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The efficient integration of transition metal dichalcogenides (TMDs) into the current electronic device

technology requires mastering the techniques of effective tuning of their optoelectronic properties.

Specifically, controllable doping is essential. For conventional bulk semiconductors, ion implantation is

the most developed method offering stable and tunable doping. In this work, we demonstrate n-type

doping in MoSe2 flakes realized by low-energy ion implantation of Cl+ ions followed by millisecond-range

flash lamp annealing (FLA). We further show that FLA for 3 ms with a peak temperature of about 1000 °C

is enough to recrystallize implanted MoSe2. The Cl distribution in few-layer-thick MoSe2 is measured by

secondary ion mass spectrometry. An increase in the electron concentration with increasing Cl fluence is

determined from the softening and red shift of the Raman-active A1g phonon mode due to the Fano

effect. The electrical measurements confirm the n-type doping of Cl-implanted MoSe2. A comparison of

the results of our density functional theory calculations and experimental temperature-dependent micro-

Raman spectroscopy data indicates that Cl atoms are incorporated into the atomic network of MoSe2 as

substitutional donor impurities.

1. Introduction

Two-dimensional (2D) transition metal dichalcogenides (TMDs)
are direct-band gap semiconductors with unique optoelectronic
as well as spin- and valley-electronic properties.1–6 In order to
fully explore the fascinating properties of TMDs, similar to con-
ventional semiconductors, controllable doping is required.7

Most of the non-intentionally doped TMDs exhibit either n-type
or p-type conductivity. As an example, MoSe2 is naturally an
n-type semiconductor with typical electron concentrations in
the order of 1010 cm−2. The origin of the native doping is not
fully understood. It may be associated with impurities8 fre-
quently present in TMDs, e.g., Re in MoS2,

9 effects of the sub-

strate10 or metallic contacts.11,12 Chalcogen vacancies as a
source of doping have also been widely discussed,9,13–19 but it
appears that these defects alone cannot be the reason for
doping,9,13 unless their concentration is extremely high (over
10%).20 High defect concentration is normally associated with
low carrier mobility in the sample, so other ways to dope TMDs
should be explored. To this day, three basic intentional doping
strategies have been tested; (i) in situ doping by substituting
anions or cations during the growth, (ii) surface modification
via intercalation and (iii) electrostatic doping by gating. MoS2
and MoSe2 are the primary representatives of TMDs, so that
most work has been focused on these materials.

Substitutional p-type doping is realized by mixing Nb with
Mo during the bulk-crystal growth or substituting Mo by Nb or
Ta during the MoSe2 monolayer growth by molecular beam
epitaxy (MBE).21,22 In contrast, replacing Mo with Re causes
n-type doping.23 Yang et al. realized n-type doping in WS2 and
MoS2 by substituting S with Cl.24 Recently, Xia et al. have
shown efficient in situ p-type doping of an epitaxial MoSe2
layer.25 Here, the p-type doping is realized by adding P atoms
during the MBE growth of MoSe2 flakes. Furthermore, p-type
doping of TMDs is achieved by substituting Se with N atoms
using N2 or N2O plasma treatment.26,27

The second doping strategy relies on surface modification
by exposing the TMDs to organic molecules or by intercalating
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foreign atoms such as elements from the main group-I. As an
example, Se vacancies at the MoSe2 surface can be treated with
ethylenediaminetetraacetic acid (EDTA) disodium salt solu-
tion.28 The EDTA molecules interact with the MoSe2 surface
and they are bonded at the place of Se vacancies, significantly
improving the carrier mobility. The efficient doping of MoS2
was realized also by the intercalation of Li, Na, or K ions.29

Usually, such a process is reversible, which makes MoS2 an
attractive electrode material for ion batteries.

In a third way, efficient doping of 2D materials can be rea-
lized by electrostatic gating. The gate-controlled conductivity is
used to fabricate 2D field-effect transistors and 2D photo-
detectors with extended sensitivity, under both UV and infra-
red light.30

Ion implantation is a mature technology for doping conven-
tional semiconductors in today’s electronic industry. Doping
TMDs by such a reproducible, scalable, and chip-technology-
compatible method will accelerate the development of TMDs
for industry-scale applications.

In this work, ion implantation doping into MoSe2 is investi-
gated. In particular, we have used Cl ion implantation into
mechanically exfoliated MoSe2 layers. To prevent MoSe2 from
contamination and oxidation, a 6 nm thick SiN capping layer
was used. After ion implantation, the samples were annealed
by flash lamp annealing (FLA) for 3 ms at a peak temperature
of about 1000 °C. During ms-range FLA, defects created in
MoSe2 by ion implantation are annealed, and Cl is incorpor-
ated into the crystal structure. Combining experimental
methods, including cross-sectional transmission electron
microscopy (TEM), secondary ion mass spectrometry (SIMS),
temperature-dependent micro-Raman spectroscopy with
density functional theory (DFT) calculations, we show that Cl
preferentially substitutes Se and acts as a shallow donor. The
electrical activation of Cl was confirmed based on the soften-
ing and the redshift of the A1g phonon mode in Raman
spectra (taken at 4 K) due to the Fano effect. The temperature-
dependent Raman spectra revealed that the first-order temp-
erature coefficient γ strongly depends on the Cl concentration.
In the pristine sample, the shift of the A1g mode with increas-
ing temperature is mainly due to phonon–phonon inter-
actions, while in doped samples, phonon–electron interactions
dominate.

2. Materials and methods
2.1. Sample fabrication

Bulk MoSe2 crystals were purchased from hq graphene. Few-
layer MoSe2 flakes were deposited at room temperature on SiN/
Si substrates using mechanical exfoliation with Nitto tape SPV
224PR-MJ. A 75 nm thick SiN layer was deposited on the Si
substrate by plasma-enhanced chemical vapor deposition
(PECVD) using SiH4 and NH3 precursors. We have chosen sub-
strates with a 75 nm thick SiN layer on Si due to the better
optical contrast for thin 2D flakes than using conventional
290 nm thick SiO2-on-Si substrates.

31 Immediately after exfolia-

tion, MoSe2 flakes were covered by a 6 nm thick SiN capping
layer to prevent their oxidation. We have decided for a SiN
capping due to the oxygen-free deposition process. Moreover,
this SiN layer can be used as a top-gate dielectric and efficient
passivation layer preventing Fermi-level pinning at the surface.
SiN is also known to be a good diffusion barrier for various
gases; hence, it can protect the 2D material from contami-
nation and oxidation.32 Test samples without the capping layer
were fabricated as well. Cl+ ions were implanted with an
energy of 7 keV using fluences of 5 × 12 cm−2, 1 × 13 cm−2, 5 ×
13 cm−2, 1 × 14 cm−2, and 5 × 14 cm−2. Since the ion implan-
tation introduces defects into the 2D crystals and most of the
implanted elements in the as-implanted stage are not incor-
porated into the host, post-implantation annealing is needed.
Usually, the effective thickness of 2D materials is in the range
of 1–2 nm for few-layer-thick TMDs and below 1 nm for a
monolayer. This requires a doping precision almost at the
atomic scale. It is known that conventional thermal annealing
activates dopant diffusion in the range of nanometers or
bigger, depending on the host material, dopants, and anneal-
ing parameters.33 Recently, we have shown that dopant
diffusion in semiconductors can be significantly suppressed
using strongly non-equilibrium thermal processing, e.g. ms-
range FLA.34–36 During FLA, the peak temperature is close to
the melting point of the material to be annealed but never
beyond. This ensures the recrystallization of the implanted
layer via explosive solid phase epitaxy. The energy deposited
into the system is high enough to recrystallize the implanted
layer, but simultaneously the annealing time is sufficiently
short to suppress diffusion. Therefore, we decided to apply the
FLA process to anneal the ion-implanted MoSe2 layer as well.
Implanted samples were annealed in a continuous N2 flow for
3 ms with an energy density of up to 56 J cm−2 (corresponding
to around 1100 °C).37 In order to evaluate the influence of the
millisecond-range annealing on the thermal stability of MoSe2,
we have also annealed non-implanted samples with and
without the SiN capping layer. In our FLA system (FLA100), an
eight-inch wafer can be homogeneously annealed during a
single flash with the maximum temperature easily exceeding
the melting point of Si. The maximum temperature achieved
during the FLA process is self-limited by the melting tempera-
ture of the material to be annealed. The FLA for the current
experiments was performed using twelve 26 cm-long Xe lamps
with an emission spectrum covering the spectral range from
UV to near-infrared.

The depth distribution of Cl in the sample was first calcu-
lated using the SRIM-2013 code and next measured by SIMS
using a 7f-Auto from CAMECA.38 SIMS depth profiles were
acquired for as-implanted and FLA-treated samples using a
Cs+ beam for sputtering with an impact energy of 6 keV, a
primary beam intensity of 0.1 nA, and a beam diameter in the
range of 10–15 nm. The SIMS sputter crater was as large as
100 μm × 100 μm, while the field of view from which the
detected ions were collected was of circular shape with a dia-
meter of 63 μm. It is smaller than the sputtered crater to avoid
the collection of ions from the crater edges. To investigate the
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microstructural properties of the MoSe2 flakes, in particular
the surface amorphization before and after annealing, cross-
sectional bright-field transmission electron microscopy (TEM)
investigations were performed on a Titan 80-300 microscope
(FEI). The phonon spectra and recrystallization efficiency of
the implanted and annealed layers were measured by tempera-
ture-dependent micro-Raman spectroscopy, in the temperature
range of 4–290 K, where each sample was excited with a green
laser (λ = 532 nm) and the signal was recorded with a liquid-
nitrogen-cooled silicon CCD camera. For the electrical
measurements, the MoSe2 flakes were transferred on gold con-
tacts made by optical lithography and lift-off technique. The
substrate and doping process are the same as those used for
optical characterization of ion-implanted MoSe2. The back-
gate electrode was made by depositing a 180 nm thick Au layer
on the back side of the Si wafer. The I–V curves were measured
by applying the drain–source voltage −2 > VD > 2, and the gate
voltage was varied from −30 to 30 V.

2.2. Theoretical calculations

All computations were performed using the density functional
theory (DFT) code as implemented in the Vienna Ab initio
Simulation Package (VASP),39 with PBE exchange and corre-
lation functional.40 van der Waals interactions were added to
the total bonding energy as proposed by Grimme in the
DFT-D2 method.41 We used a plane-wave energy cutoff of 550
eV. Ionic optimization was performed until forces were smaller
than 0.01 eV Å−1, and the break condition for the electronic
self-consistent loop was set to 10−6 eV. For the pristine case,
the first Brillouin zone was sampled using 15 × 15 × 1 grids. To
model defects, 5 × 5 × 1 supercells containing 75 atoms were
sampled at the 6 × 6 × 1 and 10 × 10 × 1 grids in the reciprocal
space for structural optimization and density of states. To
speed up heavy phonon calculations, the HIPHIVE package
was employed to obtain interatomic force constants (IFCs).42

To this end, 100 DFT calculations were done for rattled struc-
tures to create a database. Pairs up to a distance of 6.5 Å were
considered to model IFCs by RFE fitting. Then, the generated
IFC file was used by the PHONOPY package to calculate

phonon dispersion curves.43 To compare the calculations with
the experimental Raman spectra, we used the RGDOS method
explained in ref. 44.

3. Results and discussion
3.1. Structural properties of Cl-implanted MoSe2 flakes

Ion implantation of Cl+ ions into MoSe2 flakes covered with a
6 nm thick SiN film was performed at room temperature.
Fig. 1 shows the calculated Cl distribution in the SiN/MoSe2/
SiN/Si samples using the SRIM-2013 code.38

Here, we assume the thickness of the MoSe2 flake in the
range of 5 nm. The Cl+ ions were implanted with an energy of
7 keV, which corresponds to a projected range (Rp) of about
7 nm, i.e. the interface region between the SiN capping layer
and the MoSe2 flake. The full width at half maximum (FWHM)
for the Cl distribution in the sample is in the range of 5 nm.
This means that both thin flakes and monolayers can be
doped. The Cl+ fluence ranged from 5 × 1012 cm−2 to 5 × 1014

cm−2, which corresponds to a Cl concentration at the SiN/
MoSe2 interface in the range of 5 × 1018 cm−3 to 5 × 1020 cm−3.
Fig. 1b shows the depth distribution of Se vacancies in the
MoSe2 flake for different Cl fluences. The concentration of Se
vacancies is proportional to the Cl fluence, and it increases
with increasing ion dose. For each Cl fluence, the maximum
concentration of the Se-vacancies is localized at the top of the
SiN/MoSe2 interface (within the first 1–3 layers of MoSe2). For
the Cl fluence of 5 × 1013 cm−2 and 1 × 1014 cm−2, the concen-
tration of Se vacancies within the first few MoSe2 layers is in
the range of 2 × 1014 to 6 × 1014 cm−2. Therefore, for the
theoretical calculations, the considered concentration of Se-
vacancies was in the order of 4.25 × 1014 cm−2. Fig. 2a shows
the distributions of Cl, Si, N, and Se atoms in the as-implanted
sample (Cl fluence: 5 × 1014 cm−2) obtained by SIMS measure-
ments. The randomly chosen MoSe2 flake has a thickness of
about 20 nm, as estimated based on the Se distribution.

Considering the multilayer system of our SiN/MoSe2/SiN
sample, sharp interfaces between each layer should be visible.

Fig. 1 (a) Calculated Cl distribution in the SiN/MoSe2/SiN samples using the SRIM-2013 code. The thicknesses of the top and bottom SiN layers are
6 nm and 75 nm, respectively. For simulation, we assumed a thickness of 5 nm for the MoSe2 layer. (b) Se vacancy distributions in the MoSe2 flake for
various Cl fluences.
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In fact, the Si and N signals are visible over the whole
measured depth, which is due to the size difference between
the MoSe2 flake (average diameter below 10 µm) and the field
of view from which the sputtered ions were collected.
Therefore, during the SIMS measurements, the SiN in the sur-
roundings of the flake is continuously sputtered together with
MoSe2, and all sputtered ions (Si and N from the SiN layer, Mo
and Se from the MoSe2 flake and Cl which is present in both
SiN and MoSe2) are collected using the detector. Nevertheless,
the Cl and Se depth distributions can be determined. Fig. 2b
shows the Cl distribution before and after annealing. There is
only a small difference in the Cl signal close to the sample
surface. Within the MoSe2 flake, the Cl distribution is almost
not affected. Hence, we can conclude that FLA for 3 ms fully
suppresses the Cl diffusion, which can ensure efficient doping
of MoSe2.

Fig. 3a presents a cross-sectional bright-field TEM image
that was obtained from a Cl-implanted sample with a fluence
of 1 × 1014 cm−2 before annealing. Besides the 6 nm-thick
amorphous SiN capping layer, the micrograph reveals that the
upper 1.5 nm of the MoSe2 flake gets amorphized during ion
implantation, which is inferred from the uniform gray level of
the top layer showing no diffraction contrast. This means that

the Cl implantation with a fluence of 1 × 1014 cm−2 and an
energy of 7 keV, which gives a Cl concentration in the range of
1 × 1020 cm−2, is sufficient to amorphize MoSe2.

In the case of 2D monolayers, the maximum implantation
fluence should be below the amorphization threshold, since
the recrystallization of an amorphous monolayer is a key chal-
lenge. Usually, during the recrystallization process of the
implanted layer, the part of the sample which is not implanted
(below the implanted layer) is used as the template for the epi-
taxial regrowth of the destroyed layer. In the case of a mono-
layer, fully amorphized by ion implantation, there is no tem-
plate for such epitaxial regrowth. Therefore, post-implantation
annealing performed on amorphous monolayer samples or
amorphous thin films causes the formation of nanocrystalline
materials. This strongly affects the optical and electrical pro-
perties of semiconductors. Fig. 3b shows a cross-sectional
bright-field TEM image obtained from a Cl-implanted
(fluence: 1 × 1014 cm−2) and annealed MoSe2 flake (FLA for
3 ms at an energy density of 51 J cm−2). Although the top
MoSe2 layer got amorphized during ion implantation, there is
still enough crystalline material below the implanted region
for complete recrystallization during post-implantation
annealing.

3.2. Micro-Raman characterization of Cl-doped MoSe2

The doping of MoSe2 relies on three steps: (i) mechanical exfo-
liation followed by the deposition of the capping layer, (ii) ion
implantation, and (iii) ms-range FLA. In order to understand
the impact of each fabrication step on the microstructural and
optoelectronic properties of MoSe2, we tested first the influ-
ence of the FLA process and the capping layer formation on
the optical properties of MoSe2 using micro-Raman spec-
troscopy. According to the results presented in Fig. S1,† the
6 nm thick SiN capping layer does not affect the few-layer thick
MoSe2. The influence of ms-range FLA on the optical pro-
perties of non-implanted and Cl-implanted few-layer-thick
MoSe2 was also investigated by micro-Raman spectroscopy.
Fig. 4 shows the room-temperature micro-Raman spectra

Fig. 2 (a) SIMS depth distributions of Si, Cl, N, and Se in an as-implanted sample (Cl fluence: 5 × 1014 cm−2). (b) Cl distributions in an as-implanted
and annealed sample as well as Se distribution after annealing which was performed for 3 ms using FLA with an energy density of 51 J cm−2

(1000 °C).

Fig. 3 Cross-sectional bright-field TEM images obtained from a sample
implanted with Cl at a fluence of 1 × 1014 cm−2 (a) and FLA-treated for
3 ms with an energy density of 51 J cm−2 (b).
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obtained from non-implanted MoSe2 after FLA for 3 ms with
energy densities ranging from 30 to 56 J cm−2, which corres-
ponds to peak temperatures within the flake in the range of
600 to 1100 °C. The peak at 520.5 cm−1 is due to the trans-
verse optical phonon vibration mode in the Si substrate. The
micro-Raman spectra observed from mono- or few-layer MoSe2
are composed of three main vibrational phonon modes: (i)
the out-of-plane A1g phonon mode located at about
240–243 cm−1, (ii) the in-plane E1

2g phonon mode at about
287 cm−1, and additionally, (iii) the in-principle Raman-inac-
tive phonon mode B1

2g detected at about 353 cm−1.45,46 Due
to the breakdown of translation symmetry, the B1

2g phonon
mode is registered only from a few-layer-thick MoSe2. The
peak position of the A1g phonon mode depends on the strain
and the thickness of the flake.47 With decreasing thickness,
the peak position of the A1g phonon mode shifts towards a
smaller wavenumber.

Here, we focus on MoSe2 flakes with a thickness between 3
and 5 layers. In particular, the thickness of the investigated
flakes was estimated based on the separation between the
main A1g phonon mode and the satellite peak located at lower
wavenumbers. Similar to ref. 45, the main A1g phonon mode is
located at 242.2 cm−1 with the second (satellite) maximum at
about 238.8 cm−1. Additionally, the E12g and B1

2g phonon
modes are located at about 287 and 353 cm−1, respectively.

Using micro-Raman spectroscopy, we have monitored the
influence of FLA on the structural properties of MoSe2. The
maximum temperature was as high as 1100 °C, which is very
close to the melting point of bulk MoSe2 (∼1200 °C). During
conventional annealing at such a high temperature, Se starts
to evaporate leaving Se vacancies. Micro-Raman spectroscopy
is very sensitive to defects, e.g., Se vacancies. Se vacancies in
TMDs are supposed to shift the peaks,48,49 and at high concen-
trations of vacancies, they give rise to a characteristic Raman-
active phonon mode at about 250 cm−1.20,50 We did not detect
any peaks in the range of 250–270 cm−1 (defect related Raman-
active phonon modes) neither from the as-deposited sample
nor after FLA. This is the direct evidence that the FLA can be
used to anneal 2D materials without causing their
degradation.

Fig. 5 shows the micro-Raman spectra obtained from the
samples before and after Cl implantation at a fluence of 1 ×
1014 cm−2.

The implanted layers were annealed by FLA for 3 ms with
the two energy densities of 38 and 51 J cm−2 corresponding to
a peak temperature of about 800 and 1000 °C, respectively. In
particular, Cl implantation leads to a much weaker A1g
phonon mode, which shows a redshift to 239.8 cm−1.
Moreover, the shape of the phonon spectrum changes signifi-
cantly. The A1g phonon mode in the non-implanted sample
has a satellite peak at lower wavenumber,45 while after ion
implantation, the satellite peak appears at higher wavenum-
ber. The strong degradation of the phonon mode intensity is a
fingerprint of disorder induced by the ion implantation.
Simultaneously, the intensity of the in-plane E12g phonon

Fig. 4 Micro-Raman spectra obtained from non-implanted MoSe2
flakes FLA-treated for 3 ms with different energy densities.

Fig. 5 (a) Micro-Raman spectra presenting the A1g phonon mode obtained from few-layer MoSe2 flakes implanted with Cl with a fluence of 1 × 1014

cm−2 (Cl concentration 1 × 1020 cm−3) before and after FLA. The FLA was done for 3 ms with two different energy densities of 38 and 51 J cm−2

which correspond to a peak temperature of about 800 °C and 1000 °C, respectively. The Raman spectrum from the same flake before implantation
is shown for comparison. (b) Overview Raman spectra in the range of 50 to 480 cm−1.
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mode is enhanced significantly with the maximum at
286.8 cm−1 (see Fig. 5b). Moreover, second-order vibrational
phonon modes are also enhanced. Close inspection of the
Raman spectra obtained from the implanted sample reveals a
small extra peak at about 262 cm−1 marked by a dashed line.
This peak is only visible in the implanted sample; hence, we
assign it to the vibrational phonon mode between Cl atoms in
substitutional positions and Se atoms. The as-implanted
Raman spectrum suggests that already during ion implan-
tation, a part of the Cl atoms is incorporated into the MoSe2
lattice. After FLA at 800 °C (38 J cm−2), the shape and the peak
positions of the E12g and Cl-related phonon modes did not
change significantly, but the A1g phonon mode shifts slightly
to higher wavenumber (by 0.2 cm−1) and the peak intensity
increases. This is an indication that the disorder introduced
during ion implantation is partially removed by annealing.
After annealing at 1000 °C for 3 ms (51 J cm−2), the peak inten-
sities of both phonon modes, A1g and E12g, increase signifi-
cantly, and the A1g phonon mode shifts down to 239.4 cm−1.
Also, the Cl-related phonon mode becomes more pronounced.

Fig. 6 shows the normalized micro-Raman spectra recorded
at 4 K from samples implanted with different Cl fluences. The
investigated MoSe2 flakes have a thickness of about 3–5 layers.
The low-temperature Raman spectra reveal that with increasing
Cl concentration, the signal from the E12g phonon mode
increases and the shape changes. The B1

2g phonon mode
shifts slightly to lower wavenumber and becomes broader. The
out-of-plane A1g phonon mode exhibits a red shift and soften-
ing. Moreover, the intensity of the additional peak at about
270 cm−1 increases with increasing Cl concentration. At 4 K,
the A1g phonon mode shifts towards lower wavenumber by
about 2.3 cm−1. If we assume that Cl is a shallow donor,51 the
red shift of the A1g mode with increasing Cl concentration can
be explained based on the Fano interference caused by coup-
ling between discrete optical phonons and carriers (see the
inset in Fig. 6).52 In heavily doped semiconductors, the Fano
parameter Γ is determined by the dopant concentration, while
the Fano asymmetry parameter q is proportional to the electri-
cally active dopants;53 in our case Cl. Moreover, the absolute
value of q decreases with an increased carrier concentration,
while Γ increases.

At low temperatures, only electrons from shallow dopants
should be visible, and all carriers introduced to the system
from defects like Se-vacancies should be frozen out. The Fano-
type asymmetry of the LO phonon mode in MoSe2 can thus be
described as:

IðωÞ ¼ ðqþ εÞ2
ð1þ ε2Þ þ C ð1Þ

and

ε ¼ ðω� ω0 � ΔωÞ
Γ

ð2Þ

where q is the asymmetry parameter, ω is the wavenumber, ω0

is the position of the phonon mode in intrinsic and strain-free
MoSe2, Δω is the shift of the phonon mode due to doping, C is
the background coefficient, and Γ is the line width parameter.
The values of q and Γ are defined by the fraction of electrically
active Cl atoms i.e. the effective carrier concentration and the
total Cl concentration, respectively.

Table 1 summarizes the fitting parameters for the Fano
effect for Cl-implanted MoSe2 obtained from Raman spectra
taken at 4 K. The q and Γ parameters for the pristine samples
are −92 and 0.4, respectively. The absolute value of q decreases
with increasing Cl concentration, which is typical for a system

Fig. 6 Normalized low-temperature micro-Raman spectra obtained
from Cl-implanted samples after FLA for 3 ms at an energy density of
51 J cm−2. The arrow indicates the peak position of the Cl-related
phonon mode. The inset shows magnified phonon spectra around the
A1g phonon mode. The A1g peak shifts towards lower wavenumber due
to the Fano effect.

Table 1 The q and Γ parameters calculated from the micro-Raman spectra taken at 4 K from a non-implanted MoSe2 flake and from Cl-implanted
flakes with different fluences after FLA for 3 ms with an energy density of 51 J cm−2. Effective carrier concentration estimated from the Raman
spectra taken at 4 K and at RT. The ne value was calculated using eqn (3)

Cl fluence q Γ (cm−1) Δω (cm−1) @ 4 K ne @ 4K (×1013 cm−2) Δω (cm−1) @ RT ne @ RT (×1013 cm−2)

Not impl. −92.5 ± 0.5 0.40 ± 0.05 0 0 0 0
5 × 1012 cm−2 −66.0 ± 0.5 0.60 ± 0.05 −0.05 ± 0.02 0.02 ± 0.01 −0.1 ± 0.02 0.04 ± 0.01
1 × 1013 cm−2 −52.0 ± 0.5 0.70 ± 0.05 −0.13 ± 0.02 0.06 ± 0.01 −0.3 ± 0.02 0.13 ± 0.01
5 × 1013 cm−2 −44.0 ± 0.5 0.80 ± 0.05 −1.09 ± 0.02 0.49 ± 0.01 −1.3 ± 0.02 0.58 ± 0.01
1 × 1014 cm−2 −36.0 ± 0.5 1.25 ± 0.05 −2.31 ± 0.02 1.04 ± 0.01 −2.5 ± 0.02 1.13 ± 0.01
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where with increasing ion fluence the carrier concentration
increases as well. Simultaneously, the Γ parameter increases
with increasing disorder in the system and phonon softening
by phonon-carrier interaction. Chakraborty et al. have investi-
gated the influence of electrostatic doping on the phonon
spectra of MoS2.

54 They have shown that in TMDs only the out-
of-plane vibration mode, A1g, is affected by the phonon-carrier
interactions. The peak position of the in-plane phonon mode,
E12g, is independent of the carrier concentration. While the
intensity of the A1g phonon mode decreases with increasing
carrier concentration (softening of the phonon modes), the
intensity of the E12g mode increases. According to the experi-
mental data presented in ref. 54, there is a linear relationship
between carrier concentration and Δω of A1g which can be
expressed as:

Δω ¼ a� ne þ b ð3Þ

where “a” is the slope, “b” is the intercept and “ne” is the elec-
tron concentration. Taking Δω and ne from ref. 41 a = −2.22
and b = 0.002 (where Δω is given in cm−1 and ne in cm−2). We
have observed the same phenomenon in Cl-doped MoSe2 both
at room temperature and at 4 K. Hence, we can estimate the
effective carrier concentration in our sample. Δω taken from
the Raman spectra measured at 4 K and ne calculated using
eqn (3), are summarized in Table 1. At room temperature, the
effective carrier concentration ne and Δω are slightly larger.
For the Cl fluence of 1 × 1014 cm−2, the carrier concentration
increases from 1.04 × 1013 cm−2 at 4 K to 1.13 × 1013 cm−2 at
RT. The FWHM of the Cl distribution in our samples is in the
range of 5 nm. In order to calculate the average number of Cl
atoms in a MoSe2 flake, we have to divide the Cl fluence by
the FWHM. For the highest Cl fluence (1 × 1014 cm−2),
the sheet concentration of Cl atoms is in the range of
2 × 1013 cm−2. This means that, at 4 K for the highest Cl
doping, about 50% of the implanted Cl atoms are electrically
active. In the case of the lowest fluence (5 × 1012 cm−2), the
effective carrier concentration at 4 K is in the range of 2 × 1011

cm−2 and increases up to 4 × 1011 cm−2 at RT. Using tempera-
ture-dependent Raman spectroscopy, we have studied also the

thermal expansion and anharmonicity in Cl-doped MoSe2 (see
Fig. S2†). In Cl-doped samples, the shift of the A1g phonon
mode cannot be explained just based on the phonon–phonon
interaction. Here, we have to consider also the electron–
phonon coupling which can be neglected in the undoped
samples (see the ESI†).

3.3. Electrical properties of Cl-doped MoSe2

The electrical properties of Cl-doped MoSe2 were investigated
using a three-terminal device architecture (see the inset in
Fig. 7a). Gold contacts with a gap of 5 μm were deposited on
the SiN/Si substrate prior to the exfoliation of MoSe2 flakes
using optical lithography and lift off. A few-layer-thick MoSe2
flake was placed on the top of the gold stripes and covered
with a 6 nm thick SiN capping layer. Next, the samples were
implanted with Cl and annealed by FLA for 3 ms. Fig. 7a
shows the n-type nature of the Cl-doped MoSe2 transistor with
gate dependent transfer characteristic for a source–drain
voltage of VD = 0.01 V. ID increases monotonically with an
increase in the positive gate voltage VG, indicating a negative
FET behavior.

Using the formula for the field-effect mobility,

μFE ¼ L
W

1
Cox � VD

� �
@ID
@VG

, where L and W are the length and

width of the channel, respectively, VD is the source–drain

voltage, Cox is the gate capacitance Cox ¼ d
ε0εSiN

� �
and

@ID
@VG

is

the conductance for the channel, the carrier mobility can be
calculated.55 The calculated field-effect mobility for the heavily
Cl-doped MoSe2 (the Cl fluence of 5 × 1013 cm−2) is in the
order of 0.02 cm2 V−1 s−1 at RT for the VG = 30 V. The calcu-
lated field-effect mobility in the un-doped sample estimated
from transfer characteristic (see Fig. S3b†) taken at VD = 1 V
and for VG = 30 V is about 1.8 cm2 V−1 s−1. It is much bigger
than that in the implanted sample but still not remarkably
high. It suggests that in our case, after ion implantation, the
point defects and Coulomb scattering are mainly responsible
for the low field-effect mobility in the ion implanted sample.
The field-effect mobility in 2D materials strongly depends on
the layer thickness, doping level, the metal–semiconductor

Fig. 7 Source–drain current ID as a function of back-gate voltage VG at Vd = 0.01 V (a) and I–V characteristics at different back-gate voltages (b) of
a Cl-doped MoSe2 transistor. The sample was implanted with a Cl-fluence of 5 × 1013 cm−2 and subsequently annealed by FLA for 3 ms with an
energy density of 51 J cm−2.
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contact quality (especially when performing two-probe
measurement), the surface passivation and the type of dielec-
tric or strain.56–59 Non-intentionally doped as-grown MoSe2
flakes usually show a room temperature carrier mobility in the
range of 0.02 to 95 cm2 V−1 s−1.60 The use of h-BN as dielectric
instead of SiO2 improves the carrier mobility by an order of
magnitude. Also proper encapsulation of 2D flakes improves
the carrier mobility.61 Here, the presented relatively low field-
effect mobility in the ion implanted sample is due to the
complex scattering mechanism of carriers in the heavily doped
MoSe2. According to the Raman spectroscopy, the activation
efficiency of Cl-implanted into MoSe2 after FLA is in the order
of 10%. Due to the Fano effect, the main Raman-active
phonon mode is shifted towards lower wavenumber suggesting
strong phonon-carrier interactions. The ion implantation
induced defects like interstitials and vacancies are also not
completely removed from the implanted flakes during single-
pulse ms-range FLA. A better surface passivation e.g. using
h-BN instead of SiN and ion implantation performed at elev-
ated temperature can improve the carrier mobility. High-temp-
erature implantation can reduce the defect concentration in
the implanted layer.

Fig. 7b shows the room temperature current–voltage
characteristics obtained at different gate voltages. The quasi-
symmetric linear curves are typical of Ohmic contacts formed
between the metal and semiconductor. The sample fabri-
cation using the exfoliation technique is burdened with
possible contamination of the metal–MoSe2 interface which
can increase the contact resistance. Even so, in contrast to
the un-implanted MoSe2 flake (see Fig. S3†), after ion
implantation and FLA the electrical contact shows Ohmic
behavior.

The presented experimental results unquestionably confirm
that the ion implantation followed by sub-second annealing
can be used for the efficient doping of 2D materials. In order
to increase the device performance, both the ion implantation
and post-implantation annealing parameters must be opti-
mized. In contrast to other approaches used for doping of 2D
materials like in situ doping or intercalation, the selective-area
ion implantation offers the possibility to fabricate lateral
homojunctions within a single flake. The main disadvantage
of the ion implantation in comparison with other techniques

is the defect formation as a result of interaction of high-ener-
getic ions with the solid. Therefore, post-implantation anneal-
ing is required. Because the thickness of the active layer is in
the nm range, the application of conventional annealing is
limited, mainly due to the dopant diffusion during annealing.
However, the dopant diffusion can be controlled using ms-
range annealing. The pros and cons of different doping tech-
niques are summarized in Table 2. Each of the doping/growing
technique has some limitation. The MBE/CVD offers high-
quality materials with very good control of the carrier concen-
tration in the grown layer, but the fabrication of lateral homo-
junctions is not possible. Frisenda et al. have demonstrated
that the electrostatic doping can be utilized to form lateral p–n
homojunction by local electrostatic gates.67 The electrostatic
doping is the most efficient in ambipolar materials like WSe2,
where the conductivity type (n- or p-type) can be easily tuned
by changing the gate voltage polarity. The intercalation/
diffusion doping allows obtaining of remarkably high doping
level, but the carrier density is hardly controlled. The alterna-
tive to ion implantation is plasma treatment of 2D materials,
where reactive plasma interacts directly with the flake, e.g.
N-plasma with MoSe2.

26 Moreover, the p- and n-type doping of
WSe2 can be achieved by utilizing O- and Ar-plasma, respect-
ively.68 In such a case, the O-plasma oxidizes the top of WSe2.
The newly formed WOx top-layer acts as the hole injection
layer, while defects made by Ar plasma are responsible for
n-type doping. Since the p-type doping is achieved by oxidation
of the top layer, this technique cannot be used for monolayer
2D materials. The last doping technique mentioned in Table 2
relies on the oxidation of the top layer using intense UV light.
Therefore, it is similar to O-plasma doping and applicable for
thicker layers. It appears that the best solution for practical
application of 2D materials is doping by selective ion implan-
tation combined with MBE. It will require only one implan-
tation step which significantly reduces the defect formation in
the monolayer thick 2D material.

3.4. Density-functional theory calculations

To better understand the influence of Cl doping on the optical
and electrical properties of MoSe2, we have performed
DFT calculations. We have considered a MoSe2 monolayer and
three different cases: (i) MoSe2−x describes a sample with

Table 2 Comparison of different doping techniques for lateral p–n junction formation

Doping technique
Control over
doping conc. p–n-type

Lateral
Homo-junction

Defect
conc. 2D Material Ref.

Ion implantation Very good Yes Yesa High MoS2, MoSe2 62, This work
In situ Bulk Good Yes No Low MoSe2, MoS2, … 7

MBE/CVD Very good Yes No Low MoSe2, WSe2 25 and 63
Electrostatic doping Good Yes Yes Low No 54 and 64
Ex situ Diffusion/Intercalation Poor Yes No Medium No 28 and 29

Plasma treatment Poor Yes Yes High Yes 25 and 26
UV treatment Poor Only p- Yes Medium No 65 and 66

aWith analogy to the doping of conventional semiconductors.
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Se-vacancies where x denotes the concentration of missing Se
atoms, (ii) MoSe2−xClx describes a sample with Cl-substituted
Se atoms and (iii) Cl@MoSe2 describes Cl adatoms. Here, the
Cl and Se-vacancy concentrations are fixed at 4.25 × 1013 cm−2.
The stability of these three systems, which depends on the
chemical potentials of the atoms, was evaluated by calculating
the formation energies of the structures (see Fig. 8).

The chemical potential of Cl atoms corresponds to the dia-
tomic molecule. Our calculated formation energy for a Se
vacancy is 2.75 eV, which agrees with the previously reported
values under Se-rich conditions.69,70 Due to the high formation
energy of the vacancy, the substitution of Se with Cl is energe-
tically favored with respect to the isolated Cl atoms. For Cl
adatoms, different possibilities of adsorption positions
(Fig. S4†) have been considered and the most stable structure
(Fig. S5†) has been used for vibrational and electronic struc-
ture calculations. The energy difference between the substitu-
tional and adatom cases is about 0.25 eV in the metal-rich
limit.

Fig. 9 shows the Raman spectra calculated using the
Raman weighted density of states (RGDOS) approach (for
details, see ref. 44). The red- and blue-dashed lines correspond
to the theoretically calculated peak positions of the A1g and
E12g phonon modes in defect-free MoSe2 monolayer,
respectively.

In the case of MoSe2−x layers, the out-of-plane A1g phonon
mode shifts to lower wavenumbers by 3.53 cm−1, while the in-
plane E12g phonon mode shifts towards higher wavenumber by
1.49 cm−1. Moreover, we have found an additional localized
phonon mode at about 260.2 cm−1. The calculated Raman
spectrum for Cl adatoms shows a red shift of both the A1g
phonon mode by 3.48 cm−1 and the E12g phonon mode by
1.34 cm−1. We did not find extra phonon modes that could be
designed to the Cl adatoms. Compared to the MoSe2−x case,
the intensity of the E12g phonon mode decreases. Considering
Cl in the substitutional position, the A1g and E12g phonon

modes show a blue shift by 1.63 cm−1 and 1.17 cm−1, respect-
ively. The Cl-doped sample exhibits also the localized phonon
mode at about 261.9 cm−1 and the shape of the E12g mode
differs from the MoSe2−x and Cl@MoSe2 cases. If we take into
account the shape of the E12g phonon mode and the position
of the localized peak (at 261.9 cm−1), we can conclude that the
results of simulations agree well with the experimental spec-
trum taken at 4 K from the sample doped with a Cl fluence of
5 × 1013 cm−2, and it proves that Cl substitutes Se in MoSe2
after FLA. According to simulation, the A1g phonon mode in
MoSe2−xClx should shift to a higher wavenumber, which was
not observed in the experiments. However, in the simulation,
we did not include phonon–electron interactions, which are
responsible for the red shift and softening of phonon modes.
The RGDOS simulation shows that the A1g phonon mode in
the Cl-doped sample should be red-shifted by 1.63 cm−1 and
for MoSe2−x with Se-vacancies blue-shifted by 3.53 cm−1. In
our case, the A1g phonon mode for the sample doped with a Cl
fluence of 5 × 1013 cm−2 shows a red shift of 1.1 cm−1 only,
which is much less than predicted by DFT calculations for the
sample with Se-vacancies. Similar results for defective MoSe2
were presented by Mahjouri-Samani et al., where, with an
increase in the Se-vacancy concentration, the A1g phonon
modes shift towards 230 cm−1.20 Simultaneously, they have
observed a new phonon mode at about 253 cm−1 which is the
fingerprint for Se-vacancies. We cannot exclude the existence
of Se-vacancies in our samples after ion implantation and
annealing, but comparing published results with our simu-
lated and experimental spectra, we can conclude that the low-
energy ion implantation followed by ms-range FLA can be
used to dope 2D materials and to suppress the formation of
defects. To get further insights into the electronic properties of

Fig. 9 The RGDOS spectra calculated for Se vacancy (MoSe2−x where x
denotes the defect concentration), Cl-substituted Se atom (MoSe2−x
Clx), and Cl adatom (Cl@MoSe2), in MoSe2 monolayers. Red and blue
dashed-lines denote A1g and E12g Raman modes in not-implanted
MoSe2, respectively. The calculations are performed at 0 K.

Fig. 8 The formation energies of Se vacancy (MoSe2−x), Cl substituted
Se atoms (MoSe2−xClx), and Cl adatoms (Cl@MoSe2) as functions of Se
atom chemical potential.
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the studied material, we present the electronic band structures
in Fig. 10.

The pristine MoSe2 reveals the direct band gap of 1.44 eV at
the K high symmetry point (see Fig. S6†). The projected
density of states (PDOS) suggests that the bottom of the con-
duction band is formed from empty Mo (dz2) orbitals, while
the top of the valence band is composed of Mo (dxy and dx2–y2)
and Se (3p) orbitals. In the case of a single Se vacancy, the
valence band maximum and conduction band minimum
resemble the characteristics of pristine MoSe2, while an unoc-
cupied state is formed in the middle of the gap with very small
dispersion (Fig. 10a and Fig. S7†). A similar situation is found
for the single Cl adatom case (Fig. 10a and Fig. S7c†), but the
midgap state is close to the valence-band region. Filling of the
vacancy with Cl leads to a shift in the Fermi level to the con-
duction band and can be referred to as an n-type dopant. The
splitting of the small subband in the vicinity of the Fermi level
corresponds to the one unpaired electron per Cl atom, leading
to a total magnetization of 1μB per supercell. Our results agree
well with the previous theoretical report, suggesting group VI
elements for ion-beam-mediated doping of transition metal
dichalcogenides.71

4. Conclusions

We have investigated the optical and structural properties of
Cl-doped few-layer-thick MoSe2. We have demonstrated the
applicability of ion implantation and post-implantation non-
equilibrium thermal processing for tuning the carrier concen-
tration in 2D materials. Using temperature-dependent micro-
Raman spectroscopy and DFT calculations, we have shown that
Cl can be efficiently incorporated into MoSe2 at substitutional
positions and that Cl substituting Se is a stable shallow donor.
This indicates that although the experiments were done on
multi-layer samples, the main conclusions are relevant to indi-
vidual MoSe2 sheets, as Cl impurities take substitutional posi-
tions in the sheets. The use of a SiN capping layer increases the
minimum ion energy needed for the doping of thin flakes to
the range of a few keV. This means that the doping of 2D

materials can be performed using conventional ion implanters,
which significantly simplifies the doping process.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

Support by the Ion Beam Center (IBC) at HZDR is gratefully
acknowledged. We would like to thank Mr Scheumann for the
Au-coating of the samples, Mrs Aniol for the measurements
with a stylus profilometer, and Mrs Kunz for TEM specimen
preparation. The funding of TEM Talos by the German
Federal Ministry of Education of Research (BMBF), Grant No.
03SF0451, in the framework of HEMCP is gratefully acknowl-
edged. A.V. K. acknowledges financial support from the DFG,
project KR 4866/2-1. The authors thank the HZDR Computing
Center, PRACE (HLRS, Stuttgart, Germany, Project ID:
2018184458), and TU Dresden Cluster “Taurus” for generous
grants of CPU time.

References

1 Q. H. Wang, K. Kalantar-Zadeh, A. Kis, J. N. Coleman and
M. S. Strano, Electronics and, optoelectronics of two-
dimensional transition metal dichalcogenides, Nat.
Nanotechnol., 2012, 7, 699.

2 X. Xu, W. Yao, D. Xiao and T. F. Heinz, Spin and, pseudos-
pins in layered transition metal dichalcogenides, Nat.
Phys., 2014, 10, 343.

3 S. Kumar and U. Schwingenschlögl, Thermoelectric
Response of Bulk and Monolayer MoSe2 and WSe2, Chem.
Mater., 2015, 27, 1278–1284.

4 W. Ai, L. Kou, X. Hu, Y. Wang, A. V. Krasheninnikov, L. Sun
and X. Shen, Enhanced sensitivity of MoSe2 monolayer for
gas adsorption induced by electric field, J. Phys.: Condens.
Matter, 2019, 31, 445301.

Fig. 10 (a) The total density of states of MoSe2, MoSe2−x, MoSe2−xClx, and Cl@MoSe2. The Fermi level is shifted to zero. The shallow donor state is
clearly seen in the third curve from the top. (b) The projected density of states of MoSe2−xClx with the spin-up and spin-down components. The full
band structures are shown in the ESI (Fig. S7†).

Paper Nanoscale

Nanoscale This journal is © The Royal Society of Chemistry 2021

Pu
bl

is
he

d 
on

 2
2 

Fe
br

ua
ry

 2
02

1.
 D

ow
nl

oa
de

d 
by

 H
el

m
ho

ltz
-Z

en
tr

um
 D

re
sd

en
-R

os
se

nd
or

f 
on

 3
/1

8/
20

21
 9

:2
6:

15
 A

M
. 

View Article Online

https://doi.org/10.1039/d0nr08935d


5 W. Jolie, C. Murray, P. S. Weiß, J. Hall, F. Portner,
N. Atodiresei, A. V. Krasheninnikov, C. Busse, H.-P. Komsa,
A. Rosch and T. Michely, Tomonaga-Luttinger Liquid in a
Box: Electrons Confined within MoS2 Mirror-Twin
Boundaries, Phys. Rev. X, 2019, 9, 011055.

6 J. R. Schaibley, H. Yu, G. Clark, P. Rivera, J. S. Ross,
K. L. Seyler, W. Yao and X. Xu, Valleytronics in 2D
materials, Nat. Rev. Mater., 2016, 1, 16055.

7 P. Luo, F. Zhuge, Q. Zhang, Y. Chen, L. Lv, Y. Huang, H. Lia
and T. Zhai, Doping engineering and functionalization of
two-dimensional metal chalcogenides, Nanoscale Horiz.,
2019, 4, 26–51.

8 R. Addou, S. McDonnell, D. Barrera, Z. Guo, A. Azcatl,
J. Wang, H. Zhu, C. L. Hinkle, M. Quevedo-Lopez,
H. N. Alshareef, L. Colombo, J. W. P. Hsu and
R. M. Wallace, Impurities and Electronic Property
Variations of Natural MoS2 Crystal Surfaces, ACS Nano,
2015, 9, 9124–9133.

9 H.-P. Komsa and A. V. Krasheninnikov, Native defects in
bulk and monolayer MoS2 from first principles, Phys. Rev.
B: Condens. Matter Mater. Phys., 2015, 91, 125304.

10 R. Rao, V. Carozo, Y. Wang, A. E. Islam, N. Perea-Lopez,
K. Fujisawa, V. H. Crespi, M. Terrones and B. Maruyama,
Dynamics of cleaning, passivating and doping monolayer
MoS2 by controlled laser irradiation, 2D Mater., 2019, 6,
045031.

11 C. Gong, L. Colombo, R. M. Wallace and K. Cho, The
Unusual Mechanism of Partial Fermi Level Pinning at
Metal–MoS2 Interfaces, Nano Lett., 2014, 14, 1714–1720.

12 Y. Pan, S. Li, M. Ye, R. Quhe, Z. Song, Y. Wang, J. Zheng,
F. Pan, W. Guo, J. Yang and J. Lu, Interfacial Properties of
Monolayer MoSe2−Metal Contacts, J. Phys. Chem. C, 2016,
120, 13063–13070.

13 A. Singh and A. K. Singh, Origin of n-type conductivity of
monolayer MoS2, Phys. Rev. B, 2019, 99, 121201(R).

14 H. Liu, H. Zheng, F. Yang, L. Jiao, J. Chen, W. Ho, C. Gao,
J. Jia and M. Xie, Line and Point Defects in MoSe2 Bilayer
Studied by Scanning Tunneling Microscopy and
Spectroscopy, ACS Nano, 2015, 9, 6619–6625.

15 J. Suh, T.-E. Park, D.-Y. Lin, D. Fu, J. Park, H. J. Jung,
Y. Chen, C. Ko, C. Jang, Y. Sun, R. Sinclair, J. Chang,
S. Tongay and J. Wu, Doping against the Native Propensity
of MoS2: Degenerate Hole Doping by Cation Substitution,
Nano Lett., 2014, 14, 6976–6982.

16 O. Lehtinen, H.-P. Komsa, A. Pulkin, M. B. Whitwick,
M.-W. Chen, T. Lehnert, M. J. Mohn, O. V. Yazyev, A. Kis,
U. Kaiser and A. V. Krasheninnikov, Atomic Scale
Microstructure and Properties of Se-Deficient Two-
Dimensional MoSe2, ACS Nano, 2015, 9, 3274–3283.

17 J. Hong, C. Jin, J. Yuan and Z. Zhang, Atomic Defects in
Two–Dimensional Materials: From Single–Atom
Spectroscopy to Functionalities in Opto–/Electronics,
Nanomagnetism, and Catalysis, Adv. Mater., 2017, 29,
1606434.

18 Y. Ma, Y. Dai, M. Guo, C. Niu, J. Lu and B. Huang,
Electronic and magnetic properties of perfect, vacancy-

doped, and nonmetal adsorbed MoSe2, MoTe2 and WS2
monolayers, Phys. Chem. Chem. Phys., 2011, 13, 15546–15553.

19 S. Barja, et al., Identifying substitutional oxygen as a pro-
lific point defect in monolayer transition metal dichalco-
genides, Nat. Commun., 2019, 10, 3382.

20 M. Mahjouri-Samani, et al. Tailoring Vacancies Far Beyond
Intrinsic Levels Changes the Carrier Type and Optical
Response in Monolayer MoSe2−x Crystals, Nano Lett., 2016,
16, 5213–5220.

21 X. J. Chua, J. Luxa, A. Y. S. Eng, S. M. Tan, Z. Sofer and
M. Pumera, Negative Electrocatalytic Effects of p-Doping
Niobium and Tantalum on MoS2 and WS2 for the
Hydrogen Evolution Reaction and Oxygen Reduction
Reaction, ACS Catal., 2016, 6, 5724–5734.

22 S. Y. Hua, C. H. Liang, K. K. Tiong, Y. C. Lee and
Y. S. Huang, Preparation and characterization of large
niobium-doped MoSe2 single crystals, J. Cryst. Growth,
2005, 285, 408–414.

23 V. Kochat, et al., Re Doping in 2D Transition Metal
Dichalcogenides as a New Route to Tailor Structural Phases
and Induced Magnetism, Adv. Mater., 2017, 29, 1703754.

24 L. Yang, K. Majumdar, H. Liu, Y. Du, H. Wu,
M. Hatzistergos, P. Y. Hung, R. Tieckelmann, W. Tsai,
C. Hobbs and P. D. Ye, Chloride Molecular Doping
Technique on 2D Materials: WS2 and MoS2, Nano Lett.,
2014, 14, 6275–6280.

25 Y. Xia, J. Zhang, Z. Yu, Y. Jin, H. Tian, Y. Feng, B. Li, W. Ho,
C. Liu, H. Xu, C. Jin and M. A. Xie, Shallow Acceptor of
Phosphorous Doped in MoSe2 Monolayer, Adv. Electron.
Mater., 2020, 6, 1900830.

26 Y. Xia, B. Wang, J. Zhang, Y. Feng, B. Li, X. Ren, H. Tian,
J. Xu, W. Ho, H. Xu, C. Liu, C. Jin and M. Xie, Hole doping
in epitaxial MoSe2 monolayer by nitrogen plasma treat-
ment, 2D Mater., 2018, 5, 041005.

27 Y. Xie, E. Wu, R. Hu, S. Qian, Z. Feng, X. J. Chen, H. Zhang,
L. Xu, X. Hu, J. Liu and D. Zhang, Enhancing electronic
and optoelectronic performances of tungsten diselenide by
plasma treatment, Nanoscale, 2018, 10, 12436–12444.

28 Y. Meng, C. Ling, R. Xin, P. Wang, Y. Song, H. Bu, S. Gao,
X. Wang, F. Song, J. Wang, X. Wang, B. Wang and G. Wang,
Repairing atomic vacancies in single-layer MoSe2 field-
effect transistor and its defect dynamics, npj Quantum
Mater., 2017, 2, 16.

29 J. Zhang, et al. Reversible and selective ion intercalation
through the top surface of few-layer MoS2, Nat. Commun.,
2018, 9, 5289.

30 J. Wang, H. Fang, X. Wang, X. Chen, W. Lu and W. Hu,
Recent Progress on Localized Field Enhanced Two-dimen-
sional Material Photodetectors from Ultraviolet—Visible to
Infrared, Small, 2017, 13, 1700894.

31 A. Castellanos-Gomez, M. Buscema, R. Molenaar, V. Singh,
L. Janssen, H. S. J. van der Zant and G. A. Steele,
Deterministic transfer of two-dimensional materials by all-
dry viscoelastic stamping, 2D Mater., 2014, 1, 011002.

32 E. Kaloyeros, F. A. Jove, J. Goff and B. Arkles, Review -
Silicon Nitride and Silicon Nitride-Rich Thin Film

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2021 Nanoscale

Pu
bl

is
he

d 
on

 2
2 

Fe
br

ua
ry

 2
02

1.
 D

ow
nl

oa
de

d 
by

 H
el

m
ho

ltz
-Z

en
tr

um
 D

re
sd

en
-R

os
se

nd
or

f 
on

 3
/1

8/
20

21
 9

:2
6:

15
 A

M
. 

View Article Online

https://doi.org/10.1039/d0nr08935d


Technologies: Trends in Deposition Techniques and Related
Applications, ECS J. Solid State Sci. Technol., 2017, 6, P691.

33 S. Zhou, F. Liu, S. Prucnal, K. Gao, M. Khalid, C. Baehtz,
M. Posselt, W. Skorupa and M. Helm, Hyperdoping silicon
with selenium: solid vs. liquid phase epitaxy, Sci. Rep.,
2015, 5, 8329.

34 S. Prucnal, et al. Superconductivity in single-crystalline
aluminum- and gallium-hyperdoped germanium, Phys.
Rev. Mater., 2019, 3, 054802.

35 S. Prucnal, F. Liu, M. Voelskow, L. Vines, L. Rebohle,
D. Lang, Y. Berencén, S. Andric, R. Boettger, M. Helm,
S. Zhou and W. Skorupa, Ultra-doped n-type germanium
thin films for sensing in the mid-infrared, Sci. Rep., 2016,
6, 27643.

36 S. Prucnal, J. Żuk, R. Hübner, J. Duan, M. Wang,
K. Pyszniak, A. Drozdziel, M. Turek and S. Zhou, Electron
Concentration Limit in Ge Doped by Ion Implantation and
Flash Lamp Annealing, Materials, 2020, 13, 1408.

37 S. Prucnal, L. Rebohle and W. Skorupa, Doping by flash
lamp annealing, Mater. Sci. Semicond. Process., 2017, 62,
115–127.

38 J. F. Ziegler, M. D. Ziegler and J. P. Biersack, SRIM - The
stopping and range of ions in matter, Nucl. Instrum.
Methods Phys. Res., Sect. B, 2010, 268, 1818.

39 G. Kresse and J. Hafner, Ab initio molecular dynamics for
liquid metals, Phys. Rev. B: Condens. Matter Mater. Phys.,
1993, 47, 558.

40 J. P. Perdew, K. Burke and M. Ernzerhof, Generalized
Gradient Approximation Made Simple, Phys. Rev. Lett.,
1996, 77, 3865.

41 A. Tkatchenko and M. Scheffler, Accurate Molecular van
der Waals Interactions from Ground-State Electron Density
and Free-Atom Reference Data, Phys. Rev. Lett., 2009, 102,
073005.

42 F. Eriksson, E. Fransson and P. Erhart, The Hiphive
Package for the Extraction of High-Order Force Constants
by Machine Learning, Adv. Theory Simul., 2019, 2, 1800184.

43 A. Togo and I. Tanaka, First principles phonon calculations
in materials science, Scr. Mater., 2015, 108, 1.

44 A. Hashemi, A. V. Krasheninnikov, M. Puska and
H.-P. Komsa, Efficient method for calculating Raman
spectra of solids with impurities and alloys and its appli-
cation to two-dimensional transition metal dichalcogen-
ides, Phys. Rev. Mater., 2019, 3, 023806.

45 P. Tonndorf, R. Schmidt, P. Böttger, X. Zhang, J. Börner,
A. Liebig, M. Albrecht, C. Kloc, O. Gordan, D. R. T. Zahn,
S. Michaelis de Vasconcellos and R. Bratschitsch,
Photoluminescence emission and Raman response of
monolayer MoS2, MoSe2, and WSe2, Opt. Express, 2013, 21,
4908.

46 P. Soubelet, A. E. Bruchhausen, A. Fainstein, K. Nogajewski
and C. Faugeras, Resonance effects in the Raman scatter-
ing of monolayer and few-layer MoSe2, Phys. Rev. B, 2016,
93, 155407.

47 M. Ghorbani-Asl, N. Zibouche, M. Wahiduzzaman,
A. F. Oliveira, A. Kuc and T. Heine, Electromechanics in

MoS2 and WS2: Nanotubes vs. Monolayers, Sci. Rep., 2013,
3, 2961.

48 W. M. Parkin, A. Balan, L. Liang, P. M. Das, M. Lamparski,
C. H. Naylor, J. A. Rodríguez-Manzo, A. T. C. Johnson,
V. Meunier and M. Drndić, Raman Shifts in Electron-
Irradiated Monolayer MoS2, ACS Nano, 2016, 10, 4134–4142.

49 P. Maguire, D. S. Fox, Y. Zhou, Q. Wang, M. O’Brien,
J. Jadwiszczak, C. P. Cullen, J. McManus, S. Bateman,
N. McEvoy, G. S. Duesberg and H. Zhang, Defect sizing,
separation, and substrate effects in ion-irradiated mono-
layer two-dimensional materials, Phys. Rev. B, 2018, 98,
134109.

50 X.-W. Jiang, J. Gong, N. Xu, S.-S. Li, J. Zhang, Y. Hao and
L.-W. Wang, Enhancement of band-to-band tunneling in
mono-layer transition metal dichalcogenides two-dimen-
sional materials by vacancy defects, Appl. Phys. Lett., 2014,
104, 023512.

51 Y. Zhao, W. Wang, C. Li and L. He, First-principles study of
nonmetal doped monolayer MoSe2 for tunable electronic
and photocatalytic properties, Sci. Rep., 2017, 7, 17088.

52 U. Fano, Effects of Configuration Interaction on Intensities
and Phase Shifts, Phys. Rev., 1961, 124, 1866–1878.

53 S. Prucnal, et al. Nanoscale n++-p junction formation in
GeOI probed by tip-enhanced Raman spectroscopy and
conductive atomic force microscopy, J. Appl. Phys., 2019,
125, 245703.

54 B. Chakraborty, A. Bera, D. V. S. Muthu, S. Bhowmick,
U. V. Waghmare and A. K. Sood, Symmetry-dependent
phonon renormalization in monolayer MoS2 transistor,
Phys. Rev. B: Condens. Matter Mater. Phys., 2012, 85, 161403
(R).

55 L. D. N. Mouafo, F. Godel, G. Froehlicher, S. Berciaud,
B. Doudin, M. Venkata Kamalakar and J.-F. Dayen, Tuning
contact transport mechanisms in bilayer MoSe2 transistors
up to Fowler–Nordheim regime, 2D Mater., 2016, 4, 015037.

56 S.-L. Li, K. Tsukagoshi, E. Orgiu and P. Samorı, Charge
transport and mobility engineering in two-dimensional
transition metal chalcogenide semiconductors, Chem. Soc.
Rev., 2016, 45, 118.

57 M. Hosseini, M. Elahi and M. Pourfath, Strain-Induced
Modulation of Electron Mobility in Single-Layer Transition
Metal Dichalcogenides MX2 (M = Mo, W; X = S, Se), EEE
Trans. Electron Devices, 2015, 62, 10.

58 G. Nazir, M. F. Khan, V. M. Iermolenko and J. Eom, Two-
and, four-probe field-effect and Hall mobilities in tran-
sition metal dichalcogenide field-effect transistors, RSC
Adv., 2016, 6, 60787–60793.

59 H. Schmidt, F. Giustiniano and G. Eda, Electronic transport
properties of transition metal dichalcogenide field-effect
devices: surface and interface effects, Chem. Soc. Rev., 2015,
44, 7715–7736.

60 S. M. Poh, et al., Molecular Beam Epitaxy of Highly
Crystalline MoSe2 on Hexagonal Boron Nitride, ACS Nano,
2018, 12, 7562–7570.

61 D. Somvanshi, E. Ber, C. S. Bailey, E. Pop and E. Yalon,
Improved Current Density and Contact Resistance in

Paper Nanoscale

Nanoscale This journal is © The Royal Society of Chemistry 2021

Pu
bl

is
he

d 
on

 2
2 

Fe
br

ua
ry

 2
02

1.
 D

ow
nl

oa
de

d 
by

 H
el

m
ho

ltz
-Z

en
tr

um
 D

re
sd

en
-R

os
se

nd
or

f 
on

 3
/1

8/
20

21
 9

:2
6:

15
 A

M
. 

View Article Online

https://doi.org/10.1039/d0nr08935d


Bilayer MoSe2 Field Effect Transistors by AlOx Capping,
ACS Appl. Mater. Interfaces, 2020, 12, 36355–36361.

62 K. Xu, Y. Zhao, Z. Lin, Y. Long, Y. Wang, M. Chan and
Y. Chai, Doping of two-dimensional MoS2 by high energy
ion implantation, Semicond. Sci. Technol., 2017, 32, 124002.

63 S. K. Pandey, H. Alsalman, J. G. Azadani, N. Izquierdo,
T. Lowa and S. A. Campbell, Controlled p-type substitu-
tional doping in large-area monolayer WSe2 crystals grown
by chemical vapor deposition, Nanoscale, 2018, 10, 21374–
21385.

64 A. Pospischil, M. M. Furchi and T. Mueller, Solar-energy
conversion and light emission in an atomic monolayer p–n
diode, Nat. Nanotechnol., 2014, 9, 257–261.

65 S. Yang, G. Lee, J. Kim, S. Yang, C.-H. Lee and J. Kim, An
in-plane WSe2 p–n homojunction two-dimensional diode
by laser-induced doping, J. Mater. Chem. C, 2020, 8, 8393–
8398.

66 T. H. Ly, Q. Deng, M.-H. Doan, L.-J. Li and J. Zhao,
Facile Doping in Two-Dimensional Transition Metal
Dichalcogenides by UV Light, ACS Appl. Mater. Interfaces,
2018, 10, 29893–29901.

67 R. Frisenda, A. J. Molina-Mendoza, T. Mueller,
A. Castellanos-Gomez and H. S. J. van der Zant, Atomically
thin p–n junctions based on two-dimensional materials,
Chem. Soc. Rev., 2018, 47, 3339–3358.

68 Y. Zhang, K. Ma, C. Zhao, W. Hong, C. Nie, Z.-J. Qiu and
S. Wang, An Ultrafast WSe2 Photodiode Based on a Lateral
p-i-n Homojunction, ACS Nano, 2021, DOI: 10.1021/
acsnano.0c08075.

69 S. Haldar, H. Vovusha, M. Kumar Yadav, O. Eriksson and
B. Sanyal, Systematic study of structural, electronic, and
optical properties of atomic-scale defects in the two-dimen-
sional transition metal dichalcogenides MX2 (M=Mo, W;
X=S, Se, Te), Phys. Rev. B: Condens. Matter Mater. Phys.,
2015, 92, 235408.

70 Z. Lin, H. Yan, J. Liu and Y. An, Defects engineering mono-
layer MoSe2 magnetic states for 2D spintronic device,
J. Alloys Compd., 2019, 774, 160–167.

71 M. Ghorbani-Asl, S. Kretschmer, D. E. Spearot and
A. V. Krasheninnikov, Two-dimensional MoS2 under ion
irradiation: from controlled defect production to electronic
structure engineering, 2D Mater., 2017, 4, 025078.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2021 Nanoscale

Pu
bl

is
he

d 
on

 2
2 

Fe
br

ua
ry

 2
02

1.
 D

ow
nl

oa
de

d 
by

 H
el

m
ho

ltz
-Z

en
tr

um
 D

re
sd

en
-R

os
se

nd
or

f 
on

 3
/1

8/
20

21
 9

:2
6:

15
 A

M
. 

View Article Online

https://doi.org/10.1039/d0nr08935d

	Button 1: 


