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Artificial heterostructures are often realized by stacking different materials to present new emerging
properties that are not exhibited by their individual constituents. In this work, non-layered two-
dimensional a-MnSe nanosheets were transferred onto LaMnOs (LMO) films to obtain a multifunctional
heterostructure. The high crystal quality of the MnSe/LMO heterostructure was revealed by X-ray
diffraction, Raman spectroscopy, and scanning electron microscopy measurements. The enhancement
of the saturated magnetization and coercive field and synchrotron X-ray measurements indicated the
magnetic exchange coupling effect present in this MnSe/LMO heterostructure. The exchange bias field
and coercive field reached 400 Oe and 1013 Oe under a positive 5k Oe field-cooling process. Thus, an
outstanding photodetector with photoresponsivity of 41 x 10~* A W™ and photo detectivity of 2.6 x
108 jones was obtained with a luminescence of 532 nm for this MnSe/LMO heterostructure. The
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Introduction

Artificial heterostructures, achieved via stacking of similar
materials, often exhibit novel properties that are distinct from
those of their individual components. Conventional hetero-
structures, composed of materials from the same crystal struc-
tural family, have traditionally been favored owing to their
ability to maintain structural quality with minimized defects.'”
However, recent endeavors are focused on creating hetero-
structures that combine diverse material families, including
classic semiconductor compounds, transition metal oxides with
perovskite structures, and more recently, two-dimensional (2D)
atomic structures with layered or non-layered morphology.**
These efforts are driven by the potential of such hetero-
structures to enable multifunctional devices. For instance, their
strongly correlated electron systems manifest various physical
phenomena, like superconductivity, ferroelectricity, and ferro-
magnetism, owing to the interplay of multiple freedom of
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are very useful for next-generation devices.

parameters, including spin, orbital, charge, and lattice, result-
ing in intricate phase diagrams.””® The responsiveness of these
materials to parameter modifications makes them promising
candidates for the next-generation electronic devices. However,
many of these variables are inherent to the material properties
established during growth and are challenging to control in
practical applications. To introduce additional functionalities,
post-growth modifications or interfacing the correlated oxides
with other functional materials is usually employed. Nonethe-
less, most of these oxides lack sensitivity to light.">'* On the
other hand, 2D layered or non-layered materials, like graphene
and transition metal dichalcogenides, exhibit exceptional elec-
tronic and optical properties and can be transferred from their
original growth substrates onto alternative platforms owing to
their weak van der Waals bonding.”»** These characteristics
make them particularly valuable for heterogeneous integration
applications. Therefore, the investigation of transferring the 2D
materials with outstanding photoelectric effect on transition
metal oxides with excellent magnetoelectric properties is very
valuable for the next-generation multifunctional devices.

In Mn-based chalcogenides, rock salt (a-phase) manganese
selenide (MnSe) is a typical material owing to its excellent
photoelectric behaviour and abundant crystal structures.'*
Duan et al. reported that thermodynamically stable a-MnSe is
a wide-bandgap p-type semiconductor with antiferromagnetic
properties, offering significant potential in the magneto-optical
and magneto-optoelectronic device applications.” Zhai et al.
utilised the spatially confined chemical vapor deposition (CVD)
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http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra06719c&domain=pdf&date_stamp=2024-12-30
http://orcid.org/0009-0006-8736-182X
https://doi.org/10.1039/d4ra06719c
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06719c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015001

Open Access Article. Published on 03 January 2025. Downloaded on 1/20/2026 9:58:40 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

technique to produce 2D a-MnSe with controlled thickness. Its
optical and optoelectronic characteristics were investigated to
address spin-ordering effects on the magnetic phase transi-
tion.' To date, the outstanding p-type semiconductor charac-
teristic of a-MnSe has been utilised in optoelectrical devices and
the weak magnetic property also has been found in our recent
experiments.””" Stoichiometric bulk LMO is known to be
a layered-type (A-type) antiferromagnet, in which Mn*" is
a Jahn-Teller ion with a ty,’e,' occupancy and the in-plane
interaction between adjacent Mn ions is ferromagnetic (FM)
while the out-of-plane one is antiferromagnetic (AFM). In
contrast to bulk LMO, there have been several controversies
about magnetic phases in thin films. While some studies
describe the appearance of FM behavior in stoichiometric thin
films, other reports have shown that AFM order stays in the
films thinner than 5 unit cells, and the FM phase in films
thicker. Meanwhile, almost all experiments have unveiled an
insulating feature of LMO films in both FM and AFM phases.
Therefore, the LMO material does not affect the photoelectronic
property of the MnSe semiconductor.

In this work, the reported multifunctional heterostructure
consists of a non-layered a-MnSe and a ferromagnetic insulator
LaMnO; (LMO). The high crystal quality of MnSe/LMO hetero-
structure was supported by X-ray diffraction (XRD), Raman
spectroscopy, and scanning electron microscopy (SEM)
measurements. The obvious enhancement of saturated
magnetization and coercive field of MnSe/LMO heterostructure
compared to that with single materials indicates that the
magnetic exchange coupling effect is observed in the field-
cooling loops. The exchange bias field and coercive field
reached 400 Oe and 1013 Oe under a positive field-cooling
process. The X-ray photoelectron spectroscopy (XPS) measure-
ment and synchrotron X-ray technologies indicate the antipar-
allel spin arrangement of Mn ions, which further support the
mechanism of magnetic coupling. The outstanding photode-
tector with photoresponsivity of 4.1 x 10™* A W' and photo
detectivity of 2.6 x 10° jones was obtained in luminescence of
532 nm for this MnSe/LMO heterostructure. This work
demonstrates a paradigm to create multifunctional hetero-
structures from materials with disparate properties.

Experimental section
Growth process of MnSe/LMO

The growth process of ultrathin MnSe nanosheets was con-
ducted using a low-pressure chemical vapor deposition (CVD)
technique in a two-temperature zone tube furnace inside
a quartz tube (2-inch). Se (powder, 99.999%, Alfa) was placed at
the upstream holding at 370 °C (first heating zone). MnCl,
(powder, 99.9%, Alfa) was positioned in the middle of the
furnace holding at 610-660 °C. A mica substrate was placed
downstream (about 4.5 cm away from MnCl, powder) and faced
down. The LaMnO; (LMO) films with different thicknesses were
grown on (001)-oriented SrTiO; substrates using the pulsed-
laser deposition (PLD) system in the oxygen environment with
Po, 100 mTorr. During the growth, the substrates were held at
750 °C. The wavelength of the KrF excimer laser was 248 nm and
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the laser fluence was 1.2 ] cm 2. MnSe nanosheets were trans-
ferred onto a polydimethylsiloxane (PDMS) sheet using
a wedging transfer method, and then mechanically transferred
on LMO films using a transfer platform.

Characterisation of MnSe/LMO

MnSe/LMO heterostructures were characterized using
a confocal Raman system with 532 nm laser (Horiba Scientific),
X-ray diffraction (XRD, Rigaku), X-ray photoelectron spectros-
copy (XPS, Thermo Scientific), and scanning electron micros-
copy combined with X-ray energy-dispersive spectroscopy (SEM,
EDS, JEOL, JSM-IT800). Magnetic properties were measured
with a vibrating sample magnetometer using a physical prop-
erty measurement system (QD, PPMS-VSM), and hysteresis
curves were obtained after subtracting the diamagnetic back-
ground. X-ray absorption spectroscopy (XAS) and X-ray
magnetic circular dichroism (XMCD) measurements were per-
formed at the beamline BL12B-a of the National Synchrotron
Radiation Laboratory. The laser direct writing was used to
construct the device of two-probe electrodes and Cr/Au (10/80
nm) was thermally deposited on the MnSe sample as elec-
trodes. The electrical properties were measured on a four-probe
station equipped with a Keithley 4200 semiconductor analyser
system. The optoelectronic properties were measured under the
532 nm lasers.

Results and discussion

The non-layered o-MnSe nanosheets were grown on f-mica
substrates by low-pressure CVD using high-purity MnCl, and
Se as the precursors.”” The LaMnO; films of different thick-
nesses were grown on (111)-oriented SrTiO; substrates by PLD.
Then, a mass of MnSe nanosheets was transferred onto the
LMO films through a wedging transfer method.” The surface
morphology of the obtained MnSe/LMO heterostructures was
analyzed from SEM images. The obvious triangular shape of the
MnSe nanosheet is shown in Fig. 1a. Fig. 1a also displays the
EDS elemental mapping images of triangular MnSe nanosheets,
which prove the uniform distribution of Mn and Se elements.
Moreover, Fig. S17 illustrates that La and Sr elements also exist
in the measured range. Fig. S1d{ provides a quantitative anal-
ysis of the EDS spectrum. The Mn elements are attributed to
MnSe and LMO layers so the stoichiometric ratio of MnSe
cannot be obtained from this measurement. Moreover, the
structural, magnetic, and optoelectronic properties were further
measured for this MnSe/LMO sample. Raman spectra can be
used for a comprehensive understanding of the information on
lattice vibration mode and phase structure. Fig. 1b shows the
Raman spectra of a single LMO film and MnSe/LMO hetero-
structure via excitation by a 532 nm laser. In the investigated
range from 150 to 900 cm *, the peak for the MnSe nanosheet
appears at 253 cm™ . For the LMO film, the Raman peaks are
located at 492 and 657 cm™'.?* To further identify the crystal
structure of MnSe/LMO heterostructure, XRD patterns were
collected as shown in Fig. 1c. The main diffraction peaks at
46.9° can be indexed to the (002) plane of single LMO films on
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(a) SEM image of MnSe/LMO heterostructure. Mn and Se elemental images of MnSe/LMO heterostructure. (b) Raman spectra of MnSe/

LMO heterostructure and the reference single LMO film. (c) XRD patterns of the obtained MnSe/LMO heterostructure and the reference single

LMO film. The # symbol is labeled as MnSe peak.

the STO substrate. However, the peak of the LMO film is very
close to that of the STO substrate so the half-peak width is
increased at the (002) plane. The XRD peak at 58.5° can also be
observed in the pattern of the MnSe/LMO heterostructure,
indicating that the non-layered MnSe nanosheet is stable on the
LMO film.** The XRD patterns indicate that the transferred
MnSe nanosheet on LMO film is well along the (222) plane, and
the absence of peaks corresponding to original precursors and
impurity phases confirm the formation of the high-quality
MnSe/LMO heterostructure. The other peaks are attributed to
the (001)-oriented STO substrate.

In order to investigate the magnetic coupling effect in MnSe/
LMO heterostructure, magnetic measurements were performed.
As per previous results, the non-layered a-MnSe nanosheets
present weak magnetic properties, and the LMO films show
ferromagnetic properties.>” Fig. 2a shows the magnetic hyster-
esis loops of single MnSe nanosheets, 30 nm LMO film, and
MnSe/LMO heterostructure at 10 K with the magnetic field
along the in-plane direction. The saturated magnetization and
coercive field in the MnSe/LMO heterostructure are larger than
those in the other two single materials. This suggests the

372 | RSC Adv, 2025, 15, 370-376

existence of the obvious magnetic coupling effect between the
weaker magnetic MnSe and stronger magnetic LMO. In addi-
tion, the magnetic hysteresis loops of MnSe/LMO hetero-
structure were further measured after the sample was cooled
from room temperature with in-plane magnetic fields of +5k
Oe. It is apparent that the horizontal loop shift direction is
opposite to that of the cooling field for all samples, indicating
the presence of the exchange bias effect (EBE) in this hetero-
structure. The exchange bias field (Hgg) value is determined as
Hgg = |H, + H_|/2, and the coercive field (Hc) is evaluated as H¢
= |H, — H_|/2,where H, and H_ represent the right and left side
coercivity, respectively.”® As shown in Fig. 2b, the highlighted
negative coercive field is —1413 Oe and the positive coercive
field is 613 Oe. Therefore, the exchange bias field of 400 Oe and
the coercive field of 1013 Oe are derived from the +5k Oe field-
cooling loop. In contrast, on cooling in a —5k Oe field, a shift in
the center of the magnetic loop along the magnetic field axis
was observed towards positive fields. This behavior indicates
that the exchange coupling effect is an intrinsic property in the
MnSe/LMO heterostructure.”*® The magnetic hysteresis loops of
a single LMO film were cooled from room temperature with in-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Magnetic hysteresis loops of LMO film, MnSe nanosheet, and
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MnSe/LMO heterostructure along the in-plane magnetic field at 10 K. (b)

The positive field cooling (+5k Oe) and negative field cooling (—5k Oe) magnetic hysteresis loops of MnSe/LMO heterostructure at 10 K.

plane magnetic fields of +5k Oe, as shown in Fig. S2.f The
hysteresis loop shift is not observed in a single LMO film,
indicating that the exchange coupling is induced by the MnSe/
LMO heterostructure.

To investigate the atomic composition and magnetic
coupling effect within the MnSe/LMO heterostructure, X-ray
photoelectron spectroscopy (XPS) measurements and synchro-
tron X-ray techniques were employed to analyze the core level
states of Mn ions. Fig. 3a exhibits the Mn 2p spectra of MnSe/
LMO heterostructure. The sample shows two main contribu-
tions of 641.5 and 654.0 eV, corresponding to Mn 2p;/, and 2p4,
positions, respectively. The other two peaks located at 646.2 and
658.0 eV may suggest the characteristics of Mn®" and weak
oxidation at the surface, respectively.” In addition, the XPS
spectra of La and Se ions are presented in Fig. S3.1 To further
support the magnetic exchange coupling effect in MnSe/LMO
heterostructure, synchrotron X-ray curves of Mn elements
were measured at 10 K. The polarized photon at 30° grazing
incidence enters into the MnSe/LMO sample under the applied
field of 5k Oe and the fluorescence yield mode.** Fig. 3b shows
the measured XAS/XMCD at Mn L edges, and the XMCD curve
was calculated by the discrepancy of the XAS signal in the
positive circle (PC+) and negative circle (NC—) along the applied
field direction. The shoulder peak and main peak of the L; edge
are detected at 640.9 and 642.8 eV, respectively. These two
different peaks are indicated as the Mn”" ions in the MnSe layer

(
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Fig. 3
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and Mn®*" ions in the LMO layer. The corresponding XMCD
signal at the L; edge is antiparallel, suggesting the existence of
a magnetic exchange coupling effect in the MnSe/LMO
heterostructure.

Based on the previous discussion, excellent optoelectronic
properties should exist in p-type semi-conductive MnSe nano-
sheets.®* To confirm whether this property exists in the MnSe/
LMO heterostructure, the electronic and optoelectronic behav-
iors were studied herein. MnSe/LMO photodetectors were
fabricated using a single-step laser direct writing technique to
deposit Cr/Au as the electrode material. The photoresponse
behaviours were thoroughly evaluated under ambient condi-
tions, with a 532 nm laser as the excitation light source and the
optical band-gap of a-MnSe is 2.0 eV. Fig. 4a illustrates the
output curves measured with or without illumination. The
source-drain current shows a linear correlation with the power
density, confirming the ohmic contact between the MnSe/LMO
channel and the electrodes. Fig. 4b exhibits the curves of
photocurrent I,, dependence on voltage under different inci-
dent power densities. The photocurrent Iy, is defined by I,;, =
Lighe — Idark (Dighe is the irradiated current under illumination
and Igark is the dark current).>**** The photocurrent I,;, increases
linearly with increasing power densities, which indicates that
the photocurrent is mainly determined by the absorbed
photons. Moreover, the stability and reproducibility under
periodical illumination with different incident wavelengths

(b)

R
640 650
Photon energy (eV)

Normalized XMCD intensity (%)

(=
w
=]

(a) XPS spectra of Mn 2p orbitals. (b) X-ray absorption spectroscopy and XMCD of Mn element for MnSe/LMO heterostructure at 10 K.
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(a) Output characteristic curves of the MnSe/LMO photodetector under darkness and different illuminated power densities. (b) Photo-

current (/) as a function of incident power densities. (c) Responsivity and detectivity of the MnSe/LMO photodetector at various laser incident
powers. (d) Photoresponse time dependence of light intensity curves of MnSe/LMO with various intensities at a bias voltage of 5 V.

were measured to confirm the reversibility of the photoelectric
conversion. Based on the same MnSe/LMO device sizes, the
corresponding responsivity (R,) and detectivity (D*) under
different incident lights were calculated; Fig. 4c shows the
photon-to-electron conversion capability and the sensitivity of
a photodetector with respect to dark current. Notably, I,,, R,
and D* are the main indicators for evaluating the photodetector
performance. According to the formulas R, = I,,/PS and D* =
RyS"/(2el4an)"” (Where Ry, Ipn, A, P, S, and Igun are the
responsivity, photogenerated current, incident wavelength,
laser power density, effective detection area, and dark current,
respectively), the MnSe device exhibits excellent photoresponse
to 532 nm laser with a light intensity of 4.4 mW cm™>, an I, of
up to 5.2 x 107° pA, a maximum Ry of up to 4.1 x 107* AW
and D* of up to 2.6 x 10° jones. Fig. 4d displays the dependence
of photocurrent on incident light of 532 nm intensity, in which
the enhanced laser power density leads to monotonically
increasing photocurrent. Therefore, the responsivity in MnSe/
LMO devices is superior to those in the reported semi-
conductor materials such as a-MnSe, MoS,, and WS,.?*3?

Conclusions

In this work, a ferromagnetic insulator LMO film with 30 nm
thickness was deposited on (001)-oriented STO substrates. The
non-layered a-MnSe nanosheets were transferred onto a PDMS

374 | RSC Adv, 2025, 15, 370-376

sheet using a wedging transfer method, and then mechanically
transferred on LMO films using a transfer platform. The high
crystal quality of the MnSe/LMO heterostructure was supported by
XRD, Raman spectroscopy, and SEM measurements. The obvious
enhancement of saturated magnetization and coercive field and
the synchrotron X-ray measurements indicate the magnetic
exchange coupling effect in this MnSe/LMO heterostructure. The
exchange bias field and coercive field reached 400 Oe and 1013
Oe, respectively, under a positive 5k Oe field-cooling process.
Finally, the excellent photodetector with photoresponsivity of 4.1
x 10™* AW " and photo detectivity of 2.6 x 10°® jones were ob-
tained in the luminescence of 532 nm for this MnSe/LMO heter-
ostructure. Therefore, the multifunction characteristics
containing magnetic exchange coupling and photodetector in this
heterostructure are very useful for next-generation devices.
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