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ABSTRACT: In situ characterization of surfaces with tip-enhanced Raman
spectroscopy (TERS) provides chemical and topographic information with high
spatial resolution and submonolayer chemical sensitivity. To further the
versatility of the TERS approach toward more complex systems such as
biological membranes or energy conversion devices, adaptation of the technique
to solid/liquid working conditions is essential. Here, we present a home-built
side-illumination TERS setup design based on a commercial scanning tunneling
microscope (STM) as a versatile, cost-efficient solution for TERS at solid/liquid
interfaces. Interestingly, the results obtained from showcase resonant dye and
nonresonant thiophenol monolayers adsorbed on Au single crystals suggest that
excitation beam aberrations due to the presence of the aqueous phase are small enough not to limit TER signal detection. The
STM parameters are found to play a crucial role for solid/liquid TERS sensitivity. Raman enhancement factors of 105 at μW laser
power demonstrate the great potential the presented experimental configuration holds for solid/liquid interfacial spectroscopic
studies.

A TERS setup consists of a Raman optical platform coupled
with the nanometric tip of a scanning probe microscope

(SPM) that acts as an antenna to amplify generally weak Raman
signals by a factor up to 107.1−4 TERS provides label-free
chemical and topological information on interfaces with
submonolayer sensitivity and high resolution, allowing even
single-molecule detection in certain cases.5−7 Since the first
experimental reports on TERS,8−10 many efforts have been
carried out to develop the technique into a standard
characterization tool in surface science to study different
systems in biology, physical-chemistry, and materials sci-
ence.11−18 In air, TERS setups have been adjusted to meet
the specific requirements of the system under study by, for
example, choosing between STM or atomic force microscope
(AFM) probes for field enhancement, employing different
illumination configurations (top, bottom, side), tuning the
excitation laser wavelength or varying the substrate. Reliable
performance of various air (and UHV) TERS setups has
recently been proven by an interlaboratory collaboration.19

Generally, there is a growing interest to move to surface-
specific Raman studies in solution, as air and UHV conditions
are crude approximations only for systems where water or
supporting electrolyte are essential components of the complex
interface. A systematic implementation of solid/liquid TERS
setups would allow to gain essential information on many
biological, electrochemical, or catalytic interfaces where insight
in surface (physico)chemical processes is highly desired.
However, despite great technological progress over the last
15 years, TERS applications in liquid environments still remain
scarce. The complexity of the TERS experiment itself combined
with the additional requirements that the liquid environment

entails can explain the long struggle of the community to
achieve solid/liquid TERS experiments.
The first report of solid/liquid TERS was published in

200920 by Zenobi and co-workers. A bottom-illumination
geometry in an AFM-based TERS system allowed the authors
to efficiently measure a monolayer of thiophenol on a thin,
optically transparent Au substrate with Raman enhancement
factors of 5 × 103. In 2013, Nakata et al. used a similar setup to
detect lipid bilayers on mica in native aqueous environment.21

In 2015, Ren and co-workers published the first electrochemical
TERS (EC-TERS) study22 followed shortly after by a second
EC-TERS report by Van Duyne and co-workers.23 The latter
reported AFM-based solid/liquid TERS under potential control
to probe the nanoscale redox behavior of Nile Blue dye
molecules. While the AFM bottom-illumination approaches
used by Zenobi and Van Duyne pose significant milestones in
the development of solid/liquid TERS, the use of an AFM-
based transmission configuration limits the user to optically
transparent substrates and often provides lower signal enhance-
ment than STM-based configurations.1,24 Ren’s STM-based
EC-TERS approach overcomes these limitations: The use of a
solid, atomically flat Au(111) substrate is enabled by a home-
built fiber-based setup that features a slightly inclined substrate
geometry to allow efficient light coupling from the side of the
STM tip. The observed potential-dependent changes of the
EC-TER spectra indicate subtle changes in the molecular
adsorption configuration.
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Obviously, the implementation of TERS in liquid is in its
early stages and still remains a huge challenge. To further the
use of solid/liquid TERS, necessary next steps involve the
exploration of improved setup configurations, since different
applications might benefit from different combination of
experimental specifications. Furthermore, a variety of adsor-
bates and interfaces must be tested to prove that a broad range
of (physico)chemical systems and questions can be addressed.
Here, we present a versatile solid/liquid TERS setup design

based on a commercially available STM in side-illumination
geometry. The different specifications of our setup compared to
the previously reported systems, the respective technical
advantages and disadvantages as well as the experimental
challenges and solutions are discussed in this paper. To verify
the performance of our novel approach, we employ showcase
malachite green isothiocyanate (MGITC) and thiophenol
(PhS) monolayer adsorbates on Au(111) single crystals as
sample systems. The discussion focuses on the capabilities of
the system in terms of band intensities and enhancement
factors, comparing between in-air and in-water signals as well as
between resonant and nonresonant excitation conditions.

■ EXPERIMENTAL SECTION

Our solid/liquid TERS setup consists of a standard,
commercially available electrochemical STM (Keysight Tech-
nologies GmbH (former Agilent) 5420) coupled to a red HeNe
laser (632.8 nm; REO LSRP-3501, 35 mW maximum output
power, linearly polarized) in side-illumination configuration
with an angle of 55° between the focusing/collection objective
and the substrate surface normal. An Olympus 50× long
working-distance objective (WD = 10.6 mm, NA = 0.5) is used
to focus the laser beam onto the STM-tip apex, and the
backscattered light is collected along the same path. Mirrors,
gray filters for laser beam power control, pinholes, and other
standard optical elements were purchased from Thorlabs. Two
additional filters (edge, Semrock RazorEdge Dichroic LPD01-
633RU-25, and notch, Semrock StopLine single-notch NF03-
633E) in the detection path filter out the Rayleigh elastic
scattering. A Horiba iHR 550 spectrograph with a nitrogen-
cooled CCD camera (Symphony II, Horiba) is used as a
detector. For the experiments presented in this work, a 600 L/
mm grating was used. The entire setup (see the Supporting
Information, Section 1 for a schematic of the beam path) is
mounted on an optical table with active vibration isolation. The
acquisition conditions of each experiment are indicated in the
main text. All spectra are shown without background
correction.
We have designed a special sample cell for the experiments in

liquids (Figure 1a,b). The cell consists of two parts: the main
body made of Kel-F and a glass window (coverslip 22 × 22
mm2, 170 μm thick, Carl Roth) that is pasted to the main body
at a right angle to the incident beam with UV glue (Loctite
3321). Both pieces can be cleaned separately with piranha
solution and are mounted shortly before use. An O-ring is
placed between substrate and cell to prevent solution from
leaking.
To focus the laser precisely onto the tip apex, a white-light

fiber (KL 1600 LED, Schott) is placed opposite to the objective
at an angle of 55° to the sample surface normal (Figure 1a).
The white light illuminates the tip from the opposite side of the
laser, is reflected by the sample into the objective, and reaches a
CMOS camera (MC 1362, Mikrotron) through a beam splitter.
In this way, an image of the shadow of the tip and its position

with respect to the laser focus is produced and can be used for
focusing (Figure 1c). The two tips (and laser spots) seen in the
images are the tip and its mirror image in the Au(111) single-
crystal substrate. For experiments in liquid, due to the
translucency of the KEL-F the liquid cell is made of, the
intense white light of the fiber can penetrate through the cell
walls to the sample and create similar images of tip and focus
on the CMOS camera as for air experiments. As focus
aberrations due to the refractive index mismatch at the air/
glass/water interface increase with increasing laser beam path
length in the water (i.e., with the thickness of the water layer
between glass and tip apex), great care has to be taken to
reproducibly control the water layer thickness for all experi-
ments. A detailed description of the alignment procedure is
given in the Supporting Information, Section 2.
The STM is mounted onto a large x,y piezo stage (custom-

made by Steinmeyer Mechatronics, former Feinmess Dresden)
that allows positioning of the STM, i.e., of the tip, with 3 nm
precision over a maximum distance of 10 mm. An additional
piezo stage serves as base for the objective arm and moves the
focus in z-direction. In this way, focus (objective) and tip
(STM) can be moved independently from each other to find
the appropriate focus position on the tip apex while monitoring
the focusing image with the CMOS camera. Note that with our
setup design, this focusing procedure works well both in air and
in water. In principle, the setup also allows TERS imaging over
areas of ∼250 × 250 nm2 by making use of the scanning
movement of the STM-tip within the far-field focus.
MGITC was purchased from Setarech Biotech. All other

chemicals were purchased from Sigma-Aldrich in the highest
purity available. Ultrapure water (Millipore-Q, Milli-Q) with a
resistivity higher than 18 MΩ·cm was used for the liquid
experiments. All glassware, Teflon tools, liquid cell, coverslips,
and substrates were cleaned by immersing them in piranha
solution (H2SO4 (97%)/H2O2 (30%) of 3:1) overnight,
followed by extensive rinsing in boiling Milli-Q water.
A cylindrical (10 mm diameter, 4 mm height) Au(111) single

crystal of 5N purity (Mateck) was used as a substrate in all
experiments. Once cleaned, the single crystal was flame-

Figure 1. (a) Solid/liquid TERS sample cell. (b) Schematic
representation of the side-illumination geometry. (c) Microscope
images of the tip-focusing process in air (top) and in water (bottom)
when the tip is retracted more than 3 μm (left), approaching the
surface (middle), and in tunneling conditions (right). (d) STM images
of MGITC/Au(111) in air (Ebias = 0.4 V, It = 0.1 nA; top) and in water
(Ebias = 0.04 V, It = 1.22 nA; bottom) obtained with a TERS-suitable
Au tip.
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annealed according to the Clavilier method,25 cooled in Ar
atmosphere (5N, Westfalen) for 5 to 10 min and immersed in
the respective adsorbate solution. The 5 × 10−5 M and 10−5 M
ethanolic solutions of MGITC and PhS, respectively, were
freshly prepared before use. The substrate was left in the
solution for 12 h and then rinsed carefully with ethanol to
remove multilayers.
Au wire of 0.25 mm diameter (5N purity, Mateck) was cut in

pieces of roughly 1.5 cm length. The wire was cleaned by
rinsing with ethanol and a soft flame annealing. Shaping of the
wire into a sharp symmetrical pencil-shaped apex was
performed by electrochemical etching in a 1:1 solution of
ethanol and fuming HCl.26 After etching, the tips were rinsed
with Milli-Q to remove any residual etching solution and
coated with a thin layer of Zapon lack (CLOU, Germany) to
improve stability and endurance of the Au tips. The etched tips
typically have an apex radius of 25 nm. Details of the coating
procedure and example SEM images of the etched tips can be
found in the Supporting Information, Section 3.
The only modification of the commercially available STM for

TERS usage that we performed is a few-millimeter elongation
of the tip holder to stably accommodate the long and thus
particularly fragile Au tips. The latter are required to fit the long
working-distance objective without it touching the STM head
to ensure mechanical stability during experiments. As a result,
in our design, different from the setup geometry presented by
Zeng et al.22 with a 10° substrate inclination, the flat-lying
surface of the original STM geometry is maintained, thus
preserving the (micrometer-large) scan-range specifications of
the STM. As shown in Figure 1d, the quality of the STM
images obtained in air (top) and water (bottom) with long Au
TERS tips is reasonable, i.e., atomically flat terraces and
monatomic Au steps (average height of 0.19 ± 0.05 nm in air
and 0.18 ± 0.02 nm in water; see the Supporting Information,
Section 4 for details) can be discerned and proves that our
solid/liquid TERS setup design does not compromise the STM
performance. Note that STM images were recorded before
TERS experiments, and all images and spectra were acquired
with the same tip, starting with the air experiment. To prevent
sample degradation, the laser beam was turned on only for the
focusing procedure and spectra acquisition and off for STM
imaging and waiting time between air and liquid experiments.
For both air and water experiments, a gentle argon flow was
injected to the cell-sample environment to prevent oxidation
and/or contamination of tip and sample.

■ RESULTS AND DISCUSSION

We explored the performance of the solid/liquid TER
spectrometer by studying monolayers of resonant MGITC
and nonresonant PhS adsorbed on Au(111). These systems
have been studied widely with TERS in air5,19,27 and thus are
useful to benchmark the instrument performance in terms of
stability and sensitivity. Both species are known to form
chemisorbed monolayers through stable S−Au bonds which
limits molecule desorption in the liquid experiments. MGITC is
electronically resonant with the excitation wavelength, which
significantly facilitates signal detection as it leads to
approximately 2 orders of magnitude higher TER enhancement
than for nonresonant species.28

Figure 2 shows TER resonant (TERR) spectra of MGITC/
Au(111) in air (a, black) and in Milli-Q (c, blue). Individual
spectra were Savitsky−Golay smoothened (least-squares fit of
second order polynomial to domains of 11 data point size). The

acquisition parameters used in the experiments were 3 s
exposure time and a power at the exit of the objective of 150
μW for air (700 μW for water); for clear comparison, all spectra
were normalized to 2 mW laser power and 1 s acquisition time.
The corresponding far-field spectra at a tip−sample distance of
20 nm are shown below the respective near-field TERR spectra
(b, air; d, water; a zoom into the far-field spectra with better
visible far-field signals can be found in the Supporting
Information, Section 5). STM sample bias (Ebias) and tunneling
current (It) were chosen such as to achieve most stable imaging
or tip−sample gap (air, It = 0.1 nA; Ebias = 0.4 V; water, It = 1.2
nA; Ebias = 0.04 V). The TERR spectra show a clear fingerprint
of the dye molecules in both air and water where all main
MGITC bands are well resolved and band positions agree
excellently with the ones previously reported.5,27 The 1:3 ratio
of the band intensities at 1584 and 1615 cm−1 indicates a
chemically intact MGITC monolayer with no signs of
degradation.11 After all experiments, the tip cleanliness was
checked in a TERS experiment on a clean Au(111) surface to
ensure that the MGITC spectra resulted from molecules on the
Au(111) substrate and not on the Au tip (Figure 2e). Note that
currently in our lab, the spectral signal-to-noise obtained under
identical TER conditions shows a maximum variation of about
30%, independent of the user and chemical system under study,
that can be mainly ascribed to variations in tip and focus
qualities. To minimize the influence of underperforming tips
and suboptimal focusing on the results presented in this study,
we employ the same tip for all experiments of one type of
molecule and compare and analyze spectra with the best signal-
to-noise ratios.
Rather surprisingly, the normalized TERR scattering

intensity in water is roughly double the one in air. In principle,
one would expect a signal reduction because of the beam
aberrations at the air/glass and glass/water interfaces in the
beam path between objective and tip apex that are present
when working in the given side-illumination geometry. Indeed,
the tip-retracted far-field Raman signals are found to be reduced
in water by factors between 3.3 and 4.9 (calculated for the four
prominent bands at 801, 1175, 1584, and 1615 cm−1 as shown

Figure 2. Raman spectra of MGITC/Au(111) in air (a,b) and in Milli-
Q (c,d); (e) tip check. (a) TERR in air (Ebias = 0.4 V, It = 0.1 nA); (b)
far-field Raman with 20 nm tip retraction in air; (c) TERR in Milli-Q
water (Ebias = 0.04 V, It = 1.2 nA); (d) far-field Raman with 20 nm tip
retraction in water. All spectra are normalized to 2 mW power and 1 s
acquisition time, and y-offset for clarity. Inset: MGITC.
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in Figure S4) compared to air due to the focus distortion. How
can the unexpected behavior of the near-field (TERR)
responses be explained?
Let us have a closer look at the tip−sample gap resulting

from the chosen STM parameters for TERRS of MGITC/
Au(111) in air (It = 0.1 nA, Ebias = 0.4 V) and in water (It = 1.2
nA, Ebias = 0.04 V) which are known to affect TER spectral
responses.29 The tunneling barrier in vacuum (and, at a first
approximation, in air) can be described by30,31

∝ ⇒ ∝
ϕ− ℏ
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with gap distance d, work function or barrier height of the
system ϕ, electron mass m, and Planck’s constant ℏ.
Consequently, the tip−sample distance is directly proportional
to ln(Ebias/It). As a consequence, in vacuum, for ϕ values of the
most common metals, an increase in It (decrease in Ebias) by a
factor of 10 brings the tip a few Å closer to the sample.
Quantifying precisely the difference in the gap distance in air
compared to water is challenging since for the liquid
experiment, further parameters need to be taken into account:
The tunneling barrier, ϕ, has been observed to be smaller in
liquid due to tunneling processes via intermediate states.32,33

For the system gold/water/gold, ϕ depends also on Ebias.
34

Furthermore, for small gap distances as the ones we expect in
water given the high set point and low bias, the It/Ebias(d) curve
does not show an exponential behavior and new models need
to be considered.35,36 Thus, establishing ϕ for the liquid case is
not straighforward. Nonetheless, to provide a crude approx-
imation following the exponential model, a lower ϕ in water
results in a larger gap distance, while higher It and lower Ebias

lead to a smaller tip−sample distance in water compared to air.
Since the product I/E is 0.25 in air and 30.5 in water while ϕ
values of Au are of comparable magnitude in air

ϕ ≈ = =4.8 2.1 and in water ϕ ≈ =1.8 1.34,34

we conclude that tunneling set point and bias voltage have a
more significant effect on the gap size than the work function.
Qualitatively, from the given STM parameters, it is thus safe

to deduce that the tip−sample distance is smaller for the in-
water than for the in-air experiment. The TER(R) signal
intensity is known to increase exponentially with decreasing
tip−sample distance.37−41 Thus, under the given experimental
conditions in water with a comparatively smaller tip−sample
distance, the sample produces stronger TERR signals than in air
which can overcome the signal loss due to beam path
aberrations. The observed shift of the TERR background
maximum toward higher wavenumbers in water (788 cm−1 or
1.861 eV) compared to air (649 cm−1 or 1.878 eV), see the
Supporting Information, Section 6, is also in line with a smaller
tip−sample gap in water,40,41 supporting our argumentation.
An overview of the discussed effects that the various

experimental parameters have on the TER scattering intensity
and the location of the background maximum is given in Table
1 and can be summarized as follows: (1) Focus aberrations lead
to a TER signal decrease while leaving the spectral background
maximum (i.e., imprint of the gap plasmon resonance)
unaffected. (2) A smaller work function (as is the case for
water vs air environment) results in a larger tip−sample
distance, resulting in a smaller TER signal and a blueshift of the
background maximum (when keeping Ebias and It the same).
(3) Regarding the STM parameters, an increase in It and a
decrease in Ebias independently lead to a smaller tip−sample

distance and thus to an increase in TER signal and a redshift of
the spectral background maximum. Following Table 1, our
results showing roughly twice the TERR scattering intensity
from MGITC/Au(111) in water than in air can be qualitatively
explained by the given experimental parameters (chosen such
as to ensure optimally stable tunneling). A quantitative
systematic investigation of the influence of the STM parameters
on the TER response is currently underway in our laboratory
and will be published elsewhere.
Note that, in principle, changing the gap medium from air to

water could also strongly influence the Raman enhancement as
the plasmon resonance frequency depends on the dielectric
constant of the surrounding medium. However, calculations for
a Au−water−Au system essentially identical to the one
presented here show that 632.8 nm excitation produces
comparable values for Raman enhancements in air and water,
despite an overall red shift of the LSP resonance distribution.22

Assuming the calculations hold for our system, we expect the
effect of the different dielectric constants in air and water on the
TERR signal intensity to be negligible.
Comparing the TERR/far-field intensity contrast and taking

into account the respective scattering areas, we calculate Raman
enhancement factors (EFs) for four bands that are distinguish-
able from the noise in the retracted spectra for both air and
water according to the expression:42
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where the first term, the ratio between integrated intensities, is
called contrast (factor). The scattering volumes of far-field and
TERR can be approximated to areas for monolayer adsorbates,
as is the case here, resulting in (Afarfield/ATERR) = (Rfarfield/
RTERR)

2. We consider a far-field focus radius of 500 nm in air
and 590 nm in water (see the Supporting Information, Section
7 for details) and a tip radius of 25 nm (as deduced from SEM
images of the tips and consistent with the TERS spatial
resolution achieved with our instrument, see the Supporting
Information, Section 3 for details). As described elsewhere,1 the
TERR scattering radius is calculated as 1/2Rtip.
The calculated values of contrast and corresponding EFs are

displayed in Table 2. For the four peaks considered, the EFs in
water range from 1.9 × 105 to 5.4 × 105 while the values in air

Table 1. Effect of Experimental Parameters on TER
Scattering Intensity and Background Maximum (Gap
Plasmon Resonance) Location

experimental parameter TER intensity TER background maximum

↑ focus aberrations ↓ n.a.

↓ work function, ϕ ↓ blueshift

↑ tunneling set point, It ↑ redshift

↓ tip−sample bias, Ebias ↑ redshift

Table 2. TERR/Far-Field Contrast and Raman
Enhancement Factors (EF) for MGITC/Au(111) in Air and
in Water

band contrast air EF air contrast water EF water

801 cm−1 9.9 1.6 × 104 87 1.9 × 105

1175 cm−1 11 1.8 × 104 107 2.4 × 105

1364 cm−1 9.5 1.5 × 104 244 5.4 × 105

1615 cm−1 11.6 1.9 × 104 158.5 3.5 × 105
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lie between 1.5 × 104 to 1.9 × 104. The EFs are 1 order of
magnitude higher in water due to the increase of the TERR
signal intensity, the decrease of the far-field signal and the
increase of the area of the far-field focus in water with respect to
air. These values are reasonable compared with previous reports
in literature for similar systems (Au tip-Au substrate, STM-
TERS), where values between 103 and 107 have been achieved
in air for resonant molecules.1

To summarize the first part, the presented solid/liquid TERS
setup provides very good Raman enhancement and allows one
to collect excellent signal-to-noise TERR spectra from
MGITC/Au(111) in water. The losses due to the distortion
of the focus, as clearly observed in the far-field signal, can be
overcome with STM-TERS by the choice of proper STM
parameters which have a notable effect on the tip−sample
distance and thus on the resulting TER(R) signal.
In the remainder of the manuscript, we explore the

possibilities of solid/liquid TERS for a more generic adsorbate
case, namely, nonresonant PhS monolayer samples. Figure 3

shows TER spectra of PhS/Au(111) in air (a, black) and in
water (c, blue) as well as the corresponding far-field Raman
spectra at 10 nm tip retraction (b, air; d, water). Excitation
power and acquisition time were 260 μW and 5 s in air (840
μW and 10 s in water) for both TER and far-field experiments.
All shown spectra are normalized to 260 μW and 5 s integration
time and the water results multiplied by a factor of 20 for sake
of clarity.
Both air and water TER spectra allow unambiguous

identification of PhS. For TER scattering in water, the aromatic
ring vibrations at 998, 1022, 1073, and 1573 cm−1 and a weaker
band at 1113 cm−1 are observed which are the typically
employed marker bands of PhS.19 In the air spectra, additional
bands appear at 418, 691, and 1469 cm−1 (see the Supporting
Information, Section 8 for band assignment). Contrary to the
case of MGITC, the detection of a monolayer PhS/Au(111) in
the far-field is not possible because of the smaller scattering
cross sections and lack of electronic resonance enhancement.
Note that the undulated background is instrument-induced by
beam interference on the dichroic filter. Similar background
undulations are observed also for MGITC/Au(111) (Support-
ing Information, Section 6), if less obvious because of the much
stronger resonant signal. STM images of PhS/Au(111) in air

and in water (not shown) reveal flat terraces and monatomic
steps similar to the ones observed for MGITC.
We evaluated the setup performance by comparison of air

and water TER experiments following the analysis reported in
the interlaboratory TERS study on PhS/Au(111) in air by
Blum et al. that aimed at exploring the reproducibility of TERS
results of different setups and experimental configurations of
experienced TERS groups and constitutes an important step to
establish a standard quality check of results produced by new
instruments.19 We fitted the five strong modes (vertical dashed
lines in Figure 3) with Lorentzian functions to extract relative
peak positions and intensities. An overview of the results for
peaks 998 (P1), 1022 (P2), and 1073 cm−1 (P3) is presented in
Table 3.

Regarding peak positions, the results both in air and in water
show perfect consistency with previous studies.19 The relative
band intensity P3/P1 in air is 1.21 compared to 1.35 ± 0.31
reported, indicating excellent performance of the setup in air.
While the P2/P1 ratio does not change much switching from
air (0.65) to water (0.71), the intensity of the P3 is lowered in
the liquid experiment, resulting in relative intensity factors of
0.52 for P3/P1 and 0.73 for P3/P2, a factor 2.4 lower than the
ones found in air. In ref 19, an average value of 1.35 ratio P3/
P1 is given for the entire study; however, the average values
from individual setups range from 0.83 to 1.66, and individual
spectra averages on different setups lie between 0.61 and 2.25.
While our in-air and in-water are thus both comparable to
values reported in ref 19, the origin of the large variance of P3
intensity between individual measurements remains unclear.
For PhS/Au(111), the overall TER scattering intensity in

water is reduced by a factor of ∼20 and the background
maximum is blueshifted compared to air. These results can be
discussed and explained qualitatively by the chosen exper-
imental parameters, following the overview given in Table 1. An
intensity decrease is expected when switching from air to water
because of the focus point aberrations. Regarding the STM
parameters in the PhS experiments (again chosen to give the
most stable STM tunneling), the STM set-point was 0.1 nA in
air and 1 nA in water, and the bias voltage was 0.1 V both in air
and in water. Compared to MGITC, where the larger intensity
in the liquid experiments is attributed to the large difference in
set-point and bias that can overcome the reduction of the work
function in the liquid environment, in the case of PhS, the
variation in It is smaller and Ebias was kept constant. Thus,
changes in ϕ are expected to play a more dominant role. As a
result, for the PhS experiments, the tip−sample distance is
expected to be larger in water compared to air, which is
consistent with the observed TER signal intensity drop. Also,
the difference in the position of the Lorentzian-shaped
background maximum (see the Supporting Information,
Section 6) supports this conclusion: the maximum of the
more intense TER spectrum in air appears at higher

Figure 3. Raman spectra of PhS/Au(111) in air (a,b) and in Milli-Q
(c,d). (a) TER in air (Ebias = 0.1 V, It = 0.1 nA); (b) far-field Raman
with 10 nm tip retraction in air; (c) TER in water (Ebias = 0.1 V, It = 1
nA); (d) far-field Raman with 10 nm tip retraction in water. All spectra
are normalized to 260 μW power and 5 s acquisition time (water
spectrum, ×20) and y-offset for clarity. Inset: PhS.

Table 3. Relative Peak Intensities for Three PhS Marker
Bands P1, 998 cm−1, P2, 1022 cm−1, and P3, 1073 cm−1 for
TERS in Air and in Watera

intensity ratio air water air19

P3/P1 1.21 0.52 1.35 ± 0.31

P3/P2 1.85 0.73

P2/P1 0.65 0.71
aLiterature values from ref 19 are listed for comparison.
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wavenumbers than the water maximum (690 cm−1, or 1.87 eV,
in air versus 511 cm−1, or 1.90 eV, in water). This blue shift of
the TER background indicates a larger tip−sample gap in water
resulting in lower TER enhancements.40,41

■ CONCLUSIONS

We have demonstrated the implementation of a novel solid/
liquid TERS setup with versatile side-illumination design. The
instrument is based on commercially available STM and Raman
components in a simple and cost-efficient way. The home-built
solid/liquid sample cell can be adapted to accommodate
substrates of varying thickness and dimension, while the
scanning capabilities of the STM are maintained.
The system’s performance was benchmarked by measuring

monolayer adsorbates of resonant MGITC dye and non-
resonant PhS on optically nontransparent Au(111) single
crystals in water, respectively. We found that excitation beam
aberrations due to the presence of the liquid phase reduced the
(conventional) far-field response by a factor of three, as
expected due to severe far-field focus distortions. Interestingly,
these distortions were found to play only a minor role for near-
field Raman measurements. Our setup design allowed us to
obtain excellent signal-to-noise ratios in the TER responses
from both resonant and nonresonant molecules, with Raman
enhancement factors in the order of 105. Importantly, we found
that the chosen STM parameters have a significant influence on
the TER signal intensity as sample bias and tunneling current
directly affect the tip−sample distance and thus the field (and
Raman) enhancement. Our work paves the way for a systematic
implementation of solid/liquid TERS for powerful in situ
chemical nanocharacterization of more complex biological or
material science work environments.
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