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T
ip-enhanced Raman spectroscopy
(TERS) combines Raman spectrosco-
py with scanning probe microscopy

(SPM).1�5 The increase of the Raman signal
is due to a strong electromagnetic (EM) field
enhancement at the SPM tip apex related to
localized surface plasmon resonance (LSPR)
excitation. This results in the generation of
sufficient photon counts to record Raman
signals with adequate signal-to-noise (S/N)
ratios at reasonable time frames. Since the
original proposal of Wessel,1 and the initial
demonstrations of TERS,2�5 the past decade
has seen extraordinary development in
TERS activity.6�10 The main properties of
TERS are its high spatial resolution and its
high sensitivity. Comparison of SPM topo-
graphic and Raman chemical images pro-
vides unique surface information, making
TERS a valuable technique for surface anal-
ysis. Today, TERS applications are expand-
ing not only in the field of physical chem-
istry but also in biology.11�13 However,
typical spectral acquisition times with ade-
quate S/N ratios are more than a few hun-
dredmilliseconds, which limits applications,
especially for imaging. The TERS field can

benefit substantially from any technique,
for instance, based on a nonlinear Raman
effect,14,15 that can enhance the S/N ratio,
thus allowing for a reduced acquisition time.
Stimulated emission is a well-known phe-

nomenon that boosts molecular emission
rate.16 It has been applied successfully to sti-
mulated Raman scattering (SRS) microsco-
py17,18 and femtosecond stimulated Raman
spectroscopy (FSRS).19�21 The sensitivity
and S/N improvements have enabled real-
time imaging of biological activity (for SRS)
and the femtosecond-scale tracking of con-
formational changes within molecules (for
FSRS). Since conventional TERS is based on
spontaneous Raman emission, a stimulated
emission process could also improve the
sensitivity and the S/N ratio of TERS.
In this paper, we demonstrate that both

the signal and the S/N ratio in TERS can be
significantly enhanced by using the stimu-
lated emission mechanism. A collinear, tun-
able stimulating beam was introduced
along with a polarization-modulated pump
beam into a conventional TERS setup. The
stimulated signal was measured by lock-in
detection. Initial results on stimulated TERS
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ABSTRACT A billion-fold increase in the Raman signal over conventional tip-enhanced

Raman spectroscopy/microscopy (TERS) is reported. It is achieved by introducing a

stimulating beam confocal with the pump beam into a conventional TERS setup. A

stimulated TERS spectrum, closely corresponding to its spontaneous TERS counterpart, is

obtained by plotting the signal intensity of the strongest Raman peak of an azobenzene

thiol self-assembled monolayer versus the stimulating laser frequency. The stimulated TERS

image of azobenzene thiol molecules grafted onto Au Æ111æ clearly shows the surface
distribution of the molecules, whereas, when compared to the simultaneously recorded

surface topography, it presents an image contrast of different nature. The experimentally obtained stimulated gain is estimated at 1.0� 109, which is in

reasonable agreement with the theoretically predicted value. In addition to the signal increase, the signal-to-noise ratio was 3 orders of magnitude higher

than in conventional spontaneous TERS. The proposed stimulated TERS technique offers the possibility for a substantially faster imaging of the surface with

respect to normal TERS.
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images of a [4-(phenylazo)phenoxy]hexane-1-thiol
(azobenzene thiol) self-assembled monolayer (SAM)
grafted onto a Au Æ111æ surface are presented and
compared with the simultaneously recorded surface
topography. We also discuss the stimulated signal gain
and S/N ratio in comparison to conventional TERS.

RESULTS AND DISCUSSION

Referring to Figure 1, in a conventional TERS experi-
ment, the tip is illuminated only by the pump beam.
The pump field, which excites the molecule to a virtual
state |næ, interacts with the zero-point field to generate
a coherence between the ground state |aæ and the
vibrational state |bæ. The pump field and the zero-point
field scatter off this a�b coherence to promote the
molecule to the excited vibrational state |bæ while
emitting a Stokes photon. The a f b transition rate
and Stokes intensity are proportional to the pump field
intensity. The stimulated TERS (sTERS) situation is
similar except that the zero-point field is replaced by
an intense stimulating field. In this situation, pump and
stimulating photonpairs create an a�b coherence, and
the next pump�probe photon pair scatters off this
coherence to promote the molecule to the excited
vibrational state |bæ while emitting a Stokes photon.
The af b transition rate in this case is proportional to
the product of the pump laser intensity and the
stimulating laser intensity and therefore can be orders
of magnitude higher.22 The ratio of the stimulated
Raman cross section to the spontaneous Raman cross
section (the stimulated gain G) is given by

G ¼ σSTIM=σSPON ¼ [32π3c2=ωs
2]F(ωs) (1)

where F(ωs) is the spectral photon flux of the stimulat-
ing beam in photons/s/m2/Hz.23

By taking a 0.7 mW stimulating power at λStokes =
682 nm and a laser bandwidth = 64 GHz (our experi-
mental condition) and assuming a representative elec-
tromagnetic field enhancement of 100 in the gap
between a gold surface and a gold tip (value derived
from estimations from our experiment (see Supporting
Information), as well as from numerical calculations
in TERS24,25) we theoretically get G = 3.3 � 109 for
the stimulated gain from eq 1. This means that the

stimulated Stokes signal can be 3.3 � 109 times the
spontaneous TERS signal and could easily be detected
without the need for photon counters.
The schematic of our sTERS experiment is shown in

Figure 1. Stimulated Raman experiments normally
require lock-in detection to detect small intensity
changes of pump or stimulating beam. Pulsed lasers
are generally used for modulating the pump or the
stimulating beam intensity, together with lock-in
detection.18 We achieved the modulation with a con-
tinuous wave laser by varying the pump beam polar-
ization using a Pockels cell. With a P polarized pump
beam (electric field oscillating along with the tip axis),
gap mode surface plasmon resonances are more
efficiently excited between the gold surface and the
tip.24,25 Thus, pump laser power was modulated
between P and S polarizations to alternate between
the TERS condition (electromagnetic enhancement
operating) and unenhanced scattering. The plasmon
resonances also contribute to increase the photon flux
of the stimulating beam under the tip.
Figure 2 shows a sTERS spectrum obtained by plot-

ting the lock-in signal amplitude as a function of the
stimulating beamwavelength. The emissionwavelength

Figure 1. Schematic of the stimulated TERS (sTERS) experiment.

Figure 2. sTERS spectrum of the 1142 cm�1 vibrationmode
of azobenzene recorded over a SAM of azobenzene thiol on
gold. The error bar shows standard deviation of the lock-in
signal fluctuations. STM parameters: current set point I =
0.05 nA, bias voltage V = �0.5 V; sTERS parameters: pump
power PP = 0.5 mW, stimulating beam power PS = 0.5 mW,
lock-in time constant T = 100 ms, load resistance RL =
100 kΩ.
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of the stimulating laser was tuned from 681.2 nm to
682.8 nm (corresponding to a Raman shift from
1123 cm�1 to 1158 cm�1, with respect to 632.8 nm
excitation) through the 1142 cm�1 azobenzene thiol
peak (in-phase stretching of the two phenyl�N
bonds of the azobenzene moiety)26 by regulating
the temperature of the laser diode. The laser intensity
was maintained at about 0.5 mW at each emission
wavelength. A flat homogeneous area on the fully
azobenzene covered gold surface was selected prior
to experiments with the STM. The probed position
was changed between measurements in order to
avoid the decrease in the Raman signal due to
photobleaching of the molecules. The full-width at
half-maximum value of the stimulating beam was
between 2 and 4 cm�1.
The sTERS spectrum compares well with the spon-

taneous TERS spectrum of azobenzene thiol on gold
recorded with the same setup, indicating that the
detected lock-in signal is neither due to spontaneous
Raman nor just a scattered/reflected pump beam.

Since the spectral resolution in sTERS is primarily
determined by the line widths of the pump laser and
the stimulating tunable laser rather than the resolution
of the grating spectrometer used in conventional
spontaneous TERS, the use of narrow bandwidth tun-
able lasers enables a substantial improvement in the
achievable spectral resolution.
Lock in signal amplitudes were also plotted as a

function of the stimulating beam intensities in Figure 3.
The stimulating beam intensity was varied from 0.2 to
1.0 mW by using neutral density (ND) filters. Lock-in
amplitude is linearly proportional to the stimulating
laser intensity, as predicted by eq 1.
Figure 4a,b display the simultaneously recorded STM

image and sTERS image of a patterned azobenzene
SAM formed by nanocontact printing. The original
stamp has a grating structure with a 300 nm width
and a 300 nm pitch. Triangular features attesting to
the Æ111æ surface reconstruction can be recognized
in Figure 4a. The azobenzene SAM pattern, whose
thickness is expected to be about 2 nm,27,28 is not
distinguished in our STM image at room temperature
under ambient conditions, possibly due to the pre-
sence of ambient contamination and limited z resolu-
tion. Conversely, the sTERS image contrast clearly
shows the grating structure of the contact printing
stamp, proving that we specifically detected the azo-
benzene distribution on the gold surface.
The sTERS image was recorded simultaneously with

the STM topography in 14min. The spatial resolution of
a sTERS image in the x (fast scan) axis is experimentally
limited to the product of the scan rate (here, 0.3 Hz),
scan range (2000 nm), and lock-in time constant (0.1 s)
adopted. In the y (slow scan) axis, the resolution is
limited by the scan range divided by the number of
lines per image, as in STM topography (256). To record
a conventional TERSmap over the same 2� 2 μm2 area
with the same number of pixels (33� 256) would take
more than 2 h (assuming 1 s acquisition time for each
pixel of the TERS mapping).

Figure 3. Lock-in signal amplitudes plotted as functions of
the stimulating beam intensities. Both x and y axes are
normalized. The dashed line is a linear guide for the eye.
STM parameters: IS = 0.05 nA, V =�0.5 V; sTERS parameters:
PP = 0.5 mW, PS = 0.2 to 1 mW, T = 100 ms, RL = 1 MΩ.

Figure 4. Set of (a) STM and (b) sTERS scans of patterned azobenzene thiol on Au Æ111æ. The scan area is 2000 nm� 2000 nm.
STM parameters: current set point IS = 0.05 nA, bias voltage V = �0.5 V; sTERS parameters: pump power PP = 0.5 mW,
stimulating beam power PS = 1 mW, lock-in time constant T = 100 ms, scan rate R = 0.3 Hz, load resistor RL = 1 MΩ.
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Figure 5a,b show STM and corresponding sTERS
images of a gold surface exposed to the azobenzene
thiol solution in ethanol. The sTERS image is not uni-
form, although thiol molecules are expected to cover
the entire surface. Moreover, the contrast in the sTERS
image does not fully correspond to that of the STM
image. To confirm that we indeed have stimulated
Raman contrast and to compare the signal and noise
levels of the stimulated TERS signal with respect to the
spontaneous TERS, we momentarily blocked the sti-
mulating and pump beams in succession while record-
ing an image (shown in Figure 5c,d). The stimulating
beam was blocked in the area noted as “only pump”,
whereas the pump beam was kept on, corresponding
to spontaneous TERS conditions. In the area noted as
“only stimulating”, the pump beam was blocked and
the stimulating beam was maintained. Both the pump
and the stimulating beams were active in the rest of
the image. In either case, the lock-in amplitude went
down to almost zero. From the results above, it can be
unambiguously inferred that we detected a stimulated
Raman signal.
Variations in the gap field enhancement due to the

uneven surface topography of the gold surface may
contribute to the contrast observed in Figure 5b.29

Additionally, finer contrast may be related to the

probed molecular system. Molecular domains having
the terminal azobenzene groups oriented exactly par-
allel to the tip�sample gap axis will most efficiently
couple with the enhanced field. Minor variations in the
molecular tilt angle will result in only subnanometric
changes of the molecular layer thickness,30 not re-
solved in the large-area STM topographic images but
observable as contrast in the sTERS Raman images. We
believe that variations in molecular orientations can
therefore be one possible explanation for the contrast
differences between the STM and sTERS images.
Figure 6a,b are STM and sTERS images of a smaller

scan area. Again, contrast differences are observed
between the sTERS image and the STM image.
Figure 6c is a zoom of a small-molecular domain in
the sTERS image from Figure 6b, showing a feature of
6 nm width, thus indicating that a spatial resolution of
less than 6 nm is achieved (see the line scan across the
feature in Figure 6d). This spatial resolution is better
than what is achieved with conventional TERS imaging
performed on the same setup.31 Stimulated emission
effectively occurred in the gap mode plasmon loca-
lized in a small junction between the tip and gold
surface, resulting in a high spatial resolution.
Finally, we estimate the measured stimulated TERS

gain and S/N ratio in comparison to conventional TERS.

Figure 5. (a, b) Set of STM and sTERS scans of azobenzene thiol grafted on Au Æ111æ by dip coating. STM parameters: current
set point IS = 0.05 nA, bias voltage V = �0.5 V; sTERS parameters: pump power PP = 0.25 mW, stimulating beam power PS =
0.7mW, lock-in time constant T = 100ms, scan rate R = 0.3 Hz, load resistor RL = 100 kΩ. (c, d) Set of STM and sTERS scans with
pump or stimulating beam momentarily blocked. STM parameters: IS = 0.05 nA, V = �0.5 V; sTERS parameters: PP = 0.5 mW,
PS = 1 mW, T = 100 ms, scan rate R = 0.3 Hz, RL = 100 kΩ. Scan field = 1000 nm � 1000 nm.
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We first calibrated the linearity of the lock-in for the
detection of the small optical modulations by using the
Pockels cell to amplitude modulate the HeNe laser and
focusing the latter onto the same photodiode/lock-in
detection setup as before. For a 100 kΩ load resistor
and a lock-in signal of 100 μV at 100 ms time constant
as used in our experiments (Figure 5b), the detected
power was estimated to be 30 nW from the calibration
(supplementary Figure S1). The mean value of the
spontaneous TERS signal from azobenzene measured
with the spectrometer under the same pump laser
power is 100 photons/s, corresponding to 3� 10�8 nW
and an S/N of 10 in 1 Hz bandwidth. Thus, the
stimulated gain G is estimated as 30 nW/3 � 10�8 nW,
or 1.0� 109, reasonably close to our theoretical estima-
tion; see the Supporting Information. The S/N ratio of
the sTERS signal is 2� 103 in 1 Hz bandwidth. Although
we are limited by electronic noise rather than by shot
noise in the present setup, we note that for truly shot
noise limited operation the S/N = isignal/(2eΔf) (isignal:

signal current, e: the electric charge, Δf: bandwidth),
and the achievable S/N ratio would be 3.1 � 109 for
our 100 μV signal and 100 kΩ load resistor in a 1 Hz
bandwidth.

CONCLUSION

We demonstrated stimulated emission in tip-
enhanced Raman spectroscopy. The wide-area (>1 μm2)
STM topography and sTERS images were recorded
simultaneously with a very high spatial resolution at
a scan rate of 0.2 to 0.3 Hz. While the current setup is
not shot noise limited, shot noise limiting the detection
schemewill enable a substantial increase in the achiev-
able S/N at reasonable stimulating power. It is note-
worthy that the present imaging rate is limited not by
signal acquisition time but rather by the STM scanning
rate to avoid tip damaging. Thanks to the achieved
billion-fold stimulated gain over conventional TERS,
our technique opens venues for ultrafast imaging
applications in the TERS field.

METHODS

Materials. STM: Park Systems XE-100; Pockels cell: DIDA
concept, EO/1M-400-N; photodiode: Thorlabs, DET10A; grating
spectrometer: HORIBA Jobin Yvon, LabRAM HR 800; opto-
mechanical XYZ translation system: HORIBA Jobin Yvon; tunable
diode laser: Thorlabs, TCLDM9; transimpedance amplifier: Fem-
to Messtechnik GmbH, DLPCA-200; lock-in amplifier: EG&G
Princeton Applied Research, model 5210; STM tip: electroche-
mically etched 250 μmdiameter gold wire (Goodfellow) with tip
apex 20 nm; gold substrate: Arrandee 12 mm � 12 mm;
nanocontact printing stamp: High-Tech Optics Ltd.

Sample Preparation. In all experiments, 250 nm Au films on a
2.5 nm Cr adhesion layer deposited on glass slides were used;
these were flame annealed to promote Æ111æ gold faceting.
Synthesis of the [4-(phenylazo)phenoxy]hexane-1-thiol (azo-
benzene thiol) molecules is described elsewhere.26 A self-
assembled monolayer of azobenzene thiol was formed by
immersing the Au Æ111æ substrate in 1 mM azobenzene thiol
ethanol solution. The nanocontact printing technique was used
to obtain patterned SAMs using a poly(dimethylsiloxane) stamp

with grating structure (width and interval of 300 nm).32 A drop
of 1 mM azobenzene thiol ethanol solution was deposited on
the stamp. After drying, the nanograting was rinsed with
ethanol to remove the excess molecules and dried by nitrogen
flow. The grating pattern was transferred onto the Au Æ111æ
surface by gently pressing for 10 s.

Stimulated TERS Setup. Electrochemically etched goldwire tips
with apex radii of around 20 nm were used as STM probes. The
STM parameters are indicated in the figure captions. A pump
He�Ne laser (632.8 nm) is transmitted through a Pockels cell
polarization modulator, reflected off a high-pass dichroic filter
(cut-off wavelength a few nanmeters above 632.8 nm), and
combined at a half-silvered mirror with a stimulating (Stokes),
single mode, fiber-coupled tunable diode laser. Variable neutral
density filters were used to control the laser power. The nominal
pump laser power was 0.5 mW. The diode Stokes laser was
tuned to 682.06 nm to stimulate the 1142 cm�1 azobenzene
normal vibrational mode during image acquisition. A λ/2 plate
in front of the Stokes beam provides P polarization of light. The
combined beams are directed to a 0.45 NA, 50� Olympus
objective (housed within an optomechanical XYZ translation

Figure 6. Comparisonof (a) STMand (b) sTERS imagesof azobenzene thiol graftedonAu Æ111æwith smaller scanfield (180nm�
180nm). (c) Zoomofa feature contained in thewhite square in the sTERS image from (b). (d) Line scanacross the feature from (c).
STM parameters: current set point IS = 0.05 nA, bias voltage V = �0.05 V; sTERS parameters: pump power PP = 0.5 mW,
stimulating beam power PS = 0.5 mW, lock-in time constant T = 100 ms, scan rate R = 0.2 Hz, load resistor RL = 100 kΩ.
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system and oriented at 60� with respect to the sample normal)
and focused on the tip apex. Inserted in the pump path, the
Pockels cell is sinusoidally driven at 30 kHz and orientated so
that its output polarization is modulated between P and S at the
STM tip. The backscattered light returns via the half-silvered
mirror to a silicon photodiode after two long-pass filters (see
dashed line in Figure 1). Alternatively, the backscattered light
can be directed to a high-resolution grating spectrometer for
recording a spontaneous TERS spectrum. The modulated
photodiode current is converted to a voltage in a transimpe-
dance amplifier and detected with a lock-in. The controller
records the lock-in signal and displays a sTERS image simulta-
neously with an STM image as the sample is raster scanned.
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