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ABSTRACT 
Actoprobe team had developed custom Tip Enhancement Raman Spectroscopy System (TERS) with specially developed 
Ultra High Aspect Ratio probes for AFM and TERS measurements for small pixel infrared FPA sidewall 
characterization. Using this system, we report on stimulated Raman scattering observed in a standard tip-enhanced 
Raman spectroscopy (TERS) experiment on GaSb materials excited by 637-nm pump laser light. We explain our results 
by TERS-inherent mechanisms of enormous local field enhancement and by the special design and geometry of the ultra-
high-aspect-ratio tips that enabled conditions for stimulated Raman scattering in the sample with greatly enhanced 
resonance Raman gain when aided by a microcavity to provide feedback mechanism for the Raman emission. The 
approach has great potential for further, orders-of-magnitude, progress in TERS enhancement by significantly increasing 
its nonlinear component. We report development of novel class of probes for atomic force microscopy (AFM active 
optical probe - AAOP) by integrating a laser source and a photodetector monolithically into the AFM probe. The AAOPs 
are designed to be used in a conventional AFM and would enhance its functionality to include that of the instruments 
(NSOM, TERS, hybrid AFM). 

Keywords: TERS, Infrared Detection, AFM, Confocal Raman spectroscopy, InAs/GaSb, Focal Plane Array, Dual-band 
imaging, AFM Active Optical probe, AAOP, NSOM.  

1. INTRODUCTION
Conventional spontaneous Raman spectroscopy is known to suffer from low efficiency and sensitivity, as it relies on the 
highly inefficient process of inelastic light scattering. Tip-enhanced Raman spectroscopy (TERS) combines spontaneous 
Raman spectroscopy with the local field enhancement capability of metallized scanning probe microscopy tip to amplify 
the signal by 3 to 4 orders of magnitude.[1] Stimulated Raman spectroscopy is another advanced type of Raman 
spectroscopy that relies on nonlinear coherent Raman scattering.[2] The most important property of stimulated Raman 
spectroscopy is the enormous gain in the photon emission rate over spontaneous Raman scattering enabled when the 

1 Presenting author: aukhanov@actoprobe.com 
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frequency difference between the pump field ωp and Stokes field ωs matches a molecular vibration. Stimulated Raman 
spectroscopy, however, is a very complex nonlinear technique that employs pulsed lasers with high peak powers rather 
than CW excitation. Stimulated Raman spectroscopy is generally performed with two synchronized (picosecond or 
femtosecond) pulsed lasers focused onto the same spot and requires high-frequency phase-sensitive detection to detect a 
small increase (stimulated Raman gain of the Stokes beam) or decrease (stimulated Raman loss of the pump beam) in 
light intensity at the excitation wavelengths. An enhancement factor of 9 orders of magnitude was recently reported in 
stimulated Raman spectroscopy aided by TERS.[3] The local field enhancement, enabled by TERS, made it possible to 
achieve conditions for stimulated Raman experiments with CW lasers. Still, the stimulated Raman spectroscopy 
experiments required two (pump and Stokes) lasers for excitation and lock-in amplified detection. Recently, the 
unprecedented subnanometer lateral resolution and high signal enhancement demonstrated in STM-TERS experiments 
under low-temperature and ultrahigh-vacuum conditions were attributed to the possible nonlinear stimulated Raman 
scattering process.[4, 5] As compared to AFM-TERS, STM-TERS configuration provides additional gap-mode 
enhancement for localized surface plasmons (LSPs) excited by incoming photons upon illumination due to the strong 
substrate-tip electromagnetic coupling intrinsic to STM-TERS where the sample is attached to a smooth metal 
substrate.[1, 6] In STM-TERS, the gap LSP modes can also be excited by electrons tunneling through the gap thus 
leading, after the radiative decay of the LSPs, to the STM-induced light emission, usually called STM-induced 
luminescence (STML).[7, 8] STML associated with very strong broadband plasmonic resonance in the Ag tip – Ag 
substrate nanocavity[9] and spectrally tuned to the molecular vibration by simply modifying the tip status[10, 11] was 
suggested as the possible source of the Stokes field ωs to explain the observations of nonlinear STM-TERS.[4, 5] 

2. EXPERIMENTAL

2.1. Confocal Raman AFM Instrument 

The experimental setup was Acto-TERS, Actoprobe LLC TERS AFM instrument (Fig.1c), that combined a high-quality 
commercial scanning probe microscope with a special confocal Raman microscopy (CRM) system developed by 
Actoprobe LLC. The optical schematic of the CRM system is shown in Fig.1a. The light from a single-line high-quality 
commercial diode-pumped 637-nm solid-state laser was prepared in a particular polarization state using half-wave plate 
(HWP) to maximize surface enhancement effect on the tip apex, passed through a tunable band-pass filter (TBPF) to 
remove laser spontaneous emission lines, and focused onto the sample through a long-working-distance microscope 
objective. A 10x infinity-corrected 0.3-NA objective lens was used at 30-mm working distance for focusing the 
excitation laser beam onto the sample as well as for collecting the Raman signal (Fig.1b). The AFM system was operated 
in tapping mode with the following typical parameters: the drive amplitude was 18 mV at the cantilever resonant 
frequency of ~400 KHz, the tip-surface distance was ~1-2 nm and ~50 μm for the “tip-in” (tip engaged) and “tip-out” 
(tip retracted) conditions, respectively. The confocal microscope was configured so that the incident laser beam made 
and angle of 30° to the surface of the sample. The collected Raman signal was passed through a long-pass filter to 
remove the excitation wavelength before being coupled into an optical fiber. The optical fiber sent the Raman signal into 
the 4 spectrometer (Princeton Instruments Acton SpectraPro SP-2500) with 2400 g/mm grating. 
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Fig. 1.  (a) Optical schematic of TERS confocal microscope; (b) TERS setup geometry; and (c) illustration 
of Acto-TERS - Actoprobe LLC TERS AFM instrument.  

2.2. Probe fabrication 

The probes used for the TERS measurements were UHAR TERS probes, Actoprobe LLC ultra-high-aspect-ratio probes, 
fabricated from high-quality commercial top-visual noncont act silicon AFM probes with pyramidal tip shape and ~14-
15- μ m tip height by milling those into UHAR with focused-ion-beam (FIB). The resulting tips after FIB milling had ~1-
μ m base diameter and ~7-15- μ m length depending on stability of the FIB system  (Fig. 2g). Thin layers of gold were then 
conformally deposited onto the tips using an e-beam evaporator. UHAR tips were coated with gold under conditions that 
would provide coating thicknesses of 25 nm, 50 nm, 75 nm, 100 nm, and 125 nm on a flat surface exposed to the source 
of gold. TERS contrast and enhancement with respect to the thickness of gold coating on the tip were investigated to 
determine the optimum gold coating thickness. 

Multicolor detector capabilities in the infrared are highly beneficial for various military and civil applications involving 
identification of temperature di fferences and determination of the thermal characteristics of an object. The basic material 
properties of InAs/GaSb type-II strained layer superlattices (T2SL) provide a pros pective benefit in the realization of 
dual-color imagers. To realize T2SL-based focal plane arrays  (FPAs) with high resolution the number of FPA pixels, it 
needs to increase with simultaneous scaling of the lateral dimensions of individual pixels. The FPA performance, is 
strongly dependent on surface effects due to a large pixel surface/vol ume ratio.with typical mesa dimensions of 
individual FPA pixels of 20 µm x 20 µm, Thus, the deve lopment of the mesa delineation process followed by the 
appropriate passivation is crucial for the realization of high performance T2SL multicolor detectors. 

Several variations of the AFM technique have been de veloped for vertical sidewalls profiling of micro- and 
nanostructures.[12, 13] These AFM-based methods can probe the surface defects on close to vertical surfaces with good 
accuracy, however, they are unable to characterize the chemical  composition of the defects. In this paper we present a 
technique based on confocal Raman spectroscopy combined with high resolution AFM that enables nondestructive 
characterization of sidewall profiles as  well as chemical composition of etch ed and passivated small (24µm x 24µm) 
focal plane array (FPA) features fabricated from LW/LWIR  InAs/GaSb type-II strained layer superlattice (T2SL) 
detector material. Furthermore, the combination of Atomic Force Microscope with Tip-Enhanced Raman Spectroscopy 
(AFM/TERS) is discussed. These techniques will be of  great advantage for efficient T2SL FPA development. 
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light coupling into the optical near field at the apex of the AFM probe by a factor of 10,000.[15] The AAOP is a very 
efficient optical near-field nano-emitter. 

The most widely used probes for atomic force microscopy are fabricated using silicon technology. In contrast, the 
AAOPs are fabricated from GaAs, a semiconductor material suitable as the basis for optical device fabrication. The laser 
and detector functionality is enabled by an epitaxially grown structure. Ridge-waveguide laser diode and efficient 
photodetectors are fabricated by patterning the active region 13 (epi-layer), while the AFM tip 11 is fabricated from the 
GaAs substrate 14 at the end of a cantilever 10 formed from the epi-layers of the laser structure. The cantilever with the 
AFM probe is fabricated from an epitaxial laser structure MBE-grown on a GaAs substrate. The laser 15 is designed as 
an electrically pumped edge emitting laser (ridge waveguide), and the epitaxial structure is a typical quantum well edge 
emitter structure with 10-nm wide Ga0.85In0.15As quantum wells imbedded in a GaAs waveguide and surrounded by 
doped Al0.7Ga0.3As cladding layers, one of them is n-doped and the other p-doped. The structure also includes an 
Al0.95Ga0.05As etch stop layer to facilitate substrate removal in order to fabricate a cantilever that consists only of the ~ 
5-μm thick epitaxial laser structure. The choice of GaAs is motivated by the large base of established fabrication 
technology, which allows for time- and cost-effective fabrication of the probes. Practice of the present invention can be 
easily extended to alternative III-V semiconductors such as InP, GaP, GaSb, and GaN to expand the available 
wavelength coverage from UV to visible and mid-infrared. 

The first laser mirror, mirror #1, is a standard first-order DBR grating 16 (period λ/2neff, where λ is the laser wavelength 
and neff is the effective refractive index of the GaAs waveguide) that ensures single longitudinal mode for the laser 
operation. Light generated by the laser is coupled into the surface mode of the GaAs probe (conic shape micro-prism) 
and transferred to the tip apex as follows: at the end of the cantilever and inside the laser cavity, mirror #2, a second-
order DBR grating 17 (period λ/neff ), couples the light (an intracavity laser mode) vertically into the AFM tip. It serves 
as a folding mirror. 

The tip 11 itself is a Total Internal Reflection Prism (TIRP) and plays the role of an output mirror, mirror #3, in the laser 
cavity. The GaAs micro-prism guides the laser light into the tip apex and generates a strong surface optical mode at the 
GaAs/air interface. It creates a high magnitude optical field highly localized at the apex of the AFM tip, sufficiently 
strong to enable effective excitation for nano-scale Raman Spectroscopy – Tip Enhanced Raman Spectroscopy (TERS). 
Finite Difference Time Domain (FDTD) simulations predict that for a bare GaAs micro-prism the near-field light (λ = 
980 nm) can be focused to a spot size of 160 nm in diameter and with about 30 mW power. By coating the micro-prism 
with a thin layer of gold 18 (50 nm), the spot size decreases to dimensions less than 50 nm but the power reduces by a 
factor of about 1000. Depending on application, the probe can be apertureless or have a nanometer-size aperture at the 
apex. In the case of the apertureless probe, a surface plasmon mode is excited in the Au coating, providing a very strong 
optical field at the apex of the AFM tip. In the case of the probe with a nanometer-size aperture, the tip operates as an 
optical waveguide below cut-off frequency and optical radiation is transmitted through the aperture. 

The fabricatied GaAs probe tip 11 had a conical geometry with 40° angle and a base of 10 − 12 μm (FIG.6). This 
geometry makes this probe an optical antenna that focuses laser radiation into a diffraction limited spot of 280 nm 
diameter for a laser wavelength of 1 μm as a result of total internal reflection in the GaAs conical waveguide with no 
cutoff losses. Additional metallization of the conical waveguide with gold of 80-nm thickness will provide additional 
focusing of the light to about 40 − 20 nm in diameter[16] because of the surface plasmon effect. Systematic design of 
probe tip using FDTD simulations revealed that introduction of well-controlled asymmetry in the probe tip configuration 
combined with asymmetry in illumination of probe tip and light polarization should enable substantially improved 
resolution of the near-field probe up to ~ λ/20 - λ/30. An example of such asymmetric probe tip is a 4-sided high-index 
(n ~ 3.5) pyramid (GaAs or Si) conformally covered with 80 nm-thick Au, except for the last 20 nm of one side of the 
pyramid close to the tip that is left uncoated. FIG.5 shows a cross section of such a probe 11 asymmetrically coated with 
a layer of gold 18. 

For conventional TERS, the far-field optical power is on the order of 20-100 mW. Since with the AAOP, the light can be 
coupled to the near field more efficiently, substantially less optical power is necessary to obtain the same electric field 
strength at the tip apex. We estimate that an optical power in the range of 0.5 - 10 mW is sufficient, and can easily be 
provided by semiconductor lasers. 
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After fabrication, the devices were diced and mounted on 68 pin leadless chip carriers (LCC) for further characterization. 
Spectral response measurements were performed at 68 K with a Fourier transform IR spectrometer (FTIR) equipped with 
a glow-bar black body source. The detector spectral response curves, shown in Fig.10, were similar for both negative and 
positive bias polarities, as expected from the device design. The measured 50% cut-off wavelengths were ~ 10.7 µm and 
~ 10.4 µm for the negative and positive applied biases, respectively (at 68 K). 

To provide feedback on the morphology and chemical composition of etched and passivated sidewalls of the LWIR 
T2SL detectors with smaller features, 24 µm x 24 µm mesas of 320 x 256 FPA were delineated from the same T2SL 
material with BCl3-based ICP. 

2.4. FPA material growth and fabrication 

The detector material34, on which the AFM/TERS measurements were performed, was grown on an n-type (Te-doped) 
GaSb (001) epi-ready substrate using elemental source molecular beam epitaxy (MBE) in a Veeco GEN 10 system 
equipped with valved cracker sources for group V (Sb2 and As2) and Ga/In SUMO® cells. The device structure is 
composed of two 4-µm thick T2SL absorbers with the same cut-off wavelength (~ 9 µm at 68K) separated by a 100-nm 
barrier layer. The LWIR absorbers as well as the barrier layer were p-type doped with carrier concentrations of 1 x 1016 
cm-3. The p-type (2 x 1018 cm-3) bottom contact layer with the same T2SL composition and thickness as the LWIR 
absorbers was grown on a 200-nm thick  p-type (2 x 1018 cm-3) GaSb buffer layer. The top contact layer (150-nm thick), 
with the same T2SL composition and doping level as the bottom contact layer, capped the structure. 

3. RESULTS AND DISCUSSION

3.1. Polarization dependence in Raman Spectroscopy of FPA Sidewalls 
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Fig. 10. Micro-Raman spectra of T2SL-FPA structure measured at different points in backscattering normal to the SL layers in 
parallel ݖ(ݕݕ)ݖ ̅and perpendicular ݖ(ݕݔ)ݖ ̅polarization geometries. Lorentzian fitting was performed to distinguish different phonon 

features in the spectra (red lines - fitting results; green lines - contributions from individual phonon modes). The inset images show the 
location of the laser spots corresponding to the measured spectra. Triangles show the TO and LO phonon frequencies in bulk GaSb 

and InAs. Dashed lines are guides to the eye. 

Micro-Raman spectra of the 24 µm x 24 µm mesa of T2SL FPA with 6.7-µm etch depth are shown in Fig.10. The 
spectra were measured at different points of the sample: the center of the mesa (1), the center of the etched trench (2), 
two points on the sidewall (3,4), and the crossing of the trenches (5). Spectrum 1 corresponds to the unetched SL, the 
strongest features are associated with the LO phonons of InAs and GaSb. This is in agreement with the Raman selection 
rules: in crystals of zinc blende structure only LO phonons are allowed in backscattering from (001) surface. The LO 
phonon frequencies of GaSb and InAs are close (236 and 239cm-1, respectively, and are not resolved, appearing as a 
single peak at ~237 cm-1 in spectra 1. It should be noted that the SL thickness is much larger than the penetration depth 
of the laser light, therefore the substrate signal is suppressed in the spectra taken from the unetched region. In contrast, 
spectrum 5 (from the deepest etched area) is dominated by the LO phonons of GaSb, associated with the GaSb substrate, 
so the strongest peak is shifted to lower frequency. InAs phonons are still present at lower intensity, which is probably 
due to the contribution of nearby sidewall regions.The spectra from the sidewall regions (2-4) show equally strong 
features of LO and TO phonons. This is due to the deviation from backscattering geometry along the (001) direction. 
Sidewalls form an angle of about 70° to the SL layers plane. Due to large index of refraction (݊ ≈ 3.9 for both InAs and 
GaSb), light enters the structure at an angle of ~30° from the layers plane. Thus, the wave vectors of phonons 
participating in Raman scattering have large component parallel to the layers, and light polarization vectors can have 
components both along and perpendicular to the surface, so the TO phonons become Raman active. Another feature also 
appears in the spectra taken from the sidewall regions at ~227 cm-1. This may look like GaSb TO phonon, but the latter 
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appears in spectra at lower frequency (225 cm, as seen in spectrum 5). We believe this feature should rather be attributed 
to interface phonons (labeled IF in Fig. 11), although a contribution of GaSb TO phonons cannot be excluded. These 
vibrations, well known in superlattices are localized near and propagating parallel to the interfaces. Both TO and IF 
modes require a wave vector component parallel to the SL layers, thus their intensity is increased in the sidewall regions. 
Peaks associated with LO phonons in the sidewall spectra are significantly broader compared to the unetched pixel top. 
This is due to structural disorder (poorer crystalline quality) on the sidewalls resulting from etching damage. 

Fig. 11. Micro-Raman spectra of T2SL-FPA structure measured at different points in oblique geometry: excitation at ~60° with 
respect to the vertical axis z, (normal to the SL layers) with collection along z axis in parallel ݖ(ݕݕ)ݖ ̅and perpendicular ݖ(ݕݔ)ݖ ̅polarization geometries. Numbers indicate the location of laser spots, corresponding (approximately) to those shown in the 

inset images of Fig. 11. Triangles show the TO and LO phonon frequencies in bulk GaSb and InAs. Dashed lines are guides to the eye. 

Fig. 11 shows Raman spectra from three different points of the sample measured at oblique incidence. The locations of 
laser spots correspond approximately to the points 1 (center of the mesa), the center of the etched trench (2), and the 
middle of the sidewall (3) of Fig.11. The spectra are generally similar to those shown in Fig. 11, but the peaks of TO 
phonons are enhanced with respect to the LO phonons, especially in the sidewall regions, where light enters the sample 
nearly parallel to the layer, thus activating TO and interface phonons. The spectra show differences in different 
polarization geometries, however, the interpretation is more complicated, as polarizations are mixed due to oblique 
incidence. 

The analysis of the Raman spectra shown in Fig. 11 and 12 illustrates that TO phonon peaks can be utilized for 
characterization of the pixel sidewall quality. Raman peaks corresponding to both InAs and GaSb phonons carry 
information about material quality on the pixel sidewalls, as the latter affects boundary conditions. This information is 
contained in both peak intensity and width. One can see (Fig. 11) that the peak width is increased at the sidewalls 
compared to the pixel top, likely due to defects introduced by the plasma etching process. When laser is focused on the 
sidewall, due to large index of refraction, light enters the structure with large component of wave vector parallel to the 
layers. Light polarization vectors have components both along and perpendicular to the surface, making both TO and LO 
phonons Raman active. LO phonons involve vibrations mostly normal to the surface, so are probably less affected by the 
surface structure, while TO phonons polarized parallel to the surface may be more sensitive to the surface defects. 
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Gold coating thickness Contrast Enhancement factor

Probe 1, 25 nm 12.6 % 126,000 

Probe 2, 50 nm 22.3 % 223,000 

Probe 3, 75 nm 81.9 % 819,000 

Probe 4, 75 nm 65.6 % 656,000 

Probe 5, 100 nm 12.4 % 124,000 

Probe 6, 125 nm 11.6 % 116,000 

TERS enhancement factor was calculated as:[17] 

      (1) 

 (Sin/Sout – 1) represents the contrast. The area of the focus AFF, the area of the near-field contributing to TERS ANF, 
effective depth of focus (from which Raman scattering is collected) hFF, and effective depth of near-field hNF were 
estimated to calculate VFF = AFF hFF and VNF = ANF hNF.  The area of the focus AFF was estimated as AFF ≈ 2.5 x 106 nm2 
directly from images of the laser focus obtained with calibrated CCD camera. The effective area of the near-field can be 
estimated as ANF = π(Rtip/2)2. The radius of the tip Rtip was measured from SEM images of 10 UHAR probes and the 
average value Rtip ≈ 9 nm was used in calculations of the enhancement factor. This value is consistent with the spatial 
resolution better than 20 nm obtained in Raman imaging experiments, which is known to be determined by the tip 
diameter. The depth of the focus and the optical penetration depth have to be considered and the smaller value of these 
two parameters to be used to estimate hFF. We found the optical penetration depth to be much smaller than the depth of 
focus for GaSb strongly absorbing at 637 nm. The extinction coefficient k = 1.09 and related absorption coefficient α = 
2.1503 x 105 cm-1 for GaSb at 637 nm gave us the optical penetration depth of ~ 100 nm calculated at 1/10 intensity 
level, so we estimated hFF ≈ 100 nm. The effective depth of near-field hNF depends on the extent of the enhanced field 
around the tip in the z direction. We estimated this parameter as hNF ≈ 2 nm. The maximum TERS contrast and 
enhancement were observed for the tips coated with 75 nm of gold where the optimal conditions for excitation of 
localized surface plasmons with 637 nm laser light were achieved. 

The possibility of increased contribution from far-field when tip is engaged should be considered when calculating the 
enhancement factor.[18] The increase in far field depends on many factors including reflectivity of the tip shaft, tip 
geometry, roughness of sample surface, illumination geometry, and tip-sample configuration. In our experiments, TERS 
measurements were performed on an epitaxially grown sample with very flat and smooth surface of GaSb layer, 
providing very little Rayleigh scattering. At the same time, in the oblique TERS geometry, the smooth surface results in 
specular reflection with practically all the unabsorbed excitation light being reflected away from the tip shaft and tip 
base. We find any significantly increased far-field contribution in the tip-engaged configuration to be unlikely under 
these specific experimental conditions. The actual field enhancement at the tip apex was confirmed by TERS 
measurements with our UHAR probes that demonstrated spatial resolution better than 20 nm. 

ாோௌ்ܨ = ൬ ௜ܵ௡ܵ௢௨௧ − 1൰ ൬ ிܸிேܸி൰ cos ߙ , 

Table 1. TERS contrast and enhancement factor estimated for tips with different thickness of gold coating

Proc. of SPIE Vol. 10726  107261C-15 



60

Au thickness: 25 nm
rn 50 - TERS contrast = 12.6 °k

ó 40
U

r2 30 -
o
.= 20-
l4

E
l4 1 o -

CC

- tip out
- tip in

210 220 230 240

Raman shift (cm 1)7

60

Au thickness: 75 nm

50 - TERS contrast = 81.9 %

250 210 220 230 240

Raman shift (cm')

250 210 220 230 240

Raman shift (cm 1)
io\

250

(n)
60

N 50
w
C

p 40
U

'2 30

m
,7)

20

l4

10

1Q1
60

Au thickness: 75 nm
50 - TERS contrast = 65.6 %

1,)

210 220 230 240

Raman shift (cm')
(b)

- tip out
- tip in

60

w
y 50

- O 40
U

-
rAI

30

rn

E
10

250 210 220 230 240 250

Raman shift (cm")
(d)

1G/

Au thickness: 125 nm

- TERS contrast = 11.6 %
- tip out
- tip in

210 220 230 240

Raman shift (cm")

(f)

250

yi

(h)

Fig. 14. (a)-(f) TERS spectra taken at the bottom GaSb surface of a deep FPA trench with UHAR tips  coated with 25 nm (a), 50 nm  
(b), 75 nm (c, d), 100 nm (e), and 125 nm (f) of gold. Two probes were fabricated for each spec ified thickness of the coating. The 

results were consistent in each pair. The results for the two probes are shown for the most important case of 75-nm coating; (g ) SEM 
image of the UHAR probe tip after focused-ion-beam milling;  (h) schematic of the tip geometry that explains the 

observed effect of tip-enhanced SRS. 

Th e two Raman lines in the TERS spectra were identified as the transverse optical (TO) and longitudinal optical (LO) 
phonons of GaSb, with the LO-phonon line being of higher in tensity. Of special interest in the measured TERS spectra 
of Fig. 2 is the very sharp peak that first shows up on top of a much broader LO-phonon Raman line for the tip coated 
with 50 nm of gold (Fig. 2b) and becomes the most prominent for the tips coated with 75 nm of gold (Figs. 2c, d). It is a 
near-field effect as its strength obvio usly correlates with the TERS conditions in terms of TERS contrast and 
enhancement. We interpret this spectral feature as evidence of the nonlinear contribution to the total TERS signal from 
SRS. The possible explanation for nonlinear TERS mechanism described above is specific for STM-TERS[4, 5] and 
does not apply to our AFM-TERS experiments. Rather, we explain these observations by TERS-inherent mechanisms of 
enormous local field enhancement and by a special design and geometry of the UHAR tip that enabled conditions for 
SRS. 

The presumed mechanism of SRS in our experiment is that of Raman generation that describes growing of coherent 
Stokes beam from spontaneously scattered Raman shifted radiation in response to pump beam applied to a Raman-active 
material.18 This mechanism is used in Raman lasers and gene rators and is also responsible for enhanced and stimulated 
Raman scattering in microcavities, microparticles, and microdr oplets.[19, 20] Single-path or double-pass amplification is 
used in Raman generators where it takes the spontaneously generated Stokes field quite a long propagation distance 
through an amplifying medium with Raman gain for SRS to occur. Multiple-path amplification is used in lasers and 
microcavities where a cavity is added resonant at the Stokes wavelength, with microparticles and microdroplets being a 
special case of microcavities. In our case, we find it very likely a specia l reflective surface collects the backscattered 
spontaneous Raman light and returns it to the sample area unde r the tip apex where very large Raman gain is achieved in 
the medium due to the local field enhan cement effect, which is conceptually clos e to the double pass Raman generation 
scheme. 

The UHAR tip has a rather significant strongly reflective gold-coated surface shaped by FIB milling at its base (Fig. 
14h). The ultra-high aspect ratio of the tip makes this reflective surface accessible for the spontaneous Raman light 
scattered from the laser focus and from the area under the tip apex. (We note here that the spontaneous Raman light 
scattered from the area under the tip apex experiences plasmonic  enhancement immediately after the scatter event). Due 
to either concave nature of the reflective surface or its irre gularities, part of the scattered spontaneous Raman light is 
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reflected back to the tip where it gets locally enhanced by the plasmonic tip and, if not reflected from the sample surface, 
is injected into the sample area under the tip apex, stimulating the generation of Stokes photons in the medium with very 
large Raman gain (Fig. 14h). 

The spectral narrowing of the Raman line observed in our experiments is also characteristic of Raman generators and 
Raman lasers. Spontaneous Raman scattering reproduces the linewidth of the Raman transition, whereas in SRS, the 
Raman gain is highest at the line center, and thus spectral narrowing occurs as the gain is increased.[20] The larger the 
Raman gain, the shorter the propagation distance for the Stokes light through the amplifying medium for spectral 
narrowing to occur. With the very short, nanometer-scale, propagation distance through the active medium in our case, 
we consider the observed spectral narrowing of the Raman line as the sign of very large Raman gain existing in the very 
small volume of the sample probed by the tip-enhanced local near field. 

SRS depends on the pump intensity and Raman gain coefficient, proportional to Raman scattering cross section and 
inversely proportional to the linewidth of the corresponding Raman line. First, we estimate the pump intensity 
conditions. For 25 mW incident power and AFF ≈ 2.5 μm2, the average intensity in the focal area is IFF ≈ 1x106 W/cm2. 
Assuming the enhancement for the excitation light and for the Raman scattered light to be approximately the same, the 
TERS enhancement factor can be approximated by FTERS ≈ g4, where g = Etip/E0, Etip is the electromagnetic (EM) field 
strength at the tip, and E0 is the EM field strength at the sample with the tip retracted. For the maximum observed 
FTERS of ~656,000 to ~819,000 for tips coated with 75 nm of gold, the local intensity underneath the tip will rise by a 
factor of g2, that is by a factor of ~800 to ~900, with the local near-field intensity INF = IFF g2 reaching the level from 
~800 to ~900 MW/cm2. 

In polar semiconductors, exciton-mediated resonant Raman scattering can lead to several orders of magnitude 
enhancement in Raman cross section as compared to that observed in spontaneous Raman scattering in highly 
transparent materials.[21-23] Additional several-fold enhancement of Raman cross section was reported in polar 
semiconductors doped with various kinds of impurities24. In our experiments, laser excitation of GaSb, polar 
semiconductor, at 637 nm provided conditions for resonant Raman scattering, with the photon energy of 1.946 eV 
exceeding the GaSb bandgap of 0.726 eV by 1.22 eV and the corresponding very large absorption coefficient α ≈ 2.15 x 
105cm-1. We expect, therefore, Raman gain to be orders of magnitude larger in our experiments on heavily doped GaSb 
excited above the bandgap as compared to similar experiments done on highly transparent samples. SRS observed in 
highly transparent materials relies on very low spontaneous Raman gain achievable in such material, as determined by 
very low Raman cross sections. A combination of high pump intensity and/or very long effective path length for the 
Stokes shifted photons in the active Raman material is required to observe SRS in such situations. In microcavities, SRS 
enhancement occurs due to pump intensity build up in the cavity. Still, microcavities of very high quality (Q factor) are 
required to ensure a very long effective path length Lef for the Stokes emission through the Raman active medium. 
Threshold intracavity pump intensity of 25 kW/cm2 was reported for SRS in 12-μm diameter carbon disulfide droplets 
with Q of 108 at the Raman wavelength and an effective path length of Lef ~5 m.[24] Let us compare this case with the 
conditions of our TERS experiments. The effective optical path length in microdroplets is defined as the optical distance 
traveled by the light circulating around the droplet circumference until the internal intensity decays to e-π and can be 
shown to be Lef ≈ λQ /2πn, where λ is the vacuum wavelength and n is the droplet refractive index.[25] To make 
comparison with our case easier we first convert this value to Lef defined at e-1 intensity decay, which is more natural in 
Fabry-Perot cavities. This conversion gives Lef = 5 m/π ≈ 1.59 m. Due to the local near-field enhancement effect, the 
local pump intensity underneath the tip was ~1000 MW/cm2, that is 4x104 times higher than that achieved inside the 
droplets. We then assume ~103 enhancement in resonant Raman cross section and, therefore, in Raman gain as compared 
to that observed in spontaneous Raman scattering in highly transparent materials. At 4x104 times enhanced pump 
intensity and 103 times increased Raman gain, SRS threshold would be achieved for droplets with the effective path 
length of Lef ≈ 1.59 m/4x107 ≈ 39.75 nm. From this simple estimate, we conclude that the effective path length Lef 
required for SRS to occur is expected to reduce to nanometer scale under the excitation and resonant Raman 
enhancement conditions existing in our TERS experiments.  

There might be another mechanism of enhancement in our case that is much more difficult to quantify. A rather large 
far-field-limited area of the laser focus is a source of scattered spontaneous Raman emission. Due to the described 
feedback mechanism that includes plasmonic tip enhancement, significant part of that spontaneous Raman emission 
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could find its way to the area under the tip apex with the very large Raman gain where it would contribute to SRS. This 
mechanism is not much different from deliberately injecting Stokes photons together with pump light in stimulated 
Raman spectroscopy,[3] where the rate of Stokes beam growth is proportional to the number of Stokes photons already 
present in the active medium. This additional enhancement mechanism could further reduce the estimated required value 
of Lef to bring it even more closer to the actual value of that parameter in our TERS experiments, estimated as 2hNF ≈ 4 
nm. 

4. SUMMARY AND CONCLUSION

In conclusion, we can conclude that Raman spectroscopy is a useful tool to characterize the pixel sidewalls. The 
application of a shorter-wavelength laser (near UV, e.g. 363.8 nm) will further decrease the laser spot (improved lateral 
resolution) and increase surface sensitivity due to shorter penetration depth. The decrease in Raman intensity due to 
smaller interaction volume for Raman scattering can be compensated by ω4 factor in scattering intensity. An objective 
with higher NA (0.85-0.95) will increase the Raman signal collection and spatial resolution. One of our main goals is to 
simplify optical imaging and Raman spectroscopy on the nanoscale (single molecular scale) and make it affordable and 
user-friendly to most of AFM customers. Actoprobe R&D is focused on the development of a special AFM probe, AFM 
Active Optical Probe (AAOP), that combines a diode laser and a photodetector with an AFM probe as a monolithic 
device.[26, 27] The device integrates a tunable Raman laser and a tunable Raman detector on an AFM cantilever. It will 
dramatically improve the data quality for Tip Enhanced Raman spectroscopy (TERS) and microscopy. The AAOP will 
facilitate TERS and Raman imaging with nanometer resolution with as little complexity as conventional AFM imaging. 
Our team considers quantum dot and quantum dash-based laser materials to be good candidates for this optoelectronic 
device because of their unique optoelectronic properties. In particular, the broad gain spectrum of QD[28] and Q-
dash[29] lasers allows tuning over 300 nm spectral range and fabricating diode laser with peak gain between 1 µm and 2 
µm.[30] The small carrier-induced refractive index change[31] and low jitter[32, 33] are important for pulse applications 
of AAOP. 

In TERS all applications for Research, we report on stimulated Raman scattering observed in a standard tip-enhanced 
Raman spectroscopy (TERS) experiment on a GaSb sample excited by 637-nm pump laser light. We explain our results 
by TERS-inherent mechanisms of enormous local field enhancement and by the special design and geometry of the ultra-
high-aspect-ratio tips that enabled conditions for stimulated Raman scattering in the sample with greatly enhanced 
resonance Raman gain when aided by a microcavity to provide feedback mechanism for the Raman emission. The 
approach has great potential for further, orders-of-magnitude, progress in TERS enhancement by significantly increasing 
its nonlinear component we believe to have observed the phenomenon of stimulated Raman scattering in a standard 
AFM-based TERS experiment with only CW pump laser and with no special synchronous detection needed. We explain 
these observations by TERS-inherent mechanisms of enormous local field enhancement and by a special design and 
geometry of the UHAR tip that enabled conditions for SRS. We believe the TERS enhancement mechanisms could lead 
to tip-enhanced stimulated Raman scattering (TE-SRS) in the sample with greatly enhanced resonant Raman gain when 
aided by a microcavity to provide feedback mechanism for the Raman emission. The observed effect could be 
significantly enhanced by purposeful design of the tip. For example, the reflective surface can be enlarged with its 
curvature radius made equal to 11 or slightly less than the length of the tip to improve the scattered Raman light 
collection and its focusing to the tip, close to the tip apex area. The approach has great potential 
for further, orders-of-magnitude, progress in TERS enhancement by significantly increasing its nonlinear component. 
We point out that the stronger the nonlinear effect, the shorter the required interaction length, and resonant absorption is 
not prohibitive if the required interaction length is much shorter than the penetration depth for the incident pump light 
and the backscattering scheme is used for collection of the scattered Raman light. 
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