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Abstract
The fast-growing lithium battery industry needs quality control tools. Micro-Raman spectroscopy is a
popular technique for structural characterization and impurity probing. The problem is that the method
resolution can be appropriately quanti�ed for a sample with planar geometry, like a single crystal, but not
for a powder consisting of microparticles with irregular shape and surface. In this work, we have
examined a series of single LiFePO4 particles on a Raman-active Si substrate. This model experiment let
us conclude that vertical resolution for particulate systems with inhomogeneity of shape and structure
should be achieved be described not quantitative but qualitative. The observed variation of local probing
depths is explained by spatial inhomogeneity of defects/impurities concentration, Mie scattering,
blocking properties of pores, and surface plasmon resonance. In conclusion, we provide our
recommendations for local and integral measurements using confocal Raman microscopy.

1. Introduction
Lithium iron phosphate LiFePO4 (LFP) was introduced in 1997 as a candidate for cathode material in

lithium batteries (from now on abbreviated as LB) [1,2]. During the following years, the LFP went through a
series of twists and turns, from popularity in the early 2010s through a kind of oblivion in the late 2010s
to a renaissance today [3]. LFP can be found in traction batteries for electric vehicles (buses, cars, trucks,
etc.) [4–6], Starting-Lightning-Ignition batteries for gasoline cars [7], stationary energy storage solutions [8],
and other energy storage products.

The electric vehicles and renewable energy industries are proliferating. To support their sustainable
development, battery manufacturers should gradually build new manufacturing facilities worldwide and
cut prices. Reducing costs, launching new production facilities in recent locations, and setting up new
supply chains for raw materials can profoundly affect the quality of the �nal product. Raman
spectroscopy (from now on abbreviated as RS) can be a cost-effective solution for low-cost quality
control tools for both cathode material manufacturers and LB cell producer [6].

Progress in developing an RS-based quality control tool is hampered by the form of synthesized electrode
materials – a powder consisting of micron and submicron particles. This is not speci�c only for the LB
electrode materials, but it complicates the accurate description from a physical point of view. And the use
of RS as a probing tool further complicates the characterization of microparticle systems.

A single crystal is the simplest object for accurate physical description, interpretation of experimental
results, and theoretical calculations due to its regular structure and relatively simple formulation of
boundary conditions. The presence of an imperfect surface layer complicates its description, but not
much since bulk volume prevails over the surface one. In this case, RS can be considered a local tool due
to the relatively small size of the probing laser spot.
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At the opposite side of the scale bar, nanoparticles are also popular objects of physics research. It is
unnecessary to study both bulk and surface since the entire volume of the studied object can be
considered a surface. Raman probing of nanoparticles can be regarded as an integral measurement,
averaging the responses over many particles. Due to their small size, the shape of these particles is often
not considered. In some cases, it is possible to simplify a nanoparticle to a spherical object or even
neglect particle size and treat the nano-particulate system as a continuous medium.

Microparticles typical of LB electrode materials fall somewhere between these two extreme cases,
making them di�cult to describe accurately. It contains both bulk and surface volumes. The particle size
is comparable to the diameter of the probing laser beam; therefore, we cannot consider a particle either as
in�nitely large (local RS-probing) or as in�nitesimal (integral RS-probing). Complex shapes usually
characterize particles a few microns in size; therefore the geometric description of the interaction of the
laser beam with the particle surface, as well as the correct determination of the boundary conditions,
becomes di�cult. Since the studied volume is not large, the thermodynamic description of the physical
processes in such a micron-scale particle is dubious. How to research powder samples being so di�cult
to describe physically?

The correct interpretation of RS measurements for LB electrode materials should address all the issues
mentioned above and many others. This article aimed to �nd answers to only one question, but we hope
this will help in the proper interpretation of the measured Raman spectra. The question is estimating the
RS spatial resolution for particulate electrode materials. It was conceived in 2006 by Julien et al.[9]. The
authors mention about RS probing that “Since the penetration depth of the light inside the LiFePO4

particles in Raman scattering is very small, this technique is a probe of the �rst layers at the surface of
coated particles, and allows the detection of carbon coating” [9]. These words are illustrative as the
authors are some of the most proli�c researchers reporting on the RS characterization of LB materials.

Even though the authors studied the particles with a carbon coating, the RS probing volume in both
pristine and carbon-coated electrode materials is still unclear. At the same time, the estimation of both
vertical and lateral resolution (Δz and R correspondingly) is essential for the proper interpretation of the
Raman spectra of particulate samples, especially those measured using Micro-Raman spectroscopy (µRS
in short). The focus of this paper is on the vertical µRS resolution, or in other words, the µRS probing
depth. Let’s distinguish three possible cases, schematically illustrated in Figure 1:

1. the Raman spectrum is measured super�cially and contains comparable responses from both the
surface and the bulk of the particle under study (Fig. 1a).

2. the entire particle is probed, and the response from the bulk prevails over the response from the
surface (Fig. 1b).

3. the Raman spectrum contains responses both from the directly probed particle and from other
particles located under it (Fig. 1c).
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µRS is a well-developed method, and estimates of its spatial resolution can be found in many
publications [10–17]. The issue that we address in this work is to understand to what extent theoretical
estimations made mainly for single crystals are suitable for such a complex object as a powder with
particle size close to the wavelength of the probing laser radiation. These particles are irregular in shape
and contain various defects, complicating the accurate theoretical description. This experimental study of
spatial resolution in a particulate system is crucial for accurately interpreting measured Raman spectra
and its use as quality control tools for electrode materials.

2. Materials And Methods

2.1. Studied materials
Samples were provided by partner research groups. Vadim S. Gorshkov and Artur R. Makhmutov
synthesized the pristine LiFePO4 sample using a solid-state procedure from chemically pure ferrous
oxalate dihydrate FeC2O4•(H2O)2 and chemically pure lithium metaphosphate LiPO3 in �ve stages, each
of which consisted of annealing in an argon atmosphere and subsequent grinding of the reaction
products. The carbon-coated LiFePO4 was provided by the team of Prof. Jongwoo Lim (Department of
Chemistry, Seoul National University, Korea). 10 wt.% of sucrose powder was mixed with LFP active
powder to pyrolyze the carbon coating.

2.2. Equipment
Raman spectra were measured in the ambient atmosphere using a confocal Raman microscope Alpha
300 RA (WiTec GmbH, Germany) with a 633-nm He‐Ne laser source and a 100× lens with NA = 0.75. The
scattered light was collected in a backscattering geometry and passed through an edge �lter. Multimode
optical �ber with a diameter of 50 µm was used as a confocal pinhole. A diffraction grating with 600
grids per millimeter and a 1600 pixels wide CCD camera provided spectral resolution about 2.1 cm−1 at
50 cm−1 and 1.7 cm−1 at 1100 cm−1. The probing laser power was set at 1.5 mW by adjusting the
diameter of the incoming laser beam using a built‐in screw and measuring the power directly in the
output beam by laser power and energy meter Vega with photodiode laser sensor PD300R‐3W (Ophir
Photonics, Israel). Scanning electron microscope (SEM) images were obtained using a Merlin workstation
(Carl Zeiss, Germany) with an electron beam generated by a Schottky �eld emission gun.

2.3. Methods and approaches

2.3.1. Particle deposition
In this research, we used dry deposition and gentle distribution of LFP powder on a Raman-active silicon
substrate followed by a dry air purge to remove aggregates. The Si substrate used was tagged with a
DAD3220 (Disco) automatic dicing saw to provide unambiguous identi�cation of the particles’ locations,
allowing repeated measurements and a combination of SEM imaging and RS characterization for any
given particle.
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2.3.2. Manual and automated measurements
To ensure reproducible positioning of the probing laser beam relative to the LFP particle under study, two
alternative positioning methods were used: manual and automated. In both cases, the initial positioning
of the probing laser beam in the X-Y plane was performed using an optical system. Preliminary
positioning in the Z direction was made using the optical system by adjusting the maximum optical
contrast for the particle under study.

In the case of manual positioning, the oscilloscope mode was used with 1 s averaging. The position of
the laser beam relatively LFP@Si particle was adjusted in real-time by a piezo-driven scan stage: �rst
along the X-axis, then along the Y-axis, and �nally along the Z-axis to obtain the highest ratio of the 950
cm−1 LFP band relatively 520 cm−1 Si band. Thus, the resulting position was considered the point with
the greatest contribution from the LFP. This manual method proved to be effective for particles smaller
than 1.25 µm in diameter. In this case, the average measurement time was about 2.5 minutes per particle.

In the case of larger particles with a diameter of more than 1.25 µm, manual positioning was lingering;
therefore, automated two-step positioning has become the preferred choice. At the �rst step, we found the
position of the highest ratio of the 950 cm−1 LFP band to the 520 cm−1 Si band in the X-Y plane using
standard built-in image scanning mode. At the second step, we moved to the found point and scanned in
the Z direction. This semi-automatic positioning took about 7-9 minutes and required a manual transition
between X-Y and Z scans. Fully automated positioning using 3D mapping can be also used, but this fully
automated procedure will take even longer (tens of minutes).

A total of 72 particles were measured. For 32 particles, only manual positioning was used, for 31 – only
automatic positioning, and 9 particles were measured using both manual and automatic techniques.
Comparing these two alternative techniques for the same particles led to the conclusion that these two
positioning methods gave almost the same result.

2.3.3. Particle size estimation
In this work, we used a simpli�ed procedure for estimating the size of irregularly shaped particles from
their area. Using the SEM image for every single particle studied, we calculated its area in the X-Y
projection (hereafter referred to as S). First, S was found in pixels using the standard Adobe Photoshop
selection tool (this can also be done using alternative software). Next, we determined the pixel size for the
given SEM image and converted S to square nanometers. Finally, the estimated diameter Des was de�ned
as:

D es = 2⋅(S/π)1/2 (1)

D es refers to the particle size in the XY plane, while the particle height (size in the Z direction) is expected
to be smaller, but not much.
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3. Results And Discussion

3.1. Some theoretical estimations of µRS probing depth
There are several ways to estimate the µRS probing depth, which is commonly mentioned in literature.
Light attenuation by free charge carriers is mainly used for conductors but is also suitable for a poorly
conducting material such as LFP. The light penetration δ, in this case, can be estimated as [18]:

δ = 2⋅σ −1⋅(ε / µ)1/2 (2)

where σ is the electrical conductivity, ε and µ are the relative permittivity and the relative permeability
respectively. For LFP with σ about 10−9 S/cm [19], δ is too large and even the growth of electronic
conductivity by orders of magnitude due to doping or defects [20] keep it far above microns.

Light attenuation by optical absorption due to promoting transitions between electronic states of the
material is another factor, limiting probing depth [21]. In this case, the δabsorption is de�ned by absorption
coe�cient γ dependent on the photon frequency υ:

δ absorption  ~ γ(υ) −1 (3)

Unfortunately, there is a lack of publications quantifying the absorption coe�cient γ for LFP powder.
Since LFP is a transparent material used in electrochromic devices and translucent batteries [22–24], the
absorption coe�cient is expected to be low but the local variations of defects and surface roughness can
increase it, thus decreasing the probing depth.

Probing depth quanti�cation by “Airy disk” is possibly the most popular approach for instrumental
resolution estimations and commonly attributed to a theoretical limit of probing laser radiation focusing
in the air (vertical component) [15]:

Δz = λ / NA2 (4)

where λ is the laser wavelength and NA is the numerical aperture of the microscope objective in air. In our
case Δz is about 1.1 µm (for λ = 0.633 and NA= 0.75). Due to the presence of air-LFP interface, the true
probing depth ΔzLFP is higher and can be estimated as [16,25]:

Δz LFP  = Δz {(nLFP
2 – NA2)/(n0

2 – NA2)}1/2 (5)

where nLFP and n0 are refractive indexes of LFP and air respectively. Unfortunately, the formula (5) is
written for a planar system, but not for a convex microparticle. The morphology of the particles under
study is more complicated, so we can’t properly quantify the true depth of analysis depending on the
refractive index. Another problem is the proper quanti�cation of the refractive index, which is very
important for probing depth estimation. We doubt that all the particles have the same relative permittivity
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and permeability. Both parameters depend on defects thus refractive index can vary from particle to
particle.

All the mentioned above factors affect the quanti�cation of the µRS probing depth, therefore we propose
to estimate it for our given particulate LFP experimentally.

3.2. Experimental demonstration of excess µRS probing
depth for particulate LFP
The main idea behind the experimental estimation of Raman penetration depth is schematically
illustrated in Figures 1d and 1e. The model experiment implies an µRS probing of a single LFP particle on
a Si substrate used as a reference underlying layer of particles. For an LFP particle whose size is less
than the lateral µRS resolution R, the measured Raman spectrum contains two inputs from the Si
substrate. One bypasses the particle from the side, while another passes through the LFP particle
(Fig. 1d). For a particle whose size is greater than R, there is only one input from the underneath Si
substrate – the one that passed through the LFP particle (Fig. 1e). And the main point of this model
experiment is to analyze how the response from the Si substrate will decrease with the growth of LFP
particles – whether it will fall below the level of instrumental noise or not.

The dominant Raman bands for Si and LFP do not overlap (Fig. 2a), which makes it easy to distinguish
between inputs from the top LFP particle and the underlying Si substrate. The main characteristic Raman
band of Si is located at about 520 cm−1 [26], while the dominant characteristic band of LFP is located at
about 950 cm−1 [27]. This allows us to introduce a quantitative parameter to estimate the Raman probing
depth. In this work, we use the relative Raman intensity of the Si substrate ISi relative, de�ned as the
intensity of the main Si band of substrate ISi(520) divided by the intensity of the main LFP band ILFP(950):

I Si relative = ISi(520)/ILFP(950) = ISi/ILFP (6)

There is a small secondary doublet of bands above 950 cm−1 in the Raman spectrum of Si substrate [26]

(Fig. 2b), but this does not cause problems with the estimation of ISi/ILFP. This overlapping becomes
notable only for very small LFP particles, and even so, inputs from LFP and Si can still be resolved
(Fig. 2c).

The main point was whether the Si band at 520 cm−1 will disappear when the height of the LFP particle
will exceed the µRS probing depth Δz. We performed several series of measurements for particles with an
estimated diameter of 0.37 to 7.7 µm (Fig. 3). We used two positioning approaches to �nd the proper
ISi/ILFP value for each particle. Values that could be considered outliers were veri�ed by additional
measurements. The key result is that all the measured spectra for 75 LFP@Si particles contained a clear
band near 520 cm−1, corresponding to the Si substrate. For example, the Si(520) band is still visible in the
Raman spectrum of the 2.5 µm diameter (Des) particle (particle #9 in Fig. 2). Moreover, the Si band is
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present not only for the transparent pristine LFP particles but also for carbon-coated LFP powder (Fig.
S1).

This fact of Si band presence in all measured spectra allows us to conclude that the Raman probing
depth for LFP samples can exceed several microns and deep multiparticle µRS probing (schematically
illustrated by Fig. 1c) looks reasonable. The relatively great probing depth is neither surprising nor
obvious. On the one hand, LFP is a transparent material, but on the other hand, the optical scheme of
modern confocal microscopes should cut-off inputs from the out-of-focus volume (Fig. 4a), thus
providing a theoretical vertical resolution in Δz about 1.1 µm in air [15].

An experimental veri�cation made for a Si substrate without an LFP particle gives Δz value of 1.4 µm
(Fig. S3c) larger than theoretical estimation (4) for several reasons, including confocality, the refractive
index of media, surface roughness, etc. [17]. Also, please mention that this 1.4 µm value was derived from
measuring the full width at half maxima. The Raman response is detectable over a range of at least 3
microns of the z-scan (Fig. S3c). This experimental veri�cation was made for a simpli�ed case of a
planar Si substrate. The situation with an LFP particle on a Si substrate is even more complicated.

Note that the overall spatial resolution of the µRS is provided by two factors. On the way from the laser
source to the object under study, the focusing of the laser beam ensures the locality of the irradiated
volume (localization of “excitation”). On the way back from the sample to the spectrometer, the confocal
pinhole cuts off the response from out-of-focus volume (localization of “response”). But the feature of the
µRS characterization is that X-Y localization is better than Z-localization for both excitation and response.

A laser beam can be focused by a 100⋅ lens into a spot about 1 µm in diameter in the X-Y directions [28].
But in the Z-direction, the laser radiation will be delocalized both above and below the focus, but still
interacting with the matter (Fig. 4) [17]. As a result, the out-of-focus volumetric response is expected to be
less intensive but at the same time generated in a larger volume. For a planar geometry of measurement,
this non-localized excitation is not a problem. It is assumed that on the way back to the spectrometer, this
response from the out-of-focus excitation is supposed to be cut off by a pinhole (Fig. 4a). Thus, while
µRS cannot provide localization of “excitation”, it usually provides localization of “response”. The
problem is that in the case of a morphologically heterogeneous particulate sample, the geometry of the
laser beam pathways is much more complicated.

Along the way there, light passes through the upper air-LFP interface, travels through the LFP particle with
possible inner grain boundaries, passes through the bottom LFP-air interface, air-SiO2, and SiO2-Si
interfaces, generates a Raman signal, interacting with lattice vibrations, and repeats back, scattering at
each interface. And some of these interfaces are irregular or even rough. In some system con�gurations,
all these irregularities can dissipate response from the bulk, thereby reducing the probing depth.
Alternatively, a micron-scale particle can act as a kind of lens, redirecting the “out-of-focus” response to
the pinhole (Fig. 4b). In the case of solid-state synthesized LFP, the “focusing” property should vary from
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particle to particle due to the unique irregular shape, but in any case, the convex shape of the particles
promotes focusing rather than defocusing.

3.3. Inhomogeneity of optical properties
Our results show that the Raman probing depth cannot be determined precisely for particulate LFP
samples. This statement is illustrated in Figure 5, where signi�cant variations in optical properties are
observed for two particles of approximately similar size.

Both optical images (Fig. 5a-c) and Raman images (Fig. 5d,f) demonstrate that particle #58 is more
transparent than particle #57. For particle #58, the LFP band at 950 cm−1 is almost 7 times less intense
than the Si band at about 520 cm−1 while for particle #57 it is 3.5 times more intense. This means that
particle #58 transmits the response from the bottom substrate 24 times better than particle #57. This
difference is also illustrated in Fig. 3 (inset) by the corresponding variation of the ISi/ILFP parameter. The
more transparent particle #58 is marked with white �lling, while a less transparent particle #57 is marked
with dark gray �lling. Fig. 3 is very illustrative, especially in the log-log scale (Fig. 3, inset). It should be
noted that the obtained ISi/ILFP values on the log-log plot are not evenly spaced, we cannot draw a �tting
line and claim that this ISi/ILFP value corresponds to this value of Des. For almost any particle size, one
can �nd a pair with the same diameter but ten times smaller ISi/ILFP. For larger particles, the variation of
this parameter exceeds two orders of magnitude (see, for example, the size range of 2-5 µm in Fig. 3).
Since ISi/ILFP somehow characterizes local optical transparency, Fig. 3 illustrates a signi�cant variation of
the local optical properties.

How to explain such an optical heterogeneity of particulate LFP? The above-suggested “focusing”
property of a convex LFP particle hardly can be the only reason. The difference by an order of magnitude
is too large to be explained only by geometric optics. An analysis of the results obtained allows us to
propose two physicochemical explanations.

Local inhomogeneity of optical properties can be caused by the spatial inhomogeneity of defects and
impurities. Usually, transparency is measured by integral methods, and the question is whether the optical
properties are the same at each point or they can vary from particle to particle. Earlier we demonstrated
the spatial inhomogeneity of defects in poorly conducting Li4Ti5O12 using both similar single-particle

approach [29] and statistical RS [30]. LFP is also poorly conducting material, thus impurities and defects
can greatly increase its conductivity [20,31,32]. But contrary to opaque Li4Ti5O12, LFP is transparent. Even a
small variation of defects concentration can notably change the relative permittivity and permeability
thus changing the optical properties and making one particle less transparent than another due to the
excess of free charge carriers. Such a variation of the optical properties can explain the anomalous
kinetics of decomposition of the LFP powder [33]. For similar excitation laser power, some measurements
induced the degradation in some parts of the sample, but not in others. We can assume that the
decomposition kinetics was initiated in particles with a higher concentration of defects (with lower
transmittance and higher absorbance).
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Another version supposes a resonance effect. The scattering of electromagnetic wave by a spherical
particle on a substrate is a typical problem in theoretical physics known for over a century [34] and often
called Mie scattering or Mie resonance [35–37]. By controlling the geometry of scattering objects, one can
cloak them from electromagnetic �elds [36] and create metamaterials with negative permeability [35]. For
the situation shown in Fig. 5, the drastic variation of the optical properties for the particles of
approximately the same size can be explained either by a variation of its shape (particle #58 is squarer,
while particle #57 is more rounded) or by the presence or absence of a core-shell structure. If one particle
has a higher concentration of defects on its surface, it can have different optical properties, even if the
concentration of defects in the bulk of the particles is the same. Although Mie scattering/resonance for
LFP has not been studied, a similar ampli�cation effect has been observed and described for poorly
conducting SiO2-TiO2 core-shell particles [38]. The increase in the signal intensity by a factor of 2.5 with
an increase in the number of layers (from 1 to ≥5) was explained by the author as “enhancement without
plasmons” due to the “self-resonator” geometry. We can additionally suppose that the Mie
scattering/resonance effect allowed to obtain a Raman response from deeper layers. The SiO2-TiO2 core-
shell particles size was about 2 microns, so overall Raman penetration depth could have reached ten
microns for a �ve-layer con�guration.

Besides, Mie scattering can explain the presence of a characteristic Si band at the Raman spectra of the
LFP/C composite powder, considered as opaque (Fig. S1). The Si substrate is supposed to be covered by
several layers of LFP particles with conductive carbon coating. The screening e�ciency of the carbon
shell is demonstrated by the very weak LFP band at about 950 cm−1. Although this thin carbon layer can
screen the LFP core just a few nanometers below, it cannot screen the Si substrate under all the layers of
the LFP/C particles. It would be reasonable to assume that, due to a certain combination of particle size
and core-shell geometry, highly conductive powders became relatively transparent.

This article is solely experimental and methodological, not theoretical. To con�rm or refute our
assumption about the Mie scattering behind a signi�cant variation of the ISi/ILFP parameter, it would be
necessary to perform a series of theoretical calculations or computer simulations. Nevertheless, here we
propose to use a qualitative rather than a quantitative formulation of the Raman penetration depth in the
particulate LFP. The signi�cant divergence of both shapes and conductivities of individual particles
results in the variation of their optical properties even for a pristine LFP sample.

In the case of carbon-coated LFP, the situation could be even more di�cult. The morphology and
structure of the carbon coating can vary greatly within a sample, depending on the synthesis method
[39,40]. The deposition of carbon causes the formation of a defect in the electrode material and makes
their distribution more spatially inhomogeneous [41]. As a result, the estimation of the Raman probing
depth in the LFP/C composite will require a series of measurements with statistical analysis of the
obtained results.

3.4. Lateral submicron resolution and super�cial probing
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The lateral resolution of µRS probing was estimated by analyzing µRS maps of the LFP@Si particles.
SEM, optical microscopy, and Raman microscopy (µRS maps or scans) images are displayed in Fig. 6.
µRS maps for the LFP particles (Fig. 6d, 6h, 6m) and the Si substrate (Fig. 6c, 6g, 6l) are plotted from the
same scan by the corresponding major band intensity – 540 cm−1 for Si and 950 cm−1 for LFP.

Submicron spatial resolution of µRS for LFP@Si particles is somehow con�rmed by resolving two
adjacent LFP particles in Fig. 6m. Besides that, the “shadow” area around particle #58 (Fig. 5d and 6c) at
Si substrate maps is about 0.5 µm, the one around particle #65 (Fig. 6l) is even thinner. This comply with
the theoretically calculated lateral resolution 0.55 µm (R=0.61⋅λ/NA for λ = 0.633 and NA= 0.75) [15].
Experimental veri�cation of the lateral resolution by the “scanning-knife” method [17,28] is close to this
value (about 0.64 µm, more details see at Fig. S3a,b). As a result, it can be concluded that, in contrast to
the vertical resolution, the lateral one didn’t suffer much from the complex geometry of the sample under
study.

Dark “shadow” belts can be seen around most of the scanned LFP particles at Si(520) amplitude maps
(Fig. 6c, 6g, and 6l), but not all (Fig. 5f). The width of this “belt” can vary, but such a shadowed border
around particle is quite common. This feature can be explained either by peculiarities of Mie scattering or
by the fact that steep parts of microparticles can scatter laser radiation both on the way forward
(“excitation”) and backward (“response”). This double scattering signi�cantly decreases the µRS
response from the underlying substrate.

This blocking of the response at a particle’s edge is another illustration of the problem with quantifying
the µRS probing depth. But, unlike an increase in the probing depth due to Mie scattering or focusing
effect on microparticles, this peculiarity can result in a decrease in the probing depth. Any powder sample
contains pores. A pore is a volume at the edge of two or more particles. Thus these pores can trap or
block the Raman response from underlying layers. Moreover, analysis of maps for the Si substrate
demonstrates that these pores can block the response more effectively than particles (Fig. 6c, 6g, 6l).
This feature can indirectly restrict the vertical resolution (probing depth) from micron to submicron scale,
at least for particulate systems with the core-shell geometry (for example, particles with more structured
core/bulk and less structured shell).

Let us consider the µRS probing in a relatively small pore with a diameter near theoretical lateral
resolution of 0.5 µm or less. Raman spectra measured in such a pore could contain responses from both
upper and lower layers, but the latter one can be effectively blocked by the pore. The Raman response
from the upper layer is excited not in the bulk of the particle, but only in its outer shell (Fig. 4d). Thus, the
probing laser radiation still excites a large volume somewhere underneath, but the con�guration of the
object under study together with the confocal scheme localizes the response down to the submicron
scale. Even though this response could be averaged over several particles surrounding this pore (Fig. 4d),
this response can still be attributed to shell probing. Of course, in this case, the submicron resolution
should not be described as “lateral” or “vertical”, but as “overall”. As a result, the µRS measurement in a
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small pore can be attributed to super�cial probing with submicron “overall” resolution/localization,
schematically illustrated in Fig. 1a.

Please mention that steep parts of particles and pores may block the Raman response from the
underneath layers, but not must. Our model experiment is a quasi 2D case. The probing laser beam was
focused on the upper LFP particle. Further, we scanned/mapped at this Z position, so the response
blocking was revealed for such a 2D scan only. This experiment matches the traditional Raman spectra
measurement at the powder surface, but in the case of 3D measurement, theoretically possible for such a
transparent material as LFP, the properties of pores may differ.

Further analysis of Figure 5 provides another reason why some of the measured Raman spectra can be
attributed to super�cial probing. As one can see, LFP particle #58 (Fig. 6a-d) is not just “transparent” for
the response of the Si substrate but can even locally enhance the Si response. The Si substrate map
(Fig. 5d and Fig. 6c) has two local maxima, both are located under the particle, but not aside as it would
be natural to assume. One of these maxima is observed under the center of the particle, and the other
under the sharp tip on the left. Moreover, a submicron particle can be mentioned above this tip. This small
particle does not signi�cantly contribute to the LFP response, but slightly increases the intensity of the Si
characteristic band.

Besides, it can be noted that while the upper particle #62 has an elongated shape (Fig. 5e,f), the most
intense response from the underlying Si substrate (Fig. 5g) is observed only in a certain localized region.
In Fig. S2a,d, one can see four particles in a row. The relatively large µRS scan shows that they all
enhance the response of the Si substrates (Fig. S2g). At the same time, two particles in Fig. S2b,e exhibit
different properties: the left one enhances the response of the Si substrate, while the right one does not
(Fig. S2h). For comparison, one can see a relatively transparent particle (Fig. S2c,f) without the Si
substrate response enhancement (Fig. S2j). Particle #57 also shows no signs of local enhancement
(compare Fig. 5f and 5d).

We think that the most natural explanation of such a peculiarity is a possible plasmon enhancement by
curvatures of an LFP particle in contact with the Si substrate or near it. The solid-state synthesized LFP
particles have an irregular shape. Some have nano-sized tips or sharp edges that act as a hotspot, similar
to a nanoparticle used in Surface-Enhanced Raman Spectroscopy (SERS) and a tip in Tip-Enhanced
Raman Spectroscopy (TERS). Of course, the studied LFP particles are not coated with silver or gold, but
the presence of noble metals is not strictly necessary. Surface plasmon resonance can be observed in an
oxide material, modi�ed by doping [42] or by defect engineering [43]. LFP itself has low electronic
conductivity, but doping [20], controlled off-stoichiometry [31] or the presence of Li vacancies [32] can
drastically increase it. It can be assumed that the combination of defective surface of the LFP particle
with the proper geometry of surface irregularities can lead to an enhancement of Raman response due to
surface plasmon resonance. This enhancement is not observed for all studied particles, but it is still a
common phenomenon. By the way, plasmon surface resonance can again be considered as a part of the
Mie resonance for nanoscale objects.
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4. Conclusions
The spatial resolution of micro-Raman spectroscopy was studied for single LFP particles deposited on a
Raman-active Si substrate serving as a model of the underlying layer of particles in a powder. This study
allowed us to conclude that the vertical µRS resolution for particulate systems should be described not
quantitative, but qualitative, at least for the transparent LFP with inhomogeneity of shape and structure.
Although the experimentally observed lateral resolution was shown to be close to theoretically estimated
0.55 µm, the probing depth is highly variable and may be greater or less than the theoretically estimated
1.1 µm.

Raman spectrum of pristine LFP powder measured with a confocal Raman microscope can contain both
super�cial and bulk responses. These responses can be provided by a single layer or several layers of
particles. Multilayer probing (excessive probing depth) can be attributed to Mie scattering since some
con�gurations of the particulate system can radically change the geometry of propagation of the
electromagnetic wave. The variation in the shape of particles and the concentrations of
defects/impurities both from one particle to another and within one particle leads to a signi�cant
inhomogeneity of the local optical properties. Super�cial probing (smaller probing depth) can be
explained by the blocking properties of pores and surface plasmon resonance due to nanoscale surface
irregularities of particles together with increased electrical conductivity of the surface layer in some
particles.

As far as Raman probing depth in a powder sample can vary from point to point, we suggest using
different approaches for different tasks. For local measurement, it is better to use a single-particle
measurement for a particle deposited on a Raman-inactive substrate. For an integral measurement, it is
best to take a series of measurements with a low-magni�cation lens at various points and consider the
resulting response as a value averaged over several layers.
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Figures

Figure 1

Schematic illustration of possible mRS probing depths for a microscale powder system (a)-(c) and a
single particle on an RS-active substrate (d), (e). Powder probing by mRS: (a) super�cial, (b) single-
particle, and (c) deep multiparticle. LFP@Si probing is illustrated for particles (d) smaller and (e) larger
than the lateral resolution R. The dashed red lines indicate the probing laser beam, red area shows the
probed volume. The dashed arrows indicate inputs to the Raman response from different parts of the
probed volume. More realistic laser beam geometry could be found further in Fig. 4.
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Figure 2

(a) Raman spectra of LFP@Si particles of different sizes and (d)-(f) SEM images of the corresponding
particles. SEM images are 3 × 3 µm2. Estimated particle sizes Des, µm: (d) 0.44, (e) 1.4, (f) 2.5.

Deconvolution of the Raman spectrum at about 950 cm-1: (b) for a Si substrate without an LFP particle;
(c) for small LFP@Si particle #2.

Figure 3

Dependences of the relative Raman intensity of the substrate on the estimated size Des for the LFP@Si
particles in linear and log-log (inset) scales. Particle #58 – white, particle #57 - dark-grey.
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Figure 4

Schematic illustration of mRS probing for: (a) a single crystal, (b) a single particle on a Raman-active
substrate, and (c)-(e) a powder sample. (c) and (e) correspond to deep multiparticle probing, (d) –
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blocking of deep Raman response by pores, and (e) possible moderate enhancement due to particle
curvature.

Figure 5

Comparison of the optical properties of particles #57 and #58. The red squares in the optical images (a)
and (c) indicate the corresponding Raman images/maps for input from the Si substrate (d) and (f).
Optical image with both particles (b) compared to SEM image of the same region at the same scale (e).

Figure 6

Comparison of SEM (a), (e), (j) and optical (b), (f), (k) images with Raman mappings for Si (c), (g), (l) and
LFP (d), (h), (m). Red rectangles in optical images indicate the area of the corresponding Raman
mappings. SEM images are 5 × 5 µm2. The white scale bar width is 2 µm for optical images and 1 µm for
Raman mappings.
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