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particular, the relative intensities of Raman bands can vary substantially between
instruments, limiting reproducibility and accuracy. Intensity-calibrated spectra are
therefore increasingly needed, as their availability would facilitate studies based on
band intensity ratios, the building of unified spectral databases, and the inter-
instrument transferability of chemometric and machine learning models. This
review provides an overview of the methods available for the intensity calibration
of Raman spectrometers. After introducing the definition of the instrument response
function and the required spectral transformations, we examine calibration
approaches based on broadband lamps, luminescent materials (certified and non-
certified), and Raman scatterers, discussing their experimental implementation,
advantages and limitations. Insights from interlaboratory comparison studies are
also reviewed, demonstrating that inter-instrument variability remains substantial,
and highlighting the importance of intensity calibration. Finally, since inter-
instrument transferability can be addressed both by physically calibrating the
instrument response and through data-processing strategies known as calibration
transfer methods, a brief overview of the latter is also included, as the two
approaches are complementary and inherently intertwined.
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1. Introduction

Raman spectroscopy is a powerful and versatile technique that, owing to its fingerprint-recognition
capabilities and non-destructive nature, enables the characterization and identification of materials in diverse
scientific and industrial applications [1,2]. Its fields of application include: the pharmaceutical sector [3,4], for
example in studying drug formulations [5] and investigating different polymorphic forms [6]; the characterization
of 2D materials [7], carbon-based materials [8—10] and polymers [11-13]; forensic science [14]; cultural heritage
[15-17]; geology [18]; and planetary exploration studies [19]. A common variation of conventional spontaneous
Raman spectroscopy is Surface-Enhanced Raman Spectroscopy (SERS) [20-25], which, owing to the field-
localization effect of plasmonic substrates, can enhance the inherently weak Raman signal by many orders of
magnitude. Combining high sensitivity with fingerprint recognition capabilities, SERS has found applications in
various fields like environmental monitoring [26,27], food safety [28], biomedicine [29-31], catalysis [32], and
art preservation [33]. It is also worth mentioning Spatially Offset Raman Spectroscopy (SORS), [34,35] which
enables the analysis of materials located beneath surfaces by minimizing the Raman signal originating from the
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surface itself: for example, the identification of pharmaceutical products through their packaging [36] and the
detection of liquid explosives contained in bottles or other containers [37].

Despite its broad use, Raman spectroscopy still faces significant challenges in terms of reproducibility and
accuracy. The recorded spectrum, in particular the wavenumber positions, bandwidths, and relative intensities of
Raman bands, depends strongly on the characteristics of the instrument and on the specific experimental
configuration used [38]. These issues are generally more pronounced in dispersive Raman spectroscopy than in
Fourier Transform Infrared (FTIR) spectroscopy, where the wavenumber scale is intrinsically standardized
through interferometric laser calibration and the intensity scale is relative, therefore naturally compensating for
variations in the instrumental response [38,39]. Calibration is therefore essential in Raman spectroscopy for
improving inter-instrument comparability.

Wavenumber calibration is relatively straightforward and widely implemented. Commercial Raman
spectrometers are factory-calibrated; however, discrepancies of several wavenumbers (often exceeding +5 cm™!)
may arise if no periodic recalibration is performed. Such deviations can originate from mechanical drift, optical
misalignment, or drifts in the excitation laser wavelength. Wavenumber calibration is typically carried out using
reference materials with well-known Raman band positions, such as single-crystal silicon [40] or other compounds
(e.g., naphthalene, polystyrene, benzonitrile, and cyclohexane), whose Raman shifts are known to within 0.1-2
cm™! across the 85-3327 cm™! range [38,41].

Bandwidth calibration is probably the least commonly performed. The measured Raman band shape results
from the convolution of the true spectral profile of the sample with the instrument response, which is not infinitely
narrow because of its finite resolution [42]. Recovering the true line shape requires measuring the response of the
instrument using a source with spectral lines much narrower than the spectrometer resolution, like plasma emission
lines of a gas laser, and subsequently applying deconvolution procedures [43—45]. Bandwidth calibration is
generally applied only in specific studies where accurate linewidth determination is essential [45].

Intensity calibration is rarely implemented in practice. The measured Raman spectrum is always distorted
relative to the true Raman spectrum of the sample due to the wavelength-dependent and polarization-dependent
response of the optical components and of the detector (this instrumental contribution is normally referred to as
the instrument response function, IRF). As a consequence, spectra acquired with different instruments, or with the
same instrument under different configurations, can exhibit significantly different relative intensities. While this
does not hinder applications based solely on band positions, it can become a limitation in other cases: for example,
when determining the cross-section of a Raman band relative to a reference with a known cross-section, when
quantitative measurements are performed [46,47], or when physical or chemical properties are inferred from
specific intensity ratios (e.g., the degree of disorder in carbon materials [10], the crystallinity and copolymer
composition in polymers [11]). Reported procedures in the literature rely on the use of known emission spectra
produced either by tungsten-halogen lamps or luminescent materials, which can be used to determine the IRF and
subsequently correct the measured sample spectrum [38,48].

The possibility of generating instrument-independent spectra is highly desirable in the rapidly growing field
of machine learning applied to Raman spectroscopy [49-52]: these methods have been successfully applied to the
recognition and differentiation of species whose spectral differences are subtle and difficult to recognize by
traditional inspection methods, like viruses [53], bacteria [54] and breast cancer subtypes [55]. Instrument-
independent spectra, containing only the intrinsic chemical and physical information of the material, would favour
the creation of unified spectral databases, which is expected to significantly facilitate machine learning algorithm
performance, both during the training phase and when analysing unknown spectra [56,57]. Furthermore,
chemometric and machine learning models developed on one instrument could in principle be directly applied to
spectra acquired on another. It is worth mentioning that data-processing strategies, commonly referred to as
calibration transfer methods, also exist to address inter-instrument model transferability [S8—62]. They can either
be used in combination with physical calibration of the instrument response to compensate for residual inter-
instrument differences, or applied independently to non-calibrated spectra.

To the best of our knowledge, the topic of Raman intensity calibration methods has been reported only in a
few reviews. Jakubek et al. [45] provided an overview of the calibration of all three parameters (wavenumber,
bandwidth, and intensity) but specifically in the context of astromaterials and planetary science. Ntziouni et al.
[63] published a comprehensive analysis focused on listing and classifying the existing official standards and
guides for Raman spectroscopy.

This paper aims to provide a general methodological review of the techniques proposed for intensity
calibration, which remains largely unemployed in practice, despite its relevance and potential impact on a broad
range of scientific applications. We first outline the overall workflow of Raman data analysis to contextualize
where the intensity calibration step is placed. We then summarize methods based on broadband lamps and certified
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Standard Reference Materials (SRMs), which represent the gold standard; since SRMs are not so widely available,
we also examine the use of non-certified reference materials. Finally, as intensity calibration and calibration
transfer methods represent complementary strategies for achieving inter-instrument comparability, a brief
overview of calibration transfer methods is also provided.

2. Workflow of Raman Data Analysis

It is worth describing the overall workflow involved in Raman data analysis, from the design of experiment
(DoE) to advanced data analysis, in order to clarify where intensity calibration and calibration transfer fit in this
sequence. An overview of this workflow is shown in Figure 1, reproduced from Ref. [64]: a brief description of
the steps is provided in Table 1. As illustrated, intensity calibration belongs to the data preprocessing stage,
whereas calibration transfer belongs to the modeling stage, and occurs after the model has been developed.

- @

spikes wavenumber
DoE removal calibration intensity
calibration

normalization @
% baseline
correction
smoothing

dimension
reduction

model
interpretation transfer
modeling

evaluation

Figure 1. The key steps of Raman data analysis. Steps are briefly explained in Table 1. Reproduced with permission
from Guo et al. [64]. DoE stands for Design of Experiment.

Table 1. Brief description of the steps involved in the workflow of Raman data analysis [64].

Operation Description
Design of experiment

Sample size o . . . .
Pic s1z Determination of the minimum sample size needed to achieve reliable results

planning
Preprocessing
Spike removal Removal of sharp intensity spikes caused by cosmic rays hitting the detector
Wav'enurpber Correction of the Raman shift axis using known reference band positions.
calibration
cgll;lf:l;;gn Correction of the wavelength-dependent instrument response
Baseline correction Removal of slowly varying background contributions like fluorescence
Smoothing Reduction of high-frequency noise
o Rescaling of spectral intensities to compensate for variations in excitation power or other
Normalization o
measurement conditions
Data Modeling
Dimension Transformation of spectral data into a smaller set of variables that retain the most relevant
reduction information
Model construction Development of a model to extract chemical or physical information from spectra
Model evaluation Evaluation of model performance on independent datasets
Model Identification of spectral variables that contribute most significantly to the model and linking
interpretation them to chemical information

Adaptation of a model developed on one instrument so that it can be applied to spectra

libration transf . . :
Calibration transfer acquired with another instrument

3. Basic Framework of Raman Intensity Calibration
3.1. Origin of Spectral Distortion

As mentioned in the introduction, the true Raman signal emitted by a sample is modified along the optical
path to the detector. These distortions arise from the wavelength and polarization dependent transmission and
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reflectance of all optical components, in particular the diffraction gratings, as well as from the wavelength
dependent quantum efficiency of the detector. Figure 2a,b show representative examples of the spectral response
of a grating (Adar et al. [65]) and of a charge-coupled device (CCD) detector, respectively. Since tracking the
wavelength and polarization dependence of every component present in the optical path is impractical, calibration
procedures rely on the use of a reference spectrum whose normalized intensity as a function of wavelength is
known, either from first principles modeling or from prior characterization. Tungsten-halogen lamps and

luminescent materials are commonly used for this purpose, although Raman spectra with known band-intensity
ratios may also serve as references.
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Figure 2. (a) Example of the reflectivity of a diffraction grating as a function of wavelength, for transverse electric
(TE, electric field parallel to the grooves), transverse magnetic (TM, electric field perpendicular to the grooves)

polarization, and for unpolarized light. Adapted with permission from Adar et al. [65]; (b) Typical quantum
efficiency of a front illuminated silicon CCD.

3.2. Definition of the Instrument Response Function

Let us consider a reference source (to fix ideas a broadband lamp) with a known emission spectrum, @; (A7),
where AV is the Raman shift calculated with respect to the absolute wavenumber of the excitation laser. When the
spectrum of this reference source is recorded with the Raman spectrometer, the measured spectrum, S, (A¥), will
be the product of the true spectrum @, (A¥) and the IRF, R(AV) [38,48]:

S.(AV) = R(AV)®,,(AV) (D

From this equation, R(A¥) can therefore be determined experimentally. When the spectrum of a sample is
recorded, its measured spectrum Sg(A7) will be the product of its true spectrum @4(A¥) and the same IRF:

Ss(AF) = R(AD) b5 (A7) ®)

By inserting the expression of R(A¥) obtained from Equation (1) into (2), the true sample spectrum turns
out to be:

@L(AV)
SL(AY)

Ds(AV) = Ss(AD) (3)

It should be noted that this procedure yields a relative correction of the instrument’s spectral response, valid
within the spectral range covered by the emission of the reference source @, (A7). Since @, (A7) is typically
provided over a discrete set of wavenumber values, it is often fitted with a smooth polynomial function so that it
can be recalculated using the exact spacing of the instrument spectral axis. Figure 3 summarizes the procedure
described above. The known irradiance of the lamp is normally given in units [ Watt

sz*nm] [66]: however, Raman

spectra are recorded in different units and therefore conversion is required so the quantities that appear in Equation
(3) are homogeneous, as explained in the following sections.
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Figure 3. Steps involved in the intensity calibration procedure. From top to bottom: (a) True spectrum of the
reference; (b) Measured spectrum of the reference; (¢) Calculated IRF; (d) Measured spectrum of the sample; and
(e) Corrected spectrum of the sample.

3.3. Power to Photon Count Conversion

Raman spectrometers are generally equipped with CCD detectors, whose signal is proportional to the number

. . h
of detected photons rather than to optical power (measured in Watt). In order to convert Watt to w, the

-9
irradiance must be divided by the photon energy, that is multiplied by /1% where A[nm] is the wavelength,

-9
h[] * s] is the Planck constant and c[?] is the speed of light. Note that the factor 1:—C is a constant and will

multiply the entire reference spectrum by the same amount, but without changing its shape.

3.4. Jacobian Transformation

Spectrographs disperse light almost linearly in wavelength [38,67], meaning that each CCD pixel corresponds
to a nearly constant wavelength interval. Consequently, raw spectral intensities are effectively recorded per unit
wavelength. Raman spectra, however, are conventionally expressed in terms of A7. Since absolute wavenumber
V[cm™] and wavelength A[nm] are related by

17_107
!

“
the two scales are nonlinear with respect to each other. As a consequence, although the wavelength interval per
CCD pixel is constant, the corresponding wavenumber interval changes significantly across the Raman spectrum.
When the abscissa is converted from wavelength to wavenumber, the ordinate must also be transformed. This
correction is necessary to ensure that the total number of photons collected (the area under the spectrum) remains
the same, independently of whether the spectrum is expressed as a function of wavenumber or wavelength. This
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process of transforming the ordinate to account for the change in the abscissa scale is referred to as the Jacobian
correction or Jacobian transformation. It is well known in the context of photoluminescence [68]; concerning
Raman spectroscopy, it has been discussed in the context of intensity calibration procedures [66,69,70].

To derive the transformation, let’s consider an experimental spectrum recorded as a function of wavelength,
S(A). When one expresses it as a function of wavenumber, S'(¥), the total number of photons within an infinitesimal
interval must remain the same independently of the choice of abscissa. Therefore, for an infinitesimal interval:

S'(#)dv = S(A)da %)
Differentiating both sides of Equation (4) with respect to wavelength gives:
av _ 107
a~ "z ©)
Combining Equations (5) and (6) results:
S@) =5 |5 = s & (7)

The negative sign in (6) simply reflects that wavelength decreases as wavenumber increases, therefore the
absolute value is used in Equation (7). This equation states that when the abscissa is converted to wavenumber the

2
ordinate has to be corrected by a factor 1/1—07. This transformation is graphically illustrated in Figure 4.
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Figure 4. (a) Data that are evenly spaced in wavelength (nm) are not evenly spaced in energy (eV); (b) A spectrum
with constant intensity 1 between 400 and 800 nm has an area of 400; (¢) When the abscissa is converted to energy,
the ordinate transforms as well to preserve the area of the spectrum. The signal per unit energy is higher at lower
energy. Reproduced with permission from Ref. [68].

Numerical Examples of the Jacobian Correction

The following numerical example demonstrates how the Jacobian correction can substantially influence the
band intensity ratios in Raman spectra. Consider a Raman spectrum excited at 4., = 532 nm and two bands at
AV, =3000 cm™!' (1; = 633.0 nm absolute wavelength) A¥, =300 cm™' (1, = 540.6 nm absolute wavelength).
Their intensity ratio is expressed as:

S1(a¥y) _ A5y

SIAV,) — A35(42) (®)
(1(Ex=532 nm; Avl)) =137 (1(Ex=532 nm; Aﬁl))
I(Ex=532nm; AV2)/ (orrected . I(Ex=532nm; MV2)/ 1yop corrected ©)

With A,, =785 nm and the same bands at 3000 cm™! (A4, = 1026.8 nm absolute wavelength) and 300 cm™!
(1,=803.9 nm absolute wavelength) the intensity ratio results
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(1(Ex:785 nm; A?l))
I(Ex=785 nm; AV;)

=163 (I(Ex=785 nm; Aﬁl))

I(Ex=785 nm; AV;)

(10)

corrected non corrected

This correction is therefore significant and has to be included in the calibration procedure. Figure 5 shows the

Jacobian correction as a function of Raman shift for the four most common excitation wavelengths: 532, 633, 785
and 1064 nm. To highlight its spectral dependence, the correction is normalized to one at zero Raman shift.
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2.6- Ex. 633 nm
Ex. 785 nm J(1064nm) = 2.16
9 2. 4_ Ex. 1064 nm J( 785 nm)=1.71
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Figure 5. Jacobian correction (J) normalized to one at zero Raman shift, as a function of Raman shift, for excitation
wavelengths at 532, 633, 785 and 1064 nm. Vertical bars indicate the positions at 1000, 2000 and 3000 cm™!, where
numerical values of J are reported.

3.5. The Combined Correction Factor

In summary, to obtain the correct units for Raman intensity calibration, the lamp irradiance must be converted

Watt hotons
from [ [ P

]. Considering both the power to photon count conversion and the Jacobian

cm2xnm sxem2xcm™1
transformation, the irradiance must be finally multiplied by:
-16
E “’T o 23 (11)

Once the reference spectrum has been expressed in the correct units, @, (A¥), the calibration procedure is
straightforward. The Raman spectrum of the sample, Sg(A7), and the spectrum of the reference lamp, S, (A¥), are
recorded under identical experimental conditions, with the abscissa expressed in cm™' and with no Jacobian
correction applied to either measured spectrum. The Jacobian correction is instead incorporated into the known
reference spectrum, @;(AV), and therefore appears automatically in the corrected sample spectrum @g(A7),
obtained through Equation (3). Note that, in the procedure above, it is also correct to apply the Jacobian correction
to both Sg(AV) and S; (A¥): in this case the correction cancels out, since Equation (3) contains their ratio, yielding
the same result. As a final note, certified standard reference materials (described in Section 6.1) provide reference

. . h . .
spectra that already incorporate both the conversion to pRotonS and the Jacobian transformation. When a

calibration lamp, a non-certified fluorescent material, or a Raman spectrum is used as reference, the user must
verify that the reference spectrum incorporates the appropriate corrections before using Equation (3), depending
on the units in which it is provided.
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3.6. Remarks on the Implementation of Intensity Calibration
3.6.1. Position of Intensity Calibration in the Workflow of Raman Data Analysis

According to the scheme reported in Section 2, intensity calibration should be performed after wavenumber
calibration and before baseline correction. The first point is motivated by the fact that both the sample and reference
measured spectra must be properly aligned with the reference standard spectrum to ensure that the intensity
calibration is applied at the correct wavenumber positions. Concerning the second point, intensity calibration is a
multiplicative operation that scales both the Raman signal and any additive background present in the spectrum.
If baseline subtraction is performed first and the background has not been perfectly removed, the residual
component will also be scaled by the subsequent intensity calibration, potentially introducing errors. It is therefore
preferable to perform baseline subtraction after intensity calibration. It is worth noting that the order of the pre-
processing steps (Table 1) is not a rigid linear procedure, since the various steps influence each other. Therefore,
although the presented order is probably the most logical one, steps may need to be iteratively repeated based on
the outcome of the others [64].

3.6.2. Treatment of Dark Counts, Ambient Light and CCD Readout Bias

Before applying intensity calibration, it is necessary to remove background contributions that do not originate
from the sample. These include CCD readout bias, dark current, and ambient light [38]. The CCD readout bias is
a positive electronic offset introduced during CCD readout to prevent negative digital values caused by readout
noise. Dark current arises from thermally generated electrons that accumulate during the detector integration time
and contribute to the measured signal: this contribution is proportional to the integration time. Finally, ambient
light may reach the detector due to imperfect optical isolation of the instrument, producing a signal that is also
proportional to the integration time.

To remove these non-sample related contributions, a dark spectrum should be recorded with the laser off
(using the same integration time as employed for the sample and reference measurements) and subsequently
subtracted from them. While these contributions may be negligible (detector cooling strongly reduces the dark
current, and ambient light contributions should also be minimal under appropriate experimental conditions) or
automatically subtracted by the instrument, their impact should always be verified. The presence of this
background can usually be easily recognized in Raman spectra because the baseline is shifted from zero. However,
when a fluorescent compound is used as a reference, this is no longer the case; the instrumental background
becomes indistinguishable from the true fluorescence, potentially introducing significant errors in the calculation
of the IRF.

3.6.3. Signal-to-Noise Considerations

Going towards the long-wavelength region, two phenomena tend to occur simultaneously:

e  The signal-to-noise ratio (SNR) tends to decrease. This occurs because fewer electrons (S) are generated by
the detector, due both to the reduction of the Raman cross-section and to the decreasing quantum efficiency
of silicon-based detectors (in the shot-noise-limited regime, the SNR o« v/S) [38].

e  The correction due to the IRF becomes larger because of the lower instrument sensitivity.

In this way, intensity calibration can introduce a significant amplification of the noise. As highlighted by
Ying et al. [71], machine learning models are highly susceptible to overfitting when dealing with noisy data. By
mistaking noise for meaningful features, a model may achieve artificially high accuracy during the training phase
while failing to perform well on unseen data. These effects can be mitigated by carrying out appropriate denoising
operations after intensity calibration and before model construction, if needed [72].

4. Classification of Calibration Sources

First of all, it is worth distinguishing between a reference material and a standard (or certified) reference
material (SRM) [63]. A reference material is any material used for comparison or calibration, but without a formal
certification. A SRM, in contrast, is a reference material whose relevant properties have been rigorously measured,
validated and certified by a national metrology institute, like the National Institute for Standards and Technology
(NIST). In the context of Raman intensity calibration, only the luminescent glass materials provided by NIST are
SRMs, designed specifically for calibrating the spectral responsivity of Raman spectrometers at common
excitation wavelengths. Other calibration sources (like fluorophores in solution, other luminescent glasses, or
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Raman-active liquids) are considered simply as reference materials. Broadband lamps can also be used for intensity
calibration and they are available with NIST calibrated irradiance.

The calibration sources studied in the literature are listed below and discussed in detail in the following
sections.
e  Broadband irradiance-calibrated lamps
e  Luminescent materials

o  Luminescent glasses (SRM)

o  Fluorophores in solution or other (non-certified) luminescent glasses
e  Raman scatterers

o  Rotational and vibrational-rotational Raman spectra of diatomic gases

o  Raman spectra of organic liquids with known band ratios

5. Calibration with Broadband Lamps

The primary emission standard is a blackbody radiator. It is an ideal radiative source, as it emits thermal
radiation with a spectral distribution defined solely by its temperature, in accordance with Planck’s law. It consists
of a cavity with a small aperture and an internal surface of very high absorptivity (e.g., coated with graphite),
which ensures an effective emissivity approaching unity. The cavity is heated to a stable and accurately measured
temperature. Because the emitted spectral radiance can be calculated exactly from fundamental physical constants
and the measured temperature, the radiation exiting the aperture serves as a primary emission standard for
radiometric calibration. A practical example of black body is given in the papers by Palchetti et al. [73] and by
Petty et al. [74]. The latter work also provides an example in which a blackbody source was used to calibrate a
spectrometer. In this case, the blackbody consisted of an electrically heated tubular furnace filled with firebrick
pieces acting as the emissive material, operated at a controlled temperature of about 1300 °C and aligned along
the optical axis of the spectrometer.

Blackbody radiators are difficult to use in a standard laboratory since they are cumbersome and need to be
heated at high temperature to emit visible light: therefore, they are mainly used in metrology institutes to calibrate
tungsten—halogen lamps, which can be used as secondary standards for calibrating Raman instruments as
illustrated in the next sections.

5.1. Tungsten-Halogen Lamps

Only a limited number of articles address this topic. Some of them are quite dated, but they provide
experimental details on the challenges encountered during calibration. These details can be useful for anyone
intending to use this method, and so they are worth analyzing in detail.

5.1.1. Setup with the Lamp Embedded in an Integrating Sphere

Choquette et al. [70] described the procedure used to calibrate three NIST SRMs, namely the luminescent
glasses SRM 2241, 2242, and 2243, for excitation wavelengths of 785, 532, and 488/514.5 nm, respectively. They
used a NIST-calibrated reference source consisting of a 10 W tungsten-halogen lamp mounted inside an integrating
sphere. The sphere's interior surface was coated with Spectralon, a fluoropolymer characterized by extremely high
reflectivity across the ultraviolet, visible, and near-infrared regions [75]. Spectralon acts as an almost ideal diffuse
reflector, exhibiting near-Lambertian behavior [76]. The main advantage of enclosing the tungsten-halogen lamp
within the integrating sphere was that the sphere output provided a constant radiance source, thereby minimizing
polarization effects and non-uniform light distribution originating from the lamp filament. The large spectral
calibration range (from 400 to 1200 nm) allowed for the calibration of all the luminescent glasses mentioned above.
A micro-Raman and two macro-Raman setups were used. In the macro-Raman configurations, a backscattering
geometry was achieved by using a small mirror placed in front of the collection lens to direct the laser towards the
sample. The laser was delivered either as a collimated beam or focused onto the sample using a cylindrical or
spherical lens. The light from the integrating sphere was directed into the instrument using a Spectralon diffuser
at the sample position. In the micro-Raman system, a 200 um pinhole was placed at the focus of the microscope
objective and aligned by maximizing the excitation laser throughput. Light from the integrating sphere,
propagating parallel to the optical bench, was diffused vertically by a piece of Spectralon, towards the pinhole. In
both configurations, the illumination geometry with the white light was aimed to mimic the Raman emission of an
actual sample, in order to ensure that they both follow a similar path to the detector.

In all setups, a polarization scrambler was inserted to randomize the polarization of the radiation entering the
spectrograph, independently of its origin (white-light source, luminescent glass, or Raman emission).
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The impact of the calibration was particularly evident when examining the emission spectra of the glasses.
A strong etaloning effect, typical of back-illuminated CCDs, appeared in the uncorrected data, but it was
effectively removed after calibration.

5.1.2. Setups with the Lamp in Free Space

Fryling et al. [77] coupled the output of NIST calibrated lamp into an optical fiber through a diffuser and the
output of the fiber was placed at the sample position. In this way, the light exiting the fiber mimicked a real sample
emission, following the same optical path into the spectrograph and to the CCD detector. The drawback of this
method was that, while the lamp emission was calibrated, the fiber output was not, and therefore had to be
calibrated in the laboratory. The authors carried out this calibration as follows. First, the tungsten lamp was placed
1 m in front of the spectrograph entrance slit, and its spectrum was recorded. Then, the fiber was positioned 1 cm
from the entrance slit with a diffuser placed between them, and its spectrum was recorded. The ratio between the
known calibrated emission and the measured lamp spectrum provided the IRF, by means of which the emission
from the fiber was calibrated. This paper showed that, after calibration, the ratios among some selected bands of
naphthalene measured with excitation at 514.5 nm were much closer to the ratios among the same bands with
excitation at 784 nm than before calibration. Similar results were obtained for dichloromethane, confirming the
role played by the calibration in reducing instrument-related distortions.

McConkey et al. [78] used calibrated tungsten lamps to determine the spectral response of a photomultiplier
tube placed at the exit slit of a monochromator. Their main findings were: (a) when using lamps calibrated by
different manufacturers and exposing the entire filament envelope to the entrance slit, the ratio of the
photomultiplier signals at a given wavelength differed from the value predicted from the provided calibration
spectra by only about 1%. This close agreement confirmed the consistency between the different calibration
standards; (b) when using a single lamp in the aperture-limited mode, that is with an aperture was placed in front
of it to select only the emission from a 10 mm central region of the filament, the ratio of the signal recorded with
and without the aperture differed by about 7% with respect to what expected from calibrated data. This discrepancy
was attributed to a temperature gradient along the filament, implying that the true spectral emission varied,
depending on which portion of the filament was selected by the aperture.

Malyj et al. [69] studied how different optical setups affect spectrometer calibration. In the direct-view setups
(A, B, C, D) the lamp was placed at approximately two meters from the objective lens that, in a normal experiment,
collected the Raman signal from a sample and coupled it into the spectrograph; no diffuser was used. The large
distance served to send only a small fraction of light emitted from the lamp into the spectrograph in order not to
saturate or damage the detector. These arrangements exhibited significantly different measured spectra: (A)
without any other optics, characteristic fluctuations in the spectrum were present, which changed reproducibly
with small shifts in the lamp position; (B) the insertion of a polarizer and a polarization scrambler introduced a
periodic interference pattern; (C) using a lamp with a different filament arrangement provided similar behaviors
as in (A) and (B) but with different characteristic fluctuations; (D) the introduction of a condensing lens to focus
light at the sample position resulted in a spectral shift of the fluctuations. These data suggested that the filament
emission characteristics and the way in which gratings are illuminated caused significant variations in the recorded
spectrum. When diffusers were used, the resulting spectra were smoother and no characteristic fluctuations were
present. The diffuser was supposed to reduce spatial variations and polarization effects in the lamp emission.
However, the spectra still depended significantly on the type of diffuser placed between the lamp and the objective
lens of the spectrograph. The spectra with different configurations mentioned above, after normalization, differed
up to 30% in the visible range.

Purcell et al.[79] used the following setup. The light emitted by the calibration lamp passed through a mask
and hit a mirror that was tilted with respect to the propagation direction. The mirror had a small central aperture.
The light reflected by the mirror illuminated a scattering plate, which diffused radiation back through the small
central aperture. This aperture was located at the focus of the collection lens that coupled the light into the
spectrograph. The optical path from the lamp to the aperture in the mirror was 0.5 m. This arrangement allowed
the authors to image the emission from the entire lamp filament onto the spectrograph slit. The instrument
calibration, carried out with the setup above, was validated by measuring the intensity ratio between the 804 and
2855 cm! bands of cyclohexane at different excitation wavelengths, 458, 488, 514 nm (Ar* laser) and 612 nm
(dye laser). Without correction, this band ratio varied by almost a factor of four, whereas after applying the
instrument calibration, the variation was reduced to about 5%.
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5.2. Best Practices for Calibration with Broadband Lamps

According to the previous papers, the following points emerge as the best method for calibrating with a lamp.
e  Use of an integrating sphere with the lamp placed inside.

This configuration provides a source of light with uniform radiance at the exit of the sphere, eliminating several
issues reported in studies that attempted calibration by directly illuminating the spectrograph entrance slit with the
lamp [70]. These issues included non-uniform emission from the lamp filament due to temperature gradients [78] and
dependency on the illumination geometry, problem partially mitigated by the use of diffusers [69].

e  Reproducing, with the light from the calibration lamp, the same optical pathway as the Raman signal from a
real sample.

In this configuration, since the light from the calibration source and the Raman signal from a real sample
follow a very similar path from the sample position to the detectors (in particular they illuminate the diffraction
grating in the same way), the accuracy of the calibration should be optimal.

e  Use of a polarization scrambler before the entrance slit of the spectrograph.

The use of a polarization scrambler before the spectrograph entrance slit is important because, especially the
reflectance efficiency of the spectrograph gratings is significantly dependent on light polarization [65]. By
depolarizing the incoming radiation, the scrambler minimizes issues arising from differences in the polarization
characteristics of the calibration source and the measured samples.

5.3. Advantages and Disadvantages

A first advantage of calibration with the emission of a tungsten—halogen lamp is that it spans a very wide
spectral range, typically broad enough to cover the full operating range of most Raman spectrographs. This allows
the instrument sensitivity to be determined over the entire accessible range and also to calibrate the anti-Stokes
regions. A second advantage is that lamp emission is continuous. This provides a dense set of calibration points,
making it possible to correct sharp or periodic features in the IRF: for example, discontinuities introduced when a
full spectrum is assembled from multiple segments (segmented acquisition mode) [80], or the etaloning fringes
that often appear in back-illuminated CCDs at longer wavelengths [70].

The main disadvantage of lamp-based calibration is the experimental complexity. Proper use of a broadband
lamp typically requires an integrating sphere or a carefully designed illumination setup. As a result, this approach
is not well suited to routine calibration and is impractical for many laboratories. Another disadvantage is that
NIST-traceable calibrated lamps require periodic recalibration; for these lamps, the calibration is typically
guaranteed for only about 50 operating hours.

6. Calibration with Luminescent Materials

Fluorescent materials offer a simpler and more practical calibration option than broadband lamps, particularly
for routine use. Their emission spectrum can be measured simply by placing them at the sample position, without
the need for the more complex setups required by the lamps.

6.1. Standard Reference Materials: Fluorescent Glasses

In the literature, only a few SRMs are reported for the calibration of Raman instruments. Currently, the SRMs
available for purchase from NIST are those suitable for calibration at excitation wavelengths of 532 nm (SRM
2242a) [81], 830 nm (SRM 2246a) [82] and 1064 nm (SRM 2244) [83]. The SRM for excitation at 785 nm (SRM
2241) [84] has been released but is not available for purchase at the time of writing, while those for excitation at
488 and 514.5 nm (SRM 2243) [85] and at 633 nm (SRM 2245) [86] have been discontinued. They are glass slides
doped with fluorescent inorganic oxides, with sizes 10 x 10 x 1.65 mm or 10.7 x 30.4 x 2 mm. Each SRM is
accompanied by a NIST certificate specifying the glass composition, the parameters of the mathematical function
describing its emission spectrum, and recommendations regarding its use. They are summarized in Table 2.

It is worth highlighting some relevant points from the calibration procedure of SRMs 2241-2243 [70]:

e The SRMs were rigorously tested against factors that may influence their emission. These included
dependence on the instrument configuration (micro- vs. macro-Raman setups, different collection optics,
etc.), homogeneity of the glass melt, temperature dependence of the luminescence, and photostability under
prolonged laser exposure.
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e  Polarization effects were mitigated by keeping a polarization scrambler in the setup to ensure that light
entering the spectrograph was depolarized both when it came from the SRM and when it came from the real

samples.
Table 2. Summary of SRM for calibration of Raman instruments.
: Certificate A
NIST Code Material Aey [nm] Validity Availability Ref.
o - -
SRM 2241 Cr20s doped (0.02% mole fraction) sodium 785  31/12/2026  Notcurrently  [84]
borosilicate matrix glass
SRM 2242a MnQO, doped (0.15% weight) borate matrix glass 532 31/12/2029 Yes [81]
. . 488 No
V) >
SRM 2243 MnO; doped (0.15% weight) borate matrix glass 5145 01/01/2014 (discontinued) [85]
5 - —
SRM 2244 Cr,03 doped (0.7% mass fraction) borosilicate 1064 01/02/2030 Ves [83]
matrix glass
- - o —
SRM 2245 Bismuth oxide doped (0.11 A) mole fraction) in a 633 30/09/2021 . Nq [86]
phosphate matrix glass (discontinued)
- - 5 -
SRM 2246a Chromium oxide doped (0.30% mole fraction) 830 31/01/2034 Yes [82]

borosilicate glass

6.2. Non-Certified Fluorescence Reference Materials

Several commercial fluorescent dyes have their corrected emission spectra reported in the literature, for
example in the book by Lakowicz [87]. Although these compounds are not SRMs for Raman spectroscopy, their
fluorescence in solution can be used to calibrate the relative spectral response of a Raman spectrometer. Coumarin
540A (also known as Coumarin 153) and quinine sulphate have been studied for this purpose. One Kopp filter
glass has also been evaluated with the same aim: this type of materials are commercial optical filter glasses, but
certain compositions exhibit measurable fluorescence and have therefore been explored as potential calibration
materials. Kopp glasses are still in business, but because years have passed since these evaluations were performed,
it is not guaranteed that the current glass formulation is identical to the one originally tested. Table 3 summarizes
these materials and the details of the studies that investigated them are reported in the following.

Frost et al. [66] used a calibrated tungsten lamp to determine the true emission spectrum of a 0.84 mM
solution of Coumarin 540A in methanol with excitation at 514.5 nm, and the true emission spectrum of Kopp glass
2412, with excitation at 785 nm. Once the emission spectra of these two materials were calibrated, they became
secondary standards. Raman spectra of several common organic liquids, including CH,Cl,, CHCI3, benzene,
acetonitrile and cyclohexane, were measured and corrected using the secondary standard Kopp glass 2412 as a
reference. The ratios of selected Raman band areas were compared with those calculated from literature Raman
cross sections. The agreement between measured and literature ratios was within 10-20%, which was still quite
large but a substantial improvement over the uncorrected spectrum.

Iwata et al. [88] investigated the use of the fluorescence spectrum of quinine (19 mg/L in 1 N H,SOy4) as an
intensity calibration standard for Raman spectrometers. The absolute fluorescence spectrum of quinine, previously
reported by Melhuish [89], was fitted with a sixth-order polynomial to obtain a smooth reference function over the
visible range. To validate this reference spectrum, the authors measured the rotational Raman spectrum of D, gas
using 514.5 nm excitation, and, under exactly the same optical configuration, the fluorescence spectrum of the
quinine solution, in this case switching the Ar* laser to its ultraviolet lines (351.1 or 363.8 nm). The rotational
Raman spectrum of D, was considered as a primary standard, with known theoretical intensity ratios and was
therefore used to derive the IRF by comparing the observed D intensity ratios for some bands with the theoretical
values. This IRF was then applied to the measured fluorescence of quinine to work out its true emission spectrum.
The resulting calibrated fluorescence spectrum was compared to absolute fluorescence data from Melhuish [89]
showing agreement within £5%.

Table 3. Luminescent reference materials studied for calibration of Raman instruments.

Material Aoy [NM] Ref.

Quinine in 1M H,SO4 351.1 and 363.8 [88]
Coumarin 153 (540A) in MeOH 514.5 [66]
Kopp glass 2412 785 [66]
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6.3. Advantages and Disadvantages

A first advantage of fluorescent materials is that they are extremely easy to use and therefore suitable for
routine, day-to-day calibration, even in non-specialized laboratories. Because the emission originates directly at
the sample position, the calibration light follows exactly the same optical path as the Raman signal. As discussed
in Section 5, this configuration generally ensures a more accurate calibration. Another advantage is that
fluorescence spectra are continuous and smooth. Similar to broadband lamps (Section 5.3), they provide a dense
set of calibration points, allowing sharp or periodic features in the IRF to be effectively corrected. The availability
of SRMs is a major benefit, since their emission properties are rigorously characterized and certified, as described
in Section 6.1. Simple reference materials (non-SRMs) provide an alternative to SRMs, although they do not
possess the same level of validation.

On the other hand, only a small number of certified fluorescent SRMs exist, and several have been
discontinued. Furthermore, each fluorescent standard is valid only for the specific excitation wavelength, whereas
broadband lamps can calibrate a much wider spectral range simultaneously. This is a significant limitation,
especially considering that diode lasers used in Raman instruments are available at many different wavelengths,
in addition to the traditional wavelengths provided by gas lasers. Finally, fluorescent materials cannot be easily
used to calibrate the anti-Stokes region.

7. Calibration with Raman Scatterers

Calibration of a Raman spectrometer can also be carried out using Raman spectra themselves. When the
relative band intensities of a reference material are known, they can be used to reconstruct the IRF. Although the
density of calibration points is lower than when using lamps or fluorescent materials, it can be sufficient to
determine the spectral response over the region of interest. Diatomic gases have been used for this purpose,
exploiting the fact that certain Raman band cross-section ratios can be accurately calculated from theory.
Calibrated Raman spectra of a few organic liquids are available in the literature, although we are not aware of
studies where they have been directly used for instrument calibration.

7.1. Diatomic Gases

Raj et al. [39,90] developed a method for the intensity calibration of a Raman instrument that is based on the
rotational Raman spectra of H,, HD, D and vibration-rotation spectra of O,. The key idea is that the intensity ratio
between two rotational Raman bands that originate from the same rotational level is population-independent and
can be calculated accurately from theory for these simple molecules. The experimental apparatus consisted of a
micro-Raman setup equipped with a 532 nm laser. The samples were a mixture of Hy, HD and D, and pure O,
contained in two separate gas cells. The procedure was as follows.

(1) Initial calibration with a tungsten lamp.

A preliminary calibration step with a tungsten lamp, approximated as a blackbody emitter, was carried out to
complement the calibration based on rotational Raman bands, which provides data only at discrete wavenumbers,
and to ensure a smooth correction for pixel-to-pixel sensitivity variations.

(2) Acquisition of rotational Raman spectra.

The intensity of a band corresponding to the vibration-rotation transition v,/ = v’,J + 2 in the diatomic
molecules is expressed as:

Lyt ysz = S(Wy ot 142 loNF 0yt g4 (12)

S (17% TV, ]iz) is the instrument response at the wavenumber at which the vibration-rotation transition v, —
v',J £ 2 occurs, I, is the laser intensity, N the number of molecules, F;is the fractional population of
rotational state J and o, ;,, ., is the Raman cross section integrated over the collection solid angle. For the
transitions / — J + 2 and J — J — 2, which share the same population F;, their intensity ratio is:

Ly jov! J2 _ Oy, j>v' J+2 S(ﬁv,]—wl,]+2) (13)

Lyjsvlij-2 Oyl j—2 S(Vv,]—»v’,]—z)

Since the cross-section ratio can be accurately calculated from theory, measurement of the experimental
intensity ratio provides the ratio of the instrument responses at the corresponding wavenumbers. Applying this
procedure to all accessible bands yielded 13 ratios for the gas mixture (—1034 to 1447 cm™") and 7 ratios for O,
(1400 to 1700 cm™).
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To reconstruct the instrument response S(¥), the function was expanded into a power series and the
coefficients were obtained by least-squares fitting.

Experiments were performed by placing a polarizer before the entrance slit of the spectrograph, allowing the
parallel and perpendicular components of both the Raman spectra and the response function to be measured
separately.

(3) Correction of depolarization ratios.

The theoretical depolarization ratio of the Raman bands considered is 0.75, whereas the measured value was
about 0.71. The perpendicular component of the instrument response was therefore corrected so that the
experimental depolarization ratios matched the theoretical values.

Validation was performed by determining the temperature from Stokes—anti-Stokes ratios, measured in both
the parallel and perpendicular polarization configurations, for water and several organic liquids (carbon
tetrachloride, cyclohexane, and benzene) and comparing these values with temperatures measured using a
thermocouple. The differences relative to the value provided by the thermocouple ranged from 0.4 to 3.2%.

A relevant outcome of this study was the measurement of parallel and perpendicular calibrated Raman spectra
of several organic liquids (carbon tetrachloride, cyclohexane, benzene, toluene, and benzonitrile) which can serve
as secondary standards for intensity calibration. Depolarization ratios were also calculated for several of their
characteristic Raman bands. In this work, the calibration curve extended approximately from —1034 cm™' to 1700
cm ! using 532 nm excitation.

Remarks on Polarization Effects

It is worth noting the different approaches used to control polarization effects when calibrating with
fluorescent SRMs (Section 6) and with diatomic gases.

For fluorescent SRMs, a polarization scrambler was placed in front of the spectrograph entrance slit so that the
light entering the spectrograph was effectively depolarized either if it came from the SRM or from the actual sample.

For diatomic gases, the opposite approach was used: a polarizer was placed before the entrance slit so that
either the parallel or the perpendicular component of the scattered light was selected. The two components were
then calibrated independently. Measuring both components yields additional information, but requires twice the
number of measurements and is less common in routine Raman spectroscopy.

Experimentally, it is worth highlighting that, besides its undoubted advantage in minimizing polarization
effects, the use of a polarization scrambler may pose some experimental issues. Classical quartz-wedge
depolarizers introduce a spatially varying retardance that converts the incoming polarization into a mixture of
linear, circular, and elliptical states: what is actually achieved is a spatial randomization of the polarization. Their
efficiency depends on beam diameter and is typically adequate only for beams larger than ~6 mm; experimental
setups must therefore be adapted to accommodate this optic. Liquid-crystal depolarizers, in contrast, can achieve
high depolarization efficiency even for small beam diameters. The use of a polarizer (calcite polarizers have very
high extinction ratios) is easier to implement.

7.2. Calibrated Raman Spectra of Organic Liquids

Raman spectra of a few organic liquids, with calibrated band ratios, have been published in Ref. [39,48,66]
and are summarized in Table 4. Ref. [39] also reported the parallel and perpendicular components of the spectra
calibrated separately. Although these liquids could serve as reference materials for Raman intensity calibration,
with pros and cons discussed in the next section, to the best of our knowledge there are no reports in which they
have actually been used as calibration standards.

Table 4. Organic liquids with calibrated spectra reported in literature. In spectra from Ref. [39] the parallel and
perpendicular components are both calibrated.

Liquid Range [cm™!] Calibration Sources Ao, [nm]  Ref.
Acetonitrile +250 to +3200 Kopp glass 2412 785 [66]
~1000 to +1600 Raman V1brat1(?n-rotgt10n and rotational spectra 530 [39]

Benzene of diatomic gas molecules
+250 to +3200 Kopp glass 2412 785 [66]
Benzonitrile 1000 to +1600 Raman vibration-rotation and rotational spectra 530 [39]

of diatomic gas molecules
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Table 4. Cont.

Liquid Range [cm™!] Calibration Sources Ao, [nm]  Ref.
Raman vibration-rotation and rotational spectra

Carbon tetrachloride =500 to +1600 . . 532 [39]
of diatomic gas molecules
Chloroform +250 to +3200 Kopp glass 2412 785 [66]
900 to +1600 Raman V1brat1(?n-rotgt10n and rotational spectra 530 [39]
of diatomic gas molecules
+250 to +3200 Kopp glass 2412 785 [66]
Cyclohexane SRM 2242 532
SRM 2245 632.8
+400 to +3200 SRM 2241 785 [48]
SRM 2244 1064
Dichloromethane +250 to +3200 Kopp glass 2412 785 [66]
Toluene ~1000 to +1600 Raman vibration-rotation and rotational spectra 532 39]

of diatomic gas molecules

7.3. Advantages and Disadvantages

Since, to the best of our knowledge, organic liquids have not yet been directly employed as intensity
calibration standards, the following discussion of their potential advantages and limitations is necessarily
speculative.

Similarly to fluorescent materials, organic liquids would be easy to use and suitable for routine calibration.
The calibration spectrum would also follow the same optical path as the Raman signal of the actual sample,
improving the accuracy of the calibration procedure, as discussed in Sections 5.3 and 6.3. Furthermore, provided
that the excitation wavelength lies sufficiently far from any electronic absorption band of the molecule (to avoid
resonance effects and self-absorption), a Raman spectrum could in principle be used to calibrate at any excitation
wavelength, which would be a significant advantage compared to fluorescent materials. The liquid should exhibit
several well-distributed bands spanning a wide spectral range (ideally from ~200 to ~3000 cm™!), with intensities
sufficient to ensure a good signal-to-noise ratio. Mixtures could be employed to extend the spectral range or to
increase the number of available calibration points. In this case, the relative proportions of the components should
be accurately defined. Isolated bands would be ideal; however, overlapping bands, such as those in the C—H
stretching region around 3000 cm™!, would not necessarily be a limitation, since they could be treated as a single
calibration point by integrating the entire envelope.

On the other hand, calibration points would be present only at the discrete Raman bands of the liquid, limiting
the density of reference points. As a result, this approach could fail to capture sharp variations in the IRF, in
contrast to broadband lamps or fluorescent materials.

8. Calibration Transfer Methods

In calibration transfer (or model transfer) methods, chemometric procedures are used to adapt a predictive
model developed on a primary instrument to a secondary one without physically correcting the instrumental
response explicitly: typically, the required mathematical transformation is determined by measuring a set of
transfer samples on both instruments [58—62].

Calibration transfer and intensity calibration are not mutually exclusive. Intensity calibration, together with
wavenumber and spectral resolution calibration, is expected to strongly reduce spectral variability between
instruments. Nevertheless, calibration transfer may still be required to account for two distinct situations: a)
residual inter-instrument differences not fully eliminated by the physical calibration; b) changes in sample
properties (like variations in physical or chemical composition, temperature, or humidity) that can modify Raman
spectral characteristics and invalidate the model even if spectra are all measured in the same instrument (in this
case, the procedure is sometimes referred to as calibration maintenance, rather than calibration transfer) [58].

Although most calibration transfer methods were developed and extensively applied in near-infrared
spectroscopy, examples of their use in Raman spectroscopy can be found in the literature[91-95].

In the following, we provide a brief conceptual overview of the main approaches used, referring specifically
to the transfer between instruments. According to Gemperline [60], these methods can be broadly divided into
three categories:

o  Standardization of predicted values
e  Standardization of spectral response
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e Methods based on preprocessing techniques

To fix ideas, let’s consider a specific example. A set of n transfer samples is measured on both the primary
and the secondary instrument. The spectra are arranged in two matrices, X, and X, each of dimensions n x m
where n is the number of transfer samples and m is the number of wavenumber points. Each row of X, and X
contains the spectrum of one transfer sample measured on the primary and secondary instruments, respectively.
The calibration model, developed on the primary instrument, defines a linear relationship between the spectral data
and the property of interest (for example the concentration of an analyte):

Yp = Xpb (14)
Y, is ann x 1 vector where the i-th element is the predicted value for the i-th transfer sample measured on the

primary instrument, b is an m x 1 vector of model coefficients. For simplicity, no intercept term is included here;
if present, it can be accommodated by augmenting X,, with a column of ones and extending b accordingly,

without altering the structure of the equations. When the same model is applied to spectra measured on the
secondary instrument:

ys =Xsb (15)

Since the two instruments have different spectral responses, y; will in general differ from y,, even for the
same samples. This is the problem that calibration transfer aims to solve.

e  Standardization of predicted values

In this approach the predicted values are directly corrected. The most common method is the Slope and Bias
Correction (SBC) method.

A linear relationship is assumed between the predictions from the primary and secondary instruments,
estimated by regressing y,, against Js on the transfer samples. The resulting regression coefficients a and f are
then used to correct the predictions from the secondary instrument on any new sample:

ys(corrected) = al + By, (16)

This method is simple and robust, and it is most appropriate when the instrumental differences are simple
and systematic in all samples measured on the secondary instrument [59,60].

e  Standardization of spectral response

Rather than correcting the predicted values, this approach seeks to transform the spectra measured on the
secondary instrument so that they resemble those that would have been measured on the primary instrument.
A transformation matrix, F, of dimensions m x m, needs to be determined so that:

X, = X,F (17)
Once F is known, any spectrum x! measured in the secondary instrument can be standardized as:
& = xF (18)

and then used directly with the original model coefficients b to obtain a corrected prediction. The superscript
T indicates the transpose. F can be estimated by several methods. In Direct Standardization (DS), F is computed
using the pseudo-inverse (indicated with +) of the secondary spectra matrix:

F=X!X, 19)

In this formulation, each wavenumber channel in the standardized spectrum is reconstructed as a linear
combination of all wavenumber channels of the secondary instrument. The main limitation of DS is that the number
of transfer samples n is typically much smaller than the number of spectral points m, which may lead to ill-
conditioned estimation problems. A more common approach is Piecewise Direct Standardization (PDS), in which
each wavenumber channel of the standardized spectrum is correlated only to a small window of neighboring
wavenumber channels of the secondary instrument. Mathematically, the transformation matrix takes a block-
diagonal banded form, rather than the full dense form of DS, which greatly reduces the number of parameters to
be estimated and improves numerical stability. Other methods have also been proposed; the reader is referred to
the literature for details [59,60].

e Preprocessing-based methods

In preprocessing-based calibration transfer, the same spectral procedures are applied independently to spectra
acquired on different instruments, in order to reduce systematic differences before model application.
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Since these corrections do not require transfer samples measured on both instruments, they are particularly
convenient when such samples are not available. These methods are most effective when the spectra from different
instruments differ in a simple, uniform way across the entire spectral range. For example, one instrument may
systematically record higher intensities than another by a constant factor (multiplicative effect), because of
different laser power, penetration depth in the sample etc. Alternatively, the baseline of one instrument may be
shifted by a constant amount relative to another (additive effect), because of fluorescence background for example.
In these cases, a simple rescaling and/or offset correction is sufficient to bring the spectra into agreement. Typical
preprocessing methods include baseline correction, spectral derivatives (the first derivative removes constant
offsets, while the second derivative additionally removes linear trends) and Multiplicative Scatter Correction
(MSC). MSC assumes that each spectrum differs from a reference spectrum (usually the mean of the dataset) by
an additive offset and a multiplicative scaling factor. These parameters are estimated by regression and
subsequently used to correct the spectrum itself. A related method, Standard Normal Variate (SNV), achieves a
similar correction without requiring a reference spectrum, by standardizing each spectrum using its own mean and
standard deviation [59,60].

9. Interlaboratory Comparison

Interlaboratory studies have been recently reviewed by Rusu et al. [96]. Here, we discuss two representative
studies that explicitly addressed intensity calibration procedures and the comparability of Raman instruments.

Guo et al. [97] conducted a round-robin experiment involving 35 Raman setups from 15 laboratories, within
the COST action Raman4clinics, that was specifically designed to quantify the variability of Raman spectra across
different instrumentation. The participating instruments spanned a wide variety of optical designs, including highly
confocal microscopes and fiber-optic systems, operating at 514.5 nm, 532 nm, and 785 nm excitation wavelengths.
Cyclohexane has known integrated-intensity band ratios, and it was used to assess intensity variations across
different instruments. Representative findings, relevant to the intensity calibration are the following:
e  The areas of the cyclohexane bands at 1028, 1266, and 1444 cm™! were integrated and normalized to the 801
Aaoasem™) _ 45 _0.70 |

A(801cm~1)

1;((1820616—(;“_1? — 0.35 — 0.65, ‘:&3‘?14—;“_1? = 0.35 — 0.75. Even within the limited spectral window 8011444
cm! the relative intensities varied by up to a factor of two. Larger discrepancies are expected when including
bands near 3000 cm™!, where the C—H and O-H stretching modes fall. Figure 6 summarizes the results from
all participants.

e A manufacturer built-in intensity calibration was applied in four instruments. However, this procedure did not
improve inter-instrument agreement. As illustrated by the arrows in Figure 6, the correction shifts the ratios,
but does not produce a clear reduction in variability after calibration. These findings were interpreted by the

authors as inaccuracy of the estimated IRF.

cm! band. The observed ratios varied widely among different instruments,
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Figure 6. Peak area of the 1028 (a) and 1266 cm™! (b) bands of cyclohexane normalized to the 801 cm™! one. Each
ID corresponds to a participating laboratory. “Raw” denotes data acquired without intensity calibration, while “ical”
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indicates that an intensity calibration was applied. Background colors indicate different excitation wavelengths.
Arrows show how the measured ratio changes after applying the laboratory intensity calibration. Reproduced with
permission from Ref. [97].

Turner et al. [98] performed an international interlaboratory comparison involving 17 participants from 13
countries, under the Versailles Project on Advanced Materials and Standards (VAMAS). The setup used either
514.5 or 532 nm excitation wavelength and most of them used a 100x in a micro-Raman instrument. A single,
large CVD-grown graphene film was prepared by the lead participant (NPL), transferred onto Si/SiO, (300 nm),
cut into 10 x 10 mm samples, and distributed. Each laboratory measured two locations on the sample: one near the
edge and one near the center of the graphene sheet. At each location, a 10 X 10 pm Raman map (121 spectra) was
acquired, following a common protocol. The 121 spectra were then averaged to obtain the Raman metrics for that
area. The authors examined the Ip/Ig intensity ratio, with the G band located at ~1580 cm™' and the 2D band
located at ~2700 cm™!: this ratio, in combination with other parameters, can be used as an indicator of the graphene
layer number (monolayer graphene typically exhibits I,p/Ig > 2). Representative findings from this paper, in the
context of intensity calibration, are the following:

e Reported Ip/Ig values ranged from ~1 to 4; one participant, whose spectrometer was optimized for infrared
excitation, reported a value close to 6. Differences arising from data analysis were shown to be negligible,
and sample heterogeneity (wrinkles, folds) may have contributed to some extent, but the spread was attributed
mainly to instrumental factors.

e Three participants performed intensity calibration of their spectrometers: the lead participant, using NIST
SRM 2242a, and participants #6 and #14, both using a broadband lamp. It is worth making a restricted
comparison among these participants: the lead participant remeasured the same samples that were sent to #6
and #14, nominally in the same regions. It was verified that the maps measured by the lead and #6 were very
consistent, making this comparison particularly meaningful: the comparison of the I>p/Ig values showed an
almost perfect agreement between the lead and #6, with a relative difference of 0.4% in the edge area, the
lowest observed among all participants. In the center area, however, the relative difference was 25%: the
authors attributed this discrepancy to the fact that in the central area, the 2D peak is larger and more difficult
to fit, possibly producing differences in the estimated areas. The relative differences between the lead and #14
were ~7% in the edge and ~18% in the center.

e Table 5 summarizes the I,n/Ig values before and after calibration. Data are extracted from the supporting info
and show how much the calibration procedure impacts the values of the ratios. It increased by 10% for the
lead participant and by 25% for participant #6, confirming the rather strong impact.

Table 5. I2p/Ic values measured by the lead participant and by partecipant #6, with and without intensity calibration.
The data from the lead participant are the average of all samples sent to participants and over edge and center
regions. Data extracted from the supporting information of Ref. [98].

Lap/lG
Lead #6 (Edge) #6 (center)
After calibration 2.2 1.27 1.94
Before calibration 2.0 1.02 1.55

Overall, these interlaboratory studies showed that instrument-to-instrument variations were substantial, up to
a factor of 2 in the band ratio of selected cyclohexane peaks [97] and up to a factor of 4—6 when the I,p/Ig ratio
was evaluated for graphene [98]. Such variations are too large for applications in which the ratio has intrinsic
physical meaning, as in graphene, where Ip/Ig is linked, along with other parameters, to the number of layers: if
the reference value of 2 is used to distinguish monolayer from multilayer graphene, but the measured values range
from 1 to 4, the metric becomes unusable. Similarly, these variations are too large for reliable compound
recognition based on band ratios.

The use of calibrated spectra was quite limited, as most laboratories collected data without any intensity
calibration. In the case of Guo et al. [97], the calibration procedure relied on instrument built-in routines, for which
no details were available. This lack of information made it difficult to ensure that the same procedure was applied
across laboratories.

Both studies strongly support the conclusion that intensity calibration is essential for improving the
comparability of spectra acquired on different instruments.
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10. Selection of the Intensity Calibration Method

The most appropriate strategy for intensity calibration depends on several factors, like the type of
measurements, the type of instrumentation available, and the level of spectroscopic expertise of the operator. The
following examples tentatively illustrate typical laboratory situations in which different calibration approaches
may be preferred. Note that additional considerations, such as cost and recalibration frequency, also affect the
choice of calibration method and are intertwined with the scenarios described above; they are briefly discussed at
the end of this section.

o Laboratories with configurable instruments and good spectroscopic expertise. In this case, broadband
lamps are probably the best choice. They allow the calibration of the entire spectral range of the instrument,
very useful for example when several excitation wavelengths are available or when both Stokes and anti-
Stokes spectra are needed. The main drawback is that their use typically requires good expertise and
modification of the optical setup to accommodate the light source. NIST SRMs represent a valid alternative
in this context when experimental simplicity is preferred over full spectral coverage. The use of other
methods, non-certified fluorescence materials or Raman scatterers, is of course also possible, in case of
specific experimental requirements.

o Laboratories where Raman spectroscopy is mainly employed as a routine analytical technique using non
configurable instruments. In this case, calibration procedures must be easy to implement: NIST SRMs
represent the most practical solution. When SRMs are not available, non-certified fluorophores or organic
liquids can serve as alternative reference standards. Although their spectra reported in the literature are not
officially certified by a metrological institute, they can still be useful for improving inter-instrument
comparability. Since no official procedures exist for these materials, the calibration protocol must be
established by the laboratory itself, based on the procedures reported in the literature.

o Laboratories that require a high level of regulation and standardization, like in the pharmaceutical field.
In this case, NIST SRMs are the most appropriate choice. Moreover, their ease of use makes them suitable
for periodic verification of the instrument calibration.

Cost considerations. NIST-calibrated broadband lamps mounted in an integrating sphere require a significant
initial investment, on the order of several thousands of euros, and their calibration is typically guaranteed for only
about 50 operating hours. NIST SRMs are also quite expensive, with a price on the order of two thousand euros
per slide. Their validity period, specified in the accompanying certificate, can extend to several years, as
summarized in Table 2. Non-certified fluorophores and organic liquids are inexpensive and readily available,
making them attractive options when budget is a constraint.

Recalibration frequency. NIST SRMs are the most suitable options for routine periodic verification.
Broadband lamps, on the other hand, are better suited for non-routine calibration, like the initial characterization
of a new instrument or after significant optical modifications, given the greater experimental complexity they
involve. It is also possible to adopt a hybrid strategy, in which an initial calibration over the full spectral range is
performed using a broadband lamp, while rapid periodic verification of the instrument response is carried out using
SRMs (or in case non-certified fluorophores).

Finally, Table 6 summarizes the advantages and disadvantages of the calibration strategies discussed in the
previous sections of this review, together with their suggested typical application scenarios.

Table 6. Summary of advantages and disadvantages of the different calibration methods and their suggested typical
application scenarios. v and X indicate whether the criterion is met or not, respectively. (*) Organic liquids have
been only proposed as Raman calibration materials; therefore, their criteria are included here on a hypothetical
basis. (**) This refers to the best configuration, in which the output from the integrating sphere is let through the
microscope objective mimicking light emitted from the sample.

Criterion Broadband Lamps Fluorescence Materials Raman Scatterers
NIST Non-Certified Diatomic = Organic
SRM  Fluorophores  Gases  Liquids @

Ease of use X v v X v

SRM X v X X X

Usable at multiple Aqy v X X v v
Matches sample optical path v v v v v
Dense calibration points v v N4 X X
Anti-Stokes calibration possible v X X v v
Low cost X X N4 X v
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Table 6. Cont.

Criterion Broadband Lamps Fluorescence Materials Raman Scatterers
NIST Non-Certified Diatomic  Organic
SRM  Fluorophores Gases  Liquids

Typical application scenario
Labs with configurable instruments
. . v v
and good spectroscopic expertise.
Labs where Raman spectroscopy is
mainly employed as a routine
analytical technique using non- X v v X v
configurable instruments.
Labs that require a high level of
regulation and standardization X v X X X

v v v

11. Concluding Remarks

Despite the widespread use of Raman spectroscopy across scientific and technological domains, the
calibration of Raman intensities remains insufficiently adopted. The interlaboratory studies examined here clearly
demonstrate that relative band intensities vary significantly from one instrument to another, often by more than a
factor of two. For applications in which intensity ratios reflect fundamental physical or chemical properties, such
discrepancies limit the reliability of quantitative analyses. More broadly, inter-instrument variability in spectral
response complicates the development of unified spectral databases and hinders the inter-instrument transferability
of chemometric and machine learning models, two areas of growing importance as Raman spectroscopy becomes
increasingly integrated with data-driven approaches.

Methods suitable for routine intensity calibration are currently constrained by the limited availability of appropriate
reference materials. NIST Standard Reference Materials remain the gold standard, offering the highest level of validation
and traceability, but they do not cover all excitation wavelengths and several have been discontinued. This situation
highlights the need to expand the range of validated reference materials, both certified and non-certified. One possible
direction in this regard is the further investigation of organic liquids as calibration standards. Their key advantage lies in
the fact that a single liquid can in principle support calibration at multiple excitation wavelengths. The limited density
of calibration points could be partially mitigated through the use of mixtures.

Physical intensity calibration and calibration transfer methods are complementary strategies for achieving
inter-instrument comparability. Since residual differences may persist even after physical calibration, combining
the two approaches is expected to yield better overall results.
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