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To understand the ability of TPP-DLW to produce small feature sizes, the laser intensity threshold (I th)
needs to be taken into consideration, and the fact that, below this threshold, photopolymerizable resins are
not sufficiently cross-linked. From a practical point of view, this means that objects created by TPP-DLW
need to be fabricated using laser intensities higher thanI th if they are to survive the development step. Hence,
polymerized features with smaller and smaller dimensions can be printed by TPP-DLW using ever decreasing
laser intensities that barely surpassI th. In this way, the volume of the laser-focused beam is not polymerized
in its entirety but only in those regions where the intensity surpasses the threshold. Using this strategy,
nanorods as thin as 30 nm have been written using an excitation wavelength of 800 nm [8].

While the optical diffraction limit can be broken in TPP-DLW when printing single and well-separated
elements (i.e. voxels or continuous lines), the writing resolution (inter-elements distance at which elements
are still distinguishable) suffers from limiting mechanisms that are inherent to the polymerization process.
Specifically, due to the so-called memory effect of the resin, the minimum achievable distance between two
voxels or lines in TPP-DLW is always two to five times larger than the minimum feature size. As a
consequence, the highest writing resolution reported so far when using TPP-DLW in its original form is
around 200 nm [ 9]. Over the years, several research groups have developed clever strategies to overcome this
limitation [10–14]. Many of these strategies were inspired by the astounding results achieved in
fluorescent-based super-resolution microscopy techniques such as STED and RESOLFT [15].

Based on the above discussion then, it is evident that TPP-DLW can reproduce three-dimensional objects
at the microscale level with unmatched fidelity. Both the building blocks used to print these parts (voxels)
and the proximity with which they can be positioned have indeed reached dimensions smaller than 100 nm.
Unfortunately, the ability to control matter transformation with such a high spatial accuracy has not been
matched by the implementation of adequate analytical techniques that can investigate the polymerization
process at the same or smaller length scales. For example, confocal Raman microscopy is often used to
characterize TPP microstructures because of its ability to retrieve chemical-rich information [16]. Since it is
a far-field (FF) optical technique, Raman microscopy is limited in its spatial resolution by the diffraction
limit. Thus, discriminating signals from sample domains that are separated by less than 300 nm is extremely
challenging using this technique.

Therefore, we believe that the decisive advance of TPP-DLW into a widely used micro- and
nano-manufacturing process calls for an analytical technique capable of characterizing structures at
sub-diffraction limited spatial resolution. Working towards this goal, we demonstrate the use of near-field
(NF) microscopy to investigate the chemical properties of TPP microstructures with a resolution well below
100 nm. Specifically, we collect Raman maps of TPP microstructures using tip-enhanced Raman
spectroscopy (TERS) [17–19].

TERS combines the benefits of Raman spectroscopy with the spatial resolution of scanning probe
microscopy. In particular, TERS produces data that is highly specific in chemical information along with
signal localization down to the tens of nanometers. Accordingly, TERS has the potential to deliver label-free
chemical imaging of TPP microstructures even when they are printed with the finest feature sizes and the
highest writing resolution. Furthermore, the non-destructive and minimally invasive characters of TERS
render this technique attractive for real-time imaging of TPP-DLW at the nanoscale.

Through the years, TERS has been utilized to study many types of nanostructured materials. Examples
include single-walled carbon nanotubes, graphene flakes, organic and semiconductor solar cells, and
metals-based catalysts [20–24]. TERS has been employed successfully in the characterization of biological
materials as well. Bacteria, viruses, erythrocytes, and nucleic acids have all been analyzed with nano-scale
resolution using TERS [25–28]. Furthermore, polymers have been the subject of TERS studies as well. In one
example, a polystyrene/polyisoprene thin film was imaged by TERS resulting in new information on the
surface and sub-surface nano-structure of these composite materials [29]. In another example, a different
polymer blend thin film was investigated by TERS [30]. In this case, the development of the interface
between the two polymers that constitute the film was followed with a high spatial resolution by imaging
samples annealed at different temperatures.

Herein, we provide Raman maps of polymeric microstructures fabricated by TPP-DLW with a spatial
resolution that exceeds that of conventional confocal Raman microscopy. Based on our TERS measurements,
we reveal preliminary information on the nanostructure composition of printed polymeric parts. We find a
conspicuous amount of heterogeneity in the polymer cross-linking along distances smaller than the size of
the used polymerized voxel. This study proves that TERS can be applied to investigate TPP microstructures,
paving the way to better understand photopolymerization processes when they are confined within small
volumes such as in TPP-DLW.
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2. Experimental methods

TPP samples were printed using a commercial TPP-DLW system (Photonic Professional GT, Nanoscribe
GmbH). The excitation source is provided by a fiber-based oscillator with a center wavelength of 780 nm.
The laser delivers a train of 120 fs pulses with a repetition rate of 80 MHz. The laser is focused onto the
sample using a Plan-Apochromat 63� 1.4 NA oil immersion microscope objective mounted in an inverted
microscope frame. DLW is accomplished by either moving the sample with the aid of a three-axis piezo stage
or by scanning the focused laser beam using galvanometric mirrors. A Bragg cell is used to regulate the laser
intensity that reaches the sample and to ensure minimum amounts of over- and under-exposures. The
maximum average laser power measured at the objective back aperture was 50 mW. Because of the laser
wavelength and beam waist, transmission of 65% for the microscope objective was measured. All laser
average powers cited hereafter refer to values measured before the microscope objective.

TPP samples were made using IP-L 780 (Nanoscribe, GmbH). IP-L 780 is a negative-tone resin that
allows fast and efficient printing of three-dimensional structures by TPP-DLW. Its main component is a
multifunctional acrylate monomer (pentaerythritol triacrylate, PETA) and, to start polymerization, it uses a
type I photoinitiator [31]. We have chosen this resin because it enables fabrication of sub-100 nm feature
sizes and because it has been well-characterized by Raman spectroscopy. Structures were fabricated on fused
silica substrates modified with an adhesion promoter. After DLW, samples were submerged in propylene
glycol monomethyl ether acetate for 20 min to dissolve uncured resin, followed by a 5 min long isopropanol
bath for further cleaning.

FF and NF Raman spectra and mappings were captured with a multi-purpose analytical instrument
NTEGRA SPECTRA™ (NT-MDT Spectrum Instruments) in the upright configuration. As it will be
explained in the discussion section, an epi-collection scheme was selected for this study. The system is
essentially a laser-scanning Raman confocal microscope equipped with a scanning probe station. Excitation
and signal detection were carried out using a 100� 0.7 NA microscope objective with a working distance of
6 mm.

The spectrometer was calibrated with a silicon wafer by registering a first-order Raman band centered at
520 cm �1. The sensitivity of the spectrometer was ca. 2500 photon counts per 0.1 s provided that we used an
exit slit of 100�m and linearly polarized light with a center wavelength at 532 nm and an intensity of
1.5 MW cm �2. The spectrometer is equipped with an EMCCD camera (ANDOR, Ireland), and it was
operated at 193.15 K without signal amplification. FF and NF Raman spectra within the range of
200–2000 cm �1 were registered with a spectral resolution of 1.3 cm�1 using a 600 grooves mm �1 grating.

A bent gold tip attached to a tuning fork is used in the scanning probe station. The tip performs quasi
vertical oscillations at the distance of 2–3 nm above the sample using feedback that is driven by a shear-force
mechanism. Alignment between the apex of the gold tip with the focus of the excitation beam was realized by
imaging the surface localized plasmon based field enhancement beneath the apex gold tip [32]. When
turning the linear polarization direction of the excitation beam, the characteristic rotation of a two-lobe
Rayleigh scattering pattern was observed at the focal plane. Following this procedure, the relative positions of
the laser focus and the metallic tip were locked. TERS maps are then recorded by scanning the sample around
the fixed laser focus/tip assembly by means of piezo stages and collecting Raman spectra at each pixel.
Specifically, the TERS images in this work were constructed using raster scans with a step size of 5 nm and an
exposure time of 0.1 s pixel�1 resulting in 128� 128 pixel images.

Gold tips for TERS measurements were fabricated from a 100�m gold wire (purity: 99.99%, Goodfellow)
immersed in a mixture of fuming hydrochloric acid (HCl, 37%) and ethanol [C2H 5OH, 96%] in a 1:1
volume proportion [33,34]. Consistent results were achieved using an adaptive dc-pulsed electrochemical
etching procedure with a self-tunable duty cycle and working potentials ofV b = 1.5 V and V up = 1.9 V. On
achieving the current cutoff event, the tips were safely retracted from the solution surface with a
piezo-manipulator and were immediately rinsed with distilled water and dried under nitrogen. Curvature
radii of the gold tips were within the range of 20–30 nm. Straight and etched gold tips were first bent under
mechanical load and then glued to a conductive long tab of a horizontally oriented tuning fork (TF103-NTF,
NT-MDT) operating at a resonance frequency of 32 kHz. Approaching the gold tip to the sample was safely
performed with the help of a normal force feedback scheme at a setpoint value as small as 95% [35].

When replacing the resonant tuning fork of the scanning probe station with a traditional silicon-based
cantilever, high-resolution topographic imaging of TPP microstructures were recorded by atomic force
microscopy (AFM) using tapping mode operation.
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Figure 1.Dimensional and surface characterization of the TPP microstructure. (a) Top view SEM, (b) AFM of a portion of the
microstructure as delineated by the square outline in (a), and (c) height profile of the sample across the blue line in (b).

Figure 2.FF Raman characterization of the TPP microstructure. A portion of the structure shown in figure1 is investigated using
confocal Raman microscopy. Raman maps recorded using the signals at 1630 cm� 1 and 1720 cm � 1 are shown in (a) and (b),
respectively. Raman spectra between 1500 cm� 1 and 1900 cm � 1 for three different locations within the sample (three points
highlighted in (a) with a dot, a square, and a triangle) are shown in (c).

double bond centered at 1720 cm�1. Since both the olefine and the carbonyl functional groups are intrinsic
moieties of acrylic monomers, their corresponding Raman peaks are helpful spectroscopic markers for
studying TPP-DLW. Specifically, while the peak at shorter wavenumber decreases upon laser irradiation
because carbon–carbon double bonds are consumed during polymerization, the peak at longer
wavenumbers remains essentially identical upon laser irradiation because the carbonyl group does not
participate in the polymerization process. Thus, the Raman signal at 1720 cm�1 serves as an internal
standard, and the integrated areas of these two peaks (A C = C and A C = O ) are used to calculate the
polymerization degree of conversion (DC). DC is an important characteristic for polymers in general, but it
plays an even greater role in the characterization of TPP-DLW where highly branched monomers make up
most of the resins. DC values are indeed strictly correlated with several properties of TPP microstructures
such as their strength and index of refraction, both of which play fundamental roles in several cutting-edge
applications of TPP-DLW [37,38].

A small area (7� 7 �m 2) of the microstructure in figure1 (bottom left) was examined using confocal
Raman microscopy. Raman maps of this sample region of the sample are shown in figure2. The signals used
to build the images in figures2(a) and (b) originate from the 1630 cm�1 and the 1720 cm �1 peaks,
respectively. The two maps are almost identical with the only difference being an overall brighter signal in
figure2(a) than in figure2(b). This difference emerges from the relative intensities of the two Raman peaks.
The fact that the Raman maps in figure2 do not display any significant differences is justified considering
that the two functional groups giving rise to the measured signals are distributed within the polymer at an
intra-molecular level, hence making their dispersion impossible to resolve.

Raman spectra recorded at three different locations within the sample (circle, square, and triangle points
in figure2(a)) are displayed in figure2(c). The characteristics peaks at 1630 cm�1 and 1720 cm �1 are present
in both spectra of the line and of the pad. As expected, no polymer Raman signal is measured outside the
sample. Since the line’s thickness is almost double that of the pad, the overall spectral intensity originating
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