laser settling time during the sweep causing either a low or a
highly variable power output.

We also note that using a constant reference mirror vibration amplitude during the
wavelength sweep introduces a systematic error to the measurement [41]. It can be minimized
by adjusting the vibration amplitude for the central wavelength of the sweep; the error is
largest at the spectral extremes. For the tuning range of our laser, however, its effect is
negligibly small, as can be seen from the excellent agreement of the wavelength-swept spectra
with both the single wavelength spectra (where the reference mirror vibration amplitude was
adjusted for each wavelength) and with the GI-FTIR data.

Finally, we offer a comment about the y scale of Fig. 3(g); it may seem counter-intuitive
that the imaginary part of the normalized near-field spectrum n3(A) can have negative values.
These negative values stem from the relative phases of the sample and reference spectra.
When the measured near-field phase, ¢;, of silicon is larger than that of the PMMA (i.e.
between 1690 and 1720 cm™") then the normalization procedure yields a negative value for the
phase which, in turn, leads to a negative imaginary part of n;(A). This is clearly seen in the
phase spectrum of Fig. 3(e) and the single wavelength image at 1700 cm™ in Fig. 3(b).
Physically, this means that the probe-surface interaction for silicon introduces a slightly larger
phase delay in the scattered light than that for PMMA (for off-resonant wavelengths).
Speculatively, we suggest that the reason for this delay could be either a shift in the antenna
resonance of the probe as it is loaded upon approaching the surface, or because the tip is also
illuminated by reflection from the sample (as well as direct illumination) and hence can be
affected by sample topography [46]. For the purposes of the normalization, however, it is only
required that the near-field phase response of the silicon be spectrally flat. Its absolute value
(i.e. whether it is greater or less than the near-field phase response of PMMA) is
inconsequential, and only matters insofar as dictating the sign of the normalized spectrum.
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3.2. Distinguishing “unknown” organic fibers
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Fig. 4. (a) Topography of two fibers. (b,c) The imaginary parts of normalized near-field spectra
taken at the green and red dots respectively (averaged over 10 sweeps at each point). The
normalization spectrum was recorded at the yellow dot labeled ‘R’ and was averaged over 5
sweeps. The solid lines are Lorentzian curve fits — these are not intended to be precise
representations of the underlying data but rather guides to the eye. The blue dots are nano-FTIR
absorption spectra [26] taken from a similar (but not the same) protein fibril (b) and a 174nm
PMMA film (c) with an 8 cm™ spectral resolution. The blue lines represent the zero-filled
spectra.

In finishing, we use the wavelength sweeping technique to identify different materials on a
sample surface. PMMA and protein fibers were prepared by electrospinning [48] and placed
on a silicon substrate. Figure 4(a) shows a crossing of two fibers, but it is impossible to
identify them chemically from their topography alone. To do so, we took 10 sweeps at
locations marked by green and red dots over the full range of our QCL (1570 to 1750 cm™)
and 5 normalization sweeps on the silicon substrate at the location marked with a yellow ‘R’.

The same procedure as above was followed for extracting the normalized spectra n;(A)
with a 2 cm™ spectral resolution, and the imaginary parts are shown in panels 4(b) and 4(c).
By comparing these near-field spectra to far-field absorption spectra, it is a simple task to
identify the two fibers as PMMA (top-left to bottom-right) and protein (bottom-left to top-
right) via their absorption peaks at 1730 cm™ and 1660 cm™ respectively (the former
corresponding to the previously examined C = O stretching mode and the latter to the Amide I
peak present in biological materials). The different thickness of PMMA accounts for the
spectral shift of the peak relative to the measurements in Fig. 3 [49]. The total measurement
time for each of these spectra was, again, slightly less than 2.5 minutes.

Also shown in panels 4(b) and 4(c) are nano-FTIR absorption spectra. These were not
recorded at the same positions as marked in panel (a) and as such are not intended for
quantitative comparison with the QCL sweep spectra. Instead, they were recorded on a similar
(but not identical) protein fiber and a 174nm film of PMMA respectively. Similar peak
positions between the nano-FTIR and QCL sweep methods, however, provide further
qualitative evidence for the effectiveness of wavelength-swept spectroscopy.
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4. Conclusion

In conclusion, we have demonstrated a method of rapidly gathering high-resolution, near-field
spectra by combining the well-established pseudo-heterodyne detection technique with a
wavelength-swept QCL. This allows for magnitude and phase-resolved measurement of the
complex near-field signal c;. This gives us access to the imaginary part of o3, which, in turn,
permits direct comparison with far-field absorption spectra.

We have also found that the interferometer used for pseudo-heterodyne detection must be
set up in the white light position (so that the path length difference between the signal and
reference arms is zero). This prevents the unrepeatability of the small wavelength steps that
constitute our laser’s wavelength sweep from drastically affecting the normalized near-field
spectrum 13(A) by removing the dependence of the measured phase, ¢;, on the wavelength
(excluding any spectral variations in the phase caused by the probe-sample interaction).

The spectral region covered by our QCL (1570 to 1750 cm™) is plagued by atmospheric
water absorption peaks, and improvements could be made to the quality of our measurements
by recording spectra in a pure nitrogen or dry air environment; this would remove the gaps in
the spectral coverage. The systematic error introduced by the constant reference mirror
vibration amplitude, although negligible for our QCL, would become significant for lasers
capable of sweeping through a bigger range of wavelengths. By varying the mirror vibration
during the sweep, however, this systematic error could be completely eliminated. Finally, we
note that the use of the white light position might enable unstable QCLs (or other lasers that
may have unrepeatable tuning characteristics) to be used in other types of interferometric
setup — both in the near field and the far field. It also benefits monochromatic phase imaging
by preventing small instabilities in the lasing wavelength from producing artificial phase
modulations.
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