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Abstract: In this work, we propose a method to prepare large-area, crystalline ultrathin rare-earth
(RE, i.e., Eu, Yb, Er and Tb)-doped MoS; thin films, using magnetron sputtering and subsequent
Ar + H; annealing. The film thickness of as-deposited samples varied from 60 to 100 nm, and
decreases to be below 10 nm after annealing at 550 °C for 30 min. X-ray diffraction and Raman
spectra analysis revealed that the sample films were crystallized after the annealing, which resulted
in a MoS, crystallite size of about 4-5 nm. X-ray photoelectron spectroscopy indicated that most
of the RE ions existed in the films in trivalent states. The optical bandgap of the RE-doped MoS,
samples decreased from 1.6 eV (undoped) to 1.3 eV (Eu-doped) in the UV-vis absorption spectra.
Electrical measurements showed that the electrical resistance decreased from 9.13 MQ) (undoped) to
0.34 MQ) (Yb-doped), the carrier density increased by one to two orders of magnitude and the carrier
mobility decreased from 5.4 cm?/V-s (undoped) to 0.65 cm?/V's (Yb-doped). The sign of the Hall
coefficients indicated that the undoped MoS; and the Yb-, Tb- and Er-doped MoS; samples were
n-type semiconductors, while the Eu-doped sample showed p-type characteristics. This study may
be helpful to broaden the photoelectronic applications of these two-dimensional materials.

Keywords: MoS; films; rare-earth doping; photoelectrical property; magnetron sputtering

1. Introduction

In recent years, two-dimensional (2D) materials have attracted enormous interest for
their potential applications in optoelectronic and nanoelectronic devices [1-6]. Compared to
the zero-energy bandgaps of graphene materials, transition metal dichalcogenides (TMDs)
such as molybdenum disulfide (MoS;) have considerable bandgaps, varying from 1.2 eV
(bulk) to 1.8 eV (monolayer) [7]. Atomically thin (i.e., monolayer and few-layer) MoS,
variants have unique electronic structure and are recognized as potential materials for
the next generation of photoelectronic devices. For example, monolayers of MoS; have
displayed large current on/off ratios (>10%), high effective mobility of up to 1000 cm?/(V-s)
and high photoresponsivity (880 A/W @532 nm irradiation) [8-10], while few-layer MoS,
examples have adjustable bandgaps with large exciton-binding energies and surface charge
density, making them widely used in fabricating field-effect transistor-based gas sensors,
photodetectors, photocatalyst devices and so on [11-15].

Doping is an effective method to modify the photonic properties of MoS,. Rare-earth
(RE) ions have unique 4f electronic transitions, including the f-d interconfigurational and
f-f intraconfigurational transitions. Doping of MoS, with RE ions may enhance absorption
and emission of near-IR photons [16,17], in which the energy transfer between the host
and the RE ions can be mediated through intrinsic defect states within the MoS,. For
example, down-conversion (DC) in the NIR region and up-conversion (UC) in the visible
red region were realized in an Er**-doped MoS, system [18]. Sm-doping of MoS, has
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significantly improved the electrical performance of monolayer MoS;-based field effect
transistors [19] and demonstrated to be an effective material for improving photocatalytic
hydrogen evolution with the assistance of Co [20]. In addition, CeO,-MoS, nanocomposites
have enhanced visible-light photocatalytic activity compared to those of bare MoS, and
CeO; [21].

Various techniques and technologies have been adopted to fabricate monolayer/few-
layer MoS; or ultrathin MoS, films, such as mechanical exfoliation [22], liquid exfolia-
tion [23], the electrochemical lithiation process [24], chemical vapor deposition (CVD) [25],
physical vapor deposition (PVD), atomic layer deposition (ALD) [26] and so on. Among
them, methods of mechanical exfoliation and CVD are suitable to produce high-quality
single- or few-layer MoS; films but have the drawbacks of poor yields and difficulty in
scale-up. Methods of PVD such as thermal evaporation [27] and pulsed laser deposition [16]
have also been reported as reliable methods for single/few-MoS;-layer deposition, with
potential to scale up to full wafer size. In particular, magnetron sputtering techniques were
adopted to fabricate single/few-layer MoS, films with or without RE doping [28-31]. The
crystalline structure and properties of sputter-grown MoS, films strongly depend on the
deposition conditions, such as substrate temperature, working gas pressure and substrate
materials [28]. For example, as-grown semiconducting (002) textured 2H-MoS; could take
the form of nanocrystalline (3-10 nm grain size) films at substrate temperatures higher than
350 °C or amorphous films when deposited at room temperature [11]. Through analyzing
successful deposition of MoS, thin films, one can believe that the main obstacle for large-
area, sputtered and high-quality MoS, films is possibly the difficulty of disorder control
during film deposition, and this could hopefully be controlled through optimizing process
parameters [29]. Among these, substrate temperature during RF sputtering of MoS; has
been reported to yield significantly improved crystallinity of MoS; films when increased
from 250 °C [28] up to 400 °C [30]. Postdeposition annealing of room-temperature-grown
films in vacuum [29], N, [31] or argon [32], or using a high-power pulsed laser [11], is an
alternative choice to improve the crystallinity of MoS; thin films.

Therefore, in this work, we deposited ultrathin MoS, and RE-doped MoS, films using
magnetron sputtering and improved the crystallinity of these films using post-deposition
annealing in Ar + 10% Hj. The structural, optical and electrical properties of these films
were investigated with respect to various RE doping. The present results indicate that this
fabrication technology can be promisingly used to fabricate higher-quality MoS, films for
application in a wide variety of electronic and optoelectronic devices.

2. Experimental Details

The ultrathin MoS, films and RE-doped MoS; films were deposited on SiO, (300 nm)/Si
or sapphire substrates via magnetron-sputtering different composite targets for different
RE dopants. Before sputtering, the substrates were ultrasonically cleaned sequentially in
acetone, ethanol and deionized water. The base vacuum pressure was about 2.3 x 10~% Pa
and the vacuum chamber was heated to 100 °C before the deposition. During the sputtering,
the working gas ambience was argon with a flow rate of 25.0 sccm, and the gas pressure
was about 1.0 Pa. For the deposition of MoS; films, the composite target was a pure MoS;
target with a purity of 99.99% and two small sulphur (S) platelets (purity: 99.9999%; about
®3 mm Xx 1 mm) placed on the surface of the MoS, target to make up for the loss of S
during the sputtering. For the deposition of erbium (Er)-doped MoS, (MoS, + Er) films,
small, metal Er platelets (purity: 99.99%) were placed on the MoS, target together with the
two S platelets. For the deposition of europium (Eu)-doped MoS, (MoS; + Eu) films, an
EuS powder with a purity of 99.95% was placed on the surface of the MoS, target together
with the S platelets. For the depositions of terbium (Tb)- and ytterbium (Yb)-doped MoS;
(MoS; + Tb or MoS; + Yb) films, large MoS; blocks, together with two S platelets, were
placed on a metal Tb or Yb target, each with a purity of 99.99%. In all cases, radio frequency
power (120 W) was applied to the composite targets, and the deposition time was fixed to
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five minutes. The substrates were rotated with a speed of 20 rpm during the depositions to
obtain lateral uniformity.

After the depositions, the thicknesses of the films were measured with a surface
profilometer (Alpha-step) and were found to vary in a range of 60-100 nm. Then, all of the
films with their substrates were cleaved into small pieces and annealed in an Al;O3 tube
furnace flowing Ar +10.0%H; at 550 °C for 30 min. The rise and fall of the temperature were
precisely controlled. For comparison, some of the samples were annealed in high-purity
N2 (99.999%) at identical temperatures. The structures of the samples were examined using
X-ray diffraction (XRD) (Bruker D8 Advance). The Raman spectra were obtained with
a homemade instrument including a HORIBA 550 spectrometer, and the laser excitation
wavelength was 532 nm. The surface morphologies of the samples were observed with
scanning electron microscopy (SEM, JSM-7500F), while the crystallinities of the samples
were studied using transmission electron microscopy (TEM, Thermo Fisher Scientific
Talos F200X). The chemical state of the RE elements in the annealed MoS, samples were
examined with X-ray photoelectron spectroscopy (XPS), using a Thermo ESCALAB 250XI
system with monochromatic Al Ka X-ray radiation (150 W). The UV-visible experiment
was carried out with a Tu-1901 UV-vis spectrometer to determine the optical bandgaps of
the annealed MoS; and RE-doped MoS, samples. The current—voltage (I-V) characteristics
of the samples were measured with a current source meter (Keithley Model 2400). The
electrical properties of the annealed films (i.e., carrier concentration, mobility and Hall
coefficient) were measured using a Hall Effect instrument (Nanometric Company, Accent
HL 5500PC Hall system) applied with a magnetic field of 0.514 T. All measurements were
performed at room temperature.

3. Results and Discussion
3.1. XRD Study

The structures of the samples were investigated with XRD analysis. Figure 1a shows
the diffraction patterns of the MoS; samples deposited on the S5iO, /Si substrate and then
annealed at 550 °C for 30 min in N; and Ar + 10% H, ambience, respectively. As a
comparison, the XRD spectrum of the SiO,/Si substrate after 550 °C annealing in the
Ar + Hp ambience is also plotted. It can be seen that for the MoS; sample annealed in Np,
there are three broad bands (26 = 10-20°, 25-35° and 35-50°) present on the spectrum,
similar to those of the 5iO,/Si substrate. Two diffraction peaks, at 20 = 26.7° and 38.7°,
are also present, corresponding to the diffractions of the (0 2 1) and (1 3 1) planes of
MoOQ3, according to Jade PDF No. 65-7675 and PDF No. 35-0609, which means the MoS,
sample was partially oxidized during the annealing in Nj. This result is different from that
reported by Wong et al. [31] for 450 °C annealing in Ny, which improved the crystallinity
of a MoS; layer. Here, the oxidation was not intentional; we speculate that this may be due
to the annealing conditions not being ideal. However, for the MoS, sample annealed in
Ar + H; ambience, there is a dominant diffraction peak present on the spectrum, with a
peak position at 26 = 14.52°, which is close to the diffraction of the (0 0 3) plane of MoS;
(PDF No. 17-0744, 26 = 14.533°) and/or the diffraction of the (0 0 2) plane of MoS, (PDF
No. 65-1951, 20 = 14.397°). No statistically significant diffraction peak of Mo oxide was
detected in the spectrum. Overall, the MoS, film can be considered well-crystallized. From
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Figure 1. (a) The XRD spectra of the MoS; samples deposited on SiO, /Si substrate after annealing at
550 °C for 30 min in N and Ar + 10% H; ambience. (b,c) The XRD spectra of the RE-doped MoS,
samples deposited on the SiO, /Si substrate or the Al,O3 substrate and then annealed at 550 °C for
30 min in Ar + 10% H; ambience. (d) A comparison of the average size of MoS, nanoparticles in
the samples.

We can obtain the size of the MoS; nanocrystals. In Equation (1), K is the Scherrer
constant, 0.89; A is the X-ray wavelength, 0.154056 nm; B is the width of the (002) diffraction
peak, corrected for the system widening; and 6 is the Bragg diffraction angle. The inset of
Figure 1a compares the XRD spectra of the MoS; samples as deposited (A.D.) or annealed
at 400 °C, 500 °C and 550 °C; the size of the MoS; nanocrystallites increased from 2.6 nm
(400 °C) to 3.2 nm (500 °C) and 4.7 nm (550 °C), respectively. With further increasing of
the annealing temperature to 600 °C or higher, the diffraction patterns became weak and
even disappeared due to the MoS, film evaporating rapidly. Hereby, 550 °C annealing in
Ar +10% Hj is an optimized post-deposition annealing condition that can significantly
improve the crystallinity of MoS, films.

Figure 1b shows the XRD spectra of the RE-doped MoS, samples deposited on the
5i0,/S5i substrate. The samples were annealed at 550 °C for 30 min in Ar + 10% Hp
ambience. The XRD spectra of the A.D. and 550 °C annealed MoS; samples are also plotted
for comparison. The diffraction pattern of the A.D. MoS; sample is broad, with a peak
position of amorphous nature at around 20 = 13.0°. After the annealing, similar diffraction
patterns were present on the spectra of the RE (i.e., Yb, Tb, Er, Eu)-doped MoS, samples,
while their dominant peak positions shifted slightly to lower angles (26 = 14.33° (Yb), 14.44°
(Tb), 14.37° (Er) and 14.41° (Eu)) compared to that of the undoped MoS, (20 = 14.52°). This
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infers that doping expands the lattice constant that would occur from RE ions entering
the MoS, lattice. Figure 1c shows the XRD spectra of the samples deposited on the Al,O3
substrate and then annealed at 550 °C in Ar + H;. The XRD spectrum of the Al,Os substrate
is also plotted for comparison. Again, there is a major diffraction peak, with a peak position
at around 20 = 14.54°, present on the spectrum of the MoS, sample, and the peak position
of the dominant peak for the RE-doped samples shifts slightly to lower angles (20 = 14.29°
(Yb), 14.52° (Tb), 14.45° (Er) and 14.50° (Eu)) compared to that of the undoped MoS,. The
broad peak in the range of 26 = 16-30° of the spectra could be from the diffraction of the
Al,O3 substrate. As a rough estimation of the quality of the annealed films, we compared
the average size of MoS, nanoparticles in the samples, as plotted in Figure 1d. These sizes
were in the range of 4-5 nm when either substrate was used, but the crystal sizes in the
samples deposited on the Si/SiO; substrate were slightly smaller than those deposited on
the Al,O3 substrate after identical annealing.

3.2. Raman Study

Figure 2a,b show the Raman spectra of the MoS; and RE-doped MoS; samples de-
posited on the SiO,/Si and the Al,O3 substrates, respectively, after 550 °C annealing in
Ar + Hy gas ambience. Both of the spectra have two dominant peaks: EJ o and Aqg. E} N
represents the shear vibration mode within the MoS; plane, while Ajg is the vertical vibra-
tion mode between the layers of MoS;. It is known that when the thickness (in layers) of
MoS, decreases, due to the Van der Waals forces between the layers being strengthened,
the peak position of E%g will blue-shift (wave-number increase), while the peak position of

Aqg red-shifts (wave-number decrease). The separation between the E% and the Ajg peaks
can be used to estimate the thickness (layer number) of MoS, films [7,32,33], albeit some
authors believe that this method is effective only when the number of MoS; layers is under
five [34]. Figure 2c shows the separations (AK) for the samples derived from Figure 2a,b.
AK is larger for the samples deposited on the Al,O3 substrate than those deposited on the
510, /Si substrate after identical annealing, which means the former had thicker films. We
considered the formula AK = 25.8 — 8.4/N [33], where N is the number of MoS;, layers, to
determine the thickness of the annealed samples. The value of AK varied from 23.8 cm™!
to 24.8 cm~! for the samples deposited on the SiO,/Si substrate. That indicates a film
thickness of five to nine layers of MoS,, while AK varied in the range of 24.4 cm~! to
25.6 cm ™! for the samples deposited on the Al,O3 substrate, which means the thickness
of the sample films could have been larger than six layers of MoS,. Although the Raman
analysis may have underestimated the film thickness of the samples compared to the XRD
analysis in Figure 1d (suppose that the distance between MoS; layers is about 0.62 nm), the
films’ thickness had indeed been decreased greatly, from 60-100 nm to below 10 nm after
the annealing thinning. Figure 2d compares the full widths at half maximum (FWHMs) of
the Ajg peaks of the samples deposited on the Al;O3 and the SiO, /Si substrates. Except for
that of the Tb-doped MoS; sample (M0S;Tb), the widths of the A4 peaks of the samples
deposited on the Al,O3 substrate were larger than those of the samples deposited on the
5i0, /Si substrate. Further investigation is needed to study the effects of substrate on the
film quality, especially after annealing in Ar + H, ambience.
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Figure 2. (a,b) The Raman spectra of the MoS; and RE-doped MoS; samples deposited on SiO, /Si and
Al,Oj substrates, respectively, after 550 °C annealing in Ar + H; gas ambience. (c) The separations
(AK) between the E%g and the A peaks for the samples. (d) The FWHMs of the Ajg peaks of the
samples deposited on the Al,O3 and the SiO, /Si substrates.

3.3. SEM Study

We performed SEM observations to investigate the annealing effects on the structures
of the samples. Figure 3a shows the surface morphology of the A.D. MoS, sample de-
posited on the SiO, /Si substrate. The sample film was made up of tiny nanoparticles with
sizes varying from several to dozens of nanometers. Figure 3b shows that after anneal-
ing at 550 °C in Ar + 10%H>, a lot of nanostructures with various shapes (i.e., nanorods,
nanoflakes, etc.) formed on the surface of the MoS, film. The formation of the nanostruc-
tures was likely due to the restructuring of the MoS; film during the annealing, where
both hydrogen etching and thickness reduction of the MoS, film took place, and the nanos-
tructures should be MoS,-related, since no other phase formation was observed from the
XRD or Raman spectra (see Figures 1 and 2). Figure 3c—f show the surface morphologies of
the RE-doped MoS; samples deposited on the SiO, /Si substrate after identical annealing
conditions. Again, there were different nanostructures formed on the sample surfaces,
but the sizes of the nanostructures were smaller than those in Figure 3b. The reduction
in the size of the nanostructures could be due to the RE doping, which limited the ag-
gregation/growth of the MoS; nanostructures. The MoS, particles on the surface were
pronounced for the Eu-doped MoS, sample and had uniform, round shapes, as is shown in
Figure 3d; further, the amount of nanostructures was much less for the Eu-doped case than
for other RE-doped samples. This is likely due to the difference in sputtering targets used.
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We used EuS powders for Eu doping and pure RE metal for Er, Yb and Tb. The use of EuS
powder reduced the loss of S during the annealing, thus improving the film quality.

MoS2 (A.D) " Mosy S5 Cannealy' '
| S e & v

A

. !
o '+ \MoS2+TH'(550°C anneal) (f) MoS2+Yb (550°C anneal)
2N\

-~ r

A e <

-

N

b
N

Figure 3. Surface morphologies of the samples deposited on SiO, /Si substrate. (a) A.D. MoS, and
(b) MoS, after the 550 °C annealing in Ar + H; gas ambience. (c—f) The SEM images of the RE (Er, Eu,
Tb, Yb)-doped MoS, samples after identical annealing.

3.4. TEM Study

The structures of the samples were further investigated with TEM observations.
Figure 4a,b show cross-sectional views of the Eu-doped MoS, sample after the 550 °C
Ar + 10% Hj annealing. The thickness of the sample films was not very uniform. In most
places on the film, the thickness was about 5.0 nm or less (see Figure 4a), which was in



Crystals 2023, 13, 308

8 of 15

agreement with the XRD and Raman estimation (see Figures 1d and 2c), while in some
places, the film could be thicker. It could have been in the range of 5.5-7.4 nm, as shown in
Figure 4b. Note that there are dark regions between the film and the SiO, substrate. High-
angle annular dark-field imaging revealed that Eu accumulation occurred in these regions
as well as on the film surface. Similar phenomena were observed in our RE-doped ZnO
work after higher-temperature (700 °C) annealing [35]. This means Eu ions diffused toward
the film/SiO; interface and the film surface during the annealing. To further examine the
crystallinity of the films, we performed plan-view TEM observation using wet-transfer
of the films onto the TEM grid for the samples deposited on the SiO,/Si substrate [36].
Figure 4c shows a high-resolution TEM image of the MoS, sample. Clear lattice fringes
with lattice spacing of 0.27 nm, which corresponds to the (1 0 1) plane [37] or to the (1 0 0)
plane [38] of the crystalline MoS, phase, could be found at the edge of the film. From our
XRD analysis (see Figure 1), we believe that the clear lattice fringes were likely from the
(1 00) plane of the MoS, phase. Figure 4d shows the diffraction pattern of the sample. Sev-
eral bright diffraction rings are present in the image, indicating the multicrystalline nature
of the film. From Figure 4c,d, we can conclude that the sample film was well-crystallized
after annealing.

Eu+MoS:2 film

Figure 4. (a,b) Cross-sectional views of Eu-doped MoS; samples after the 550 °C Ar + 10% H,
annealing. (c) HRTEM image of the MoS, sample and (d) the sample’s diffraction pattern.
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3.5. XPS Study

The chemical states of the atoms in the MoS, and RE-doped MoS, samples were
examined using XPS. Figure 5 shows the XPS spectra for the samples deposited on the
5i0, /Si substrate after annealing at 550 °C in Ar + 10% H;. The binding energy scale was
calibrated with the carbon peak (C-1s) at 284.6 eV as reference. Figure 5a displays the core-
level spectra of S 2p for the annealed samples. These spectra could be curve-fitted using
two Gaussian peaks with peak positions at around 162.15 eV and 163.25 eV, corresponding
to 2p3/, and 2p1/» of S*~, respectively [37]. Note that the peak position of the S?>~ signal
for the Eu + MoS, sample is shifted slightly toward lower energies. Figure 5b shows the
core-level spectra of Mo 3d and S 2s. These spectra could be curve-fitted with four Gaussian
peaks; the peak at 226.5 eV corresponds to 2s for S>~ [37] and the peaks appearing at
229.3 eV and 232.5 eV can be attributed to the doublet Mo 3ds,, and Mo 3d3,, orbitals,
respectively [30] (which agrees with the binding energies of Mo** for MoS, chemical states),
while the peak at 236 eV likely corresponds to Mo®" 3d3,, (which agrees with the binding
energies of MoOs [11]). Obviously, the area percentage of Mo*" was much larger than that
of Mo®*, which means that most parts of the samples were made up of MoS, rather than
MoO;. Whether there was a peak at around 232 eV from the Mo*®3ds, [11] is uncertain.

From the XPS analysis, the concentrations of Yb and Eu in the doped samples were
estimated to be 2.28 at.% and 1.21 at.%, respectively. The percentages of Er and Tb in the
samples are not available, as their concentrations were below the detection limit of the
XPS instrument. Regarding the chemical states of the RE ions in the samples, Figure 5c
shows the Yb 4d core-level spectrum for the Yb-doped MoS, sample. This spectrum could
be curve-fitted using six Gaussian peaks with peak energies at 185.6, 188.6, 192.5, 199.3,
206.8 and 212.3 eV. These peaks indicate that most of the Yb ions were in a trivalent state
in the Yb-doped MoS; sample [39]. Figure 5d shows the Er 4d core-level spectrum for the
Er-doped MoS, sample. This spectrum has a statistically significant peak at about 172.45 eV,
while the shoulder in the range of 168-170 eV is not evident. The profile of this spectrum
indicates that the Er ions were also in a trivalent state [19]. Figure 5e is the Eu 4d core-level
spectrum for the Eu-doped MoS; sample. Here, the spectrum could be curve-fitted with
two Gaussian peaks with peak energies at 136.75 eV and 142.45 eV. These two peaks can
be attributed to the doublet Eu 4d5,, and 4d3,, orbitals, respectively, where most of the
Eu ions were in a trivalent state. Figure 5f shows the Tb 3d core-level spectrum for the
Tb-doped MoS, sample. The peaks at 1240.35 eV and 1286.05 eV are attributed to the
doublet Tb 3ds,, and 3dj3,, orbits, respectively, while the peak at 1234.55 eV is possibly
attributed to Auger electrons from Mo MN1. Haldar et al. [37] observed large energy shifts
(varying from 0.66 eV to 2.23 eV) after Eu- and Tb-ion-codoping of MoS; and attributed
the shifts to the replacement of Mo (IV) in the lattice structure with Eu’* and Tb®* ions.
However, the energy shifts here is much less than 0.2 eV for the 2s peak of 5>~
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Figure 5. The XPS spectra and deconvolutions for the samples deposited on SiO, /Si substrate after
annealing at 550 °C in Ar + 10% H,. (a) S 2p (b) Mo 3d and S 2s, (c) Yb 4d for the Yb-doped MoS;,
(d) Er 4d for the Er-doped MoS,, (e) Eu 4d for the Eu-doped MoS, and (f) Tb 3d for the Tb-doped

MoS; sample.
3.6. UV-Vis Spectra

In general, the bandgap of a semiconductor and the concentration and mobility of car-
riers are the three major factors that determine the practical applications of a semiconductor.
Herein, we performed UV-vis absorption measurements to estimate the optical bandgaps of
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the MoS; and RE-doped MoS; samples deposited on double-polished sapphire substrates.
Figure 6a shows the normalized absorption spectra for the samples after annealing at
550 °C in Ar + 10% Hj. There are three characteristic absorption bands on each of the
spectra; one is in the range of 200-300 nm, the second band has a peak at around 430 nm
and the third band is in the range of 600-700 nm. From these absorption bands, we can infer
that the MoS, samples had few-layer structure with 2H configuration [40,41]. Note that
the overall shapes of the curves were preserved, but there are differences. The measured
differences could be attributed to both photon scattering and photon absorption. We will
study these differences between the samples in more detail in the future. Here, we remark
that from the literature, it has been argued that octahedral crystal field distortion of RE
ions perturbs structural continuity of films and contributes to Rayleigh-scale scattering,
and charge transfer between RE states and host MoS2 states have been reported [16]. From
the absorption spectra, we evaluated the optical bandgaps of the samples according to the
Tauc relation [42,43]:

(ahv)/™ = A(hv — Eg) @)

where A is a constant, « is the absorption coefficient of the samples, Eg is the optical
bandgap of the samples, hv is photon energy and n is 2 for an indirect semiconductor,
which is appropriate for ultrathin MoS; samples. Then, the optical bandgap was found
via extrapolating the linear section to the hv axis. As is shown in Figure 6b, the Eg of
the MoS; sample deposited on the Al,O3 substrate is about 1.56 eV, the Eg values for the
RE-doped MoS; samples have different reductions and the Eu-doped MoS; sample has
the smallest bandgap, at 1.31 eV. The bandgaps of MoS; films are normally dependent
on the thicknesses of the films as well as the RE doping level. From the Raman analysis
(Figure 2c), the thickness of the Eu-doped MoS, sample film is the thinnest among the
samples. Therefore, the decrease in Eg was likely mainly due to additional energy levels
existing in the bandgaps caused either by the RE ions or by defects after RE doping. Note
that the thicknesses of the samples deposited on the Al,O3 substrate are relatively thicker
than those deposited on the SiO,/Si substrate (see Figures 1d and 2c). Therefore, the
bandgaps of the samples deposited on the SiO; /Si substrate should be larger than those
deposited on the Al,O3 substrates if they follow the same thickness trend reported by
others [44].

1.0
0 SO
550°C anneal (@)
0.84
o
— MoS2 by
—— MoS2+Er % 24
MoS2+Eu o~
0.6+ —— MoS2+Tb S —— MoS2 (156 eV)
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S —— MoS2+Er (1.48 eV)
14 MoS2+Eu (1.31eV)
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Figure 6. (a) Normalized absorption spectra of the samples deposited on Al;O3 substrates after
annealing at 550 °C in Ar + 10% H,. (b) Tauc plot of the spectra, where the bandgaps of the samples
were obtained via extrapolating the linear section to the hv axis.

3.7. Electrical Properties

Figure 7a shows the I-V curves of the samples deposited on the SiO, /Si substrate after
the annealing at 550 °C in Ar + 10% Hj. The inset in Figure 7a is a schematic drawing of
the sample in a circuit for I-V measurement (since no gate bias was applied to the device
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during the measurement, the gate electrode and its connections are not plotted). It can be
seen that with applied bias, the electrical currents of the samples increased linearly (both
forward and reverse) from O to 10 V, which means the samples had good Ohmic contacts
and linear characteristics. The sheet resistance (R;) of the film of the MoS, sample was
about 9.13 MQ), while the resistance of the REs-doped samples was significantly smaller,
especially for the Tb-doped MoS, sample (0.34 MQ}). Similar phenomena were reported by
Shi et al. [45] after Eu-doping of MoS, film.

30 b
—— MoS2 (@) (b)
204 —— Tb+MoS:2
—— Er+MoS2 4
10- Eu+MoS2 " . E
z — Yb+MoS2 P
30 —— R -
~101 " Q; o o
Ag B " |
MoS;
~20+ Si0,
Si
_30- T T T T
-10 -5 0 5 10

Vds(V)

Figure 7. (a) The I-V curves of the samples deposited on SiO, /Si substrate after annealing at 550 °C
in Ar + 10% Hj. The inset in Figure 7a is a schematic drawing of the sample in a circuit for I-V
measurement. (b) A standard Hall effect setup to measure the carrier density (1), the electric mobility
(1) and the Hall coefficients (Ryg) of the samples.

The carrier density (1), the electric mobility (1) and the Hall coefficients (Ry) of the
samples were measured using a standard Hall effect setup with the geometry shown
schematically in Figure 7b, and the measured data are given in Table 1. The majority of
carriers in the undoped MoS, sample were electrons with a density (1) of 6.17 x 10'¢/cm3.
After RE (Yb, Tb and Er) doping, the n values of the respective samples increased by
one or two orders of magnitude compared to the undoped one, and for the Eu-doped
MoS, sample, the majority of carriers were holes with a density of 1.44 x 10'8 cm~3. The
carrier mobility (p) of the MoS; did decrease with the RE doping. The mobility (p) for the
undoped MoS, sample was 5.38 cm?/ Vs, but was considerably smaller especially for the
Yb3* (0.653 cm?/V-s) and Er®* (0.801 cm?/Vs) doping. This reduced p was likely due to
the increased scattering of carriers via the RE impurities and defects. The Hall coefficient
(Ry) (here, RHs is the sheet Hall coefficient) was calculated using the formula Rys = %,
where Vy, is the Hall voltage as shown in Figure 7b, I; is the electrical current flowing
through the sample film, B is 0.514 T and d is the thickness of the sample film. The signed
value of Ry for the undoped MoS, sample was —1.01 x 10* (m2/C), and it increased to
—54.3 (Yb3*), —860 (Tb3*) and —357 (Er®*) m?/C after RE-ion doping. Notably, the sign of
Ry for the Eu-doped MoS, sample was positive, which indicates a p-type semiconductor
nature for the Eu-doped MoS, sample. This is possibly tied to the first-principle calculation
results of Maijdet et al. [46] on the change of MoS, energy band structure via Eu doping.
It was reported that the Mo-4d S-3p states that made up the top of the valence band of
MoS, became extended over a larger energy range, and the top of the valence band thus
became unoccupied, as is typical for a p-type material. In this case, Eu had the lowest
atomic number among the RE atoms we tested, and the Eu-4f band was below the Fermi
level. The p-type doping could also have been due to sulphur interstitials being introduced
in the Mo$S, upon sputtering [47], since both EuS powder and S platelets were placed on
the surface of the MoS; target. We compared our results with some other groups’ electrical
measurements, also shown in Table 1. One can see that the p of our undoped MoS; sample
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is larger than that of Ref. [11], also deposited via magnetron sputtering, but is much lower
than those in Refs. [45,48], grown with the CVD method, although they have similar carrier
densities (Ns).

Table 1. The electrical parameters of the films after 550 °C annealing in Ar + Hj.

Sample N (cm—3) Ns (cm~—2) u (cm?/V-s) Ry (m?/C) Ry (m3/C)
. This work: 5.38;
. 10. 4 171 .
MosS, This work: —6.17 x 1016 This work: =617 X 1075 1111.0 094. 140]: 643;  This work: —1.01 x 10* [42]: 3.95;
[42]: 1.55 x 10 [45]: 3996 [45]: 19.05
MoS; + Yb This work: —1.15 x 10 This work: —1.15 x 103 This work: 0.65 This work: —54.3
MoS, + Tb This work: —7.26 x 10  This work: —7.26 x 101 This work: 2.74 This work: —860
MoS; + Er  This work: —1.75 x 10 This work: —1.75 x 10'2 Thl[z;‘i?gl;lg'go; This work: —357 [45]: 458.1
. This work: +1.44 x 1012; This work: 2.64; .
. 18 7 7 . 191,
MoS, + Eu This work: +1.44 x 10 [42]: 6.93 x 1011 [42]: 4950 This work: +433 [42]: 21.33
4. Summary

In this work, we studied the structural, electrical and optical properties of RE-doped
MoS, films prepared using magnetron sputtering and subsequent 550 °C annealing in
Ar +10% H;. XRD and Raman spectra analysis indicated that the samples were crystallized
with film thickness below 10 nm. XPS analysis indicated that most of the RE ions existed in
a trivalent state in the films. The UV-vis absorption measurement indicated that compared
to undoped MoS; films, the optical bandgaps decreased from 1.57 to 1.31 eV after RE
doping. The I-V measurements indicate that the electrical resistance and the mobility of
the doped films decreased significantly, while the carrier density increased by one to two
orders of magnitude. The sign of the Hall voltage indicates that the undoped and the
Yb-, Tb- and Er-doped MoS, samples were n-type semiconductors, while the Eu-doped
MoS; samples showed p-type characteristics. This study may be helpful to broaden the
optoelectronic applications of these two-dimensional materials.
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