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ABSTRACT
Lateral resolution is a key figure of merit for spectroscopy across all applications. Confocal Raman spectroscopy is able to provide 
chemical and structural information with submicrometre resolution, resulting in widespread use across multiple disciplines of 
science and technology. However, the lack of agreed-upon measurement standards and appropriate reference samples has hin-
dered uptake. Here, we report the development and demonstration of a reference sample based on indium arsenide (InAs) sem-
iconducting nanowires for measuring the lateral resolution of confocal Raman spectroscopy with a pathway for traceability to 
the International System of Units (SI). An interlaboratory comparison involving 15 participants from 11 countries has been con-
ducted to rigorously test and demonstrate the suitability of the sample and the method. The study identified required revisions to 
the measurement protocol to improve the consistency of data analysis and that the long-term operational stability of the reference 
sample requires further improvement. Based on a revised data analysis protocol, the method delivered consistent results at the 
95% confidence level for eight of the nine participants who returned full datasets. Outcomes from this study have contributed to 
the publication of a new international standard (ISO 23124:2024).
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1   |   Introduction

Raman spectroscopy is a widely used technique for the charac-
terisation of materials and samples across a broad range of dis-
ciplines for research, industry and clinical applications [1–4]. 
However, results obtained in different laboratories cannot be 
consistently compared due to the lack of appropriate measure-
ment standards and calibration methods. Growing demand for 
interoperable systems, reference spectra databases and quanti-
tative analysis requires the development of methods for reliably 
calibrating measurements [5–9]. A recent review of existing 
standards for Raman spectroscopy has highlighted multiple 
areas of need within the field and identifies spatial resolution 
and laser spot profiling as areas for development [10].

Confocal Raman spectroscopy offers chemical and structural 
sensitivity with submicrometre spatial resolution and is widely 
used for the analysis of microstructured materials in fields such 
as life sciences, materials science, condensed matter physics, 
analytical chemistry and microelectronics. Lateral resolution 
is a key figure of merit for comparing the performance of in-
struments and measurement parameters. In principle, the spa-
tial resolution achieved is diffraction-limited so it allows lateral 
resolution of less than 1 μm for visible light. Whilst this value 
is often quoted, such claims are rarely substantiated due to the 
lack of suitable agreed-upon measurement methods. Lateral 
resolution in this manuscript refers to the minimum separa-
tion of spatial features such that they can be distinguished. The 
Rayleigh criterion is the most common approach to determin-
ing this resolution (though other criteria may be applied) [11]. 
Irrespective of the criterion for distinguishing features, these 
methods all relate to the spatial point-spread function (PSF) of 
the measurement. For confocal spectroscopy, it is important to 
remember that the PSF of the measurement is not the same as 
the laser spot size since the confocal light collection also con-
tributes to the spatial resolution [12].

There are several approaches for measuring the lateral spatial res-
olution of a ‘beam-based’ method like confocal spectroscopy, and 
these are comprehensively described in the ISO 18516:2019 stan-
dard [11, 13, 14]. The typical approach is to measure the spatial 
profile of the signal from a feature much smaller than the beam 
diameter. The measurement of a point-like feature results in an 
approximation of the PSF, or alternatively, a sharp linear feature 
gives an approximation of the line-spread function or edge-spread 
function [15]. Each of these can be used to estimate the spatial res-
olution of a measurement. However, a challenge in applying these 
methods to Raman spectroscopy is the lack of suitable measure-
ment artefacts, which would require the following characteristics:

•	 Clearly defined features with structures much smaller than 
the expected lateral resolution (i.e., significantly smaller 
than 1 μm);

•	 Strong Raman scattering signal providing clear contrast 
with the background;

•	 Robust sample able to withstand prolonged and repeated 
laser exposure; and

•	 Features that can be easily located and whose spatial di-
mensions can be traceably measured.

In this study, a candidate sample is considered comprising in-
dium arsenide (InAs) nanowires aligned between metal pads, 
which can be used for a line-spread function measurement of 
spatial resolution. InAs nanowires were chosen on the basis of 
a strong Raman scattering signal and the availability of a batch 
of nanowires with an appropriate average diameter. We consider 
the use of a green (532-nm wavelength) excitation laser, which 
is commonly used. In principle, the method equally applies to 
other excitation lasers; however, shorter wavelengths would be 
subject to greater uncertainties arising from the finite dimen-
sions of the reference sample.

A measurement protocol has been developed and tested through 
an interlaboratory comparison with 15 institutions. The results 
demonstrate the general suitability of this method for measur-
ing lateral resolution but reveal specific challenges related to the 
consistency of data analysis and handling of background signal. 
This was addressed by updating the protocol and re-analysing 
raw data from participants to demonstrate improved reliability 
of the revised protocol. The study also identified a limitation 
arising from polarisation-dependent laser-induced degradation 
of the InAs nanowires used in this study, which restricts the 
range of applications and suggests the need to adopt an alterna-
tive nanowire material.

2   |   Experimental Methods

2.1   |   Sample

The sample design, represented in Figure 1a, offers the unique 
identification of individual nanowire features to enable metro-
logical traceability by defining pairs of tapered macroscopic gold 
electrodes deposited on an array of aligned nanowires such that 
the nanowires span the gap between the closely spaced narrow 
ends. The overall substrates are roughly 25-mm squares with 
40 electrode pairs each. A photograph of a sample is provided 
in Supporting Information (Appendix B). Preparation of these 
samples was achieved using the dielectrophoresis method for 
aligning semiconducting nanowires from suspension onto elec-
trode gaps that have been previously reported [16, 17]. Scanning 
electron microscopy (SEM) was used to examine the sample, 
and Figure 1b presents an example where a single nanowire is 
clearly resolved between a pair of metal pads. Atomic force mi-
croscopy (AFM) was also used for a quantitative measurement 
of the nanowire dimension, and an example of a topography 
profile is given in Figure 1c. Since nanowires may have nonuni-
form diameters, five topography profiles were taken to give an 
average; in this case, the measured diameter is 72 ± 7 nm, which 
is consistent with the nominal batch diameter of 100 nm (see 
Table 1).

Five samples were prepared and screened using optical micros-
copy (Figure  1d presents an example micrograph) to identify 
electrode gaps containing straight nanowires that bridge the 
whole gap. Two features (referred to as A and B) on each sam-
ple were selected and examined in detail using AFM to measure 
the dimensions of the individual nanowires. In this case, a re-
search instrument was used, relying on a reference artefact for 
dimensional calibration, but a metrological AFM could be used 
to establish traceability to the SI metre [18]. The dimensions 
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of these nanowires are provided in Table  1, taken from AFM 
measurements provided in Supporting Information (Appendix 
A). The nanowire diameter measurement and uncertainty were 
evaluated by taking the mean and standard deviation of values 
extracted from five AFM line profiles across the nanowire at 
different positions. For each sample, a narrow nanowire was 
designated Feature A for use as a resolution measurement arte-
fact, and a thicker nanowire (or clustered pair) was designated 
Feature B for use as a test artefact.

Further demonstration of the sample suitability is provided 
using confocal Raman spectroscopy for the region of interest 
shown in Figure 1d. Figure 1e shows a false colour mapping of 
Raman signatures based on a classical least squares (CLS) model 
with three reference spectra presented in Figure  1f. The gold 
electrode shows a flat spectrum on a sizeable background with 
no Raman peaks; the glass substrate has a weak Raman peak 
at around 470 cm−1 from the silica, whereas the InAs nanowire 
exhibits a characteristic transverse optical mode peak at around 
212 cm−1 [19, 20].

2.2   |   Interlaboratory Comparison Protocol

Interlaboratory comparisons are recognised as an important 
step towards the creation and international acceptance of new 
documentary standards. In this case, the intercomparison was 
supported by the VAMAS (Versailles Project on Advanced 
Materials and Standards) organisation, which is a global initia-
tive supporting prestandards research for advanced materials 
[21]. The interlaboratory comparison was designed to test the 
suitability of the proposed measurement protocol and samples 
provided. Since each laboratory used its own instrument and 
personnel, it was necessary that all participants followed the 
same measurement protocol and that all the measurements 
used the same set of samples, which were circulated between 
participants. Four samples were circulated by the lead partici-
pant, starting in different global regions with the intention that 
each would be passed to a new participant with up to 3 months 
to perform measurements and then pass the sample on. The 
samples were distributed in January 2020, shortly before the 
COVID-19 pandemic, which resulted in major delays to the 
project and loss of samples. To compensate for those losses, 
the remaining samples were circulated to additional partici-
pants, and the final datasets and samples were returned in 
November 2023.

The full measurement protocol for the interlaboratory com-
parison is provided in Supporting Information (Appendix B). 
To summarise, the protocol describes the measurement of the 
Raman spectrum as a linear profile perpendicularly across the 
nanowire feature. At each spatial position, a Raman spectrum is 
acquired (such as that in Figure 2a), and the signal is integrated 
across the spectral range of interest (in this case, 150 to 310 cm−1). 
The resulting intensity profile then has a peak whose width is 
representative of the measurement lateral resolution (as exem-
plified by Figure 2b). The profile is then fitted with a Gaussian 
peak whose Full Width Half Maximum (FWHM) is taken as the 

FIGURE 1    |    (a) Schematic illustration of the inorganic nanowire features used for the lateral resolution measurement. (b) SEM image, (c) AFM 
topography profile and (d) optical microscope image showing examples of the nanowire features. (e) Confocal Raman mapping of the feature shown 
in (d) using classical least squares model to represent different materials with the reference spectra shown in (f), note the strong photoluminescence 
background and edge filter cut-off at around 100 cm−1.

TABLE 1    |    Nanowire diameter measurements using AFM for 
Feature A and Feature B on each of the five samples. Sample 2 had 
only one useable feature, so it was only used for protocol development. 
Uncertainty reported at 68% confidence (k = 1).

Feature A 
diameter [nm]

Feature B 
diameter [nm]

Sample 1 101 ± 33 125 ± 6

Sample 2 72 ± 7 N/A

Sample 3 106 ± 2 167 ± 23

Sample 4 126 ± 3 303 ± 33

Sample 5 117 ± 5 153 ± 7
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measure of spatial resolution (in this case, 250 ± 15 nm) with the 
standard uncertainty arising from the fitting.

The protocol required each participant to measure five profiles 
across each nanowire feature to take an average and also in-
cluded measurements with the nanowire oriented in two per-
pendicular directions (x and y) to give separate measurements 
of the lateral resolution in each axis. Furthermore, the protocol 
included measurements using different positions on the sample 
mapping stage to check for nonlinearities in the travel, but the 
results did not clearly indicate any such problems, and the sim-
ple average over all the measurements has been used through-
out this report.

An important aspect of the experimental design was the aim to 
test the suitability of the measurement protocol rather than to 
compare the lateral resolutions achieved by each participant. 
This was achieved by using Feature A and Feature B as mea-
surement and test artefacts, respectively. For this reason, the di-
mensions of Feature B were withheld from the participants for 

the duration of the study. The evaluation criterion was therefore 
the consistency of the lateral resolution measurements between 
Feature A and Feature B as reported by each participant. Since 
the Feature B nanowires were thicker, a correction was required 
to compensate for the thickness variations and make a meaning-
ful comparison.

The nanowire thickness correction was evaluated using a nu-
merical simulation in MATLAB [22]. The confocal volume 
sampled by the measurement was considered as a cylinder 
with a Gaussian cross-section (on the basis that the axial res-
olution of the confocal PSF is much greater than the nanow-
ire diameter). Note that this correction relates only to the 
finite size of the nanowire and not the effect of defocussing. 
The nanowire was modelled as a homogeneous cylinder, and 
the total signal from a measurement was taken as the inte-
gral of the confocal volume for all points intersected by the 
nanowire on a 1-nm pitched 3D Cartesian grid. The model is 
illustrated schematically in Figure 3a. The signal was calcu-
lated for a series of lateral displacements of the nanowire to 
simulate the intensity profile of the experimental measure-
ment, and the resulting profile was fitted with a Gaussian to 
extract the FWHM. In this way, the FWHM of the profile in 

FIGURE 2    |    (a) Example Raman spectrum from an InAs nanowire 
with a characteristic Raman peak at 212 cm−1. (b) Intensity of the inte-
grated signal over the spectral range of 150–310 cm−1 (shaded in b) plot-
ted as a displacement profile perpendicular to the nanowire. Red trace 
shows fitting of a Gaussian profile with FWHM of 250 nm.

FIGURE 3    |    (a) Schematic illustrating the numerical model used to 
simulate the effect of nanowire diameter on the width of the spectro-
scopic mapping profile. (b) Plot of simulated results showing relation-
ship between the apparent ‘Measured profile FWHM’, and the actual 
‘Beam FWHM’ for a range of nanowire diameters from 20 to 400 nm.
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the simulated measurement was evaluated as a function of 
the width of the confocal measurement volume (taken as the 
Gaussian FWHM) for a range of nanowire diameters from 20 
to 400 nm. These results are presented in Figure  3b. As ex-
pected, for a thin nanowire (20-nm diameter), the width of 
the measured spectroscopic intensity profile is a good mea-
sure of the sampling beam profile (and hence lateral resolu-
tion), as shown by a linear trend with unity slope. However, 
as the nanowire diameter increases, the measured profile be-
comes an overestimate of the measurement resolution, with 
the greatest impact for smaller beam profiles (in this case, the 
nonlinearity is most obvious for measured FWHM < 400 nm). 
The Feature A nanowires used in this study (see Table 1) all 
have diameters less than 150 nm, and the modelling results 
show that this therefore contributes less than 10% uncertainty 
to the measured lateral resolution for the whole diffraction-
limited regime. For the thicker Feature B nanowires, this 
model is used to apply the correction for the nanowire diame-
ter in evaluating the protocol.

2.3   |   Instrument Details

AFM was performed using an AIST Combiscope 1000 in non-
contact mode with OPUS 240AC-NN probes, and calibration 
was achieved using a MikroMasch TGXYZ01 grating. Raman 
spectroscopy for protocol development and detailed analysis of 
the samples, as well as optical imaging, was performed using 
a HORIBA LabRAM HR-800 microspectrometer with a ×100, 
N.A. = 0.9 objective. The laser excitation wavelength was 532 nm 
with a laser power ranging from 33 to 3.3 mW measured at the 
sample plane; the instrument was used without a half-wave 
plate or analyser for polarisation control. For the polarisation-
dependent laser damage threshold measurements, the same in-
strument configuration was used and the polarisation controlled 
simply by rotating the sample with respect to the linearly pola-
rised laser excitation. This method mirrors the relevant mea-
surement conditions and also maintains the polarisation state 
of the excitation laser to enable direct comparison between deg-
radation conditions. However, we note that rotating the sample 

TABLE 2    |    Instrument details for participants.

Participant Instrument

Laser 
wavelength 

(nm) Objective
Grating 
(mm−1)

Spectrometer 
length (mm)

Polariser/
analyser

1 HORIBA LabRAM 
HR-800

532 100×, 0.9 NA 600 800 None

2 Witec Alpha 300 532 100×, 0.9 NA 1800 300 None

3 Witec Alpha 300 532 100×, 0.9 NA 1800 300 None

4 Home-built with 
Princeton Instruments 

Acton SP2500

532 100×, 0.9 NA 1800 500 Analyser

5 Thermo Scientific 
DXRxi

532 100×, 0.9 NA 1200 225 None

6 HORIBA LabRAM 
Soleil

532 100×, 0.9 NA 600 320 None

7 Renishaw inVia 514.5 50×, 0.75 NA 2400 250 None

8 HORIBA LabRAM 
HR-Evolution

532 100×, 0.9 NA 300 800 None

9 HORIBA LabRAM 
HR-Evolution

532 100×, 0.9 NA 300 800 None

10 HORIBA LabRAM 
HR-800

532 100×, 0.9 NA 600 800 None

11 HORIBA XploRA Plus 532 100×, 0.9 NA 2400 200 None

12 HORIBA LabRAM 
HR-800

457 100×, 0.9 NA 600 800 None

13 Home-built with 
Andor Kymera 328i 

spectrometer

532 50×, 0.65 NA 600 330 None

14 Witec Alpha 300 A/R 532 100×, 0.95 NA 600 300 None

15 HORIBA LabRAM 
HR-Evolution

532 100×, 0.9 NA 600 800 None
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complicates the comparison of the scattered signal intensities 
due to the polarisation sensitivity of the spectrometer.

SEM was performed with a TESCAN MIRA system at 5 kV 
using the In-Beam secondary electron detector with a 9-mm 
working distance.

For the lateral resolution measurements, each participant used 
their own instrumentation as indicated in Table 2.

3   |   Results and Discussion

The measurement results returned by all the participants are 
presented in Figure 4a, including the correction applied for the 
widths of the nanowires (based on the modelled results pre-
sented in Figure 3). Results are presented for 15 participants, 
where Participant 1 is the lead partner (NPL) who only mea-
sured Feature A. Participants 2, 3 and 6 also did not return 
complete datasets. In general, the lateral resolution of confocal 

FIGURE 4    |    (a) Lateral resolution results as reported by the participants, including the correction for finite nanowire width comparing values for 
Feature A and Feature B in each case. (b) Comparison of lateral resolution values obtained by participants and values obtained by the project lead re-
processing the raw data. (c) Lateral resolution results following reprocessing of raw data by project lead comparing values for Feature A and Feature 
B in each case. Note that not all participants provided raw data.
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microscopy is quoted as < 1 μm, and the theoretical minimum 
lateral resolution for a confocal spectrometer is estimated by 
0.4�∕NA, giving a value of ~236 nm for a wavelength (λ) of 
532 nm and a numerical aperture (NA) of 0.9. All of the results 
returned lie within this range. In some cases, the resolution 
values measured in the x and y directions are distinctly dif-
ferent, e.g., Participants 6 and 7, indicating that the PSF of the 
measurement is asymmetric and hence revealing a misalign-
ment of the optical path or that the laser beam profile is not 
Gaussian.

In principle, the lateral resolution measurements for Feature A 
and Feature B should agree, and in most cases, they do based 
on the standard uncertainty (evaluated as the standard devia-
tion with coverage factor, k = 1) range indicated on the plot. 
However, Participants 3, 4 and 15 do not achieve this. In some 
cases, the uncertainty is large (Participants 11, 12, 13 and 15), 
also indicating a problem with the protocol. Inconsistencies in 
the results can arise either from the measurement itself or from 
the data analysis. To test this, the raw data was reprocessed by 
the lead participant using the same script for all the data. Most 
participants had provided full or partial sets of raw data in a 
usable form, and the results of this reprocessing are presented 
in Figure 4b. In most cases, the difference is minimal, but for 
Participants 4, 5 and 15, the mean value moves outside the origi-
nal uncertainty range. After this reprocessing, the level of agree-
ment is improved, as shown in Figure 4c, noticing in particular 
that Participants 4 and 15 now exhibit greater consistency be-
tween the Feature A and Feature B measurements. However, 
the difference between results from data analysis by the individ-
ual participants and the lead participant with the same dataset 
indicates an inadequacy of the protocol.

As part of the interlaboratory comparison, participants were in-
vited to comment on any problems with the implementation of 
the protocol and to suggest improvements. The original proto-
col assumed that there was no variation in background signal 
and did not implement a baseline subtraction on the Raman 
spectrum. However, some participants did detect a substantial 
background photoluminescence signal in some measurements, 
which was a major cause of inconsistency in the data analysis. 
The problem is exemplified in Figure 5a, where the black trace 
shows a signal intensity profile across a nanowire feature that 
has two prominent peaks. The inset shows a spectrum cor-
responding to the larger left-hand intensity peak (plotted in 
green), which shows a broad background signal but no Raman 
peak, whereas the spectrum from the smaller right-hand inten-
sity peak (plotted in pink) shows the Raman peak with mini-
mal background signal. The resulting Gaussian fit corresponds 
to the larger background photoluminescence signal rather than 
the intended Raman signal.

The origin of this photoluminescence signal is presumably or-
ganic contamination on the glass surface, which can be min-
imised through careful handling but can also be mitigated 
against by implementing a simple background subtraction in the 
data analysis. To achieve this, a revised protocol was developed 
applying a background subtraction across the range of interest 
(150 to 310 cm−1) by taking averages of 25 data points from either 
end of the range to fit a linear baseline, as shown in Figure 5b. 
A related comment from participants was that it was difficult to 

evaluate the signal-to-noise ratio without extensive analysis of 
the data, so the revised protocol describes an evaluation of the 
signal-to-noise ratio from the Raman spectrum of the nanow-
ire directly so that it can be tested during the measurements 
rather than in postprocessing. The revised protocol is provided 
in full in Supporting Information with the revisions highlighted 
(Appendix C).

This improved protocol with the background signal correction 
was applied to the raw datasets provided by participants (10 
datasets from participants plus the lead partner), and the impact 
on the results is shown in Figure 6a. In most cases, the new pro-
tocol gives similar results to the original protocol, but for some 
datasets, there is a substantial difference (e.g., Participants 5, 7, 
11 and 15).

Figure 6b compares results for Feature A and Feature B based 
on the revised protocol. Out of the 11 participants who provided 
raw data, nine included both features enabling a quantitative 

FIGURE 5    |    (a) Example Raman intensity profiles based on the origi-
nal protocol where the Gaussian fitting is dominated by the background 
signal rather than the Raman signal. Inset shows example spectra, 
where the green spectrum is dominated by the background signal, and 
the pink spectrum is dominated by the Raman signal. (b) Example of 
baseline subtraction for the revised protocol.
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comparison. Of these nine, five of them show agreement within 
the standard uncertainty bars for both x- and y-resolutions 
(Participants 4, 5, 8, 10 and 15) whereas four do not (Participants 
7, 11, 13 and 14). To aid comparison, the difference in lateral 
resolution measurements for Feature A and Feature B is plotted 
in Figure 6c. In this plot, the uncertainty is plotted at both the 
68% (k = 1) and 95% (k = 2) confidence levels, and a difference 
value of zero is expected. At the 68% confidence level, results 

from Participants 7, 13 and 15 fall outside the uncertainty in-
terval: however, at the 95% expanded confidence level, all the 
results, except for the x-axis measurement for Participant 7, 
are consistent (representing eight out of nine participants who 
returned full datasets), demonstrating the overall success of 
this measurement protocol. However, many of the uncertainty 
ranges are large and hence indicate underlying challenges for 
this measurement.

FIGURE 6    |    (a) Comparison of lateral resolution values obtained using the original protocol and the revised protocol based on raw data provid-
ed by participants. (b) Lateral resolution results based on the revised protocol to suppress background signal comparing values for Feature A and 
Feature B in each case. (c) Difference values between lateral resolution measurements for Feature A and Feature B for each participant with standard 
uncertainties indicated at the 68% (k = 1) and 95% (k = 2) confidence levels. Note that not all participants provided raw data.
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In general, the participants that achieved the closest agreement 
between the two sets of measurements are also those that mea-
sured the smallest lateral resolutions with narrow uncertainty 
ranges and comparable values in both x- and y-resolutions. In 
contrast, the participants with inconsistent results tend to exhibit 
larger lateral resolution measurements with broader distribu-
tions. This may indicate differences in local practices or instru-
ment capabilities, particularly in achieving an optimised focus 
on the reference sample. Several participants highlighted the 
challenge of focusing the instrument accurately on the nanow-
ire, which is consistent with this observation. Another potential 
limitation is instability in the reference samples themselves. Two 
of the samples were circulated to multiple participants (Samples 
4 and 5), resulting in a large number of measurements being 
performed in sequence. There is some indication in the results 
that the initial measurements gave narrower distributions of 
lateral resolution measurement than the later ones, which may 
arise from sample degradation. One participant also reported 
evidence of damage to one of the nanowires, and the sample 
(Sample 5) was returned to NPL for analysis.

Damage to the nanowire was reviewed using AFM, and the 
results are presented in Figure  7. The topography map shows 
a series of breaks in the InAs nanowire accompanied by local 
increases in the height and width of the nanowire. This is con-
sistent with laser-induced damage arising during a series of 
line-profile spectral measurements across the nanowire. This 
indicates that the laser power damage threshold has been sys-
tematically exceeded and prompted a closer examination of the 
stability of the nanowires. Raman spectra were recorded for a 
nanowire feature at a range of laser powers from 33 to 3.3 mW 
(each with 1-s exposure and starting with a fresh region of the 
sample).

The effect of laser polarisation was considered by rotating the 
sample by 90°, and results are plotted in Figure  7c,d. For the 
laser polarisation perpendicular to the nanowire axis, all the 
spectra show the characteristic Raman peak at 215 cm−1 with 
no sign of degradation. However, with the laser polarised par-
allel to the nanowire axis, the spectra show the appearance of 
additional Raman peaks at around 197 and 252 cm−1, as well as 
a broader feature centred around 440 cm−1. These changes in 
the spectrum appear for laser powers between 170 and 850 μW, 
demonstrating that the laser damage threshold is much lower 
for this polarisation of excitation. The new Raman peaks are 

characteristic of crystalline As and therefore indicate photother-
mal oxidation of InAs resulting in loss of In from the nanow-
ire crystal, probably as an oxide [19, 20, 23]. It is known that 
semiconductor nanowires exhibit stronger optical absorption for 
excitation polarised parallel to the axis, which can explain why 
the laser-induced damage threshold is lower in this case [23, 24]. 
Polarisation control in Raman spectroscopy is widely used for 
nanowire studies but requires a careful approach to accurately 
evaluate the polarisation state of the optical excitation and col-
lection efficiency of scattered light; however, this is beyond the 
scope of the present study [10, 25].

Clearly, the instability of the InAs nanowires to laser exci-
tation poses a limitation on their utility as a reference sam-
ple, and the polarisation dependence demonstrates that the 
laser damage threshold is an order of magnitude lower than 
described in the original measurement protocol. The revised 
protocol therefore has a reduced maximum laser power, but 
this is detrimental to the signal-to-noise ratio, resulting in lon-
ger measurement acquisition times. An alternative approach 
would be to replace the InAs nanowires with a more stable 
material such as silicon.

4   |   Conclusions

This interlaboratory comparison project developed and eval-
uated a protocol for measuring the lateral resolution achieved 
in confocal Raman microscopy. The method is based on a line-
spread measurement using aligned nanowires of InAs that can 
be individually identified and repeatably measured. In princi-
ple, this enables the measurement of lateral resolution to deliver 
metrological traceability to the SI using a metrological AFM. 
The method can be used to measure lateral resolution in both 
x- and y-axes to evaluate asymmetry in the measurement spot 
and hence diagnose optical alignment problems. Robust mea-
surements of lateral resolution are important for the quantitative 
evaluation of dimensional features in samples and also provide 
a figure of merit for the performance of different measurement 
systems.

The interlaboratory comparison with 15 participants from 11 
countries demonstrated the suitability of the proposed method 
but highlighted specific problems with the handling of the 
Raman spectrum baseline and the laser damage threshold. The 

FIGURE 7    |    (a) AFM topography image of a damaged nanowire returned to NPL (Sample 5). (b) Detail of the damaged nanowire region corre-
sponding with green box in (a). Normalised Raman spectra measured for an InAs nanowire for different laser powers to test stability with laser po-
larisation (c) perpendicular and (d) parallel to the nanowire axis.

 10974555, 0, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/jrs.70054 by Istituto N

azionale D
i R

icerca M
etrologica, W

iley O
nline L

ibrary on [24/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



10 Journal of Raman Spectroscopy, 2025

protocol has been revised to resolve these issues, which led to 
improved consistency of results. An outstanding challenge is 
that the method remains sensitive to the variability in the fo-
cusing of the instrument by the local user. As a result, the lat-
eral resolution measurement values are not solely attributed to 
the instrument itself but also incorporate local procedures and 
human factors, which indicate a need to develop further de-
tailed guidance for instrument users. Results from this project 
have been incorporated into a new international standard (ISO 
23124:2024) published in 2024 [26].
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