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Confocal Raman microscopy is a powerful tool for micro/nano-scale characterization, yet a systematic and quantita-
tive method to assess its spatial resolution — encompassing both lateral (LSR) and axial (ASR) dimensions — remains a
critical challenge, particularly in understanding how atomically thin materials compare to bulk substrates as reference stan-
dards. Here we present a comprehensive methodology integrating Gaussian beam modeling with experimental cross-edge
and z-axial Raman scans on graphene and MoS2 flakes deposited on SiO2/Si substrates. By quantitatively analyzing the Ra-
man intensity profiles of the two-dimensional materials and the underlying Si substrate, we elucidate the distinct influences
of the substrate’s optical penetration depth and the two-dimensional nature of the flakes on LSR and ASR measurements.
Our findings reveal a critical distinction between the two materials: graphene flakes (monolayer and multilayer) serve as
a universal LSR calibration standard, whereas MoS2’s suitability is confined to monolayer and bilayer forms, as thicker
flakes are compromised by edge-induced Raman enhancement. The Si substrate yields larger LSR values but ASR values
comparable to those from two-dimensional flakes. This work establishes a robust framework for spatial resolution assess-
ment, clarifies the role of pinhole size, and provides critical insights for optimizing the performance of confocal Raman
microscopy.
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1. Introduction

Confocal Raman spectroscopy, as a powerful and effi-
cient characterization technique, is widely employed in ma-
terials studies.[1–4] The conjugate pinhole, invented by Mar-
vin Minsky,[5] enables confocal Raman microscopy to achieve
spatial filtering and provide three-dimensional spatial resolu-
tion. The spatial resolution of a confocal Raman microscope
serves as a key performance metric, directly determining its
capability for precise analysis of materials at the micro/nano
scales.[6–11] This metric comprises two interrelated dimen-
sions: lateral spatial resolution (LSR) and axial spatial resolu-
tion (ASR). The LSR defines the system’s ability to distinguish
between two adjacent points in the X–Y plane and governs
its accuracy in resolving fine surface morphology[12,13] and
chemical composition distribution,[14,15] while the ASR char-
acterizes the instrument’s discrimination capability along the
Z axis. High spatial resolution makes confocal Raman tech-
nology indispensable in cutting-edge fields,[13,16–19] providing
critical technical support for understanding structure–property
relationships at micro/nano scales. Consequently, developing
quantitative methods for spatial resolution measurement is es-

sential not only for evaluating system performance and opti-
mizing experimental design, but also for supporting theoretical
models and advancing next-generation devices.[17]

In optical systems, diffraction effects limit the imaging
of a point source to a blurred spot, whose intensity distribu-
tion is described by the point spread function (PSF).[20] For a
non-confocal Raman microscopy system—where the pinhole
is sufficiently large, the LSR is quantitatively described by the
Rayleigh criterion

LSRnon-cf =
0.61λex

NA
, (1)

where λex is the excitation wavelength, and NA is the numeri-
cal aperture of the objective. In a confocal Raman microscope
equipped with a point detector, the effective PSF is given by
the convolution of the excitation PSF and the detection PSF.
As the pinhole size approaches zero, approximating an ideal
point detector, the effective PSF can be approximated as the
product of the excitation and detection PSFs. Under this con-
dition, the diffraction-limited LSR becomes[20]

LSRcf =
1√

1+(λex/λdet)2
· 0.61λex

NA
, (2)
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where λdet is the detection wavelength. The Rayleigh crite-
rion can also be extended to describe the ASR of a Raman
microscope. For a non-confocal Raman microscopy system,
the axial resolution is determined by the axial extent of the
PSF along the optical axis. The corresponding ASR is given
by[20]

ASRnon−cf =
2nλex

NA2 , (3)

where n is the medium refractive index, e.g., air. For a con-
focal Raman microscope, the axial resolution is improved
due to the convolution of the excitation and detection PSFs.
Under the confocal condition, the diffraction-limited ASR
becomes[20]

ASRcf =
1√

1+(λex/λdet)2
· 2nλex

NA2 . (4)

Equation (2) differs from the wrong formulas in previous
work[21] because the numerical aperture (NA = nsinθ ) inher-
ently accounts for the medium refractive index n. In practi-
cal Raman microscopy, however, effects such as the scatter-
ing of laser and Raman photons, along with interactions with
sample interfaces, can reduce the effective spatial resolution.
Moreover, under realistic experimental conditions, the choice
of confocal aperture size may influence the effective LSR and
ASR.

Several approaches have been proposed to evalu-
ate the spatial resolution of confocal Raman microscopy.
For LSR assessment, one common approach employs
reference samples with sub-diffraction-limited features,
such as nanoparticles,[22] carbon nanotubes,[21] and gold
nanowires,[23] where the spatial spread of their Raman signals
serves as an LSR benchmark. This method requires reference
materials with strong Raman contrast and precisely defined
dimensions, posing significant challenges in sample prepara-
tion and relocation under an optical microscope. An alterna-
tive method is the knife-edge technique,[24,25] which involves
scanning the laser across a sharp material edge and analyzing
the resulting Raman intensity profile to estimate the spot size.
While this method avoids the need for specialized calibration
samples, it is susceptible to edge-related artifacts[26–29] that
may compromise both modeling and measurement accuracy.
Two-dimensional materials (2DMs), owing to their atomic-
scale thickness, atomically sharp edges, and strong Raman
signals, have emerged as ideal platforms for LSR measure-
ment. Recently, a study[30] used graphene edges to probe the
focal volume of Raman microscopes. In addition, a work using
cross-edge scanning of the graphene D mode has demonstrated
lateral resolution values approaching the theoretical diffraction
limit.[31] Given the weak Raman intensity of the graphene D
mode, it is desirable to develop a more general method for

probing LSR using other atomically thin 2DMs and the under-
lying Si substrate.

For ASR assessment, measurements typically rely on flu-
orescence from small beads,[32,33] which may not directly cor-
respond to that in Raman imaging. Stringent requirements re-
garding sample size and distribution further complicate sam-
ple preparation. Moreover, this method often yields a smaller
measured axial resolution for small particles compared to pla-
nar samples, as the signal from a point source lacks contribu-
tions from regions adjacent to the optical axis. de Grauw et
al.[34] used a single-lens model and calculated the integral of
the Gaussian beam at the pinhole to obtain the axial response
of a confocal Raman microscope. Polystyrene films[34] and
graphene[21,30,35] have been used for ASR measurements, but
these methods impose specific requirements on sample prepa-
ration, and the measurement conditions do not approach the
optimal confocal regime. Due to the large depth of focus
of Gaussian beams, in principle, 2DMs and their underlying
Si substrate could also be employed for ASR determination.
However, the corresponding theoretical models require further
development. Therefore, establishing a model for the spatial
distribution of Raman signal intensity and developing simple
yet reliable methods using reference samples with strong Ra-
man signals are essential for accurate spatial resolution assess-
ment.

In this study, we systematically investigated the lateral
and axial spatial resolutions of confocal Raman microscopy by
analyzing Raman intensity profiles acquired from cross-edge
scans at the edges of MoS2 and graphene flakes deposited on
SiO2/Si substrates, as well as from z-axial Raman scans. By
employing a Gaussian beam model for quantitative analysis,
we elucidated the dependence of LSR and ASR on pinhole
size and established a direct comparison between atomically
thin two-dimensional materials and the underlying Si sub-
strate as reference samples for spatial resolution assessment.
Our results demonstrate that mono- and multi-layer graphene
flakes are universally suitable for LSR calibration, whereas
only monolayer and bilayer MoS2 are appropriate due to the
edge-related hot-spot effects in thicker flakes. The LSR values
deduced from the Si substrate were considerably larger than
those obtained from 2DM flakes, attributable to the combined
effects of the SiO2 spacer layer and the finite optical penetra-
tion depth in the Si substrate. In contrast, the ASR values de-
rived from the Si substrate showed good agreement with those
from 2DM flakes for larger (> 80) pinhole sizes. This work
not only reveals how pinhole size governs both LSR and ASR
but also offers a more accurate, practical, and well-justified
framework for predicting and measuring axial resolution in
confocal Raman microscopy.
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2. Experimental methods
Graphene flakes were mechanically exfoliated from bulk

crystals and directly deposited onto 90 nm SiO2/Si substrates.
MoS2 flakes were first exfoliated onto a polydimethylsiloxane
(PDMS) sheet and then transferred onto the 90 nm SiO2/Si
substrate using an all-dry viscoelastic stamping technique.[36]

The numbers of layers in graphene and MoS2 flakes were de-
termined from the intensity of the Si Raman signal.[37,38] Ra-
man spectroscopy was performed in a backscattering config-
uration using a Horiba HR800 confocal Raman microscope
equipped with an edge filter and a charge-coupled device
(CCD) detector. The confocal pinhole size of this system
can be automatically adjusted within a range of 10–250 µm.
Room-temperature spectra were acquired using a 100× ob-
jective (NA = 0.90). Excitation was provided by a 532 nm
diode-pumped solid-state laser (output power: 40 mW). The
power delivered to the sample was reduced below 0.5 mW
for graphene[39] and 0.2 mW for MoS2,[40] measured below
the objective, to minimize laser-induced heating. Proper fo-
cusing on the sample plane was achieved by performing a z-
axis scan to maximize the intensity of the respective Raman
mode, specifically the A′1 mode for MoS2 and the G mode for
graphene, which is a sensitive and reliable indicator of optimal
focal position for 2DM. For LSR measurements, a step size of
0.05 µm was employed using the P-733.2CD stage (Physik
Instrumente SE & Co. KG), while for ASR measurements, a
step size of 0.2 µm was used with the SCANplus 75×50 stage
(Märzhäuser Wetzlar GmbH & Co. KG). These step sizes were
verified using a stage micrometer. The peak area was used to
model the intensity profile.

3. Theoretical model
In microscopy and optical systems, the laser beam is pre-

dominantly modeled as a Gaussian beam, as it accurately rep-
resents the fundamental transverse mode (TEM00) emitted by
most lasers. This mode exhibits a smooth, radially symmet-
ric intensity profile that minimizes diffraction effects and en-
ables the tightest possible focusing, which is a critical require-
ment for achieving high spatial resolution in applications such
as confocal Raman microscopy. Moreover, the well-defined
mathematical framework describing Gaussian beam propaga-
tion allows for precise control and prediction of beam param-
eters throughout the optical path. In our setup, the beam is
expanded to overfill the objective entrance pupil to achieve
the nominal numerical aperture. However, truncation at the
objective entrance pupil can induce diffraction effects, caus-
ing the actual beam intensity distribution to approach an Airy
pattern.[41] Nevertheless, in our experimental configuration,
the truncation is not severe, and it is widely recognized in op-
tics that the Gaussian function serves as a good approxima-
tion of the Airy pattern.[30] Therefore, using a Gaussian beam

model is scientifically justified. In the following analysis, we
employ a Gaussian beam model to quantitatively character-
ize the lateral and axial Raman intensity distributions for both
multilayer flakes and the underlying Si substrate.

3.1. Lateral spatial resolution

To analyze the spatial resolution of a Raman spectrome-
ter, it is essential to determine the intensity distribution of the
excitation laser. The laser beam is modeled as having a Gaus-
sian intensity profile. In the focal plane (defined as z = 0), the
intensity is maximum at the beam center and decreases gradu-
ally with radial distance, as described by the equation[42]

I(x,y) = I0 exp

(
−

2
(
(x− xc)

2 +(y− yc)
2
)

r2
0

)
, (5)

where I0 is the peak intensity at the beam center, (x,y) are the
coordinates of a point in the focal plane, and (xc,yc) are the
coordinates of the beam center. The beam waist radius (r0) of
the Gaussian beam is defined as the distance from the beam
center to the point at which the intensity I drops to 1/e2 of I0,
which corresponds to the spot size of the Gaussian laser beam
at the sample plane.

For 2DMs, due to their atomic-scale thickness, the inten-
sity of most Raman modes is sensitive to the laser-illuminated
area. Therefore, the corresponding Raman intensity can be
obtained by integrating the laser intensity distribution over the
illuminated region on the 2DM:[31]

I2DM(x) ∝
2√

2πr0

∫
∞

0
exp
(
−2(x′− x)2

r2
0

)
dx′, (6)

where x is the distance from the beam center to the edge of the
2DM.

The Raman signal from the Si substrate originates from
both the exposed substrate region and the area covered by the
2DM, as illustrated in Fig. 1(a). To account for this, a spatial
masking function M(x′) is introduced to describe the transmit-
tance distribution:

M(x′) =

{
1, x′ < 0,
T, x′ > 0,

(7)

where 0 < T < 1 is the transmission coefficient through the
2DM flake. Accordingly, the intensity of the Si substrate dur-
ing cross-edge Raman scan at the edge of the 2DM flake,
ISi−2DM, can be expressed as

ISi−2DM(x) ∝

∫ +∞

−∞

M(x′) · exp
(
−2(x′− x)2

r2
0

)
dx′

∝ 1− 2(1−T )√
2πr0

∫ +∞

0
exp
(
−2(x′− x)2

r2
0

)
dx′, (8)

where x is again the distance from the beam center to the edge
of the 2DM flake.
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Fig. 1. (a) Schematic of the simplified optical path illustrating the projection of the Gaussian beam at the pinhole and 2DM planes. (b) Nor-
malized I2DM and (c) normalized ISi−2DM as functions of the normalized laser beam position x/r0 relative to the sample edge.

Figures 1(b) and 1(c) show the calculated normalized in-
tensity profiles I2DM and ISi−2DM as functions of the normal-
ized beam position x/r0 when the laser beam scans across the
2DM edge. The profiles are obtained from Eqs. (6) and (8),
respectively, with a transmission coefficient of T = 0.3 used
in Eq. (8). The experimental LSR (LSRexp) is determined as
the lateral distance between the 12% and 88% relative inten-
sity points in the respective Raman intensity profiles across the
edge, following the convention of the knife-edge method.[43]

Alternatively, LSR (LSRexp) can be obtained by fitting the ex-
perimental cross-edge Raman intensity profiles to the model
described in Eq. (6) or Eq. (8) to extract the beam waist radius
r0, and then calculating LSRexp =

√
2ln2r0.

3.2. Axial spatial resolution

The axial resolution requires consideration of a more
complex optical model. As mentioned previously, the inten-
sity of the Raman signal is determined by the integrated laser
intensity within the sample plane. While the total power of
a Gaussian beam is conserved across transverse planes, the
signal intensity actually collected in a confocal system is lim-
ited by the size of the pinhole. Although de Grauw et al.[34]

derived the variation of collected signal intensity with defo-
cus using a single-lens model and Gaussian beam theory, the
single-lens model is far from sufficient for practical confocal
Raman microscopes due to their complexity. Therefore, we
establish a double-lens model. We model the optical path of
a confocal Raman microscope using a lens assembly compris-
ing an objective and a focusing lens, which better represents
the actual optical path in a commercial confocal Raman mi-
croscope, as illustrated in Fig. 2(a). In this configuration, the
objective and focusing lenses are arranged confocally, with the
distance between the focusing lens and the pinhole equal to
the focal length ( f ) of the focusing lens. Although a real ob-
jective consists of multiple lens elements to correct chromatic
and spherical aberrations, since both the laser and Raman sig-
nals are monochromatic, it is reasonable to approximate the
objective as a single lens with the same NA and focal length
( f ). It should be noted that in non-air media (e.g., oil), the ef-
fective focal length of the objective would change and spher-

ical aberrations would become significant, which complicates
the optical propagation. Therefore, our model is specifically
established for air media, which covers the vast majority of
practical applications of confocal Raman microscopy. When
the laser focuses on the sample, the beam waist of the exci-
tation light lies at the sample plane, while that of the Raman
signal from the sample is located at the pinhole plane. The
excitation beam waist radius r0 and the Raman signal beam
waist radius r′0 are related by the optical system magnification
as follows:

r′0 =
M0L2

L1
r0, (9)

where M0 is the nominal magnification of the objective lens,
and L1 and L2 are the tube lengths of the objective and focus-
ing lenses, respectively.

When the laser focal plane is misaligned with the sample
plane by a distance z (where z is negative when the distance
between the objective and the sample plane exceeds the fo-
cal length of the objective), the corresponding Gaussian beam
radius r(z) can be expressed as[42]

r(z) = r0

√
1+
(

zλex

πr2
0

)2

. (10)

For an object distance of s1(z) = f − z, the thin lens formula
gives the image distance i1(z) as

i1(z) =
f ( f − z)

z
, (11)

where f is the focal length of the objective lens. With s2(z) =
L1 +L2− i1(z) as the object distance for the focusing lens, the
corresponding image distance i2(z) follows

i2(z) =
(L1 +L2) f ′z+( f − z) f

(L1 +L2− f ′)z+( f − z) f ′
, (12)

where f ′ is the focal length of the focusing lens. The actual
magnification M(z) of the system is

M(z) =− f f ′

z2(L1 +L2 + f − f ′)+ z f 2 . (13)

The beam waist radius after the focusing lens is given by
r′(z) = M(z) · r(z). Since the beam maintains its Gaussian
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characteristics upon transmission through the focusing lens,
the distance z′(z) from the beam waist plane to the pinhole
location is

z′(z) = i2(z)− f ′. (14)

Therefore, the corresponding Gaussian beam radius at the pin-
hole plane r′at−ph(z) can be expressed as

r′at−ph(z) = r′(z)

√
1+
(

z′(z)λdet

π[r′(z)]2

)2

. (15)

The Raman signal intensity distribution at the pinhole plane is

I′(z) = I′0(z)exp

[
− 2R2

[r′at ph(z)]
2

]
, (16)

where I′0(z) = I0 · r2
0/[r

′
at ph(z)]

2 is the intensity at the center
of the pinhole plane, and R is the radial distance from the pin-
hole center. The detected Raman signal intensity is determined
by integrating the intensity distribution of the incident beam
over the pinhole area. We obtain for the intensity throughput
through the pinhole:

I(z) =
∫ 2π

0

∫ rph

0
I′(z)dRdθ

∝ 1− exp

(
−

2r2
ph

[r′at ph(z)]
2

)
, (17)

where rph is the pinhole radius and C is a constant.
By systematically varying the defocus distance z and the

pinhole size, the axial intensity distribution of the Raman sig-
nal is obtained, as shown in Figs. 2(b1) and 2(b2). When the
projected beam radius at the pinhole plane satisfies rph < r′0,
even at optimal focus, a portion of the signal is blocked by the

pinhole. As z increases, the beam radius at the pinhole expands
further, leading to increased signal rejection and a correspond-
ing decrease in detected intensity. In contrast, when rph > r′0,
nearly the entire signal is collected within a small axial dis-
placement, resulting in a plateau at the peak of the axial inten-
sity profile. The full width at half maximum (FWHM) of the
axial intensity profile is conventionally defined as the calcu-
lated ASR (ASRcal).[34] As the pinhole size increases, ASRcal

progressively degrades. The axial intensity profile exhibits a
noticeable asymmetry in its lineshape, which arises from the
inherent asymmetry of the object-image conjugation in lens-
based imaging systems. Figure 2(c) shows the dependence of
ASRcal on pinhole size. Initially, ASRcal increases slowly with
pinhole size and then rises in an approximately linear manner.
As the pinhole size approaches infinity, ASRcal also tends to
infinity, indicating a loss of axial sectioning capability and an
inability to resolve different layers along the optical axis. In
this regime, the axial intensity profile flattens into a horizontal
line, consistent with the model assumptions.

For experimental measurements, the on-axis intensity
of an ideal Gaussian beam follows a Lorentzian axial
distribution.[44] However, due to beam truncation at the ob-
jective entrance pupil, the axial distribution of the diffracted
Gaussian beam approaches an Airy pattern.[41] Therefore, us-
ing a purely Lorentzian function to fit the experimental data
would be inappropriate. Considering that the truncation is not
severe and a Lorentzian component remains in the axial dis-
tribution, together with the approximately Gaussian profile in
the lateral plane, a Voigt function is employed to fit the exper-
imental data[21] to extract the FWHM as the experimentally
measured ASR (ASRexp).
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It is worth noting that Eq. (17) in our double-lens model
shares a similar mathematical structure with the corresponding
equation in the single-lens model,[34] our double-lens model
offers the following improvements: 1) It derives explicit ex-
pressions for the beam waist at the pinhole plane as a function
of defocus z, incorporating the effect of image distance varia-
tion via the thin-lens equation and the change of magnification
with z. 2) It provides a clear formula linking r0 (excitation
waist) and r′0 (signal waist at the pinhole) using the objective
magnification M0 and tube lengths L1 and L2. 3) It derives
M(z) explicitly as a function of z, including the combined ef-
fect of the objective and the focusing lens. 4) It introduces λdet

explicitly in the propagation after the focusing lens as shown
in Eq. (15), thereby separating excitation and detection wave-
lengths, a refinement not present in earlier models. 5) It clearly
states that when rph > r′0, a plateau appears in the axial re-
sponse because the entire in-focus signal passes through the
pinhole. In short, the double-lens model lies in the more real-
istic optical modeling, better fitting functions, and systematic
experimental validation using modern two-dimensional mate-
rial standards, which together provide a more accurate and
practical framework for predicting and measuring ASR in con-
focal Raman microscopy.

4. Results and discussion
In bulk crystals, the Raman signal originates from a finite

volume comparable to the optical penetration depth, which
complicates the treatment of the sample as an ideal two-
dimensional object in the focal plane for spatial resolution
analysis in confocal Raman microscopy. In contrast, 2DMs
possess atomic-scale thickness, making them well-suited as
model systems for spatial resolution studies. In the following
analysis, we examine Raman intensity profiles acquired from
cross-edge Raman scans at the edges of 2DM flakes deposited
on SiO2/Si substrates, as well as from z-axial Raman scans.
The goal is to elucidate the differences between 2DMs and the
underlying Si substrate as reference samples for spatial reso-
lution measurements based on a Gaussian beam model.

4.1. Lateral spatial resolution

To validate the aforementioned model, we performed
cross-edge Raman scan measurements at the edges of n-layer
graphene (nLG, n= 1, 6, 10) and m-layer MoS2 (mLM, m= 1,
2, 5) flakes deposited on SiO2/Si substrates under a pinhole
size of 20 µm. The corresponding Raman spectra at the basal
plane of nLG and mLM are shown in Figs. 3(a) and 3(b),
respectively. The G mode of nLG and the A′1 of mLM are
labeled, with their Raman intensities denoted as IG−nLG and
IA−mLM, respectively.

For cross-edge Raman scan measurements, only flakes
with optically straight and clean edges were selected under
the optical microscope (100× objective) to minimize the in-
fluence of edge roughness on the measured LSR. To further

verify the edge quality, we performed AFM measurements on
the 10LG flake. The AFM image (inset in Fig. 3(c3)) con-
firms that the flake exhibits a smooth surface and a sharp
edge, with edge roughness within 20 nm, far smaller than the
diffraction-limited laser spot size, and thus does not affect our
LSR measurements. No micron-scale undulations or wrinkles
were observed in the scanned region. In addition, no strain-
induced Raman peak shifts or splitting were observed in any
of our samples, which further confirms the flatness and unifor-
mity of the flakes. Figures 3(c1), 3(c2), and 3(c3) show the
IG−nLG profiles measured across the edges of 1LG, 6LG, and
10LG, respectively. Each IG−nLG profile exhibits a character-
istic sigmoidal shape. Fitting these profiles with Eq. (6) yields
LSRexp values of 0.27 µm, which are in good agreement with
previously reported results[31] and with the diffraction-limited
lateral spatial resolution for a confocal Raman microscope,
LSRcf, calculated using Eq. (2). This result is quite natural
because even for 10LG, the thickness is only about 3.4 nm,
which is far smaller than the micron-scale Rayleigh length.
Therefore, the Raman intensity can still be considered as pro-
portional to the illuminated area.

Figures 3(d1), 3(d2), and 3(d3) depict the IA−mLM pro-
files measured across the edges of 1LM, 2LM, and 5LM, re-
spectively. The IA−mLM profiles of 1LM and 2LM exhibit
similar sigmoidal behavior to those observed for nLG. Fitting
these profiles using Eq. (6) yields the same LSRexp value of
0.27 µm. However, the A′1 mode of 5LM shows a notice-
able intensity enhancement at the sample edge, as shown in
Fig. 3(d3), which leads to a distorted LSRexp result. It should
be emphasized that such edge-related enhancement is not ob-
served for 1LM, 2LM, or nLG (n ≤ 10). Previous studies on
bulk GaAs and black phosphorus flakes have reported similar
intensity enhancements at sample edges, attributed to the for-
mation of optical “hot spots” resulting from the redistribution
of electromagnetic fields and the modification of wave propa-
gation near the edge.[27] The physical mechanism underlying
the absence of such hot spots at the edges of 1LM, 2LM, and
nLG flakes warrants further investigation. This edge-induced
enhancement directly interferes with accurate LSR determina-
tion, as the fitted intensity profile no longer reflects the true
Gaussian beam profile. Therefore, when using MoS2 flakes
for LSR measurement, only monolayer and bilayer flakes are
suitable. In contrast, graphene flakes with up to at least 10 lay-
ers do not exhibit such edge enhancement, which we attribute
to their different dielectric response and weaker electromag-
netic field confinement near the edge. This makes multilayer
flake a more robust and practical choice for LSR measure-
ments, especially considering its stronger Raman signal and
ease of preparation compared to monolayers. When using the
edges of 2DM flakes for LSR measurements, it is essential to
verify whether edge-induced intensity enhancement of Raman
modes occurs.
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To further investigate the influence of pinhole size on
LSR, cross-edge Raman scan measurements of G mode were
performed at the edge of a 10LG flake with pinhole sizes rang-
ing from 10 µm to 250 µm. The fitted LSRexp values gradu-
ally increase with pinhole size and tend to stabilize once the
pinhole exceeds a certain diameter, as summarized in Table 1.
This behavior is attributed to the broadening of the effective
PSF with increasing pinhole size, causing the LSR to progres-
sively approach that of non-confocal Raman microscopy.[45]

At pinhole sizes of 10 µm and 20 µm, LSRexp closely matches
the diffraction-limited confocal value LSRcf, and is improved
by a factor of approximately

√
2 compared to LSRexp mea-

sured with larger pinholes (80 µm, 160 µm and 250 µm),
which correspond to the non-confocal case LSRnon−cf. There-
fore, a pinhole size of 20 µm can be considered suitable for
LSRcf measurements under confocal conditions, since further

reducing the pinhole size to 10 µm would significantly attenu-
ate the Raman signal without improving the lateral resolution.

Cross-edge Raman scan measurements of the intensity of
the Si substrate at the edge of both 5LM (ISi−5LM) and 10LG
(ISi−10LG) flakes were also performed with pinhole sizes rang-
ing from 10 µm to 250 µm, as depicted in Figs. 4(a) and 4(b).
The LSRexp values for each pinhole size, obtained by fitting
the data of ISi−5LM and ISi−10LG with Eq. (8), are consistent
with each other, as summarized in Table 1. Furthermore, the
LSRexp measured with a 10 µm pinhole is approximately a fac-
tor of

√
2 better than that obtained with a 250 µm pinhole, mir-

roring the theoretical improvement of LSRcf over LSRnon−cf.
It should be noted that for each pinhole size, the LSRexp

values extracted from the ISi−5LM and ISi−10LG profiles are sig-
nificantly larger than those obtained from the IA and IG pro-
files. This discrepancy can be attributed to two main factors.
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First, the presence of the SiO2 spacer layer causes the lateral
extent of the laser spot sampled during the line scan to dif-
fer from the true beam waist radius at the focal plane. Sec-
ond, due to the finite optical penetration depth of Si under
532 nm excitation (approximately 800 nm), the Raman sig-
nal originates from a volume beneath the surface rather than
from an ideal two-dimensional plane. This volumetric sensi-
tivity leads to the collection of out-of-focus signal contribu-
tions, which broaden the measured intensity profile and de-

grade the accuracy of the resolution measurement. Conse-

quently, the LSR values derived from Si substrates system-

atically overestimate the true lateral resolution of the confocal

system. In contrast, these effects are absent in atomically thin

2DM flakes, as their Raman signals arise exclusively from the

two-dimensional plane with negligible out-of-focus contribu-

tions. This makes atomically thin 2DM flakes an ideal plat-

form for measuring the LSR of a confocal Raman microscope.

Table 1. LSRexp values obtained from fitting the IG−10LG profiles with Eq. (6) and the ISi−5LM and ISi−10LG profiles with Eq. (8) for pinhole
sizes ranging from 10 µm to 250 µm, together with the corresponding LSRnon−cf and LSRcf.

Pinhole size (µm) 0 10 20 40 80 160 250

LSRexp (µm)
IG−10LG – 0.27 0.27 0.32 0.35 0.37 0.36
ISi−5LM – 0.50 0.50 0.57 0.70 0.70 0.70
ISi−10LG – 0.50 0.50 0.56 0.69 0.70 0.70

LSRnon−cf (µm) 0.361 – – – – – –
LSRcf (µm) 0.265 – – – – – –
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4.2. Axial spatial resolution

For ASR measurement, we performed axial Raman scan
measurements on 5LM and 10LG flakes deposited on a 90 nm
SiO2/Si substrate. The confocal Raman microscope consisted
of an objective lens (NA = 0.9, 100×, 180 mm tube length)
and a focusing lens (1.38×, 250 mm tube length). The ax-
ial intensity profiles of IA−5LM and ISi−5LM were measured as
functions of the defocus distance z for pinhole sizes ranging
from 10 µm to 250 µm, as shown by the scattered points in
Fig. 5. These data were fitted using a Voigt function (solid
lines in Fig. 5), and the resulting full widths at half maximum
(FWHMs) were taken as the experimental axial spatial resolu-
tion (ASRexp), summarized in Table 2. As the pinhole size in-
creases, ASRexp correspondingly increases. For pinhole sizes
larger than 160 µm, the axial intensity profiles exhibit a nearly
constant Raman signal near the focal plane (z = 0) and a slight
asymmetry in lineshape. All the results are consistent with the
theoretical analysis based on the Gaussian beam model.

Notably, the experimental ASR (ASRexp) values obtained
from the IA−5LM and IG−10LG profiles show good agreement
across all pinhole sizes. For small pinhole sizes of 10 µm
and 20 µm, the ASRexp values extracted from the ISi−5LM pro-
file differ slightly from those determined from the IA−5LM and
IG−10LG profiles. It is reasonable to attribute this discrepancy
to the fact that pinhole sizes of 10 µm and 20 µm corre-
spond to the true confocal regime, as also evidenced by the
good agreement between LSRexp and LSRcal for these pin-
hole sizes. Although the penetration depth of the 532 nm
laser in Si is approximately 0.8 µm, when the refractive in-
dex of Si is taken into account, an objective lens displace-
ment of 0.1 µm corresponds to an optical path length inside
the Si substrate comparable to this penetration depth.[46] For
sufficiently large pinholes, the confocal z-sectioning effect is
suppressed and the ASR becomes less sensitive to the sample-
specific interface profiles. Thus, for pinhole sizes larger than
80 µm, it is expected that the ASRexp values obtained from
the IA−5LM, IG−10LG and ISi−5LM profiles are in good agree-
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ment with one another. It should also be noted that the calcu-
lated ASR (ASRcal) is slightly smaller than the corresponding
ASRexp. This discrepancy can be attributed to the fact that
the actual spot size in a confocal Raman system may deviate
from the idealized calculation, as such systems are consider-
ably more complex than a simple double-lens model.

To determine whether the substrate environment affects
ASR measurements, we performed axial Raman scans on
both the suspended 11LG (11LGsus) and supported 11LG
(11LGsup) flakes mechanically exfoliated onto a SiO2/Si sub-
strate. The 11LGsus flake was located over a circular aperture
with a diameter of 6 µm and a depth of 1 µm. Figure 6(a)
shows an optical image of the 11LGsus and 11LGsup flakes,
and Fig. 6(b) compares the Raman spectra acquired from the
11LGsus and 11LGsup flakes. In both flakes, the G mode
is located at approximately 1582 cm−1, with no observable
peak shift or linewidth broadening. These results indicate that
both flakes have comparable sample quality, with no appre-
ciable strain-induced spectral variation. Figures 6(c) and 6(d)

show the axial G-mode intensity profiles of the 11LGsus and
11LGsup flakes, respectively, measured with a pinhole size of
20 µm. Voigt-function fits yield ASRexp values of 1.39 µm
for the 11LGsus flake and 1.38 µm for the 11LGsup flake, in-
dicating close agreement between the two measurements. The
measured ASR in our experiment is approximately 30% larger
than the theoretical limit predicted by Eq. (4). It should be
noted that a previous study has reported ASR values approach-
ing the diffraction limit predicted by Eq. (4) using suspended
monolayer graphene.[21] However, in their work, the value
of the supported flake was not provided. Therefore, we can-
not comment on the result. The close agreement between the
11LGsus and 11LGsup flakes in our work indicates that the sub-
strate environment does not introduce a measurable change in
the extracted ASRexp. The corresponding results are summa-
rized in Table 2 and are consistent with those obtained from
10LG and 5L MoS2, further supporting the reproducibility of
the ASR measurements across different two-dimensional ref-
erence samples.
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Table 2. ASRexp values extracted from Voigt fits to the axial Raman intensity profiles of IA−5LM, IG−10LG, IG−11LG−hole, IG−11LG−sub, and
ISi−5LM measured with varying pinhole sizes, along with the corresponding ASRcal, ASRnon−cf and ASRcf values.

Pinhole size (µm) 0 10 20 40 80 160 250

ASRexp (µm)

IA−5LM – 1.25 1.38 1.61 2.36 4.26 6.03
IG−10LG – 1.24 1.37 1.65 2.44 4.31 6.06

IG−11LGsus – – 1.39 – – – –
IG−11LGsup – – 1.38 – – – –

ISi−5LM – 1.37 1.49 1.62 2.47 4.37 6.10
ASRcal (µm) 1.21 1.22 1.24 1.33 1.75 3.64 6.18

ASRnon−cf (µm) 1.33 – – – – – –
ASRcf (µm) 0.94 – – – – – –

When the pinhole size is 10 µm, although the confocal
condition is achieved, both ASRcal and ASRexp are larger than
ASRcf, which contrasts with the case of LSR. This behavior is
physically expected. The lateral resolution has a sharp, phys-
ically defined cutoff (the first zero of the Airy disk), whereas
the axial resolution lacks such a zero-crossing, as it is defined
by a soft full-width-at-half-maximum value that depends on
the signal-to-noise ratio rather than a hard physical boundary.

Consequently, a microscope’s LSR can reach the diffraction
limit, but its ASR cannot. Although previous studies have
noted that the entrance aperture of the objective lens can trun-
cate the beam, causing the axial distribution of a Gaussian
beam to become an Airy pattern after diffraction through the
objective and thereby improving the ASR,[41] this truncation
effect is very weak under our realistic experimental conditions,
even after beam expansion. Consequently, the axial intensity
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distribution does not follow an Airy pattern but instead resem-
bles that of a realistic Gaussian beam, i.e., a Lorentzian func-
tion. This effect can therefore generally be neglected and has
minimal impact on the experimental measurements. Notably,
both our experimental and calculated ASR values at 10 µm
remain smaller than ASRnon−cf, indicating that the confocal
pinhole still provides a substantial improvement in axial sec-
tioning capability even when the ideal diffraction limit is not
fully attained.

Finally, the influence of flake thickness on ASR measure-
ments should be considered. The Raman intensity IG−nLG

increases with the number of graphene layers up to approx-
imately n = 20 for nLG flakes deposited on 90 nm SiO2/Si
substrates.[37] Therefore, multilayer graphene flakes can pro-
vide stronger Raman signals and reduce the acquisition time
required for axial Raman scan measurements. Notably, even
a 20LG flake, which yields the strongest Raman signal within
this thickness range, is only approximately 7 nm thick and thus
remains negligible compared with the measured ASR. Conse-
quently, the thickness of graphene flakes consisting of up to
tens of layers does not introduce a measurable influence on
the extracted ASR under conventional visible excitation con-
ditions. This is also true for other 2DM flakes.

5. Conclusion
In summary, we have developed a comprehensive

methodology for assessing both LSR and ASR in confocal
Raman microscopy by integrating Gaussian beam modeling
with systematic cross-edge and z-axial Raman scan measure-
ments on atomically thin 2DMs (graphene and MoS2) and
their underlying Si substrate. Through quantitative analysis
of Raman intensity profiles, we elucidated the distinct roles of
the 2DM flakes and the Si substrate as reference samples for
spatial resolution determination. Our results demonstrate that
mono- and multi-layer graphene flakes are universally suitable
for LSR calibration, while only monolayer and bilayer MoS2

are appropriate due to the edge-induced Raman enhancement
present in thicker flakes, which distorts the intensity profile.
The LSR values extracted from Si substrate were consistently
larger than those obtained from 2DM flakes, attributable to the
combined effects of the SiO2 spacer layer and the finite optical
penetration depth in Si, which introduce out-of-focus signal
contributions. In contrast, the ASRexp values derived from Si
substrate showed good agreement with those from 2DM flakes
for pinhole sizes larger than 80 µm, despite slight discrepan-
cies under true confocal conditions with small pinholes. By
systematically varying the pinhole size from 10 µm to 250 µm,
we quantitatively established its influence on both LSR and
ASR, confirming that a pinhole size of 20 µm provides optimal
confocal conditions for achieving diffraction-limited resolu-
tion. The experimental results agree well with theoretical pre-

dictions based on the Gaussian beam model, although minor
deviations were observed and attributed to the inherent com-
plexity of real optical systems compared to idealized double-
lens models. This work not only establishes a robust frame-
work for spatial resolution assessment using 2DMs as ideal
reference standards but also provides critical insights into the
underlying physical mechanisms governing resolution in con-
focal Raman microscopy, thereby offering valuable guidance
for system optimization and performance evaluation in diverse
applications.
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