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This article presents a concept for the realization of an internal standard for tip-enhanced Raman

spectroscopy and shows a proof-of-principle of this idea. The local enhancement is monitored by

the Raman signal of a reference compound chemisorbed on the tip. In this way, we are able to

bring a constant amount of the reference material to all measuring points without contamination of

the system of interest, and always keep it positioned in the same enhanced field that acts on the

analyte on the sample surface. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4816589]

The discovery of surface-enhanced Raman scattering

(SERS)1 opened a way for investigating the chemical compo-

sition of sample surfaces. However, it is difficult to produce

standard surfaces with known enhancement factors. Exact

knowledge of the enhancement factor is a key prerequisite to

use surface enhanced techniques for quantitative analytical

investigations. The development of tip-enhanced Raman scat-

tering (TERS) allowed locally enhanced spectroscopy to be

carried out on the nanometer scale, but TERS signals are also

significantly affected by the unknown local enhancement fac-

tor. Fortunately, the nanometer resolution and molecular sen-

sitivity of TERS avoid the need for averaging over a standard

SERS substrate. For obtaining quantitatively comparable

results in TERS, measurements can either be carried out on

an atomically flat substrate2 or require the introduction of an

internal standard in TERS. It can be claimed that the absence

of information about the local enhancement factor is one of

the main obstacles for using TERS as a quantitative analytical

method. The development of a calibration standard for TERS

measurements is thus a key step for the application of this

very powerful method, in particular, for nanoanalytical imag-

ing studies.3

In principle, a known amount of a reference material

that generates an additional signal at any measurement spot

on the sample should allows one to determine the distribu-

tion of the enhancement factor during a TERS experiment.

However, previous attempts to deposit a pair of materials4 or

to use the signal from the glass substrate5 have deficiencies:

they introduce artificial contamination into the system of in-

terest, or lead to an uncontrollable change of the amount of

reference material on rough surfaces, rendering these

approaches at least not generally applicable. An alternative

is to bring the same fixed amount of a reference material to

any measurement point with the tip itself. The enhancement

for molecules on the surface to be analyzed and on the tip

should be equivalent. Thus, we can expect a reference signal

from a substance at the tip that is proportional to the local

enhancement factor at the sample surface. Such a reference

signal may be used for normalization of TERS spectral

maps, to obtain the distribution of the amount of analyte

molecules on the surface. A molecular probe was already

used for the demonstration of the distribution of local field.6

In the previous studies, functionalized TERS tips were

proposed as Raman probes,7 and tips covered with an ethane-

thiol layer were employed for protecting the tip against

adsorption of contaminants.8 The Raman signal of these tips

was also proposed to be usable as an internal standard for

TERS measurements.8 This approach seems very robust, and

should have additional advantages: it automatically normal-

izes the signal intensities to the fluctuations of the exciting

laser intensity, and provides some protection against tip con-

tamination and aging.9 Furthermore, we expect to achieve

more stable measurements because the tip surface becomes

hydrophobic, which decreases the influence of the water layer

between the tip and the surface, which is formed by conden-

sation of moisture from the environment.10 A good stability

of the Raman signal of thiophenol chemisorbed on the tip has

been previously demonstrated.7 Here, we present some theo-

retical background and a proof of principle of this idea.

The basic assumption of the proposed approach is that

the enhancement factors at the surface and at the tip are

expected to be very similar for tip-sample distances of around

1 nm, i.e., typical STM feedback conditions. Two intuitive

reasons of such an assumption are that these two points

become identical upon contact, thus, the situation should not

be very different at small separation; and that the field across

a flat capacitor is constant, which might be a reasonable

approximation of the gap between the tip and the surface.

However, while we can consider the surface as one flat plate

of such a capacitor, the tip has a very limited size parallel to

the surface, as its apex is curved. The description of the dif-

ference of the electric fields at the surface and at the tip is

based on two linear parameters—the gap width (d) and the

curvature of the tip (R), which in fact determines the size of

the tip across of its axis. It is obvious from a dimensional

analysis that for the deviation from an ideal flat capacitor, the

dimensionless ratio of fields at the tip apex (Et) and at the sur-

face (Es) must be defined by other dimensionless parameters.

In our case, we have to include two distances—, i.e., d and

R—into the model, and the only possible dimensionless pa-

rameter containing these values is their ratio. The d/R ratio

defines the deviation of the situation of a tip in front of a flat

surface from the case of a flat capacitor and, in such a way,
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the deviation of the ratio of fields at the tip apex and at the

surface from unity.

In near-field optics, the ratio d/R is typically a very

small number, especially in the case of STM feedback,

where the tunneling gap is approx. 1 nm. The usual radius of

the curvature of tips, which, together with the gap size

defines the resolution in near-field optics, is of the order of

tens nanometers in the best case. This allows us to expand

the generally unknown function defining the ratio of the two

fields into a series for a small parameter d/R. While the nu-

merical coefficients of such an expansion may differ, the

general behavior—, i.e., the linear or at most quadratic de-

pendence on the small parameter d/R describing the devia-

tion from an ideal flat capacitor—should be independent of

the model.

Let us consider the tip as a polarizable sphere with a ra-

dius equal to the radius of curvature of the tip in front of a

flat surface and determine the self-action of the tip by the

method of images11 as the interaction of the dipole generated

in the center of the sphere with its mirror image. Calculations

made for a point-dipole approximation within the Rayleigh

limit yield a series with the following linear approximation

(valid for small values of d/R) for the ratio of the fields at the

tip apex and at the surface:

Et

Es
¼ 1þ 3

d

R

ea

es
; (1)

where es and ea are the dielectric functions of the substrate

and the ambient where the tip is situated, respectively. For pa-

rameters close to our experimental ones, namely, d� 1 nm,

R� 30 nm, es��12 (for an Au substrate at a wavelength

k¼ 633 nm), and ea¼ 1 (air),3 and given that the Raman sig-

nal is approximately proportional to the fourth power of the

field, we estimate that the difference of Raman signals gener-

ated on the substrate and on the tip is �3.3%. It is clear that

the difference would be of the same order for molecules

adsorbed not only at the tip apex but for the whole area where

we expect the signal generation due to gap mode enhance-

ment. Additionally, this ratio is insensitive to fluctuations of

the local enhancement factor or the excitation laser intensity,

and is much less sensitive to fluctuation of the gap width (d)

than the field intensities themselves. Due to the STM feed-

back, the gap width d should actually remain constant, i.e.,

the estimated signal difference is small enough to support the

proposed idea of using a tip functionalized with Raman active

molecules as an internal standard for TERS measurements.

Even small variations of the tip-sample distance that are

expected due to noise in the feedback control should permit

changes in field ratio between tip and substrate to be

neglected.

To demonstrate the validity of the proposed internal

standard, TERS measurements with a tip covered by thiophe-

nol were performed. Thiophenol was chemisorbed onto a

freshly etched silver tip immersing the probe into a 10�3M

ethanolic solution for about 20 min. The tip preparation was

described in detail elsewhere.3 As a substrate, a flat gold

layer of about 150 nm in thickness was produced by template

stripping from a silicon wafer.12 The template stripping

methods produces Au surfaces with low roughness but on

the nanometer scale, there is still a granular structure, with

flattened tops of granules. For some experiments, it was

covered by adenine adsorbed for about 20 min from a 10�5M

aqueous solution (NANO pure Diamond water source,

18.2 MX cm). Tip-enhanced Raman spectra of the substrate

with adenine measured with a clean tip, a tip covered by thi-

ophenol approached to a clean gold substrate, and of the sys-

tem with both substances are shown in Fig. 1. It is necessary

to note that no SERS signal of adenine or thiophenol was

visible without tunneling contact. Well-separated clear lines

of both substances are visible. No background correction or

smoothing was performed on the data shown in Fig. 1, but

the spectra are offset for clarity.

The spectrum of thiophenol shown corresponds well to

spectra presented in the literature, with the characteristic

structure in the 1000–1100 cm�1 region and the strong line

at �1570 cm�1 (see, for example, Ref. 7). The spectrum of

adenine displays only one strong band at 735 cm�1. Lines at

�1330 cm�1 are also often visible, but their intensity is not

very reproducible and depends on many experimental pa-

rameters;13 sometimes these features are rather weak for a

variety of reasons,13,14 as appears to be the case in our TERS

spectra.

Maps of the intensity of adenine and thiophenol bands

after background subtraction, recorded during scanning the

adenine sample in STM feedback with an NT-MDT near-

field optical microscope (NTEGRA Spectra upright,

NT-MDT, Zelenograd/Moscow, Russia) are shown in Fig. 2,

along with the result of the normalization. A scan of an area

of 4� 4 pixels was recorded with a step size of 200 nm.

Normalization clearly reveals an area in the lower part of the

image that is covered by adenine, but is almost invisible in

the initially recorded distribution of the intensity of the

735 cm�1 band of adenine. The presence of adenine in that

area is obscured by lower enhancement, which is mirrored

in the lower intensity of the 1002 cm�1 reference band of

FIG. 1. TER spectrum of adenine on gold recorded with a silver tip covered

by thiophenol (PhS) (1), and reference spectra of adenine on gold recorded

with a clean silver tip (2), of the tip covered by PhS in tunneling feedback

with a clean gold substrate (3).

043111-2 Bortchagovsky, Schmid, and Zenobi Appl. Phys. Lett. 103, 043111 (2013)



thiophenol. Lower enhancement also distorts the signal in

the area of the highest adenine concentration, which is in the

upper left corner instead of on the right side, as it would

seem from the uncorrected Raman map. We believe that

such measurements should be repeated with a larger number

of pixels. However, even in the 4� 4 pixel image shown in

Fig. 2, which was chosen among many others that showed

less pronounced signal variations, the effect of the normal-

ization is clearly visible; demonstration of this concept does

not depend on the number of pixels.

Surely, tip degradation or possible exchange between

several “hot” sites on the tip in the case of a very rough tip-

surface pair would create artifacts in the normalization, but

these artifacts would spoil the initial TERS map, too. One

also has to make sure that SERS signals from both the sub-

strate and the tip are absent, in order to have only gap-

enhanced TERS signals of both substances from the contact

area, without any additional background.

The results presented clearly demonstrate the realization

of an internal standard for TERS measurements. Although

the determination of the absolute amount of a material on the

surface was not yet demonstrated, this approach is a first step

in this direction. In the future, a very well controlled experi-

mental situation such as TERS in ultra-high vacuum on

atomically flat surfaces15 could help to obtain numerical val-

ues by presented approach.
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