QUARKS: Brazilian Electronic Journal of Jﬁjf
Physics, Chemistry and Material Science o Unvesioaoe
USREKS T / i

journal homepage:
ournalof Physis, Cheristry https://periodicos.ufjf.br/index.php/quarks
e-ISSN:

Vol 5| | No. 1 Janeiro 2024

Determination of the confocal volume
of a Raman microscope for probing for
single-molecule SERS applications.

Flavia Campos Marques*(flavia@ice.ufjf.br) and Gustavo Fernandes Souza
Andrade (gustavo.andrade@ufjf.br).

Departamento de Quimica, Universidade Federal de Juiz de Fora, CEP 36036-900, Juiz de Fora, MG,
Brasil.

Article history: Received: May 10, 2023; revised: September 21, 2023; accepted: November 14, 2023;
Available online; DOI:

Abstract

In Raman spectroscopy, the confocal volume refers to the sample region from which scat-
tered photons are collected by a confocal Raman spectrometer, defined by the cone-shaped
light beam generated by the objective lens of the microscope in the confocal configuration.
The confocal volume is characterized by the confocal height and confocal area, which deter-
mine the range of heights and lateral positions, respectively, from which the spectrometer ef-
fectively collects the scattered photons. In the present study, the confocal height and area
were calculated for different configurations of a confocal Raman spectrometer to obtain the
confocal volume using a Si wafer sample. Understanding the confocal volume is essential for
optimizing Raman microscopy experiments and for estimating the number of molecules that

generate surface-enhanced Raman spectroscopy spectra in a single-molecule regime.
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1. Introduction

Raman spectroscopy is a technique that allows the detection and identification of chemi-
cal species and has been covering several fields, such as physics, chemistry, the pharma-
ceutical industry, art, and much more [1-7]. However, the weak signals caused by the low
cross section for the Raman effect limit the use of Raman spectroscopy for some systems,
such as analysis in dilute solutions. Surface-enhanced Raman scattering spectroscopy
(SERS) is a strategy used to circumvent this limitation [8—10]. SERS results in increased Ra-
man intensities of molecules attached to plasmonic Au, Ag, and Cu nanoparticles (NPs)
[11,12]. SERS enhancements can reach up to eight orders of magnitude or even higher val-

ues in regions of strongly confined electromagnetic fields, known as “hot spots” [13—15]. The
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presence of “hot spots” increases SERS efficiency, which allows the detection of a single
molecule (SM) [16—19]. SM-SERS allows obtaining information about the molecular structure
of a molecule at very low concentrations, on the order of nanomolar. In this context, it is nec-
essary to determine the actual number of molecules adsorbed in the confocal volume to ob-
tain the SM-SERS signal. Once the correct number of molecules is known, the concentration
of the molecules in the SM-SERS signal can be calculated. Therefore, reaching the detection
limit of a single molecule for SERS depends closely on the confocal volume of the Raman
microscope used for probing.

The confocal volume of a Raman spectrometer is the “in-focus” volume within the sample.
It is determined by the region of space in which the focused light forms a volume, which is
limited by specific geometric conditions, such as the spot size in focus and depth of focus,
which vary according to the specific experimental conditions (e.g., wavelength, objective, and
confocal aperture) [4].The principle of confocal Raman spectroscopy is related to the tele-
scope principle, in which an objective lens focuses the light source and a second lens, ocu-
lar, is mounted at the proper position relative to the first focus, collimating light to an ob-
server, which results in an alteration of the spot area and depth of focus, allowing focusing
laser lines on tight spots. The initial development of laser confocal microscopy by Egger and
Davidovits [20,21] was intended to improve the lateral and depth resolutions of fluorescence
microscopy for in vivo fluorescence measurements. The confocal aperture plays a relevant
role in the improved lateral resolution before the detector in the above-cited optical confocal
setups; the slit removes most of the spectroscopic signal, leaving only light close to the focal
plane of the objective to reach the detector. It was also developed to perform three-dimen-
sional images by moving in the height (Z-axis) direction. A confocal microscope scheme is
presented in Fig. 1, where one may notice that the expanded laser beam is focused by the
objective on the sample in a tiny spot in the focal plane, typically with an area in the microm-
eter-square range. The light emitted or scattered by the sample will present different paths in
the lens system depending on whether it comes from the focal plane or other regions of the
sample. The different optical paths limit the amount of light directed to the detector by the
confocal slit, which preferentially transmits light from heights close to the focal plane. That
limits the detection of light to a small volume close to the center of the laser spot and to the

focal plane, which may be referred to as ‘confocal volume’ above.
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Figure 1: Schematic depicting the optics of a confocal microscope, demonstrating the in-
corporation of a "confocal aperture" which confines the sampling depth; a) in the focal plane

at Z=0 e b) Out-of-focus within a transparent sample.

Confocal Raman spectrometers present multiple approaches to reach the confocal selec-
tion of light. To the best of our knowledge, three different approaches are commercially avail-
able: one approach is based on the traditional use of adjustable slits that select the in-focus
light, as described above; the second approach uses optical fibers to both generate beam
expansion and works as a slit in the collection of light; and the third approach is based on the
selection of the in-focus light based on the selection of the area in the multichannel detector
(in all three cases, the detectors are usually charge-coupled displays, CCD). The first two ap-
proaches rely on adjustable apertures that impair part of the light scattered out of focus to
reach the detector. The entire detector area can detect any light passing through the aper-
tures. The third approach uses, instead of apertures, an electronic selection of the detector
area that receives the Raman signal; the selection of the detector area results in the loss of
most of the Raman intensity but selects the scattered light that is in focus. In the present
study, the Raman spectrometer uses the second approach, which uses optical fibers as
beam expanders and sends it to the spectrometer light that passes through adjustable aper-
tures.

Raman spectroscopy has been developed into confocal spectrometers for at least three
decades, allowing for the study of many samples [22]. SERS spectroscopy may allow for the

determination of molecules found in the confocal volume of a colloidal suspension [23]. A
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procedure to resolve this volume may enable determination of the maximum concentration
that would result in an average of one molecule per confocal volume, resulting in a single-
molecule SERS regime. Thus, it is necessary to determine the confocal volume of the Ra-
man spectrometer used to detect a single molecule using SERS. However, to determine the
confocal volume, two relevant quantities depend on the wavelength used: the area illumi-
nated by the laser spot, and the height of the light cone.

In this work, we present in detail the determination of the confocal volume of a Raman
spectrometer and then calculate the specific sample concentration for detecting a single mol-
ecule by SERS.

2. Experimental
21 Equipment measurement.

Raman spectra were obtained using a dispersive Raman spectrometer Bruker, model
Senterra. The excitation radiation was the laser line at A;= 632.8 nm with an exit power of 20
mW from a built-in HeNe laser or A;=785 nm with an exit power of 100 mW from a built-in
solid-state laser. Spectral data were collected using a 50x ULWD magnification objective
lens (NA=0.51), (25%x1000) um? or (50x1000) um? confocal aperture, and a spectral resolu-

tion of 3-5 cm™.
3. Results and Discussion

The confocal volume refers to the shape of the light beam (cone-shaped) generated by
the objective lens of the Raman microscope in the confocal configuration [24]. Fig. 2 shows
the waist profile of the white light beam (reference light of the Raman spectrometer) in an
aqueous suspension of Ag nanoparticles, which was used to observe the scattered light. In a
regular spectrometer, all molecules present within this illuminated volume could contribute to
the Raman and SERS signals detected by the spectrometer. However, in a confocal Raman
setup, the collection of these scattered photons varies with depth relative to the focus (height
difference around the focal plane) in the +Z and —Z-interval directions, as illustrated in Fig. 3.
In the focal plane, at Z = 0, the intensity of the signal collected is maximum, and the variation
with height is significant, which shows that only the light scattered in a specific range of
heights close to the focal plane can be effectively measured by the spectrometer, defining

the confocal height of the equipment.
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Figure 2: Form of the white-light focus formed by the objective lens of the Raman

microscope using a sample of Ag nanoparticles.

The confocal volume was characterized by the area illuminated by the laser spot (confocal
area (A)) and the height of the cone of light that was effectively sampled when passing
through the slit of the equipment (confocal height (H)) [23,25]. The volume close to the Z=0
focal plane was calculated as that of a cylinder (see Figure 2). A standard silicon sample was
used to determine the confocal area and height, as shown in Fig. 3.

The confocal height was determined by maintaining a fixed position in the XY plane and
varying the height along the axial axis around the focal plane Z=0, resulting in a confocal
height given by height H in Fig. 2 (b). The integrated intensity of the most intense silicon
band at 521.5 cm™ was recorded by moving +200 um upward and -200 um downwards rela-

tive to the focal plane at Z=0 and acquiring Raman spectra every 2 um.
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Figure 3: (a) lllustration of confocal volume in standard silicon sample. (b) In the focal
plane at Z=0, A, the confocal area was measured, represented by a black line, where the two
dashed red lines define the height limits, and their separation gives H, the confocal height, on

the axial axis (+Z, -Z).

Fig.4 shows the variation of the integrated intensity of the silicon Raman band as a func-
tion of the axial shift using A\;=632.8 nm with a laser power of 20 mW and confocal aperture
of the spectrometer 50x1000um. Note that, at Z=0, the integrated intensity is at its maximum.
Furthermore, it was observed that there was an abrupt decrease in the Raman signal about
the ideally focused plane on both sides. It can be observed that the contribution of photons
scattered in the standard silicon sample above |Z|>75 pym is negligible.

The confocal height was defined by an ultrathin effective layer H (Fig. 4), from which the
entire spot laser signal was received. The confocal height was obtained using Equation 1
[23].

+200 um
1(z)dz

-200 ym
H=—"*

I

(1)

mdx
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+200 um
Where the numerator f I(z)dz is obtained by integrating the area under the curve
—200 um

I(z)dz and I, is the intensity of the band when Z=0. Measurements were performed in
triplicate to minimize errors. In the present study, based on the confocal depth profile in Fig.
4, H could be calculated to be (23.840.3)um. The value of H is + Z. Therefore, the total
effective signal comes from the axial shifting of 11.9 ym above and below the focal plane
Z=0.
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Figure 4: The integrated intensity of the most intense silicon band at 521.5 cm™” was
recorded by moving the motor stage +200 um up and -200 ym down relative to the focal

plane at Z=0 every 2 pm.

The confocal area was determined by keeping the height fixed and shifting laterally along
the x-axis through a linear scan that encompasses the abrupt interface of the standard silicon
sample in the focal plane with a region that has no Si, as illustrated in the inset of Fig. 5 (b).
The mapping covered a distance of 87.5 um, and the Raman spectrum was recorded every
0.437 um. It can be seen in Fig. 5 (a) the set of spectra obtained from the Raman mapping

as a function of the lateral shift. Note that the laser intensity is close to zero outside the
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standard silicon sample and is maximal at the focal plane within the region containing the
standard silicon sample. The dependence of Raman intensity on the lateral shift is shown in
Fig. 5 (b). At the interface between the silicon sample and the region without the silicon
sample, there was an increase in the Raman intensity (approximately at Z=100 um), which
may be explained by the laser diffraction close to the interface of the Si sample. The sample
was not entirely perpendicular to laser incidence at the interface. Outside this interface, the

intensity value was relatively constant because it did not suffer from diffraction effects.
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Figure 5: (a) Raman mapping obtained by a lateral shift of the Raman spectra of the Si

standard sample and (b) Intensity profile of the Raman band at 521.5 cm™ of the standard

silicon sample as a function of the lateral shift. The inset shows a zoon of the lateral mapping

in the standard silicon, encompassing a distance of 87.5 um.

The Raman intensity dependence along the x-axis can be described by Equation 2 [4,25]:

I

mdx \/EX(XO_X)
I(X]ZTX 1-erf|————

Wy

(2)

Where I(X) is the signal intensity on the x-axis, Imax is the maximum signal intensity, erf is
the error function, xo is the position where 50% of the laser spot area is focused on the
sample, and w, is the confocal waist width. By adjusting Equation 2 in Fig. 5 (b), the

parameter wo could be extracted. Thus, the wovalue is (1.620.1) ym for Ao= 632.8 nm.
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The area illuminated by the laser refers to the calculation of the area of the circular base

of a cylinder, as given by Equation 3 [25].

P 2%
A=Po_ @0
I, 2

3)

Where P, is the incident power and |, is the intensity at the center of the focal plane. For
the experimental setup, the excitation profile with waist wo = 1.6 ym corresponds to a
confocal area A = 4-02Hm2- The effective scattering confocal volume can be calculated using

Equation 4. From Equation 4 and the data presented above, we obtained an effective

scattering confocal volume of V=957 x 10" L.

V=HxA (4

The confocal volume depends on the configurations of the spectrometer. The
concentration values were obtained by calculating the concentration of one molecule per
volume in the confocal configuration determined using the methodology. Thus, the confocal
volume was obtained by varying the confocal aperture and incident radiation. The
characteristic concentration for single-molecule detection by SERS was determined through

the confocal volume, and they are listed in Tab.1 and Tab. 2.

Table 1: Values of H, A, and concentrations in the single-molecule regime determined by the
confocal volume for the laser line at 632.8 nm using 50%x1000 um and 25%1000 um confocal

apertures.

Laser line 632.8 nm

Concentrations in
Confocal .
A (um?) H (um) the single molecule
apertures (um) _
regime (mol L")

50%1000 4.02 23.80 1.59x10?
25x1000 1.45 18.08 4.35x107°

Table 2: Values of H, A, and concentrations in the single-molecule regime determined by
confocal volume for the laser line at 785 nm using the 50%x1000 uym and 25x1000 um

confocal apertures.
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Laser line 785 nm

Concentrations in
Confocal .
A (um?) H (um) the single molecule
apertures (um) _
regime (mol L)

25%x1000 4.50 31.64 236x10™M"
4, Conclusions

The assessment of the confocal profile of the Raman spectrometer yielded valuable in-
sights, allowing us to extract essential parameters such as the area, height, and probed con-
focal volume of the laser. The concentrations used for detecting a single molecule by SERS
were estimated using different spectrometer configurations. Specifically, for the 632.8 nm
laser line, employing the 50x1000 um confocal aperture led to values of 4.02 uym? (area),
23.80 um (height), and 1.59x10®° mol L™ (concentration in the SM regime). Correspondingly,
the 25x1000 um confocal aperture exhibited values of 1.45 ym?, 18.08 um, and 4.35x10™"°
mol L™, respectively. For laser lines at 785 nm, the 25x1000 um confocal aperture revealed
values of 5.26 ym?, 31.25 uym, and 2.72x10™"" mol L™, while the 25x1000 um confocal aper-
ture was 4.50 um?, 31.64 um, and 2.36x10™"" mol L™, respectively.

Confocal profiling analysis remains pivotal for establishing optimal conditions for the de-
tection of single molecules via SERS. However, it is important to emphasize the significant
dependence of Raman confocality on the specific configuration of the instrument. The values
reported in this study are intrinsically linked to the intrinsic characteristics of the configuration
used for the Raman spectrometer, such as wavelength, confocal aperture, beam geometry,
and objective. Thus, the reported values should be interpreted and used with extreme cau-

tion by other Raman users while carefully considering the nuances of the experimental setup.
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