7))
G
()
ajd
i
()
—d
(7))
.2
7))
>
L
al
O
.9
o
Q
<

Observation and theoretical analysis of
near-infrared luminescence from CVD
grown lanthanide Er doped monolayer MoS,

triangles

Cite as: Appl. Phys. Lett. 115, 153105 (2019); https://doi.org/10.1063/1.5120173
Submitted: 17 July 2019 « Accepted: 23 September 2019 « Published Online: 08 October 2019

3 & @

View Online Export Citation CrossMark

Yongxin Lyu, Zehan Wu, Weng Fu lo, et al.

ARTICLES YOU MAY BE INTERESTED IN

Spintronic GdFe/Pt THz emitters
Applied Physics Letters 115, 152401 (2019); https://doi.org/10.1063/1.5120249

Continuous wave operation of InAs-based quantum cascade lasers at 20 um
Applied Physics Letters 115, 151101 (2019); https://doi.org/10.1063/1.5119242

In-plane optical polarization and dynamic properties of the near-band-edge emission of an m-
plane freestanding AIN substrate and a homoepitaxial film

Applied Physics Letters 115, 151903 (2019); https://doi.org/10.1063/1.5116900

i QBLOX Shorten Setup Time
Auto-Calibration
More Qubits

Fully-integrated
Quantum Control Stacks
1 qubit Ultrastable DC to 18.5 GHz 100s qubits

Synchronized <<1 ns
Ultralow noise visit our website >
Appl. Phys. Lett. 115, 153105 (2019); https://doi.org/10.1063/1.5120173 15, 153105

© 2019 Author(s).


https://images.scitation.org/redirect.spark?MID=176720&plid=1691476&setID=378288&channelID=0&CID=617080&banID=520579169&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=f1f4e980f6fdb758ad150527206ab82c09d61755&location=
https://doi.org/10.1063/1.5120173
https://doi.org/10.1063/1.5120173
https://aip.scitation.org/author/Lyu%2C+Yongxin
https://aip.scitation.org/author/Wu%2C+Zehan
https://aip.scitation.org/author/Io%2C+Weng+Fu
https://doi.org/10.1063/1.5120173
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5120173
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.5120173&domain=aip.scitation.org&date_stamp=2019-10-08
https://aip.scitation.org/doi/10.1063/1.5120249
https://doi.org/10.1063/1.5120249
https://aip.scitation.org/doi/10.1063/1.5119242
https://doi.org/10.1063/1.5119242
https://aip.scitation.org/doi/10.1063/1.5116900
https://aip.scitation.org/doi/10.1063/1.5116900
https://doi.org/10.1063/1.5116900

scitation.org/journal/apl

Applied Physics Letters ARTICLE

Observation and theoretical analysis of
near-infrared luminescence from CVD grown
lanthanide Er doped monolayer MoS, triangles

Cite as: Appl. Phys. Lett. 115, 153105 (2019); doi: 10.1063/1.5120173
Submitted: 17 July 2019 - Accepted: 23 September 2019 -
Published Online: 8 October 2019

@

Export Citation

®

View Online CrossMark

Yongxin Lyu, Zehan Wu, Weng Fu lo, and Jianhua Hao®

AFFILIATIONS
Department of Applied Physics, The Hong Kong Polytechnic University, Hong Kong, People’s Republic of China

2 Author to whom correspondence should be addressed: jh.nao@polyu.edu.hk

ABSTRACT

The near-infrared (NIR) emission of Er>" ions has been extensively studied owing to their significance in optical communication applica-
tions. However, studies concerning the incorporation of lanthanide ions into the two-dimensional (2D) matrix are still in the early stages. In
this work, we developed an ingenious two-step vapor-phase-transfer method to synthesize Er’" doped Mo$, single-crystalline monolayers.
The NIR emission at 1530 nm was observed from the doped MoS, nanosheets under 980 nm diode laser excitation, corresponding to the
energy transition from T3/ to *I11/ of the Er*™ dopant. The concentration quenching effect was demonstrated with an optimal Er content
of around 4 mol. %. To further understand the effect of lanthanide doping on the 2D MoS, host matrix in terms of the growth mechanism
and electronic structures, theoretical analysis was performed on Er-doped monolayer MoS, using the density functional theory calculation.
The computed band structure with the superimposed Dieke diagram was in good accordance with our experimental results. Our work offers
the possibility to develop doping strategies in the 2D limit and provides an in-depth understanding of the lanthanide doping in atomically

thin materials.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5120173

Investigations of two-dimensional (2D) transition metal dichal-
cogenides (TMDs) have received widespread attention for construct-
ing next-generation functional devices, owing to their superior
physical and chemical properties to their bulk counterparts.' * Much
effort has been devoted to enhancing the device performance by mod-
ulation and functionalization of pristine 2D TMDs,” and one of the
most attracted investigations is doping engineering.”” Among the dop-
ants, lanthanide ions possess abundant energy levels in 4f orbitals to
absorb and emit photons ranging from ultraviolet (UV) to infrared
spectra, making them promising candidates for extending the lumines-
cence of 2D TMD semiconductors.” '’ In particular, the near-infrared
(NIR) emission of Er’" ions at 1.53 um has been extensively studied in
conventional bulk phosphors, since it is located in the “eye safe” spec-
tral region and has promising aspects in optical communication
applications.'”

So far, the doping of 2D TMDs has been widely demonstrated by
replacing the cationic atoms with transition metal dopants, such as
Nb,'*'* Mn,"” and Re.'® Nevertheless, doping engineering of atomi-
cally thin TMDs by introducing elements with distinct valence and
atomic configurations, like lanthanide elements, remains challenging.

Lanthanide source materials are hard to control during the conven-
tional vapor phase deposition process. The pure lanthanide metals are
highly unstable in the atmosphere, while the lanthanide oxides require
extremely high temperature to evaporate (over 1100°C) and their
vapor pressure is too low to supply the lanthanide source.” In our pre-
vious work, the incorporation of Er’" ions into 2D TMD nanosheets
was realized using a predeposition route to deliver metal precursors,'”
which avoided the complexity of the conventional chemical vapor
deposition (CVD) approach including precursor stoichiometry control
and interrelated growth parameters. This two-step CVD method holds
great promise for growing 2D TMD thin films on the wafer scale and
was also used in other investigations.' In another study, the Er-doped
MoS, film was demonstrated with a quasiclosed crucible CVD method
using ErCl;-6H,0 as the precursor and assistant agent.”” Besides,
pulsed laser deposition (PLD) was also explored to deposit Yb/Er
codoped WSe, layers."” However, only polycrystalline ultrathin films
with unpredictable defects were obtained in these studies, which lim-
ited further investigations on the doped semiconductor system and
extensive applications in optoelectronic devices. In this work, an inge-
nious modification on the two-step CVD method was put forward by
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designing a gas-induced-transfer process of the metal precursor to
obtain Er-doped MoS, single crystals with a well-defined triangular
shape. The luminescence of the 2D MoS, host was effectively extended
to the NIR spectra range at 1.53 um. Furthermore, to investigate
the thermal stability and electronic structure of the doped system,
first principles calculations on the Er-doped MoS, monolayer were
demonstrated.

The general scheme for synthesis of Er-embedded MoS, single
crystals using the two-step CVD method is presented in Fig. 1. Prior
to the growth, the Mo:Er metal precursor, named as “seeds,” was
deposited on the substrate using magnetron sputtering. Specifically, a
hard mask was covered on part of the substrate to create a reserved
area for the self-assembly process of seeds. During the subsequent sul-
furization process, the difference in the sulfur vapor concentration led
to distinct growing schemes, as depicted in the bottom panel of Fig. 1:
in situ sulfurization (route I) and gas phase induced transfer (route II).
The insufficient sulfur concentration can be induced by low tempera-
ture of heating zone I or early introduction of carrier gas. In this case,
the transformation of the Mo:Er film to the MoS,:Er film accompanied
by an increase in the thickness occurred, which is similar to previously
reported studies.'*** By contrast, the seeds exhibited a carrier-
gas-induced-transfer behavior under sulfur-rich conditions. The

Self

L s “seeds” assembly L
\ \ field
/
———
apor High vapor

Low v.
concentration ) concentration

In-situ sulfurization

Gas-phase-induced transfer

MosS,:Er film Mos,:Er

islands

MosS,:Er film
N

L J

FIG. 1. Flow chart of the growth process of Er-doped MoS; via the two-step CVD
method. The low vapor concentration (left panel) produces a large-scale polycrys-
talline film, while the high vapor concentration (right panel) yields discrete single
crystalline islands in the self-assembly region. Blue, yellow, and red balls represent
the Mo, S, and Er atoms, respectively. Scale bars: 20 m.
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evaporated Mo and Er atoms from the seeds reacted with the injected
high concentration sulfur vapor and were carried to the self-assembly
field to form highly crystalline triangular domains with a typical lateral
size of 5 um. The structural information and chemical composition of
the synthesized materials were characterized by optical microscopy,
atomic force microscopy (AFM), energy dispersive X-ray spectroscopy
(EDS), and X-ray photoelectron spectroscopy (XPS). AFM analysis
was carried out using an Asylum MFP 3D Infinity system. EDS
analysis was performed with a TESCAN VEGA3 scanning electron
microscopy (SEM) system, and the XPS analysis was performed with a
Thermal Scientific Nexsa system. Raman spectra and bandgap emis-
sion spectra were recorded in a WITec confocal Raman microscopic
system with a 532 nm laser. The NIR PL spectra were recorded using
an Edinburgh FLSP920 spectrophotometer equipped with a commer-
cial 980 nm laser diode.

Figures 2(a) and 2(b) exhibit the optical images of undoped and
Er-doped MoS,, respectively. Both the undoped and Er-doped MoS,
formed into clear triangular shapes, confirming the single crystalline
nature of the MoS, host as is well-accepted by the earlier report.”’ For
the doped ones, some of the MoS, crystals formed into different
shapes with small clusters on the surface. It was reported that the
nucleation and growth of TMDs are highly sensitive to the growth
environment such as pressure, temperature, precursors, substrates,
and other CVD parameters.””” This geometry evolution can be
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FIG. 2. Optical microscopy images of (a) Er-doped and (b) undoped MoS, trian-
gles. Scale bars: 10 um. AFM images of (c) Er-doped and (d) undoped MoS,.
Scale bars: 1 um. XPS results of () Mo 3d, S 2s, and (f) Er 4d core levels of
Er-doped MoS,.
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contributed to a slight change in the growth environment induced by
the Er dopant. Figures 2(c) and 2(d) show the AFM image of the as-
prepared pristine and doped MoS, samples, respectively. The height
profiles indicate that the thickness of a typical flake is approximately
0.8 nm, which is almost comparable to that of the single layer MoS,
crystal. The incorporation of the Er element is evidenced by the XPS
analysis as presented in Figs. 2(e) and 2(f). It can be seen that the bind-
ing energy peaks of Er 4d core-levels at 168 eV are detected, which is
consistent with the previously reported XPS feature from the ErSi, ;
thin film.”’ Moreover, the existence of Er doping is further implied by
the EDS result of Er-doped MoS, on the Si/SiO, substrate [see Fig.
3(a)], where the characteristic peaks for Mo, S, and Er elements can be
recognized. The composition profile displays a relatively strong inten-
sity of the Si element from the substrate, while the Er element exhibits
a relatively weak signal due to the detection limit of EDS.

The embedding of Er atoms into the MoS, layer renders the pos-
sibility to investigate the optical characteristics of Er’" in the 2D MoS,
host matrix. A comparison of Raman spectra on pristine and doped
MoS, is exhibited in Fig. 3(b), where the Elzg and A, characteristic
peaks of 2H phase MoS, are observed at around 386 and 405cm ™',
respectively. The two peaks present a frequency difference of
19.0cm ™", further evidencing the monolayer structure characterized
by AFM measurements. Notably, the peak frequencies of Er-doped
MoS, are red-shifted by 2 cm ™' compared with their intrinsic counter-
parts, which is consistent with the values in the previous report."”
Such a Raman shift implied the incorporation of Er dopants into the
MosS, single crystal, which can induce strain near the impurity sites
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FIG. 3. (a) EDS results of Mo, S, and Er elements on Er-doped MoS;. (b) Raman
spectrum measured on pristine and Er-doped MoS, triangular monolayers. Raman
mapping of (c) Ezg1 and (d) Aqg peaks on Er-doped MoS, triangles. (e) Bandgap
emission of pristine and Er-doped MoS,. (f) PL mapping of bandgap emission of
Er-doped MoS,. Scale bars: 2 um.
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and lead to slight modification of lattice vibration. To further confirm
the uniformity of Er embedded into the MoS, lattice, Raman mapping
on the intensity of Elzg and Ajq peaks was performed [see Figs. 3(c)
and 3(d)]. The triangular regions are of high uniformity in color con-
trast, highly indicative of crystal quality and smoothness of the synthe-
sized samples. Moreover, Fig. 3(e) presents the typical band-to-band
emission of the MoS, monolayer at around 1.84 eV. The sharp exci-
tonic A peak of Er-doped MoS, is slightly shifted to lower energy com-
pared with that of undoped samples, which will be explained by
computational simulation in the following discussion. The PL map-
ping of the bandgap emission of Er-doped MoS, is shown in Fig. 3(f),
which is highly indicative of the consistency and uniformity of the
prepared sample.

Among the Er’" PL emissions, the NIR emission band at
1.53 um is the most important one for NIR laser applications and
broadband optical amplifiers at the telecommunication window. For
the evaluation of spectroscopic parameters of the 1.53 um fluorescence
on 2D MoS, with different Er’" ion concentrations, the emissions
were recorded by exciting the samples with a 980 nm diode laser. The
normalized spectra are presented in Fig. 4(a), in which the intense
fluorescence emission peaked around 1530 nm can be clearly observed.
The broad emission band consists of two peaks centered at 1529 and
1505 nm, which originate from the stark splitting induced by the sur-
rounding chemical environment on the crystal field of Er’" ions.”"”
Figure 4(b) shows the intensity of 1.53 um emission as a function of Er
doping level in a series of samples. The PL intensity drastically
increases and reaches the maximum under around 4mol. % Er-
content and then decreases with the increase in Er’* concentrations.
This phenomenon is referred to as concentration-quenching, which
can be attributed to the increase in the nonradiative decay process
favored due to the interaction between closely spaced impurities in

. 2 .
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FIG. 4. (a) NIR emission at 1530 nm on MoS, with different Er** dopant concentra-
tions pumped by the 980 nm laser. (b) Dopant concentration dependence of PL
Intensity at 1530 nm. (c) The pump power dependence of PL intensity at 1530 nm.
(d) PL spectra mapping image of the 1530 nm emission peak of nine spots in a
line.
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FIG. 5. (a) Top and (b) side views of the Er-doped MoS, supercell. Blue, yellow,
and orange balls represent the Mo, S, and Er atoms, respectively. (c) Calculated
DOS of the Er doped MoS, monolayer. (d) Schematic partial energy level diagram
of the Er** ion doped in the 2D MoS, host.

980nm of the luminescence intensity (I) at 1530 nm was measured.
The slope is fitted to be 1.08 according to the dependence of emission
intensity on the pump power as shown in Fig. 4(c), indicating that the
downconversion emissions mainly originate from the one-photon pro-
cess. The mapping image of the NIR PL spectra in terms of position
and intensity on the Er-doped MoS, sample is shown in Fig. 4(d),
which suggests a uniform coverage and luminescence profile of Er-
doped MoS, on the substrate.

To provide an in-depth insight into the growth mechanism and
impact of lanthanide doping on the MoS, host, density functional the-
ory (DFT) calculations were performed on both pristine and Er-doped
MoS, monolayers with the DFT+U formalism. Quantum Espresso
was employed using Perdew-Burke-Ernzerhof (PBE) pseudopotentials
on a4 x 6 x 1 super cell containing 72 atoms. Figures 5(a) and 5(b)
exhibit the top and side views of the Er-doped MoS, supercell, respec-
tively. As is shown, lanthanide doping was performed by substituting
one Mo atom by one Er atom, yielding a doping content of 4.16 mol.
%, which is comparable to the optimal concentration measured in our
experiment. Parameters of the well relaxed crystal structures are pre-
sented in Table I, in which an outward distortion of S atoms can be
observed surrounding the Er dopant sites. The Er-S bond is elongated
by roughly 9.2% compared with Mo-S bonds, and the S-Er-S angle is
increased by around 4.6%. Besides, the formation energy of doping
Eform was calculated using the previously reported method as”’

Efarm = Edoped - Epristine — Ugr + Mo 1

where Egypeq and Eprigine are the total energies of doped and pristine
MosS, supercells, respectively. u denotes the chemical potential for var-
ious elements. The dopant chemical potential pp, can be obtained

TABLE I. Calculated lattice parameters of the Er doped MoS, monolayer.

Atomic radius (A)  Bond length (A)  Angle (°)
Pure MoS, Mo 1.90 Mo-S 2.40 S-Mo-S 81.07
Er: MoS, Er 2.26 Er-S 2.62  S-Er-S 84.82

scitation.org/journal/apl

from energy of the bulk metal with a hexagonal structure. The Mo
chemical potential 1t,;, is typically considered between the two limits,
i.e,, the Mo-rich (S-poor) condition where 1, is set as the total
energy of an Mo atom in the ground state Mo crystal and the S-rich
condition in which p,, can be obtained assuming the equilibrium of
MoS, with the chalcogen source. Therefore, we define

S—
MOP"U" - ?\/107 (2)
57 = Eytos, — 2448, (3)

where 113, and 1 are the chemical potentials taken in standard condi-
tions and Eps, is the energy of a perfect MoS, crystal per formula
unit. The obtained doping energies under S-rich and S-poor
conditions are 0.834 and 3.534 ¢V, respectively. The lower dopant
substitutional energy under the S-rich condition implies that the incor-
poration of Er is highly favored and the doped system is more thermo-
dynamically stable under the high S content. This result is consistent
with our experimental data and has a similar trend to previous reports
on DFT calculations of other lanthanide dopants.zx‘29 Moreover, the
density of states (DOS) of the doped MoS, monolayer with individual
element contribution was simulated [see Fig. 5(c)]. After Er’™ doping,
the majority of the DOS structure remains unchanged since the elec-
tronic bands are mainly composed of the host Mo and S states. The
Er’" impurity states give rise to the maximum of electron density dis-
tribution emerging at the edge of the valence band, resulting in a slight
narrowing of the host bandgap. By taking the energy difference
between the maximum of Er’" 4f states (—0.12eV) and Mo states
(—0.67eV), the location of the Er’" 4f ground level in the host
bandgap was estimated to be 0.55 V. Since the DFT calculations are
mainly based on “one electron” theory, it is not possible to directly
simulate the multiplet splitting of the unfilled Er’" 4f shells.”’
Alternatively, we predicted the energy level diagram of Er-doped
MoS, by linking the lowest Er’" 4f level with the top of the MoS,
valence band. The location of other unfilled 4f states was deduced
according to the Dieke diagram, considering that the lanthanide 4f-4f
transitions are typically independent of the host matrix under the
shielding of outer orbitals.”" Figure 5(d) depicts the obtained energy
level diagram with the corresponding excitation and emission path.
The incorporation of Er’* ions introduces extra energy states within
the MoS, bandgap, enabling the energy transitions in the NIR spec-
tral range. Upon 980 nm laser pumping, electrons are populated
from the ground state *I15/5 to *I;1/> manifold and rapidly nonradia-
tively relax to the *I,3/» metastable level where the radiative transi-
tions then take place. This proposed model is in good accordance
with our experiment and implies that the 2D MoS§, host is an appro-
priate candidate for promoting the NIR emission at 1.53 um of the
incorporated Er’* ions.

In conclusion, by exploiting a two-step approach of metal precur-
sor synthesis using the predeposited metal film as seeds, we have
fabricated Er embedded MoS, triangle islands along the in-plane size
up to around 10 um, which is apparently formed into single crystals.
Intriguingly, highly crystalline MoS,:Er flakes are formed by high con-
centration sulfur vapor induced transfer in the self-assembly region. In
comparison with the direct CVD methods, the proposed two step
CVD method is promising for developing doped 2D TMD systems,
especially for lanthanide dopants. First, our method reduces the com-
plexity of the conventional CVD method by simplification of
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precursor stoichiometry control and interrelated growth parameters.
Besides, the employment of mixed metal seeds significantly reduces
the reaction temperature to activate the lanthanide precursor.
Moreover, this approach can be universalized to other lanthanide dop-
ants or TMD hosts on arbitrary substrates since the deposition of pre-
cursors can be easily controlled by sputtering for most metal elements.
Therefore, this work should pave the way for future investigation into
doping and alloying of 2D materials, as well as potential development
in both fundamental and promising applications.

This work was supported by a grant from the Research Grants
Council (RGC) of Hong Kong (RGC GRF No. PolyU 153281/16P).
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