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The semiconductor ternary compound lead chromate (PbCrO,) displays promising prospects in pigment

and optoelectronic fields. However, previous studies have only focused on its application, neglecting

a deep investigation into its molecular vibrational and structural characteristics, such as the influence of

interlayer forces. Here, pulse laser deposition was employed for the preparation of highly oriented
PbCrO4/LaAlOs thin films. Ultra-low-frequency Raman spectroscopy revealed 16 Raman modes of
PbCrO,4. Meanwhile, angle-resolved polarized Raman spectroscopy, an efficient and nondestructive
technique, was used to investigate material anisotropy and orientation. The first-order temperature
coefficient values (x) of PbCrO, obtained by temperature-dependent Raman spectroscopy were vastly
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different (from —0.0924 to 0.0053 cm™ K™). The small x value is attributed to the weak interlayer van

der Waals forces and electron-phonon interactions, indicating a low level of thermal sensitivity. These

DOI: 10.1039/d5ra01615k findings make PbCrO, an
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1. Introduction

The recent rapid development of industries has drawn
substantial attention toward energy crises and environmental
pollution, indicating the need to develop an environmentally
friendly and safe energy technology.' Efficient utilization of
solar energy has become a major research direction because of
its multiple advantages, such as abundant reserves and envi-
ronment friendliness.»® A suitable photocatalyst widely
employed in diverse fields beyond solar energy utilization, such
as disinfection and pollutant degradation, is necessary to
accomplish this goal.*® Recently, chromate has emerged as
a photocatalyst and a promising material for solar cells and
water splitting, along with potential applications in photoelec-
tric capacitors, owing to its wide absorption range, narrow
optical band gap, and high photocatalytic activity.”** Among
the chromate family, lead chromate (PbCrO,) has drawn
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ideal material for crafting high-temperature-resistant pigments and
orientation-dependent photocatalysts.

attention because of its excellent stability, hydrophobicity, and
pigmentability.*>*

Generally, PbCrO, can be used as a yellow pigment or
photovoltaic anode.”>'*** Although it is considered a yellow
pigment in terms of both brightness value and color saturation
value, the addition of phosphor can improve the properties of
PbCrO, significantly.’® As a type of photoanode, PbCrO,
synthesized via the Pechini method not only exhibits remark-
able photoactivity, but also experiences a substantial boost in
surface charge-transfer efficiency when strategically integrated
with partially oxidized graphenes.””*® Nevertheless, previous
studies have only focused on its application, without deeply
exploring its molecular structure, particularly its molecular
vibrational characteristics. Raman spectroscopy serves as
a rapid, non-destructive, and high-resolution method for
analyzing the lattice structure as well as the optical and phonon
characteristics of materials.**** Specifically, angle-resolved
polarized Raman spectroscopy (ARPRS) and temperature-
dependent Raman spectroscopy have been utilized to conduct
a thorough analysis of the molecular vibrational properties of
PbCrO,.”* ARPRS, which acquires Raman spectra by changing
the angle relationship between polarized incident light and
scattered light, enables the investigation of material anisotropy
and orientation and can be utilized in diverse areas, such as the
study of spatial separation of photogenerated charges in crys-
tals,> piezoelectric materials,”® anisotropic sensors,>® and
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various optical devices.” It is also worth noting that tempera-
ture not only has a significant impact on the photoelectric
activity but also enables an in-depth study of the phonon
anharmonicity of materials.?®*

In this work, highly oriented PbCrO, thin films were
successfully fabricated by a home-built pulse laser deposition
chamber, with quality and uniformity assessed through many
advanced characterizations. Then, a systematic Raman spec-
troscopic study was carried out on the as-fabricated PbCrO, thin
film from the perspectives of both optics and thermodynamics.
A total of 16 Raman modes were revealed through ultra-low
frequency and multi-wavelength Raman spectroscopy. Addi-
tionally, partial Raman vibration modes were identified by the
ARPRS technology. In addition, the temperature-dependent
Raman spectroscopy revealed a decrease in the yx value of
PbCrO, thin films, stemming from weakened interlayer van der
Waals interactions and electron-phonon coupling. These find-
ings will make PbCrO, an optimal material for crafting the next-
generation designs of high-temperature-resistant pigments and
orientation-dependent photocatalysts.

2. Experimental section

2.1. Target and substrates

Pb powder and Cr powder (4N, Aladdin) were weighed by stoi-
chiometry and sintered at 823 K for 24 hours at a heating rate of
5 K per minute, followed by natural cooling. Then, the product
was ground and re-sintered by the same process to further
improve the crystal quality and density. After grounding the
sample, the powder was cold-pressed as a target with a diameter
of 1 inch and a thickness of 3 mm. The target was re-sintered at
823 K for another 6 hours to further improve the density and
uniformity.*°

2.2. Thin film growth

Thin films were grown using a home-built pulse laser deposi-
tion (PLD, CHI-VAC Research & Development Co., Ltd) system
equipped with a KrF excimer laser (Coherent, Lambda Physik
COMPexPro201F, A = 248 nm, repetition rate = 5 Hz). The base
pressure of the chamber was kept around 2 x 10~* Pa. Laser
fluence and substrate temperature were optimized between 0.5
and 10 J cm~? and RT ~823 K, respectively. During the film
growth process, the distance between the substrate and the
target was maintained at approximately 55 mm, and they were
kept rotating in opposite directions at a speed of 10 rpm to
reduce target erosion and ensure the uniform growth of the
films. Prior to thin-film deposition, a pre-sputtering process
involving 12 000 laser pulses was executed to eliminate impu-
rities. Subsequently, the high-quality thin films were success-
fully deposited onto (111) LaAlO; substrates (HF-Kejing, LAO)

with dimensions of 5 x 5 mm?.3°

2.3. Characterizations

High-resolution X-ray diffraction (XRD, Empyrean, PANalytical)
with Cu Ko (A = 1.54056 A) radiation was performed to evaluate
the lattice parameters and crystalline orientation. The macro-
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morphology was carried out using a field-emission scanning
electron microscope (SEM, SU8600, HITACHI). The micro-
surface morphology and roughness of the PbCrO, thin film
were characterized using an atomic force microscope (AFM,
Cypher, Oxford Instruments) in the tapping mode within a 5 x
5 um? area. The crystal structure and chemical composition of
the film were analyzed using a high-resolution transmission
electron microscope (HRTEM, Talos F200S, ThermoFisher
Scientific) coupled with an energy-dispersive spectrometer
(EDS).

High-resolution Raman spectra were recorded using
a confocal Raman spectrometer (LabRAM HR Evolution,
HORIBA) excited with 473 nm, 532 nm and 632.8 nm lasers,
respectively, and coupled with an 1800 groove mm™"' holo-
graphic grating based on the backscattering geometry. Ultralow-
frequency (ULF-532, HORIBA) optical components were used to
obtain the Stokes and anti-Stokes spectra with a 100x objective
lens (N.A. = 0.90). Temperature-dependent Raman spectros-
copy was performed from 77 K to 300 K with a 50x long work
distance objective lens (N.A. = 0.50) using a 532 nm laser.
ARPRS was also based on the backscattering geometry, and the
sample was fixed on the stage under the objective. The polari-
zation direction of the incident laser was adjusted using a half-
wave polarizer positioned in the beam path. The analyzer
located before the spectrometer entrance was oriented along
the y-axis for the horizontal configuration and along the x-axis
for the vertical configuration. In all the cases, a silicon crystal
was used as a standard for the calibration of the Raman shifts. A
low enough laser power (<0.2 mW) at the surface of the sample
and 300 s acquisition time were used to avoid sample damage
and enhance the signal-to-noise ratio.

3. Result and discussion

PbCrO,, belonging to the C,, point group, possesses a P2,/n
space group with lattice parameters of a = 7.12 A, h =7.43 A, c =
6.79 A, and o = y = 90°, § = 102.42°.3*32 As shown in Fig. S1,
through the cross-sectional SEM, the thickness of the PbCrO,
film is around 330 nm. XRD was employed to identify the crystal
structure of the as-grown samples; two main XRD peaks corre-
spond to the (111) and (301) planes, confirming that the as-
synthesized PbCrO, sample was a pure phase, while the (111)
plane corresponds to LaAlO; (Fig. 1a). No distinct Bragg peaks
were detected when 26 exceeds 60°. Fig. 1b illustrates the
rocking curve, and the full width at half maximum (FWHM),
precisely measured at 0.192° through a Gaussian fitting proce-
dure, is a direct reflection of the sample's quality. The narrow
FWHM value confirms the excellent quality of the sample under
investigation.* Furthermore, the reciprocal space map (RSM) is
shown in Fig. 1c. The g, value signifies the scattering vector
within the plane, whereas g, denotes the scattering vector
vertical to the plane. It reveals that the single peak of the LaAlO;
substrate aligns with the two peaks of PbCrO, at the lower left,
also ensuring the good quality and epitaxial coherence of the
PbCrO, film.** The AFM image of the sample (Fig. 1d and S21)
intuitively shows that the grain orientation of the PbCrO, thin
film is consistent along the arrow direction. Additionally, the
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(a) Experimental powder XRD pattern. Here, the red and green lines denote the standard peaks of PbCrO,4 and LAO, respectively. (b)

Rocking curve of (111), and (c) RSM image of the PbCrO,/LAQ thin film. (d) Two-dimensional (2D) and (e) three-dimensional (3D) AFM images of
the sample. Inset: grain size profile. (f) SEM image of the PbCrO4/LAO thin film.

illustration demonstrates that the particle size of PbCrO, is
concentrated at 291 nm. Fig. 1e shows the 3D representation of
the AFM image, showing that the grains are consistently
columnar and slightly rough. Fig. 1f shows the SEM image of
the sample, and the surface of the film is composed of dense
irregular PbCrO, grains, which is a manifestation of the sample
belonging to the monoclinic monazite-type structure.

After determining the crystal phases and quality of the
sample surface, it is still significant to further explore its
internal structure and elemental distribution. Fig. 2a shows the
distribution of various elements in the substrate and thin films
by EDS, with the high-angle annular dark-field (HAADF)
imaging mode. The Pb and Cr elements are concentrated in the
PbCrO, thin film, while La and Al are concentrated in the

50 nm
e

’

50 nm

50 nm

Fig. 2

LaAlO; substrate. As a common element, O exists in all parts of
the sample. At the interface between the thin film and the
substrate, all elements exhibit varying degrees of diffusion.
Since it is difficult for chemical reactions to occur between
LaAlO; and PbCrO,, this phenomenon should be the irregular
diffusion caused by molecular thermal motion.

The EDS results of Fig. 2a indicate a Pb/Cr weight ratio of
19.8%/4.9% (as shown in Table S1t), closely approaching 1/1
when normalized by atomic mass, indicating the high quality
of the as-synthesized thin film. Fig. 2b shows the cross-sectional
image of the sample. Fig. 2c and d are the HRTEM images and
fast Fourier transform (FFT) transformation results of the
PbCrO, thin film, indicating that the crystalline quality of
PbCrO, thin films is superior near the surface compared to that

(a) EDS mapping of each element of the PbCrO4/LAO thin film. (b) Cross-sectional image of the sample. (c and e) HRTEM images and (d

and f) FFT transformation images of the green and red rectangles in (b), respectively.
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at the interface, as observed in the diffraction pattern obtained
from the [210] direction. Fig. 2e and f presents the HRTEM
image and FFT transformation results, respectively, of the
interface between the substrate LaAlO; and the initially depos-
ited PbCrO, thin film. The resolved lattice spacing from the
(111) direction of PbCrO, is 3.7 A, while for LaAlO;, the resolved
lattice spacings are 3.7 A from the (110) direction and 2.6 A from
the (110) direction. The diffraction obtained from the [110]
direction reveals the presence of LaAlO; crystals with good
crystalline quality, belonging to the trigonal crystal system. The
interface PbCrO, film with a direction of (111) appears in both
results, while the surface PbCrO, film with good crystalline
quality is the focus of this study.

Fig. 3a illustrates the experimental setup for the horizontal-
polarized and vertical-polarized Raman scattering of the
PbCrO, samples. The crystal coordinates align with the labo-
ratory coordinates without the need for rotating the sample. By
rotating the fast axis of the half-wave plate by an angle equal to
half of 6, the polarization of the incident laser is rotated by an
angle of ¢ from the y-axis. ¢ represents the angle between the
incident laser polarization and the original polarization of the
Raman signal selected by the analyzer's vertical or horizontal
polarization signal before entering the spectrometer. To further
explore the various structural properties of PbCrO,, Raman
spectroscopy analysis was employed. In the inset of Fig. 3a, the
gray arrows depict the laboratory coordinate system (x, y, 2),
whereas the green arrows represent the crystal coordinate

( a) spectrometer
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polarizer
laser ’ edge filter
analyzer
half-wave objective Laser
plate
PbCrO, thin film
LaAlO ; substrate
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; ; i
© |
|
i
I
632.8 nm |

532 nm

Intensity (a.u.)

600 900 1200 1500

Wavenumber (cm™})

300

1800

Fig. 3

View Article Online

RSC Advances

system (x', y', 2’). The blue two-way arrows indicate the polari-
zation of the incident laser as it reaches the sample. The orig-
inal polarization of the Raman signal, which corresponds to
either a horizontal or a vertical polarized signal selected by the
analyzer prior to entering the spectrometer, is denoted by the
red two-way arrows.** Fig. 3b shows the ultra-low frequency of
PbCrO, thin films. This image includes v, £ vi,g., Where vi, =
0 and p¥oec = 32, 65, 86, 116, 146, 342 cm™ %, etc. Based on the
fundamental principles of Raman scattering, Stokes and anti-
Stokes scattering spectra are symmetrically distributed on
both sides of the Rayleigh scattering. There is no interference
from sample fluorescence peaks in the anti-Stokes section,
making it easier to identify Raman peaks. The inset is an
enlargement of Fig. 3b from —500 cm ™" to 500 cm™".3*%" A total
of 16 Raman modes were revealed through ULF and multi-
wavelength Raman spectroscopy. Fig. 3c shows the Raman
spectra of the PbCrO, thin film under laser irradiation at three
wavelengths: 473 nm, 532 nm, and 632.8 nm. It is understood
that when the excitation wavelength approaches a specific
electronic transition, the nature of Raman scattering undergoes
a transformation from the conventional “normal” state to
a “resonant” mode, which significantly enhances the intensity
of the Raman signal. Notably, the peak at 1669 cm ™' conforms
to the rule that, as the laser wavelength decreases, the laser
energy increases, and consequently, the intensity of the Raman
peaks should also increase.
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(a) Schematic diagram of the ARPRS of the PbCrO4 thin film. (b) Stokes and anti-Stokes curves of PbCrQO;,. Inset: magnified view at ultra-

low frequency. (c) Multi-wavelength Raman spectra of the PbCrO, thin film. (d) Typical Raman spectra under horizontal and vertical polarization.

Inset: magnified view from 50 to 175 cm™L,
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However, the intensity changes of the peaks at 486 cm™
932 cm ™" are contradictory. Meanwhile, within the two marked
blue rectangles, the relative intensities of different peaks also
vary with the change in laser wavelength. In the resonance
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enhancement in intensity, whereas the intensities of other
vibrational modes remain unaffected. In order to reduce the
impact of resonance on subsequent experiments, a 532 nm laser
with a weak resonance phenomenon was used for the experi-
ment.*® Fig. 3d shows the Raman spectra obtained under laser
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(a) Temperature-dependent Raman spectroscopy of the PbCrO4/LAO thin film. (b) Contour color map. Peak positions (blue) and FWHM

(red) vary with temperature for (c) 34 cm™* and (d) 138 cm™%, respectively.
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irradiation with different polarization modes. The differences
in Raman peak intensity in Fig. 3d, which are marked by light
blue rectangle, indicates the polarization characteristics of the
Raman peak, so an ARPRS experiment is needed for the PbCrO,
thin film.

ARPRS is widely used in the study of anisotropy of two-
dimensional materials. Laser is incident along the z-axis. For
the horizontal polarization mode, the reflected polarized light is
collected by the polarizer along the y-axis, while for the vertical
mode, it is collected along the x-axis. The experimental setup is
shown in Fig. 3a.** As PbCrO, has several types of Raman
modes, the intensity of their Raman peaks may vary with the
incident angle of the laser, while the Raman intensity is
expressed as follows:

2

; 1)

where R is the Raman tensor, and ¢ and es are the unit
polarization vectors of the incident laser and scattered Raman
signal. The Raman tensor of the P2,/n space group is expressed
as follows:

= T
I«|@-R-&

(2)
0 0 e
RBy)=|[0 0 f
e [0

where a, b, ¢, d, e and fare constants. We will obtain their values
in the fitting process. When the incident laser propagated along
the x direction with a unit polarization vector along the y-axis,
we obtained e = (sin 6§ cos 8 0). The polarization vector fixed
by the analyzer is ésy = (010) for horizontal configuration and
€sv = (100) for vertical configuration. Then, the intensity of A,
mode can be simplified as follows:

I(Agl|)) o (bcosf + dsin §)* 3)
I(Ag, 1) o (dcosf + asin §)’ (4)

The intensity of B, is zero in both vertical and horizontal
modes.** After obtaining the expected Raman peak intensity
variation of the 16 detectable Raman peaks with the incident
angle of the laser, a comparative analysis was performed with
the experimentally obtained data. Fig. 4a and d show the orig-
inal polarized Raman spectra. For the sake of visual intuitive-
ness, Fig. 4b and e intuitively demonstrate the four-periodicity
of Raman peak intensity with the angle changes, which can
also be found in Fig. 4c and f. The intensities of these Raman
modes are functions of the laser incident angle. The scattered
dots are experimental data, and the solid lines are fitting curves.
Table S2+ shows the fitting result of the experimentally obtained
data points with calculated formula (3) for horizontal and (4) for
vertical. As can be seen from Table S2, the Raman peak

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table1 Temperature-dependent slopes of each Raman peak position
and FWHM

Wavenumber Wavenumber slope FWHM slope
No. (em™) (em™/K) (em™Y/K)
1 34.5 —0.0160 0.0154
2 137.9 —0.0684 0.0354
3 147.7 —0.0924 0.0379
4 153.7 —0.0089 0.0021
5 342.8 —0.0044 0.0042
6 381.2 —0.0030 0.0038
7 488.2 —0.0066 0.0080
8 823.6 0.0053 0.0016
9 841.0 —0.0134 0.0022
10 848.7 —0.0091 0.0038

intensity reaches a maximum every 90° of the incident angles of
laser, and also has a minimum at +45° from the angle, where
the maximum occurs. The line connecting any two maximal
Raman peaks with an angular interval of 180° indicates the
direction of the crystal axis. As can be seen from Fig. 4c and f,
the angles corresponding to the maxima in the horizontal mode
correspond to the angles of the minima in the vertical mode.*

Temperature-dependent Raman spectroscopic analysis of
the as-synthesized PbCrO, thin film was performed to investi-
gate its thermal conductivity and phonon behavior, as shown in
Fig. 5a. In Fig. 5b, the presence of left-tilted lines indicates
a blue shift in the Raman peak positions with the increase in
temperature. Concurrently, the FWHM of the Raman peaks
increases with temperature. Fig. 5¢ and d illustrate the linear
relationship between both the peak positions and the FWHM
with the temperature changed. Fig. S3f summarizes the
temperature-dependent variations in the peak positions and
FWHM values of individual Raman modes of the PbCrO,
Raman spectra, and the model used to describe these shifts in
the PbCrO, thin film can be expressed as follows:

o(T) = wy + xT, (5)

where w, represents the phonon frequency at 0 K, while x
corresponds to the first-order temperature coefficient of the
Raman mode.* The slopes of each Raman peak position and
FWHM are listed in Table 1. Notably, the Raman peaks at
137.9 cm ' and 147.7 cm ™" exhibit significantly larger x values
than the other ones, which are associated with the distribution
of electrons and their interactions with phonons.** Details can
be found in Fig. S41 and the analysis in Support Information. In
contrast, the generally smaller values of y for other modes,
compared to other 2D materials, could be attributed to the
weaker van der Waals forces between layers in PbCrO,.>**

4. Conclusion

In summary, we have successfully synthesized PbCrO, thin
films on a LaAlOj; substrate by a PLD method. We reported the
ULF Raman spectrum of PbCrO, and clearly identified 16
Raman modes. By ARPRS, precise determination of the location
of the crystal axes within the sample became possible, offering

RSC Adv, 2025, 15, 20084-20091 | 20089
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a new approach for non-destructive and rapid determination of
the orientation of PbCrO, thin films. Notably, the weaker van
der Waals forces between layers in PbCrO,, coupled with the
distribution of charge carriers within the crystal and their
interactions with phonons, led to a decreased x value for
PbCrO,. This indicates a lower thermal sensitivity than that of
other materials. These findings enrich the understanding of the
physical properties of PbCrO, and offer guidance for the further
development of PbCrO,-based materials.
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