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Research in Raman spectroscopy continues to abound in a diverse range of application spaces and con-
currently, components of Raman systems have become increasingly sophisticated. Laser wavelength
choice is a key question in any Raman spectroscopy experiment, and the wavelength required, or indeed
wavelengths, depends on a number of factors. For instance, are trace compounds being interrogated and
thus plasmonic enhancement required? Or, are the experiments targeted at a specific molecule, or class
of analytes, which are resonant at a specific wavelength range? Safety, resolution, and ease of post-pro-
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cessing spectra, can also be crucial in the decision process. While laser vendors commonly offer guidance
in terms of what to consider when picking lasers for Raman studies, advice tends to be succinct. In this
article, we discuss these variables more comprehensively, alongside the needs within certain kinds of

rsc.li/analyst experiments, to assist the Raman spectroscopist in their laser choice.
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1. Introduction

Lasers have become indispensable in many areas of modern
life, including Raman spectroscopy. The Raman effect - the
inelastic scattering of light — was first predicted by Smekal in
1923." Analogous to Rayleigh who considered the blue sky
(Rayleigh scattering), and Tyndall who thought about scatter-
ing from colloidal particles (Tyndall scattering),” in 1928 C.V.
Raman wondered why the sea was also so blue, and discovered
his now eponymous effect describing the scattering of photons
with an energy change.®* The high selectivity (specificity) of
the Raman scattering phenomenon has established Raman
spectroscopy as a leading analytical technique. And ‘the
Raman empire’® shows no sign of waning with applications
across a wide range of scientific domains from food safety,® >
illicit drugs,"*™® broader forensics,'””>> and explosives
detection.”®° Healthcare applications continue to expand
with notable inroads in novel diagnostic biofluids®*’ and
portable spectroscopic devices,*®**! including microfluidic
application.’”**** More widely, Raman spectroscopy, specifi-
cally enhanced Raman methods, are poised to play a key role
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in molecular diagnostics, supplanting fluorescence spec-
troscopy and interfacing with techniques such as polymerase
chain reaction (PCR) and those involving recurring DNA frag-
ments: clustered regularly interspaced short palindromic
repeats (CRISPR).** Surface enhanced Raman-based lateral
flow devices have attracted attention as an alternative to colori-
metric or fluorescence-tagged devices,””™ offering unparal-
leled sensitivity and multiplexing capability. The latter charac-
teristic, in addition to photostability, is a key advantage over
fluorophore-based detection.*®

Modern day Raman spectroscopy systems are the assembly of
many different kinds of components, including optical filters,
polarisers, apertures, dispersive elements and high-resolution
sensors. More recently, these have been augmented with more
sophisticated software packages and data analysis algorithms to
extract as much information as possible from the Raman
spectra.”’ The quality of these components must be carefully con-
sidered to meet user expectations pertaining to device size,
general or specific analyte detection purpose, robustness for
potential in-the-field use, and, of course, cost. And, typically,
systems must be considered holistically, the specification require-
ment of one component is intricately tied to the other bits of the
system, which is especially true as device footprint is minimised.

Nevertheless, the first to be considered are typically the
sensor and the laser wavelength. While many laser vendors
offer guides to potential buyers, such guides are usually
concise and fail to capture the array of reasons for choosing a
specific excitation wavelength. Thus, in this article we give a
full presentation and discussion of the various factors to be
considered when choosing a laser wavelength for Raman spec-
troscopy (Fig. 1).

This journal is © The Royal Society of Chemistry 2025
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Raman spectroscopy was already a popular technique
before the Second World War, however, the multiple distilla-
tion steps required to prepare liquids for Raman analysis, in
order to mitigate fluorescence, proved a limitation following
the technological developments in infrared absorption spec-
troscopy around the middle of the 20™ century. Infrared spec-
troscopy thus became the dominant vibrational spectroscopy
and technological norm. Building upon Einstein’s idea of
stimulated emission (1917), and Townes’ precursor microwave-
based device (1953), Ted Maiman introduced the laser in 1960
and his ‘death rays’ gave new life to Raman as an analytical
technique where the high intensity light and monochromati-
city supported improvements in Raman detection
elements.’** Raman became popular following Bridges’
argon ion laser (1964) but again fell behind with developments
in Fourier-transform infrared (FT-IR) technology in the
1980s.>> Gas-based lasers, often helium-neon, became ubiqui-
tous, and these long cylindrical tube He-Ne’s are still kicking
around many physics and chemistry laboratories.
Semiconductor-based diode lasers with 785 nm excitation have
only appeared relatively recently, and 785 nm is now often the
default laser wavelength of choice for many Raman spectrosco-
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pists.*® While lasers had now comprehensively replaced
mercury arcs for Raman laboratory studies, it was not until the
advent of precise laser line filters and high-sensitivity cameras
in the 90s that a typical Raman spectrometer resembled what
we know it as today.>*>* And while the early ruby lasers of the
60s were confined to the mW power range, modern lasers are
much more powerful meaning larger Raman signals
accompanied with an increased emphasis on safety.

This article covers a full range of factors for guiding laser
choice in Raman spectroscopy. Section 2 introduces funda-
mental issues, namely, getting sufficient signal and safety con-
cerns, alongside resolution in Raman spectroscopy. The fol-
lowing sections discuss instrumental factors - offset Raman
(section 3), extended spectral range in Raman studies (section
4), and those pertaining to fluorescence rejection (section 5).
Section 6 looks at the different sample forms and classes in
relation to Raman wavelength selection, and section 7, specifi-
cally in the case of the low-concentration regime, chiefly
through surface-enhanced Raman scattering, including plas-
monic material choice. The article wraps up with overviews of
multi-wavelength Raman systems (section 8) and the increas-
ingly important area of miniaturised Raman systems, which
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Does the Raman
study have special
requirements?

P No
Portable Raman system
required?

Raman at a depth: SORS typically requires
longer laser (NIR) wavelengths, 785nm, 830nm
for increased penetration into samples and
reduced fluorescence.

Aside from available optics (e.g. filters,
beamsplitters) and the wavelength(s) they are
designed to work at, aspects of the spectral
sensitivity profile of the detector or spectrometer
blaze wavelength may dictate wavelength choice.

s
.

-

In this case, depending on budget, a few lasers at
532nm (green), 633nm (red), and 785nm (NIR),
would be desirable to give a good range of
options. These are the commonly available

wavelengths with commercial systems. «

SERS nanoparticles can be easily designed to
be resonant at a desired wavelength. SERS
substrates may offer more restricted spectral
tuneability.

Ag typically offers higher SERS
enhancements, while Au, better stability. Au
requires laser excitation at 633nm-785nm.

«

Are there other
instrumental
constraints?

Multi-wavelength
SERS studies?

-

Does lab study
many types of
analytes with RS?

Low-concentration / trace
analyte detection required?

“« @
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Some RS studies have very specific laser
requirements e.g. 830nm for live eye
studies to avoid blink reflex.

Many small portable systems have an
integrated laser and come with limited
wavelength choice, often 532nm or 785nm.

Some handheld systems are for a particular
application, thus sample should be carefully

considered.

A number of lasers will be
required to analyse plasmonic
enhancement of a large spectral
range.

Plasmonic material is important,
for Au, four or five (red/NIR) lasers
in 633nm-785nm might suffice; if

Ag nanostructures are studied,

analysis could be extended to
594nm (yellow) and 532nm (green)
lasers.

One tuneable laser source might
be required if a small range i.e
covering the spectral span of one
plasmonic peak.

Does lab study a specific
type of analyte?

-

In the case of specific analytes/analyte classes, the laser wavelength can be matched to the resonance position of the analyte.

785nm excitation may be required to mitigate fluorescent response. Or, contrariwise, shorter wavelengths e.g. 633nm, 532nm needed
to maximise the Raman signal - inverse fourth power Raman scattering response.

If Raman imaging is required, shorter wavelengths may be required for optimum resolution, depending on feature sizes of interest in
the sample.

Fig. 1 What is the optimum laser wavelength(s) in Raman spectroscopy? Flow chart for laser wavelength choice in Raman experiments. Green
arrows = 'yes’ decision, red arrows, ‘'no’. Blue arrow = move to next stage. RS = Raman spectroscopy; SORS = spatially offset Raman spectroscopy;

SERS = surface enhanced Raman spectroscopy; NIR = near infrared.

have come to the fore since 2010 (section 9). Final commentary
is given on some overarching points and emerging themes in
Raman spectroscopy (section 10).

2. Signal, safety, and resolution

The phenomenon of Raman scattering suffers from an
inherent decrease in intensity as the wavelength, 4, is
increased, proportional to 1/4*. Unfortunately, this then
requires higher powers to be used at longer (redder) wave-
lengths, which can cause sample damage to delicate biological
specimens or materials with low thermal conductivities that
are unable to dissipate the incident laser energy effectively.

1988 | Analyst, 2025, 150, 1986-2008

Fluorescence in bio-samples at green wavelengths nevertheless
often makes redder lasers the optimum choice.>® Higher
power lasers, say with power-at-sample on the order of 10s of
mW, are much more hazardous to the human eye, than the
mW-order, or sub-mW, as often required in the green light
regime. Further, light at 785 nm, bordering the near-infrared
range, is on the cusp of human ocular sensitivity, appearing as
a dull red, meaning special care is needed. On the other hand,
deep UV excitation offers increased sensitivity with the advan-
tage of lower power needed and has appeared in security appli-
cation.’® D’Elia et al. (2018) have used 239 nm excitation for
detection of spiked cocaine in simulant oral fluid noting
further movement to even shorter wavelengths could align
analytical sensitivities with forensic requirements®® albeit at

This journal is © The Royal Society of Chemistry 2025
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the potential cost of damage to human cells®" (higher energy
UV photons) (see Fig. 7(b)). UV-Raman also requires special-
ised mirrors and diffraction gratings.””

An example of the different powers required for suitable
sensitivity is clear in the multiple laser surface enhanced
Raman studies of Doherty et al. who employ wavelengths at
594 nm (HeNe), 633 nm (HeNe), 671 nm (solid state), 692 nm
(solid state) and 780 nm (diode), all in the mW-10s mW range
(5 mWw, 10 mWw, 15 mW, 30 mW, 55 mW) (Fig. 6(a) and (b)).
Such lasers probably correspond to a Class 3 specification,
specifically Class 3B. In this case, while direct viewing is
always a hazard, indirect viewing (diffuse) is most likely safe if
the eye is sufficiently far from the diffusing surface and the
duration is but momentary in time - precise details of course
will depend on laser powers, type of surface etc.*® Evidently,
the laser power required depends intimately on the inherent
Raman signal (Raman cross-section) from the specific analyte
molecules being interrogated and the losses in the optical
system: a more lossy Raman set-up will require higher power
laser at source. Ultimately, the choice of class of laser in any
Raman study is dependent on the level of safety that a lab can
accommodate. Fortunately, many Raman practitioners have
commercial Raman systems rather than open-bench custom-
built arrangements (see Fig. 8(a)), which reduce risk to the
user. In this case, the laser might be fully enclosed or have an
optical design to make high power laser light escape beyond
the material to be analysed, infeasible, for example, with a
probe and an affixed ball lens.

When open bench laser work is necessary, the use of fibre-
optic cables can be a useful way not only to align laser systems
with complex architectures but also for safety by enclosing the
beam from the laser output to the sample. The necessity of
fibre optic cable use may further dictate wavelength used as
cable transmittance is wavelength dependent. While some
earlier portable Raman systems used fibre optic coupling, sub-
sequent designs have become more compact with free space
routing.>*

Occasionally, it may actually be the intention to illuminate
the eye with laser light. Here a laser, at sufficiently safe power,
is shone onto the retina for disease diagnosis. In this case, a
wavelength beyond the visible, perhaps 830 nm, may be
required to avoid blink reflex.>® In a study into traumatic brain
injury, porcine eyes were analysed with Raman spectroscopy
following induced cortical impacts. Via a portable ‘EyeD’
Raman detection system (see Fig. 8(b)), with an eye-safe
635 nm Class 1 laser, and use of a self-organising map artifi-
cial intelligence (AI) algorithm, traumatised and control eye
samples were discriminated with high diagnostic accuracy
(Receiver Operating Characteristic curve, Area Under Curve =
0.907).°° As long as suitable laser powers can be used, the
high analytical selectivity (specificity) of Raman spectroscopy
thus may offer the possibility of enhanced discriminatory
power in cases of fine sub-categorisation of disease or co-
morbidity.

Spatial resolution can be another critical aspect of Raman
laser choice where the lateral and depth resolution both

This journal is © The Royal Society of Chemistry 2025

View Article Online

Critical Review

depend on the excitation wavelength. Typically, spatial resolu-
tion concerns the minimum resolvable feature size

lateral spatial resolution ~ 1.221/NA, (1)

where lambda, 4, is the wavelength of light and NA, the
numerical aperture of the objective lens, equal to the sur-
rounding refractive index, n, multiplied by the sine function of
the half angle i.e. nsin 6. Thus, on top of the numerical aper-
ture, which decides the tightness of focus of the laser light,
the excitation wavelength itself is also crucial. Similarly, the
depth resolution is also related to wavelength and NA:

depth resolution oc 1/(NA)> (2)

But, this value is material dependent. In silicon, for
instance, where the 520 cm™ phonon Raman band is a
popular calibration measure, the penetration depth varies
from 0.7 pm penetration at 532 nm laser excitation to about
12 pm when illuminated at 785 nm. An amount of this subsur-
face light can also Raman-scatter. In confocal systems, the sub-
surface signal will also depend on the proportion which gets
rejected by the confocal hole size (how much gets focused
before, or ‘after’ the hole, and thus is blocked by the system).®*
Notably, Everall (2010) discussed some of the misconceptions
in confocal Raman spectroscopy, where one can easily interro-
gate unintended depth profiles when suboptimal optics are
used.”

Where Raman mapping is required, to gain not only spec-
tral information, but spatial information, lateral resolution
and wavelength used can be critical, and needs to be con-
sidered in conjunction with the step-size of the moving stage
so as not to over- or under-sample the material. In the former
case, more data (redundant spectra) than necessary will be col-
lected (and take much longer) and in the latter case, the speci-
men may not be adequately surveyed. The material under ana-
lysis is, of course, also important then, where for instance an
assessment of placement of mms-size regions of the excipient
versus active ingredient in a pharmaceutical tablet may not
require fine sampling, an analysis of non-melanoma skin
cancers, which can have features on the 10s pm-scale, will do
50.5%%* Spatial resolution should be differentiated from spec-
tral resolution, where the latter is related to the Raman
spectrometer performance. Spectral resolutions are normally
provided on Raman spectrometer datasheets (cm™") and nowa-
days a wide range of resolutions are apparent in commercially
available systems. Spectral resolutions for a selection of cur-
rently available portable Raman systems are given in Fig. S17.

3. Offset Raman spectroscopy

An area where resolution can be problematic is in an interest-
ing offshoot of Raman - ‘offset’ or ‘diffuse’ spectroscopies
(Fig. 2), where the time of the photons reaching the detector is
recorded or, more commonly, where the detector is laterally
displaced from the laser excitation point, Spatially Offset
Raman Spectroscopy (SORS), in either case, in order to gain

Analyst, 2025, 150, 1986-2008 | 1989
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Fig. 2 Applications of spatially offset Raman spectroscopy. (a) SORS for brain tumour detection. (i) SORS setup. A 785 nm laser delivered at a 45°
angle with regards to the collection optics. Translational xyz stage used to move the laser away from the point of collection in order to apply the
SORS technique. (ii) Skull/PTFE phantom. Polytetrafluoroethylene (PTFE) was glued underneath a mouse skull to keep it in place. The skull was then
filled with agarose gel (1%) to create a brain tumor phantom. (i) Skull/PTFE phantom wrapped in 2 mm of tissue to create a phantom for the
imaging of glioblastoma multiforme (GBM) through the skull. (iv) Peak intensities of PTFE (739 cm™) in comparison to bone (957 cm™) at varying
spatial offsets (0—5 mm). As the spatial offset increases, the contribution of both bone and tissue to the acquired spectra decreases. Further, as
spatial offset increases, the contribution of PTFE to the spectrum increases. (v-vii) SORS false colour 2D heat maps of the peak intensity at 739 cm™
through 2 mm of tissue and the skull at spatial offsets of (v) 2 mm, (vi) 2.5 mm and (vii) 3 mm. Measurements were carried out by moving an xy trans-
lational stage in steps of 1 mm to create an image of 10 X 11 pixels. The 2D heat maps show the detection of the PTFE square which was glued
underneath the skull. Each circle on the heat map refers to the area of maximum intensity generated at 739 cm™. (viii) Corresponding spectra col-
lected at the point of maximum intensity at spatial offsets of 2, 2.5 and 3 mm are shown. A spectrum collected in a region where PTFE is not present
is also shown and displays similar characteristics to that of tissue. This spectrum is representative for all spectra collected where the PTFE was not
present. The bone and tissue reference spectra are displayed at the bottom of the stacked graph. A reference spectrum for PTFE is displayed at the
top. All measurements were performed using a 785 nm laser, 2 s integration time, 5 acquisitions. Reprinted with permission from Nicolson et al. ©
Ivyspring International Publishing 2018. CC-BY-4.0. (b) Micro-SORS device. Measurement with (i) micro-SORS with an integrated fibre-bundle probe
and (ii) conventional backscattering Raman spectroscopy with a hand-held probe. The micro-SORS probe consists of seven optical fibres with the
centre one (red) for the excitation and the other six for the collection. Legend: L: incident light, R: Raman light. Photos of (iii) micro-SORS probe, (iv)
the cross-section and (v) side views of (left) micro-SORS probe and (right) hand-held probe. Both devices set-up for measurement in (vi, vii). Limit of
detection of aqueous Raman nanotags. (viii, x) Concentration-dependent SERS spectra of NR@4-NBT and (ix, xi) the Raman intensity 1332 cm™
band, by (viii, ix) 785 nm and (x, xi) 532 nm laser. (xi—xv) Same but for NR@IR-780 molecule and Raman 1208 cm™ band. The laser powers of
532 nm and 785 nm are 45 mW and 29.8 mW, respectively. Reprinted with permission from Zhang et al. © World Scientific 2021. CC-BY-4.0.

information about the sample at a depth. A longer laser wave- monic particles - Surface enhanced spatially offset Raman
length permits greater sample penetration, with, for instance, spectroscopy, SESORS - for greater signal, as has been applied
one commercially available SORS system offering 830 nm illu- in breast tumour assessments (Fig. 2(a)).°*®” Notably, Zhang
mination.®® SORS may also be performed with embedded plas- et al. have used a micro-SORS probe of 2.1 mm diameter with

1990 | Analyst, 2025, 150, 1986-2008 This journal is © The Royal Society of Chemistry 2025
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532 nm and 785 nm excitation, to measure Raman reporter
molecules (4-nitrobenzenethiol, IR-78 iodine) as a function of
concentration in pig tissue of varying depth.’® Not only do the
authors show improved detection versus conventional Raman
but moreover, the probe size opens up the possibility of endo-
scopic analyses and in vivo applications (Fig. 2(b)).

An emerging area of interest in pathology research is that of
virtual staining where AI may be used to replace conventional
dye e.g. haematoxylin and eosin (H&E) staining, in highlight-
ing clinically relevant tissue types in tomographically sliced
micron-order thick tissue samples, augmenting consultant
input and shortening the time to diagnosis. This can be facili-
tated with optical methods, including Raman spectroscopy
and SORS, which affords the high analytical specificity to tell
between similar molecular subtypes. Keller et al. (2011) used a
SORS set-up with four sets of detector arrays showing 100%
positive predictive value (PPV) for determination of breast
cancer tumour margins in freeze-thawed specimens.®® In this
context, the interaction of Raman photons in different kinds
of turbid media is important to understand, and has been
parameterised and simulated by Monte Carlo methods.”®

4. Extending the spectral range: THz
Raman and long Raman shift

One of the curious aspects of Raman spectroscopy is that the
Raman peaks (bands), are measured relative to the laser wave-
length, and typically in wavenumbers (measured in inverse
centimetres, cm™'). This obscures the wavelength (in nano-
metres) at which the Raman peaks occur, and can, lead to mis-
calculation of the sensitivity of the longest shifted Raman
bands. The quantum efficiency (QE) - a measure of incident
electrons converted into measurable signal - of most silicon
detectors falls off precipitously beyond 800 nm. For instance,
at 780 nm laser excitation, the 613 cm™ and 1650 cm™
Raman bands of popular Raman dye Rhodamine 6G corres-
pond to de-excitation wavelengths at 819 nm and 895 nm
respectively (see ESI: Fig. S271). Thus, if the detector is fixed as
a silicon-based detector rather than one suitable for longer
wavelengths ie. InGaAs, then shorter wavelength laser exci-
tation or at higher power may be required for the necessary
measurement sensitivity. We note, within Si-based detectors,
there is large variation in QE performance in the near infrared
range.”" Banbury et al., in Raman fundoscopic measurements
on the eye, found that a distant 2900 cm™ " peak, associated
with the methylene (CH,) overtone Raman transition, to be
easily detectable at 633 nm excitation with an Si detector. We
note that thinking about the sensitivity range of detectors is
also relevant for Raman metrology. This concerns the compari-
son, for standardisation’s sake, of different Raman instru-
ments, which may have different laser wavelengths and associ-
ated component responses e.g. spectrometer blaze (optimum
diffracting wavelength).

Similar thoughts may be needed in the small-shifted
Raman regime i.e. with Raman bands close to the laser wave-

This journal is © The Royal Society of Chemistry 2025
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length, often termed terahertz (THz) Raman (~0.1-10 THz;
0-200 cm "), which can be useful for studying structural pro-
perties of materials. For instance, in studies on hybrid perovs-
kites, pertinent to solar cells, and further within investigations
in shear (in-plane) and breathing (out-of-plane) excitations in
2D materials, useful in nano-scale electronic design.””> Within
pharmaceuticals, THz, or ‘low-frequency’, Raman has dis-
played the ability to distinguish between polymorphs”~”> and
benefit over conventional Raman spectroscopy for mixing
monitoring of ingredients.”® Historically, these studies have
been difficult to perform but extremely narrow laser line filters
have now made THz Raman accessible. However, the excitation
laser line (Rayleigh) cut-off filter clearly has some spectral
width and thus a longer laser wavelength, with greater spread
of Raman bands per unit wavelength, will permit the retention
of more Raman features (see Fig. S2t). Following this, the
Raman spectroscopist’s focus might shift instead to the resolu-
tion of their system detector. The region within 10 cm™ s spec-
tral proximity of the laser Rayleigh line filter can be busy,
packed with features, where many Raman bands overlap and
can be difficult to distinguish from one another. This is
uncharacteristic of Raman peaks in the fingerprint regime
(~400 cm™'-2000 cm™") where peaks are normally narrow and
separated, at least for simple matrices, unlike the inherently
broad peaks associated with fluorescent emission.

5. Fluorescence rejection

The phenomenon of fluorescence often occurs alongside that
of Raman scattering and is a spectroscopic technique in its
own right.”” With respect to the Raman effect, fluorescence
produces comparatively broad spectral features but with a
large signal. It is thus a complementary technique to Raman
spectroscopy offering more sensitive but less specific analytical
detection. However, when both processes occur simul-
taneously, the larger inherent sensitivity i.e. cross-section, of
the fluorescence phenomenon can swamp the Raman signal,
even in resonance Raman’® or surface enhanced Raman spec-
troscopy,”” and has led to time-gating or fluorescence quench-
ing approaches. Or more commonly, the development of post-
processing algorithms in Raman spectroscopy to remove the
fluorescence background signal, albeit the exact procedure fol-
lowed in the fluorescence rejection literature is not always
clear.?° However, another solution is to choose a laser wave-
length where fluorescence is less prominent, and for portable
Raman systems away from the laboratory environment, simply
picking an excitation wavelength that minimises background
fluorescent signal is the optimal strategy.®’ The avoidance of
fluorescence also led to use of 1064 nm excitation in Fourier-
transform Raman systems (FT-Raman), arising first in the
1980s,>* which employ an interferometry set-up and also carry
the benefit of better signal-to-noise, critical for the detection
of subtle spectral differences.'> One group, for instance, with a
focus on detecting structural Raman bands associated with
cellulose and lignocellulose materials, found 1064 nm exci-
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tation to be ‘significantly more useful’ than conventional
Raman with these materials owing to fluorescence mitiga-
tion.”! 1064 nm Raman set-ups, although now uncommon,
have appeared in newer hand-held and modular Raman spec-
troscopy systems.'?

An alternative option to remove sample fluorescence is to
use sequentially shifted excitation (SSE) (Fig. 3). SSE uses a
slight temperature change to remove the fluorescence
background.’®®> While the thermal discrepancy alters the
position of the Raman peaks, the spectral position of the fluo-
rescent response does not change and thus can be sub-
tracted.”® In a seminal study, Cooper et al. (2013) recorded the
Raman spectra of dimethyl glyoxime, employed in Pd-refining
metal complex formation, at four temperatures (20, 23, 26,
29 °C) to successfully subtract sample fluorescence by indu-
cing Raman shifts (c. 1.2 ecm™" per °C). Fig. 3 displays recent
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examples of SSE usage, first, in historical artwork pigments
(Fig. 3(a)).** While the application of a portable SSE device out-
performs that from a conventional benchtop dispersive Raman
system, the authors note some limitations. For darker pig-
ments, as in Fig. 3(a)(v-vii), broader Raman bands may be
removed alongside the fluorescence background. Moreover,
artefactual peaks can appear after SSE algorithm application.
The authors note that should low wavenumbers be required, a
conventional Raman system may be a better choice.
Analogously, Culka and Jehli¢ka have analysed minerals and
gemstones with SSE and normal Raman spectroscopy
(Fig. 3(b)).®"®* In the latter study on cut gems, they observe
that aside from artefacts for some precious stones with specific
fluorescence background profiles e.g. apatites, SSE performed
admirably at fluorescence removal. In the case for some gem-
stones e.g. emerald, SSE was found to be much needed - the
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Fig. 3 Sequentially shifted excitation (SSE) and shifted-excitation Raman difference spectroscopy (SERDS) for background fluorescence removal/
rejection. (a) SSE Raman spectrum of historical art pigments. (i) Portable sequentially shifted Raman device during measurement of artwork pigment
inside a glass vial placed in the laser beam. Background: pigments in a historical case (further details of sample origin is in Innocenti et al. (2022)).
(a)(ii—viii) Portable SSE (black line) and normal dispersive (red line) Raman spectroscopy of examined (ii—iv) violet pigments: (ii) blue pigment and

calcite, (iii) triarylmethane pigment, (iv) crystal violet; (v—vii) black (carbon black) materials. The considered spectral range is 170-1800 cm

-1

# Indicates the bands assigned to calcite. * Indicates contribution of glass. Reprinted with permission from Innocenti et al. © MDPI 2022 CC-BY-4.0.
(b) SSE Raman spectra of precious stones. (i) Photographs of analysed cut gemstones and minerals (#1-#34). The scale of white lines is 5 mm. (ii—xi)
Comparison of spectra recorded with a portable SSE Raman device (black lines) and spectra recorded with a bench-top Raman micro-spectrometer
using 785 nm excitation (grey lines). For danburite (viii) and fluorite (xi) examples of raw spectra from the portable SSE Raman device are also given
(light grey). Reprinted with permission from Culka and Jehli¢ka John Wiley & Sons 2019. (c) SERDS Raman for bacteria species identification Raman
mean spectra: shifted excitation Raman difference spectroscopy (SERDS) spectra after reconstruction with (i) non-negative least squares (NNLS),
with (ii) NNLS and sensitive nonlinear iterative peak (SNIP); (iii) difference spectra of SERDS spectra (iii); (iv) conventional Raman spectra with SNIP
background correction. E. aerogenes, Enterobacter aerogenes; E. faecalis, Enterococcus faecalis; P. aeruginosa, Pseudomonas aeruginosa; S. aureus,
Staphylococcus aureus © Reprinted with permission from Lorenz et al. John Wiley & Sons 2019.
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standard Raman spectrum displayed a large fluorescence back-
ground such that the Raman peaks were barely visible,** a
reminder that the optimal laser wavelength chosen alongside
Raman instrumentation/set-ups can be highly sample-specific.

6. Wavelength selection for specific
samples

Raman spectroscopy has a wide range of applications, and
concomitantly a wide range of sample materials and forms.
From archaeological testing through to materials science, the
range of samples is numerous, therefore the best laser pairing
is essential for limiting laser damage and maximising Raman
signal (Table 1). In general, lower photon energy lasers (longer
wavelength) are used for biological samples that typically
require less laser power therefore mitigating sample burning
and fluorescence. UV Raman lasers tend to be used to probe
materials such as graphene or diamond-like carbon coatings
as this wavelength exhibits unique Raman peaks coming

uv Popular wavelengths

244 266 355 455
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—
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directly from SP* and SP* carbon bonds. This is important for
insights into material defects and understanding resulting
physical properties such as hardness. UV wavelengths, as seen
with 257 nm,®> enhance these signals due to resonance effects
that are observed for materials such as polycrystalline
diamond films. To achieve such low wavelengths, frequency
doubling of the 532 nm laser is required. At the other end of
the spectrum, near-infrared (NIR) or IR lasers are observed in
literature where sample degradation is to be avoided. An
example of specific sample requirements is in the use of eye-
safe lasers for probing traumatic brain injury.®® Here, IR-range
wavelengths, 830 nm or even at 1400-1800 nm (ref. 87) can be
used as the latter is generally considered safe due to the laser
being less likely to damage the retina. The cornea absorbs pro-
hibitively high from 3000 nm onwards (water bands).

Fig. 4 illustrates the recommended wavelengths for the
types of samples to be measured, chiefly based on common
issues such as best matching known resonances in the
materials and minimising fluorescence. In certain applications
this approach may not be appropriate due to specific sample
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Fig. 4 Recommendation of wavelengths with respect to the desired sample types. Images reprinted with permission under CC-BY-4.0, details in ESI.{
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needs. Fig. 4 also introduces metal choice for surface
enhanced Raman spectroscopy (SERS) studies (discussed fully
in section 7). Here, the approximate ranges commonly used
for gold (Au) and silver (Ag) SERS media are given. We note
that the range at which these metals are useful as plasmonic
enhancers are actually significantly broader, judged by SERS
figure of merits given elsewhere.””

Forensic & archaeological samples

Samples studied in these scenarios tend to be delicate and
cannot afford destructive testing. Therefore, the use of high
energy lasers is generally avoided. As such, when investigating
such samples NIR wavelengths are typically selected. Authors
have noted such applications of 785 nm in testing the nitro-
gen-based compounds in construction materials, leading to
better understanding of possible degradation pathways for cul-
tural heritage materials.®® Other applications observed include
analysing dyes in ancient textiles.?® This example is a use-case
where the sampling is done with SERS (see section 7).
Therefore, other considerations such as the plasmonic tuning
needed to be considered. Despite the fluorescence quenching
effects of metals used in SERS, coupled with a 785 nm laser,
the Raman signal still had issues with high fluorescence back-
grounds in certain samples such as red dye safflower. An
alternative to the fluorescence issues seen more commonly in
biological samples is the application of a lower photon energy
excitation source. 1064 nm excitation is commonly used in
Fourier-transform Raman microscopy systems, such as in the
study of elephant ivory-based objects with Raman spec-
troscopy.”® Another study looked at hair treated with cos-
metics, again with 1064 nm excitation in a FT-Raman
configuration.®*

In the case where more destructive testing of such samples
is permitted, such as the identification of pigments and dyes
in cultural heritage materials, then wavelengths in the UV
region can be used to probe certain bonds that would other-
wise be less pronounced at higher wavelengths.’* UV Raman
spectroscopy allows users to probe differences in SP*> and SP?
bonded carbon which is of significant importance to more
material sciences. UV sources are, however, comparatively rare
and 532 nm remains a popular choice in carbonaceous
research.”

Biological and biomedical samples

These types of samples typically can be categorised as: tissue
(for example; bone,”* skin® & colon®*), fluids (e.g. urine,”
blood®® & saliva®’), cells (e.g. bacteria®®), proteins,”® small
molecules (e.g. glucose'®) and extra-cellular vesicles.'**™'%
While 785 nm lasers are often used for these applications,
633 nm is another viable option for biological analysis with
often low fluorescence than other shorter wavelength lasers.
However, as the scattering intensity is proportional to the
inverse fourth power of the wavelength, 633 nm excitation
brings significantly higher signal than 785 nm sources. The
laser power needs to be carefully considered as too high a
power will burn samples, whether 633 nm or 785 nm exci-
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tation, that can lead to graphitic peaks to occur in the spectra.
This is less an issue if the sample is in water or is aqueous and
therefore has some avenue to dissipate heat from the localised
area. If fluorescence is still an issue even at 830 nm and
785 nm, then FT-Raman spectroscopy with 1064 nm is another
method to minimise fluorescence. In addition to the mini-
mised fluorescence background, FT-Raman is more suited to
larger sample imaging while not as spatially resolved as disper-
sive alternatives. In addition to the wavelength selection, some
attention is given to the polarisation of the excitation source,
as in some studies it can reveal important structural infor-
mation that can complement other observations.'**

Samples for optical trapping Raman spectroscopy

Optical traps are often used in bio-studies in Raman
microscopy to manipulate small particles but also improve
signal by about an order of magnitude. Particles such as
microplastics,'®® bacteria,'*'°” and red blood cells.'®® In bio-
logical studies, 532 nm and 514 nm lasers are sometimes
reported in literature, however, this can risk higher fluo-
rescence in the results, which would require significant back-
ground reduction, to observe the Raman peaks appropriately.
Interestingly, for the examples given, the wavelength selections
varies from 780 nm, 808 nm and 532 nm respectively. It was
noted that the use of 532 nm excitation contributed to the
spontaneous photoreduction of intracellular haemoglobin,
which was used to determine the permanence of the oxidation
of haemoglobin in hyperglycaemia-exposed red blood cells.
The trapping effect is generally achieved with a focused
Gaussian beam to trap a particle and is not limited to
514-532 nm and 785 nm lasers but also 1064 nm sources are
typically used for this application.

For samples that require a more advanced form of this
Raman spectroscopy technique, where resonance Raman scat-
tering is required, then the combination of the 514 nm and
785 nm lasers are utilised for optical trapping and resonance
Raman measurements.'”®"" While optical trapping is a
useful strategy in the single or few-molecule limit, the experi-
mental set-up is cumbersome and thus more amenable to fun-
damental research than practical implementation and com-
mercial adoption. Another strategy is in the use of nano-
structures for plasmonic enhancement in the form of surface
enhanced Raman spectroscopy.

7. Surface enhanced Raman
scattering/spectroscopy

Surface enhanced Raman spectroscopy (SERS) is technique
whereby Raman signals can be increased by many orders of
magnitude and even to single molecule detection. The effect
was first noticed by Fleischmann and colleagues at roughened
silver electrodes in the 1970s and later explained, chiefly, by
the excitation of collective electron oscillations at the metal
surface — plasmons, a quasi-particle of the free electrons, or
more accurately in the case of SERS, a hybridised light-electron

This journal is © The Royal Society of Chemistry 2025
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mode, a surface plasmon-polariton.””™**'"® Contingent on
overlap with the spectral position of plasmon resonance, inci-
dent photons are increased in intensity via coupling to the
intense local electric fields generated by plasmon-supporting
nanostructures. This effect may also occur after interaction
with the molecule i.e. post-Raman scattering, again depending
on the spectral overlap of the (now Raman-shifted) photons’
wavelength with that of the plasmon resonance wavelength.'**
After the initial electrochemistry investigations of the 70s, sub-
sequent focus fell on the development of monodisperse nano-
particles, typically gold or silver, for SERS use, including more
recently, those encapsulated in inert shells."*> Most recently,
spurred by advances in lithographic techniques,''® a wide
range of SERS-active substrates can now be produced and used
for analytical purposes (Fig. 5), which can be characterised, for
example, with atomic force microscopy and ellipsometry,*®
scanning electron microscopy,"’”''® transmission electron

8 and white light spectroscopy combined with
114

microscopy,*
electromagnetic modelling,'"® amongst many others.

SERS is by now an expansive field in its own right,
has even birthed further sub-fields that can claim similar
clout, such as studies with metallised scanning field
microscopy tips in the form of tip-enhanced Raman spec-
troscopy (TERS) that provide plasmonic enhancement.’*! We
thus point to literature concerning SERS on enhancement
factor calculations,'®* analytical SERS,"**"**® application to the
biomedical field,*”"*°"*? including characterisation of SERS
substrates with features on varying scales (‘analytical’ versus
‘hotspot-dominated?),"** and theoretical
aspects.””"**™13% We note a recent forward-looking review on
the future of SERS authored by a range of eminent SERS scho-
lars"*® and a short retrospective casting an eye over what is, by
now, 50 years of SERS research."®’

As long as the spectral resonance position of simple plas-
monic nanostructures is well-understood and may be easily
tuned, for instance by modifying the diameter of gold or silver
nanoparticle spheres, the plasmonic response of the geometry
can be tailored to the laser wavelength(s) available. However,
more bespoke geometries, for which the elucidation of the
plasmonic response typically requires numerical modelling,
may need a laser wavelength to match the structure, rather
than the other way around. Plasmonic resonances for gold and
silver nanostructures typically do not exceed 900 nm thus pre-
cluding the use of laser excitation at 1064 nm. To note, fluo-
rescence can also be used as an enhanced modality - surface
enhanced fluorescence*®'*® — however the broad range of de-
excitation wavelengths reduces the signal amplification from
the typically spectrally narrow plasmonic resonances.

The plasmonic metal used is important to consider. The
viability for plasmonic enhancement is often represented by a
quality factor, which, while assuming different forms, is invari-
ably a figure of merit incorporating the real part of the dielec-
tric permittivity in the numerator and the imaginary part,
accounting for absorbance, in the denominator."*® Silver per-
forms well across the entire visible range as a plasmonic
enhancer, and is cheaper than gold, but suffers from rapid oxi-

120 and

various
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dation, forming an oxide layer typically within hours, and exhi-
bits toxicity, problematic if in vivo use is required.****** Gold
is thus often optimal but the electronic (s — d shell) interband
transitions below 600 nm in gold prohibit use of green lasers.
Aluminium is the optimal choice in the UV, outperforming
other metals below 300 nm and copper is a viable less expen-
sive gold alternative, comparable to gold in terms of enhance-
ment in the 600 nm-650 nm range, for example at the com-
monly employed 633 nm HeNe laser wavelength. Lithium, also
performs admirably as a SERS-enhancing metal across the
visible range, but is too reactive for widespread use. Iron has
shown small yet useful enhancements in the context of gela-
tine detection, the thermal properties of which have been
explored with nano-scale mapping via scanning thermal probe
microscopy, in a modified atomic force microscopy arrange-
ment."*? Palladium and platinum also show some favourable
enhancing in the UV below 400 nm, but pale in comparison to
aluminium above 300 nm.”® Some metals, silicon, for instance,
with a low free electron density compared to the noble metals,
has a large real part of its dielectric permittivity in the visible
(and thus is useless for SERS in this regime), but can be used
in the mid-infrared.'** Elsewhere research has been conducted
in alternative plasmonic materials,'*® composite materials, for
example using ferromagnetics e.g. an iron underlayer, in bio-
magnetoplasmonics to tune the plasmon resonance,'*>'*® or
with foci in better fabrication practices for existing plasmonic
metals,"*”'*® or those that are non-plasmonic in their enhan-
cing i.e. chemical enhancement effects,'* e.g. easily fabricable
vanadium oxide'*°™*** or titanium nitride films.'**

Analogous to laser wavelength choice for optimum plasmon
excitation, excitation wavelength may be selected to target
specific molecular bonds, functional groups or moieties in
molecules in resonance Raman spectroscopy, which may also
be combined with SERS for surface enhanced resonance
Raman spectroscopy (SERRS). Here, the Raman transition is
much more likely, corresponding to an electronic energy level
and thus, a stronger Raman signal is observed."*®

8. Multi-laser systems

Aside from considerations on molecular resonances, other
specific experiments may require multiple laser wavelengths.
For example, analogous to SSE, shifted-excitation Raman
difference spectroscopy (SERDS) is a Raman technique that
uses two or more different excitation wavelengths to mitigate
fluorescence’®'> (Fig. 3(c)). A shift in the laser wavelength
changes the spectral position of the Raman peaks but the fluo-
rescence background profile does not similarly move (although
changes in intensity may occur, for example due to photo-
bleaching). Combined with spectral post-processing tech-
niques, taking differentials then permits recovery of a fluo-
rescence-free Raman spectrum. Grebrekidan (2016) explored
SERDS with Raman measurements on a fluorescent dye in
ethanol, porcine head tissue, and samples from the human
oral cavity showing that larger wavelength shifts, of 1 nm
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Fig. 5 Classes of surface enhanced Raman-active media. (a) Granular surfaces (i) Waterfall spectra of background signal of granular gold surfaces as a
function of increasing thickness (633 nm laser excitation). 3D atomic force microscopy (AFM) height images of gold-coated silicon substrates with a thick-
ness of (i) 10 nm, (i) 40 nm, and (iv) 80 nm. (v) Roughness vs. gold thickness acquired from AFM measurements. (vi) Waterfall Raman/SERS spectra of
0.1 mM thiophenol (TP) over gold substrates with a range of thicknesses (633 nm laser). (vii) Representative SERS spectra of the 1600 cm™* peak of TP as a
function of the increasing gold thickness, resulting in a positive linear relationship between the thickness and the acquired SERS signal (in viii). Reprinted
with permission from de Carvalho Gomes et al. © American Chemical Society 2022 CC-BY-4.0. (b) Top-down fabricated nanostructures. Scanning electron
microscope (SEM) images of ordered SERS substrates fabricated by nanoimprint lithography (NIL). (i), (iii) and (v) are the top view of metal nanoparticles. de-
posited substrates with different magnification; (ii), (iv) and (vi) are profile views of SEM images, respectively. (vii) is the highly ordered metal nanomaterials
deposited on hard Si (left) and flexible polydimethylsiloxane (PDMS) substrates (right). And (viii) is the SERS spectra for metal nanoparticles deposited on a
nano-imprinted substrate (red spectrum) and a flat substrate (blue spectrum), respectively. 532 nm laser wavelength is used. The laser power is 0.5 mW and
integration time is 1 s. Reprinted with permission from Cai et al. © Elsevier 2021. (c) Nanoparticles for SERS. Multiwavelength SERS of magnetoplasmonic
nanoparticles obtained by combined laser ablation and solvothermal methods. (i, ii) Transmission electron microscopy and (iii, iv) scanning electron
microscopy images of plasmonic nanoparticles obtained from (i, iii) AggoAuzo and (i, iv) AgspAusg targets. Laser ablation was performed in KCl concen-
tration of 1 mM (Petri dish with 40 ml). Reprinted with permission from Talaikis et al. © American Chemical Society 2023 CC-BY-4.0. (d) Bottom-up fabri-
cated nanopillars. SEM, optical, and Raman data for a sample comprising a random array of vertically aligned multi-walled nanotubes (MWNTSs) coated with
Ag. SEM images taken at (i) 45° and (ii) normal incidence. Features enclosed by red and blue dashed lines in (i) highlight posts where metal coverage
appears to be more granular (red dash) and where pillar tops are leaning together (blue dash). Photographic insert: specular reflection from sample illumi-
nated by beam of collimated, s-(p-)polarised white light at angles of incidence indicated, captured on standard digital camera. Reflectance spectra for (iii)
s-polarised and (iv) p-polarised light at angles of incidence indicated in the key in (iii). (v) Raman spectrum from crystal violet (CV) deposited on Ag-surface
of sample taken with Raman microscope using input laser of wavelength 632.8 nm and power 0.02 mW. Spectral intensity has been normalised to
k-counts mW s, (Inset in (v)) Calibration spectrum recorded from drop of CV of 10~ M concentration deposited on Ag thin film. (vi, vii, viii) Plots of elec-
tric field intensity, calculated using finite element method, due to illumination of model systems comprising smooth Ag posts with length = 525 nm and
diameter = 82 nm. Light of wavelength 632.8 nm is incident at 0°, that is, along the direction of the nanopost long axis with electric field polarised in the
plane of incidence, which is also that of the cross sections: (vi) isolated Ag nanopost with hemispherical ends, (vi) Ag nanopost on semi-infinite Ag sub-
strate, and (viii) Ag nanopost on finite Ag disk of diameter 600 nm and thickness 150 nm. (ix, x) Electric field intensity, calculated using a surface integral
equation (SIE) technique, for nanoposts with granular Ag surface structure illuminated by light of wavelength 632.8 nm. length = 525 nm and diameter =
85 nm (to outermost edges of Ag coating) with Ag grains modelled as sections of sphere (polarisation and geometry as in (vi, vii, viii)). (ix) Granular nanopost
comprised of pure Ag (i.e., no MWNT core) in ambient environment of refractive index = 1.0 (air). (x) Granular nanopost comprised of pure Ag in ambient
environment of refractive index = 1.5, corresponding approximately to case of multilayer CV coverage. Reprinted with permission from Dawson et al. ©
American Chemical Society 2011.
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(784 nm — 785 nm), were necessary to reconstruct undistorted
Raman peaks from two laser wavelengths.®® Others have
sought to improve SERDS with additional spectra: more lasers
or a tuneable laser source.””®"”” A disadvantage of the SERDS
approach is the cumbersome reconstruction of the Raman
spectra from the separate spectra generated from the multiple
laser wavelengths, which can result in spectral artefacts.>®

We note, artefacts in spectra can be problematic in normal
Raman spectra also. For instance, Lorenz et al. (2022) have
investigated SERDS for bacteria identification using non-nega-
tive last squares (NNLS) with an optional sensitive-nonlinear-
iterative-peak-clipping (SNIP) step for effective background
removal,’®® which was found to produce flatter final spectra,
albeit with no additional (true) Raman peaks identified
(Fig. 3(c)). Intuitively, the authors note that difference spectra,
calculated from conventional Raman data and SERDS are not
useful owing to the nature of SERDS, which has spectrally shift-
ing Raman peaks (Fig. 3(c)(iii)). Curiously, the conventional
Raman dataset, with SNIP background subtraction, performs
best in a classification task (linear discriminant analysis, LDA)
but the authors observe that this could be as a result of spectral
artefacts. Contrariwise, the NNLS and NNLS-SNIP corrected
datasets had no spectral artefacts apparent. In a spectroscopy
context, we note that SNIP algorithms have been comprehen-
sively discussed by Morha¢ and Matousek (2008)."*° Post-proces-
sing of Raman data has also been surveyed in ref. 160, along-
side experimental measures to mitigate fluorescence in ref. 161,
and in a biological samples context in ref. 162.

Elsewhere, Zhang (2021) et al. have proposed a two-laser
portable confocal Raman spectrometer, with a nanostructure-
based metalens to permit transmission at both laser wave-
lengths, 671 nm and 785 nm (5 nm full-width half-maximum;
c. 92% transmission). This then allows interrogation of not
only the fingerprint region 450-1750 cm™* but also the high-
wavenumber regime, 800-3800 cm™*, critical to the analysis of,
for instance, melanomas.'®® Subsequently, the same authors
have proposed a fibre-optic addition with low-NA metamaterial
lenses to focus both wavelengths to the same sample surface
spot*®* (see Fig. 8(c)).

Popularised by the late Richard Van Duyne and colleagues,
multiple laser SERS studies, sometimes termed multiwavelength
SERS or (wavelength-scanned) surface enhanced Raman exci-
tation spectroscopy (WS-SERES or simply SERES), are enhanced
Raman investigations using tuneable lasers or (often) custom-
built multiwavelength Raman set-ups (Fig. 6). Thus, in conjunc-
tion with numerical modelling of nanoplasmonic systems, they
give an assessment of how SERS sensors perform over a large
range of excitation wavelengths."® For example, in high-resolu-
tion transmission electron microscopy SERES studies, a discre-
pancy between the spectral position of the localised surface
plasmon resonance (LSPR) and the maximum SERS enhance-
ment factor (EF) was noted.'®®'®” Similar observations have
been made for proximal nanopillars where the plasmonic gap
modes are adjudged primarily responsible for the large SERS
enhancements yet are of electromagnetic ‘near-field character’,
displaying little or no signature in the far-field measurement i.e.

This journal is © The Royal Society of Chemistry 2025
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reflectance spectra observed with a microscope'®®'® (Fig. 6(a)
and (b)). And notably, the Van Duyne group emphasised the
electromagnetic enhancement in SERS, as opposed to chemical
enhancing effects, by using SERES, in a seminal study. With a
tuneable laser (610 nm-700 nm), they demonstrated overlap
with the LSPR spectral range in de-excitation i.e. the wavelength
of the photons post-interaction with the analyte molecule, clari-
fying that consideration of the Raman-shifted wavelength, in
addition to the incident laser wavelength, was necessary for
optimum SERS enhancement.'”®

The same group have also examined discrepancy in exci-
tation wavelength for optimum SERS enhancement for dome-
like nanostructures where surface texturing, contingent on
metalisation conditions, played a key role'”" (Fig. 6(c)). Thus,
the laser wavelengths needed for a SERES study depends on
the goal: for an assessment of how SERS media perform across
the visible-NIR range, five or six reasonably spectrally spaced
wavelengths would suffice; whereas for a precise determination
of, say, SERS EF around one resonant peak highlighted by far-
field optics, a few closely spaced wavelengths, or preferably a
tuneable laser source, may be more appropriate.

SERES can be used as an initial selection tool for optimum
laser wavelength to achieve resonant Raman for a molecule of
interest or elucidate optimum enhancement from a plasmonic
substrate. In this way SERES can augment theoretical methods
- computational chemistry e.g. density functional theory, and
electromagnetic nanostructure simulations e.g. the finite
element method or finite-difference time-domain (FDTD) method,
in research studies. Recently, Le Ru and Auguié (2024) have
suggested multiwavelength Raman studies should be used to
check Raman analytes for their suitability to be used as stan-
dards, discussing resonance shifts for common Raman dyes
Crystal Violet and Rhodamine 6G when they adsorb to a metal
surface.'”” Further, we observe that the SERES approach could be
used in a data fusion context where different Raman spectral
datasets, acquired with different laser wavelengths, are combined
(concatenated) in some fashion to improve diagnostic accuracy.

The nature of SERES studies naturally gives rise to the use of
unusual laser wavelengths in Raman spectroscopy with the goal
to get a good coverage of the spectral range. Uncommon laser
excitations can also arise however in specific experiments
(Fig. 7), for illustration, 239 nm (UV laser),>® 473 nm (blue
laser),"””® and 830 nm (near-infrared laser),’’* in studies on
cocaine detection, cystic fibrosis biomarker (thiocyanate) identi-
fication, and traumatic brain injury biomarkers, respectively.

9. Travelling light: portable Raman
systems

A wide-range of kinds of laser systems are now available from
large, lab-based, to carriable (say, <15 kg) systems, to portable
handheld Raman devices of a kg or two (Fig. 8). Laser sizes
have continued to shrink in line with smaller and smaller
Raman spectrometer systems allowing pocket-sized miniaturisa-
tion in a far cry from the bulky dye laser boxes or even the
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Fig. 6 Multiwavelength Raman studies: wavelength-scanned surface enhanced Raman excitation spectroscopy. (a) SERS response of nanorod
arrays as a function of wavelength. (i) Schematic of the model Au nanorod array after removal of a porous alumina (PAO) template. Inset shows an
ally ordered nature of the nanorod array. (iv) Graph comparing calculated (simulated) average enhancement factor (EF) for a Raman shift of
850 cm™ and the observed experimental EF (EF) of Raman dyes CV and R6G at 915 and 775 cm™, respectively. The calculated EF assumes a
uniform distribution of gap widths in the range 1.5-20.0 nm. Reprinted with permission from Doherty et al. © American Chemical Society 2010. (b)
Electromagnetic fields and EFs around nanorod arrays as the inter-rod gap is decreased. The effect on the longitudinal and the transverse or cavity
resonances is shown. The nanorods shown in (i) are 250 nm long and 20 nm in diameter, with inter-rod gaps of 180, 100, 70, and 45 nm (at reso-
nance wavelengths 960, 880, 800, and 650 nm, respectively). The nanorods shown in (ii) are 100 nm long and 50 nm in diameter, with inter-rod
gaps of 16, 6, 4, and 3 nm (at resonance wavelengths 540, 594, 633, and 671 nm, respectively). E and k as marked indicate the polarisation and wave
vector of the incident radiation. (iii) shows a plot of the calculated average enhancement factor on resonance (on a logarithmic scale) as a function
of the inter-rod gap for the rods shown in (i) and (ii). Schematic illustrations of unetched gold (iv) nanorod and (v) nanotube arrays still encased in the
alumina template. (vi—ix) Graphs comparing the measured EF and optical extinction [-In(T)] at normal incidence for (vi) nanotubes still encased in
the alumina template with average wall thickness of 10 nm and average diameter of 45 nm, (vii) nanorods with an average diameter of 48 nm and for
(viii, ix) nanotubes with average wall thickness and diameter, respectively, of 12 nm and 45 nm and of 9 nm and 50 nm. In all four cases, the average
array period was 65 nm. The nanorod or tube length was approximately 150 nm in (vi) and 100 nm in (vii, viii, ix). The green curves indicate the
optical extinction of the samples. Black-diamond and blue-triangle data points indicate the EF of the 915 cm™ band of CV and the 775 cm™ band of
R6G, respectively. Inset: SEM images of each sample. All SEM images are on the same scale (scale bar % 100 nm). Reprinted with permission from
Doherty et al. © American Physical Society 2013 CC-BY-3.0. (c) Studying the near- and far-electric fields with enhanced Raman spectroscopy of
rough silver nanospheres. SEM images of metallised spun-film-over-nanospheres (SP-FONs) (i, ii) and metallised while stationary-film-over-nano-
spheres (ST-FONSs) (ii, iv). Scale bars correspond to 200 nm (j, ii) and 300 nm (jii, iv). (v—viii) Size distributions of nanofeatures on the top (upper
panels) and side (lower panels) surfaces of SP- and ST-FONSs. (ix) SERS (black) and normal Raman (red) spectra of benzenethiol (BZT) acquired with
785 nm excitation, Power = 50 pW, and time = 10 s. (x, xi) Near-field profiles (EF, solid line) and far-field optical responses (reflectance, dotted line)
of ST-FONs and SP-FONSs. Tuneable laser 725-825 nm (10 nm increments). Reprinted with permission from Kurouski et al. © American Chemical
Society 2018.
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Fig. 7 Uncommon Raman excitation wavelengths. (a) Raman spectroscopy for brain injury biomarker assessment. Characteristic Raman spectra
fingerprints of acute-phase traumatic brain injury (TBI) biomarkers, acquired at excitation wavelengths of 514 nm (green line), 633 nm (red line),
785 nm (blue line), and 830 nm (yellow line). (i) N-Acetyl-L-aspartic acid (NAA); (ii) glutathione (GSH); (iii) glial fibrillary acidic protein (GFAP). While
514, 633 and 785 nm are common Raman wavelengths, 830 nm is a less common choice. Reprinted with permission from Harris et al. © MDPI 2023
CC-BY-4.0. (b) Raman spectroscopy for illicit drug detection in saliva. Resonance Raman spectra of 1 mg mL™* cocaine (COC) in acetonitrile (ACN),
1 mg mL™ COC in water, 100 ug mL™* COC in oral fluid, pure oral fluid, and the difference spectrum between those of COC in oral fluid and the
pure oral fluid. Excitation wavelength was 239 nm and excitation power was 10 mW. Reprinted with permission from D’Elia et al. © Elsevier 2018.
(c) Raman spectroscopy for cystic fibrosis (CF) biomarker identification. Raman spectroscopy signature for thiocyanate (SCN™) provides an indicator
of CFTR function. (i) A schematic showing the role of the cystic fibrosis transmembrane regulator (CFTR) in salivary SCN™ secretion. The CFTR
secretes both SCN™ and Cl™ into saliva. Once secreted, SCN™ can be consumed into OSCN™ either directly via salivary peroxidase (SPO) or by react-
ing with OCL™. Due to this and to the lower amount of SCN™ transported through the channel, CF subjects have much lower SCN™ saliva concen-
trations. (ii) The SCN~ signature as seen with Raman spectroscopy. In CF patients, a Raman peak corresponding to SCN™ at 2070-2080 cm™ is
almost absent. (iii) Comparison of SCN™ Raman signals in dried saliva versus controls, including pure KSCN and KSCN dried from H,O, KOCN, and
KCN. The thick black line is the Lorentzian fit for the saliva sample. Laser wavelengths used in this study are 473 nm (uncommon) and 633 nm
(common). Reprinted with permission from Malkovskiy et al. © American Chemical Society 2018.

smaller, but nevertheless impractical-to-transport, HeNe laser
tubes ubiquitous in laser labs in the 80s and 90s. These develop-
ments have occurred alongside other efforts in downscaling,
including microfluidics,”> in a lab-on-chip/point-of-care
context,””>"”® and within smartphone-based sensors.'”* "
Miniature Raman systems typically require small diode lasers
based on semiconductor technology and that can be easily inte-
grated in microelectronics. Unfortunately, in addition to the need
for optical isolation, for example with a Faraday rotator, diode
lasers often suffer from frequency drift, power instability, and
mode hopping, and thus may need a routine calibration.'®
Portable Raman systems, defined as ~10 kg carriable
systems and even smaller genuinely handheld devices, dictate

This journal is © The Royal Society of Chemistry 2025

limitations of components employed. For instance, a smaller
footprint prescribes a more dispersive diffraction element to
account for a shorter path length to the detector. In Raman
spectroscopy, preferably a ruled diffraction grating that is
blazed ie. optimally efficient, for the laser wavelength, to
achieve optimal throughput. But the choice of laser might
also be limited, indeed, the advent of small, high-power,
less-expensive semiconductor lasers has fuelled progress
into miniaturised Raman systems.'®* Given that many
compact Raman systems are for specific application areas,'®*
truncated spectral ranges can suffice. The exact span of the
Raman fingerprint region required in nanometres is acutely
dependent on the laser wavelength used (Fig. S27).
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Fig. 8 Types of Raman systems. (a) Analysis of commercial systems used in novel biofluid study meta-analysis of the Raman-saliva literature. (i)
Laser wavelengths and (right) application breakdown. (ii) Raman systems employed: vendors and popular models. Reprinted with permission from
Hardy et al. © Taylor and Francis 2022 CC-BY-4.0. (b) Portable Raman device for neurodiagnostic ocular measurements. The engineered EyeD
system overview. (i) Convergence of a collimated beam entering the eye onto the retina (left) and the defocusing compound lens effect (right) result-
ing from the introduction of a microscope objective. The use of an additional lens is thus detrimental for measurement. (ii) Representative Raman
spectra of murine brain tissue in the fingerprint and high-wavenumber regions, measured using a commercial In-Via Raman system, with an exci-
tation laser of 633 nm (0.39 to 0.63 mW). Comparison with 785 nm spectra (black dash), showing an enhanced response at high wavenumbers
(green highlight). (iii) Photograph of the bench-top breadboard setup, including smartphone, housing, and input/output fibers. (iv) 3D schematics of
the combined fundus photography and eye-safe Raman spectroscopy optical paths contained within a 3D-printed housing. a.u., arbitrary units.
Reprinted with permission from Banbury et al. © AAAS 2023 CC-BY-4.0. (c) Simulated Raman probe design with metalens for multi-wavelength ana-
lyses. (i) Overview design of Raman probe and potential applications. (ii) Focal point profiles of all metalenses. 3D beam propagations of all three
metalenses — magenta: 785 nm hybrid off-axis metalens, blue: 810-910 nm achromatic on-axis metalens, green: 671 nm hybrid off-axis metalens.
The focal plane is shown in black outline. (iii) Perspective view of the overlapping region of all three metalenses. (iv) Normalised intensity plots
of focal points along the x, y, and z-axis, showing the measurements of focal points in each direction. Reprinted with permission from Zhang et al.
© Frontiers Media SA 2022 CC-BY-4.0.

Care’1887191

cine, wearable optical technologies,
low-resource settings.'®® Here, vertical cavity emitting lasers
(VCSELs) may be employed,'®® allied with integrated meta-

which could revolutionise decentralised medi-
192-194

Thankfully, the performance of any laser, in conjunction
with a specific spectrographic set-up can be modelled with
high fidelity, prescribing the spectral range, resolution
achievable (pm pm™), on the detector, via study of an

and find use in

optical or modulation transfer function - (OTF/MTF), as well
as any likely stray light.'®>'¢ Finally, we note the emergence
of ‘on-chip Raman’ devices,'®” perhaps internet-of-things
(IoT) -enabled, where a Raman system can be truly minia-
turised for optimal applications in-the-field/point-of-

2000 | Analyst, 2025, 150, 1986-2008

material surfaces for beam manipulation,"®” which can offer
a compact solution with low beam divergences. However,
the nature of the VCSEL material layers (distributed Bragg
reflector layers), thickness, composition, amenable to fabri-
cation influence the wavelengths achievable.'®®

This journal is © The Royal Society of Chemistry 2025
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10. When in Rome do as the Ramans
do!

General points and emerging trends in Raman spectroscopy

With the biennial International Conference On Raman
Spectroscopy meeting in 2024 in Italy (ICORS 2024) having
passed, and the interaction of many leading Raman research-
ers, it is worth pointing out that, in many cases, Raman spec-
troscopists will use what they are provided with, where options
in the green at 532 nm and bordering the near infrared at
785 nm are common with commercial systems,*">> perhaps
followed closely by 633 nm in the red region. Most Raman
practitioners continue to use off-the-shelf systems for their ease
of use and high throughput. As an indication of this, the kinds
of systems used in the context of Raman and saliva, an emer-
ging diagnostic biofluid, have been examined recently, with
combined Renishaw and Horiba Jobin Yvon systems constitut-
ing half of all Raman systems used in the literature surveyed

View Article Online

Critical Review

(n = 82) (Fig. 8(a)).”" Custom-built Raman systems permit more
flexibility, for instance, one research group has employed an
open-bench Raman system to investigate the plasmonic
response of gold and silver nanostructures at seven different
laser wavelengths from 532 nm to 780 nm."®®'*® Tuneable wave-
length lasers, allow a continuous range of laser wavelengths to
be used, as long as appropriate bandpass, perhaps in the form
of a linear variable filter, and edge (longpass) optical filters are
available. We note the availability of supercontinuum lasers,
which cover a much wider wavelength span, alongside, acousto-
optical tuneable filters (AOTFs), but with linewidths typically
too broad for Raman spectroscopy. The type of laser might also
come into play, restricting wavelength used, for example, in
time-resolved Raman or in the non-linear Raman technique,
coherent anti-Stokes Raman spectroscopy (CARS), which can
benefit from the reduced bandwidths associated with short
nanosecond pulsed laser outputs.'® An alternative summary of
key issues and thought process in Raman laser choice is given
in Al-generated meta maps in Fig. S3.}

Table 1 Types of samples commonly associated with a given field that uses Raman spectroscopy along with comments as to why a given wave-

length would be considered

Field Material Wavelengths (nm) Comments
Art and Pigments 266 UV excitation may be useful if the experiment involves capturing
archaeology 355 fluorescence spectroscopy data simultaneously
532 Longer wavelengths tend to suppress fluorescence where it is not desired
Dyes 785 If fluorescence background is to be suppressed for large samples, then

Construction materials

Cells
Extracellular vesicles

Biological &
biomedical

514, 532, 633, 785,
830, 1064

Tissues
RNA

DNA
Proteins
Biomarkers
Biofluids
Drugs

514, 532, 633, 785,
830

Chemical analysis ~ Chemical compounds
Catalysts

Polymers

Rock and soils
Aquatic & atmospheric
pollutants
Microplastics

Drugs

Explosives

Paints

Fibres

Food

Biological samples

Environmental
science

455, 514, 532, 633,

Forensic science 785, 1064

Materials science Graphene

Diamond-like carbon

257, 514, 532, 785

Nanomaterials
Semiconductors
Transition metal oxides

455, 514, 532, 633,
785

This journal is © The Royal Society of Chemistry 2025

785 nm is a suitable option due to laser availability while providing
reasonable signal strength

Higher photon energies (shorter wavelengths) may cause desirable
changes in components that help reveal differences between a control.
For these types of studies, optical tweezers using a combination of these
wavelengths are typically used

Anything lower than 514 nm in wavelength may have significant mutation
or similar effects in biological matter. For more molecular studies, then
the sub-633 nm options can provide better signal

For small particle studies, such as microplastics, then multiple
wavelengths are typically used. Such as 532 nm and 785 nm and/or

1064 nm options, in an optical tweezer mode. However, for normal
microscopy modes, 514-532 nm are found to work well for non-biological
particles

UV excitation opens greater insights into the carbon bonding in these
types of samples. Such as determining SP> and SP* carbon content to
better understand mechanical properties

455-532 nm are found in many silicon and metal oxide studies that try to
understand their crystalline states. For these types of samples,
fluorescence is not as significant an issue, so while there are some groups
who use 633-785 nm options, the former range provide better signal

Analyst, 2025, 150, 1986-2008 | 2001
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Moreover, both commercial and home-built Raman systems
might have other optical components having performance in
optical wavelength ranges that may be non-negotiable depend-
ing on the specific experiment, for instance beamsplitters,"®
which may be useful to ensure collection in the (180° reflec-
tion) so-called backscattering configuration, which is needed
for some experimental-theoretical comparisons in SERS.”®

Further, sometimes Raman spectroscopy may not be the
only analytical modality employed, where two or more datasets
from various methods are combined for optimal classification
accuracy, analogous to ref. 77 where fluorescence, alongside
UV-vis and short-wave infrared (SWIR) absorption spectro-
scopic datasets are combined. Or where Raman is used in con-
junction with, ie. before or after, other analysis types, for
example surface plasmon resonance and SERS combined
studies®® or as in the selective sampling of cancer tissue in
ref. 64, which uses inherent tissue auto-fluorescence as an
initial step to screen for regions of interest in the disease
tissue sample before using Raman to hone in on likely spots of
pathology. In such cases, or in otherwise complex experi-
ments,”°’ Raman laser choice might be an afterthought.

We note a selection of research areas within Raman spec-
troscopy, which we have left untouched or comparatively so, but
which have come to prominence recently, demonstrated by their
presence at the recent ICORS conference.”*> It is a very good ques-
tion what impact Al will continue to have on Raman spectroscopy,
including Raman laser choice (will sophisticated algorithms for
post-processing of Raman spectra mean less emphasis is required
on Raman instrument design?). Elsewhere a large emphasis was
apparent on Raman metrology — how can we better meaningfully
compare data from different Raman systems and measurements?
This is a concern that dovetails with the increased development
of handheld Raman devices, including fully integrated, palm-
sized instruments. Such devices are sought for an array of appli-
cation spheres, another expanding domain for Raman spec-
troscopy with many application-focused studies now apparent,
including artwork, foodstuffs, and even geoscience and extra-ter-
restrial studies in space. Microplastics detection and analysis via
Raman is perhaps a surprisingly new topic, given its relative
prominence, and is indicative of growing concerns over environ-
mental and human health issues and the potential of Raman
spectroscopy to offer solutions.

Many previously popular areas still attract research vigour,
including 2D materials research, fundamental/theoretical
Raman and SERS works, including computational electromag-
netic and computational chemistry approaches. Similarly,
Raman imaging is still garnering significant attention, as does
tip-enhanced Raman spectroscopy (TERS). All of these listed
research domains in Raman spectroscopy, both those emer-
ging and well-developed, will each have their own specific
needs and thus requirements in terms of laser wavelength
selection. Undoubtedly, then, there are many other consider-
ations to think about in wavelength choice, linked to particular
experiments and applications. For instance, since the writing
of this article, in our own labs we have been thinking about
sample temperature determination via Raman through calcu-
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lation of the Stokes/Anti-Stokes Raman signal ratio. This
measurement depends of the Boltzmann distribution, which
encompasses the Raman shift frequency, v, which is depen-
dant on the wavelength of the laser excitation wavelength
chosen (see Fig. S27).

11. Conclusion

In this article we have identified some of the most important
considerations in laser choice in Raman experiments. There
are many decisions affecting laser choice that are much more
general, such as stability, sensitivity to ambient temperature
and humidity, operational lifetime and cost. Undoubtably,
given the breadth of Raman research on offer, there are other
niche considerations in specific Raman applications. However,
most laser wavelengths will produce some useful spectral data
regardless of the analyte or specific set-up. This is important
to remember where labs engage in a disparate range of Raman
experiments. Raman spectroscopy is a rapidly evolving area
and technological developments, for instance, increasingly
miniaturised Raman systems, could influence laser types and
wavelengths chosen for use. The goal of this article has been
to aid the Raman spectroscopist, where the luxury is afforded,
to make an optimal decision. However, one might say that
there are really only two critical mistakes you can make with
lasers in Raman spectroscopy: one for each eye!**?
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