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ABSTRACT

Optical characterization at the nanoscale currently requires instruments such as NSOM/TERS, or hybrid AFM with
specialized far-field optical microscopes that are quite complicated and do not provide any time-resolved data. We have
demonstrated a novel class of probes for Scanning Probe Microscopy (SPM) - an Ultrafast Pulsed Atomic Force
Microscopy Optical Probe (UFP AAOP) that will enhance characterization capabilities at the nanoscale and provide an
exciting opportunity for obtaining both space- and time-resolved chemical information simultaneously.

In the UFP AAOP design, a two-section quantum-dot mode-locked laser is monolithically integrated with an SPM probe
fabricated from GaAs, with a nanoscale opening at the apex of the tip as the output aperture. With UFP AAOP, the light
is supplied through the tip; hence, there is no scattered far-field light and thus significantly reduced background.
Furthermore, the difficulties associated with laser alignment onto the tip and with imaging the signal onto a detector are
avoided with the UFP AAOP. The UFP AAOP provides pulses with less than 4 ps duration and spatial resolution better
than 300 nm at 1240 nm wavelength. It is potentially possible to reduce the pulse width to ~ 0.3 ps and to improve lateral
resolution to ~ 0.5 nm. These unique optical probes will perform the functions of conventional AFM probes and
simultaneously provide information about chemical properties of the sample at the nanoscale together with time-resolved
spectroscopy. UFP AAOP will facilitate the creation of a new microscopy/spectroscopy instrument with combined single-
molecule spatial resolution and ultrafast time-resolved capability.
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1. INTRODUCTION

In the past 30 years, the Raman scattering technique has been established as the most sensitive probe of chemical
composition, with many advances demonstrated in the development of spontaneous Raman (the most widely used,
conventional type of Raman), surface-enhanced, and nonlinear Raman techniques. There has been significant progress in
ultrafast nonlinear stimulated Raman spectroscopy (SRS) using ultrashort laser pulses [1], [2]. While SRS is a useful
technique for observing molecular dynamics, it is very limited in terms of chemical specificity. The narrow-band pump
and Stokes excitation fields interact with a single molecular vibration, and the overlapping Raman bands cannot be
distinguished. Very often, a priori knowledge of the chemical content and specific molecular vibration spectrum is required
to distinguish the overlapping Raman bands. Spontaneous Raman spectroscopy, on the other hand, offers a much more
distinct fingerprint for convenient chemical identification, but is much less advanced in terms of ultrafast pulsed
spectroscopy that provides information on ultrafast molecular dynamics. In the context of conventional spontaneous
Raman, ultrafast pulsed spectroscopy is normally employed for fluorescence background rejection, based on different time
scales for the fluorescence and Raman scattering processes [3], [4]. The very first attempts have recently been reported at
making ultrafast spectroscopy with TERS [5], [6]. Demonstrating TERS with a pulsed excitation source is considered to
be a very important step toward monitoring chemical reactions on the pico- to femtosecond time scale with the high spatial
resolution and chemical specificity inherent with TERS. Integration of an external pulsed excitation source (typically a
Ti:sapphire laser) is very challenging [6].

Attempts to integrate AFM and optical techniques have been made, but no products have been successfully introduced to
customers. For example, AFM tips with integrated waveguides (hollow tips) have been used in conjunction with an external
laser source [7], but this high-cost approach suffers from inherent limitations on optical resolution and
delivered light power. For high lateral resolution, the size of the near-field aperture must be reduced, leading to an
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exponential decrease of optical power output. This approach has limited application to near-field microscopy, with an
ultimate resolution of about 50 nm, but is not appropriate for optical spectroscopy because of the resultant low power
output.

Other approaches aimed at better integration of light source and AFM tip have generally involved either a) attaching a
prefabricated light source (edge emitter, VCSEL, or LED) above a Si AFM cantilever probe (hybrid approach) [8] or b)
fabrication of the light source directly on the AFM tip [9]. In these instances, the optical detectors were not integrated into
the probes. The hybrid approach has only been shown to work in research labs. Cost-effective fabrication of those optical
probes to make them affordable for a wider scientific community is problematic because of the high cost and complexity
of hybridization process. As for the approach used in [9], VCSELs, commonly used in this approach, are limited in their
optical output power to less than 1 mW, which makes them useless for spectroscopy applications, especially for TERS.

Lastly, an AFM tip with integrated LED light source and photodetector has been demonstrated [10]. While the
photodetector was monolithically fabricated into the probe, the light source (a GaAs LED) was simply glued onto the
cantilever chip. This is insufficient to fulfill the requirement of high-power, single-wavelength operation, important for
TERS, because LEDs have very broad emission spectrum not suitable for Raman excitation.

All the described approaches lack the necessary conditions for achieving efficient and affordable TERS, namely, a high-
power single-line laser excitation source and a near-field photodetector monolithically integrated on the same AFM probe.
To meet all these requirements, Actoprobe has designed and fabricated a monolithically integrated optical AFM probe [11-
14] from commercially available GaAs-based semiconductor diode laser wafers. This approach of monolithic integration
avoids very complicated and costly hybridization and should allow for high-volume manufacturing, resulting in a cost-
effective, affordable product that can be adopted for use by all current AFM owners. The simplicity of this approach allows
this technology to combine both single-molecule spatial resolution and ultrafast time resolution for pulsed TERS
measurements. Ultrafast light pulses generated in the near field within a few nanometers distance of the tip will be free of
any distortion normally associated with pulse propagation through focusing optics, and thus there will be no need for chirp
compensation. The technology of mode-locked semiconductor lasers for ultrafast optical pulse generation is very well-
established for various gain media. The best results in terms of pulse duration have been obtained from QD semiconductor
lasers [15]. Pulses as short as 390 fs have been reported in two-section passively mode-locked QD lasers [16].

Besides being able to accomplish ultrafast pulsed TERS, the UFP AAOP technology can be modified to realize SRS or
ultrafast pump-probe spectroscopy techniques [17]. The tip-enhanced capability of UFP AAOP will allow single-molecule
resolution, currently not attainable with SRS [2] or confocal ultrafast pump-probe spectroscopy [18].

2. DEVELOPMENT OF UFP AAOP

The UFP AAOQOP technology naturally provides the ultrafast time-resolved spectroscopy capability that is integral to its
design. The monolithically integrated semiconductor laser sources with specialized gain media, such as InAs quantum dots,
offer mode-locking capabilities for sub-picosecond pulse generation. Integrating the ultrafast pulsed laser source into the
GaAs AFM probe will allow probing the site-specific dynamic response of chemical systems. This imaging technique can
be applied for exploring energy flow, molecular dynamics, breakage/formation of chemical bonds or conformational
changes in nanoscale systems with combined molecular-scale spatial resolution and ultrafast time resolution not achievable
in commercially available instruments. In this section, the designs of individual parts of the UFP AAOP are presented,
with design considerations and parameters discussed.

2.1 Epitaxial laser structure with 5 QD layers

According to our analysis, epitaxial laser structures with 5 quantum-dot-in-a-well (QDWELL) [19-22] active layers have
been found to be the most suitable for design and fabrication of semiconductor lasers with improved vertical divergence.
The standard 1.3-pm epitaxial laser structure with 5 QDWELL active layers was grown by Innolume Gmbh. The layer
structure specification and the results of photoluminescence characterization of the wafer are shown in Table 1 and in Fig.
1.
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Table 1. Layer structure specification.
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Fig. 1. Photoluminescence characterization of the laser wafer.

2.2 Three-section AAOP laser cavity design

The three-section mode-locked quantum dot laser design is illustrated in Fig. 2. It consists of a gain section, an absorber
section, and an integrated photodetector (PD) section. The design parameters are based on similar structure used in [23],
where a repetition rate of 7.4 GHz and pulses of 17 ps were achieved with the length of the gain section, Lg, of 4.73 mm,
and the length of the absorber section, La, of 0.85 mm with two layers of QDs in the active region. Due to the limitations
imposed by the probe geometry, the overall length of our device is shorter than that in [23], and the lengths L. and Lg need
to be rescaled accordingly considering also the number of QD layers to achieve similar performance. Since our epitaxial
structure has five layers of QDs, we can make the absorption section 2.5 times shorter (L. = 0.34 mm) to keep oL. product
the same, i.e., the same transmission for the absorption layer which controls the pulse width. We can also reduce the gain
section 2.5 times to keep gL; product the same, but we will not get the pulses of the same amplitude as in [23] for two
reasons. First, the pulse repetition rate increases for shorter devices, and the gain has less time between the pulses to restore
to its unsaturated value, hence the maximum achievable gain in the gain section will be smaller. Second, shorter devices
have higher distributed mirror losses, and more gain is required to compensate for that too. Therefore, higher current
density would be necessary to get the pulses of comparable amplitude to those obtained in [23].

There is a danger that QD gain might saturate below the value required to reach the lasing threshold. The mode-locking
would still be possible but with pulses of low amplitude. So, when deciding on the lengths of the sections, we went in favor
of the gain section, and divided the total 3.5 mm length as L. = 0.34 mm, and L; = 3.16 mm.
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Fig. 2. Three-section mode-locked QD laser with integrated photodetector.
2.3 Folding mirror design and fabrication

In order to direct the output from the laser cavity into the tip, which is perpendicular to the laser cavity, a mechanism is
required. The simplest design is a 45-degree folding mirror for vertical output, where a slope is etched right next to the
output mirror of the laser as illustrated in Fig. 3. The folding mirror can be etched with angled dry etching or with focused-
ion-beam (FIB) milling.

Fig. 4 shows the fabricated Fabry-Perot test structure of the folding mirror. The 45° folding mirror is milled with FIB. An
almost circular and symmetrical optical output is observed with the infrared camera indicating the output is almost
perpendicular to the surface, which is also confirmed with an infrared viewing card. The threshold current of this laser is
around 90 mA as seen from the L-I curve in Fig. 5. The effectiveness of the folding mirror can be improved by reducing
the roughness of the folding mirror and/or coating the mirror with metal. To reduce the roughness, a fine-tuned FIB
procedure, as well as a well-calibrated dry etching procedure, can be used.
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Fig. 3. UFP AAOP design: cross-sectional view, side view, bottom view, and magnified view of the tip.
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Fig. 5. L-I curve of the structure in Fig. 4.

2.4 Polymer tip design and fabrication

The simplest way to make polymer tips is by exposing and developing thick photoresists with suitable patterns. The thickest
photoresist that we had available was AZ9260. Fig. 6 shows the spin curve of AZ9260 on a 6-inch silicon wafer [24]. A
thickness around 10 pm was achieved at 2000 rpm. Thicker films were attainable at lower spin speeds but resulted in larger
area of edge beads and more nonuniform film.

To fabricate the tips, the photoresist was spun at 2000 rpm followed by a 5-minute softbake. The pattern was then exposed
for 30 seconds and developed in AZ421 developer until the photoresist on the exposed areas was completely removed.
Some of the results from square and circular patterns are shown in the SEM images in Fig. 7 and Fig. 8, respectively.
Square patterns resulted in sharper tips compared to circular patterns. The optimal sizes were somewhere from 6 pm to 10
pum.



Film Thickness (um)

Film Thickness vs. Spin Speed

10

9 S

8 \

7 ——

6

5

1000 1500 2000 2500 3000 3500 4000 4500

Spin Speed (rpm)
Fig. 6. Spin curve of AZ 9260 on a 6-inch silicon wafer [24].
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Fig. 7. Polymer tips formed from square patterns.




Circular pattern — 9um diameter Circular pattern — 8um diameter

Circular pattern — 7um diameter Circular pattern — 6.5um diameter

Fig. 8. Polymer tips formed from circular patterns.

3. UFP AAOP TESTING

3.1 Probe tip testing in AFM system

Fig. 9 shows the SEM image of the fabricated probes integrated with ridge waveguide before separation into individual
AAOP devices. Also shown are the zoomed-in images of the cantilever and the polymer tip. The cantilevers have
thicknesses ranging from 30 pm to 100 um due to non-uniform material removal during the wet-etching process. The
folding mirror is positioned behind the tip and the height of the tip is approximately 6 pm. A thin gold coating with a
thickness of 75 nm is deposited on top of the tip with a circular opening of ~0.3 pm in diameter at the apex of the tip as
the output aperture. Fig. 10 shows a finite-difference time-domain simulation of the optical near-field output from the
aperture. The near-field optical resolution ~ 20 nm can be achieved by further reducing the aperture size in this passive
optical probe design and with active optical probe design it can be reduced to less than 1 nm.

Fig. 9. SEM image of a fabricated device before separation (left) with zoomed-in images on the cantilever (middle) and the polymer
tip (right).
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Fig. 10. FDTD simulation of laser light coupling into the optical near field at the AFM probe apex.

The L-I curve (Fig. 11c) was measured to determine the threshold current of the AAOP with a duty cycle of 6% under
100-Hz modulation frequency. The threshold current of the device being tested was ~180 mA. When using a higher
magnification (20X) objective, a bright output can be seen from the tip (Fig. 11b). In order to mount the AAOP on the
AFM, the probe holder was modified to allow biasing without crushing the waveguide. The device was mounted in the
AFM system in tapping mode. The resonance frequency of the probes varied from below 100 kHz to 400 kHz due to

variation in thickness. The AAOP being tested had a resonance frequency of 488 kHz (Fig. 11d).
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Fig. 11. (a) and (b) are the optical image of the tip; (c) is the L-I curve of the tip laser, and (d) is the tuning frequency of the tip.



Fig. 12 shows a comparison of the AFM scans on a calibration sample with 10-um pitch between a commercial Si probe
and our AAOP with a polymer tip, verifying the AFM scanning capability of the fabricated AAOP. The slightly distorted
image in the middle of the square patterns is due to the large radius of curvature at the apex of the tip that can be improved
by calibrating the tip fabrication process.
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Fig. 12. AFM scan on a 10-um pitch calibration sample using commercial Si probe (left) and AAOP with polymer tip (right).
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To use the AAOP sub-micron optical source for near-field optical scanning, the laser can be biased at a current suitable
for a specific application. In Fig. 13 a near-field optical scan was done with the laser biased slightly above threshold at 215
mA. The optical image was collected through an objective when the AFM scanned across the sample. It shows high
correlation with the AFM image. In this near-field optical image we can observe light shift from the holes centers of the
calibration sample which is typical for NSOM images on such type of objects.
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Fig. 13. Near-field optical image (left) using AAOP with polymer tip,
and AFM image (right) on a 10-pm-pitch calibration sample.

3.2 UFP AAOP testing

To demonstrate the feasibility of the UFP AAOP for time-resolved spectroscopy, we purchased a two-section mode-locked
QD laser (Fig. 14) with a structure similar to our design. The QD laser was manufactured by Innolume GmbH, the same
foundry that provides us with epitaxy growth service. The QD laser was packaged in a fiber-coupled butterfly package to
facilitate optical coupling and measurement. A customized temperature controlled laser driver was used to drive the laser
gain and absorber sections. Under mode-locking condition, the laser produced pulses shorter than 4 ps with a repetition
rate of ~11.37 GHz as shown in the RF- power spectrum and autocorrelator measurement in Fig. 15.
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Fig. 14. Commercial mode-locked QD laser in fiber-coupled butterfly package from Innolume Gmbh with the epitaxial and
waveguide structures similar to those of our AAOP device.
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Fig. 15. The microwave power spectrum (left) and autocorrelator measurement of the pulse shape (right) showing 11.37 GHz
repetition rate and ~ 4 ps pulse width under the optimum bias condition of /, = 100 mA and V, = 10 V from the commercial
mode-locked QD laser.

A two-section AAOP device, designed for ultra-fast-pulsed mode-locked operation, with 5-pm-wide ridge-waveguide
laser, 380-um-long absorber section, and 3360-um-long gain section is shown in Fig. 16. The wavelength of the AAOP
was A = 1240 nm while that for the commercial laser was A = 1180 nm. The L-I curves of the commercial QD laser and
the AAOP for various reverse bias on the absorber section are presented in Fig. 17 demonstrating the effectiveness of the
absorbers in both devices. The optical spectra, also shown in Fig. 17, verify the ground-state emission when the devices
were under mode-locking conditions and the large change of the spectral shape during mode-locking as compared to CW
operation. From the similarities observed in L-I curves and optical spectra of the two devices, we conclude that the
AAOQOP was mode-locked with pulse characteristics similar to those shown in Fig. 15. Fig. 18 shows a two-section
AAOP device integrated into a customized AFM probe holder that fits a standard AFM.
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Fig. 16. SEM image (left) and optical image (right) of a two-section AAOP device.
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Fig. 17. L-I curves (top) and optical spectra (bottom) under various absorber bias conditions of the commercial mode-locked QD
laser (left) and UFP AAOP (right).

Fig. 18. A two-section AAOP device integrated into a customized AFM probe holder.



4. NOVEL CONCEPT OF INTEGRATED III-V/SILICON AAQOP

Actoprobe LLC has been pursuing the concept of AAOP fabricated entirely from GaAs-based or similar semiconductor
laser materials, including the semiconductor laser source, the cantilever with the tip on its end, and the probe base, all
monolithically integrated into a semiconductor chip for combined AFM/NSOM/TERS measurements. As important
as it is for establishing the general concept of AAOP, this approach is not economical in utilizing relatively expensive
[II/V material, which makes the final product rather costly. At the same time, in terms of their mechanical properties,
GaAs-based cantilever AFM probes are typically inferior to standard silicon cantilever AFM probes. To take full
advantage of both the III/V semiconductor laser technology and the established silicon microfabrication techniques of
the standard technology of AFM tip/cantilever manufacturing, we propose a novel concept of integrated III-V/silicon
AAOP.

The innovation is accomplished by integrating a III-V semiconductor laser source into a silicon cantilever AFM probe.
As before, we propose a special intracavity design for the AAOP where the gold-coated silicon tip itself acts also as
the output laser mirror. In that way, the probe tip is part of the laser cavity that is immediately supplied with intracavity
high-intensity laser light. This design takes advantage of the high-intensity intracavity laser light supplied through the
tip and delivered directly to the tip apex.

We have found a promising III-V silicon integration approach, developed by Skorpios Technologies [25]. The
approach is based on metal bonding the III-V gain medium section to the SOI silicon substrate for direct optical
coupling (edge- or butt coupling) between the I1I-V gain section and the silicon layer of the SOI waveguide. As distinct
from other configurations, the III-V gain section is planar with the silicon waveguide layer, providing high efficiency
optical coupling.
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Fig. 19. Illustration of integrated III-V/silicon AAOP concept.

The concept of integrated I11-V/silicon AFM active optical probe is shown in Fig. 19. The base of the probe, the cantilever,
the tip, and the SOI ridge waveguide are structured in the first stage of fabrication process from a special SOI wafer. The
silicon waveguide layer is sufficiently thick (~10 um) to allow fabrication of a tip sitting on top of a relatively thick (~ 5
um) silicon ridge waveguide extending from the probe base to the cantilever. An epitaxial III-V gain material is embedded
in the base of the probe in such a way that its active layer is planar and properly aligned with the silicon ridge waveguide
to efficiently couple the laser light into the ridge waveguide by way of butt (edge) coupling. The epitaxial III-V gain
material piece is metal-bonded to the silicon substrate within the pre-etched pit receptor site inside the base of the probe
and then processed into the laser chip. The light is delivered to the end of the cantilever where it is redirected vertically
from the silicon waveguide into the probe tip using a folding mirror. The gold-coated tip acts as an output laser mirror



(total internal reflection conical prism) in the special intracavity design of the AAOP. The light reflected from the gold-
coated tip is coupled back into the silicon waveguide and, eventually in the laser chip active region. This light feedback
mechanism has to be sufficiently strong to make sure that the probe tip is supplied with intracavity high-intensity laser
light. One of the main advantage of this approach is good thermal conductivity through the silicon substrate.

As proof-of-principle, we propose to make a first prototype of the integrated III-V/silicon AAOP by integrating a III-V
semiconductor laser chip into a commercially available silicon cantilever AFM probe. In this approach, a III-V
semiconductor laser chip is buried in the base of a commercially available silicon AFM probe in front of the cantilever and
aligned with the cantilever to efficiently couple the laser light into the cantilever by way of butt (edge) coupling (Fig. 20).
An epitaxial III-V gain material piece is metal-bonded within pre-etched pit receptor site inside the base of the silicon
AFM probe and then processed into the laser chip. The cantilever acts as an optical waveguide with silicon core and air
claddings.

Modified commercial
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Fig. 20. Integrated III-V/silicon AAOP based on a commercial silicon cantilever AFM probe.

So far, an even simpler concept of integrated III-V/silicon AAOP with free-space illumination of the probe tip has been
demonstrated. The concept is based on integrating a semiconductor laser source into a cantilevered silicon AFM probe in
such a way that the free propagating light from the integrated laser source can be used to illuminate the probe tip and carry
out AFM, NSOM, and TERS measurements. A semiconductor laser chip was bonded directly to the top surface of the base
of a commercial AFM probe without any prior probe modification (no pit receptor site etching into the base of the probe).
The active region of the laser chip was aligned with the probe tip, so that the free propagating light from the integrated
laser source was used to illuminate the probe tip and carry out AFM and NSOM measurements.

Fig. 21 shows an example of a silicon-integrated AFM active optical probe. Using lithography and ICP dry etching, a
standard silicon AFM probe was patterned and etched to a depth of 150 pm to accommodate a thick photonic crystal laser
chip with improved vertical divergence [26]. Fig. 21 shows the laser chip bonded to the silicon probe with indium. The
top view shows the laser light at the output facet of the laser and scattered light at the tip. Fig. 22 shows the optical spectrum
of the silicon-integrated laser source, measured using the light scattered from the probe tip. The results of AFM and near-
field optical testing of the silicon-integrated AFM active optical probe are presented in Fig. 23. Fig. 24 summarizes the
results of experimental measurement of the laser beam divergence. The transverse size of the laser beam is measured
directly on the laser output facet and 1.3 mm away from the output facet.
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Fig. 21. Silicon-integrated active AFM optical probe with laser chip bonded to a silicon probe - top view.
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Fig. 22. Optical spectrum of the silicon-integrated laser source measured using the light scattered from the probe tip.
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Fig. 24. Results of experimental measurement of the laser beam divergence.

5. CONCLUSIONS

We have demonstrated a novel type of AFM probe — Ultra-Fast AFM Active Optical Probe (UFP AAOP) by monolithically
integrating a mode-locked diode laser and AFM tip. This novel optical AFM probe simultaneously focuses laser light in
space and time and is capable of delivering significant amount of optical power to single-molecule scale, which is very
attractive for non-linear optical spectroscopy and nanoscopy. The UFP AAOP capability of generating sub-picosecond
optical pulses also makes it very attractive for single-molecule time-resolved spectroscopy. It can also be applied for THz



spectroscopy and quantum computing. Most importantly, it will make near-field optical microscopy and spectroscopy
faster, more convenient, and affordable. Finally, we have proposed a novel concept of integrated I1I-V/silicon AAOP that
takes full advantage of both the III/V semiconductor laser technology and the established silicon microfabrication
techniques of the standard technology of AFM tip/cantilever manufacturing.
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