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Phosphorous doped p-type MoS, polycrystalline thin
films via direct sulfurization of Mo film
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Hamamatsu 432-8011, Shizuoka, Japan

(Received 12 December 2017; accepted 5 February 2018; published online 12 February 2018)

We report on the successful synthesis of a p-type, substitutional doping at S-site,
MoS, thin film using Phosphorous (P) as the dopant. MoS, thin films were
directly sulfurized for molybdenum films by chemical vapor deposition technique.
Undoped MoS; film showed n-type behavior and P doped samples showed p-type
behavior by Hall-effect measurements in a van der Pauw (vdP) configuration of
10x10 mm? area samples and showed ohmic behavior between the silver paste con-
tacts. The donor and the acceptor concentration were detected to be ~2.6x10" cm™
and ~1.0x10'" cm?, respectively. Hall-effect mobility was 61.7 cm®*V-!s™! for
undoped and varied in the range of 15.5 ~ 0.5 cm?V-!s! with P supply rate. How-
ever, the performance of field-effect transistors (FETs) declined by double Schottky
barrier contacts where the region between Ni electrodes on the source/drain contact
and the MoS, back-gate cannot be depleted and behaves as a 3D material when used
in transistor geometry, resulting in poor on/off ratio. Nevertheless, the FETs exhibit
hole transport and the field-effect mobility showed values as high as the Hall-effect
mobility, 76 cm?>V-'s™! in undoped MoS; with p-type behavior and 43 cm?V-!s’!
for MoS;:P. Our findings provide important insights into the doping constraints for
transition metal dichalcogenides. © 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5019223

Molybdenum disulfide (MoS,), as a key material in the transition metal dichalcogenides (TMDs)
family, has emerged as an attractive material and has tremendous potential for both electronic and
optical applications.! Thus, several applications have already been reported in research, such as
field-effect transistors (FETs),” photodetectors,® inverters,* and random access memory circuits,
including bio-sensors® and solar cells’ due to its attractive properties such as high carrier mobility of
~100-200 cm?/Vs at room temperature,® large current on/off ratio (~10%) in FETSs,? strong photolu-
minescence (PL),'° and tunable valley spin polarization,'! etc. For realizing these applications, both
n- and p-type materials are needed to form junctions and support bipolar carrier conduction. How-
ever, particularly this point has been challenging to realize using MoS; due to its natural tendency for
unipolar (n-type) transport.'> Even though there have been various reports on p-type doping for MoS,,
such as nitrogen plasma-assisted doping on exfoliated MoS,,'*~!> phosphorous ion implantation,'? a
substitutional doping using niobium (Nb) in bulk MoS,,'®!7 respectively, such efforts are limited to
nano- or micro-scale flakes of MoS, obtained from bulk materials. Therefore considerable efforts are
required for scalable synthesis of p-type MoS; film to realize practical applications. To date, a direct
growth method of MoS; thin films by chemical vapor deposition (CVD) via vapor-phase reaction of
MoOj3 and sulfur (S) powders,lg‘21 MoCls and S powders,zz’23 and metal Mo films**~2% in a CVD
furnace have been demonstrated to overcome a large area film synthesis. Among them, the direct
grown method of TMDs (e.g. MoS;) synthesis via sulfurization of transition metal films has great
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advantages for a large scale to have possibilities for the band gap engineering,?® hetero-structures,*

and doping.> Laskar et al.? first reported on in situ p-type doping in cation-site by Nb diffusion
in direct grown MoS; thin films. However, there are only a few reports for in situ p-type doping in
anion-site using an acceptor dopant in film growth of MoS,.3! Foreign element doping is an impor-
tant strategy to realize electric applications, and especially for the MoS; has a natural tendency of
n-type behavior owing to S-vacancy, an anion-site substitution technique is thought to be effective
on realizing stable p-type MoS,.

In this study, we provide a first experimental report on an anion substitutional doping on MoS,
by phosphorous. MoS; films were synthesized via Mo thin film sulfurization on SiO,/Si. According
to previous literature,>>? in a doping strategy, group V elements of nitrogen (N3), phosphorous
(P), arsenic (As) are candidates for an acceptor in MoS;. Among these elements, P is a suitable
acceptor because it is a stable solid-state material in air, is compatible with semiconductor dopant,
and is a harmless material. We examine film growth of thermal sulfurization of molybdenum with
different phosphorus flow contents. The films were characterized by Raman spectroscopy of the crystal
structure, reflectance and photoluminescence spectra for the bandgap of MoS, film and electrical
evaluations by Hall-effect measurements. We also demonstrate the transport property of field-effect
transistors comparing with undoped MoS; film and confirmed that phosphorus acts as a p-type dopant
in MoS;.

We performed direct growth of MoS; thin film on SiO,/Si substrates by the vapor-phase reaction
of metal Mo film and S powders in a hot-wall CVD system. The schematic illustration of the experi-
mental set-up was presented in S1 of the supplementary material. The quartz tube reactor was pumped
down using a rotary pump with a pressure controller, and placed inside a furnace. The substrates were
placed in the center of an electric furnace with a quartz tube reactor. Commercially available SiO;
(95nm)/p-Si (100) wafer was used as a substrate after washing with acetone, ethanol, H,SO4/H,05,
and ultrapure water. Before sulfurization, around 1.3 nm thick Mo films were deposited by a resistance
heating type vacuum evaporator using Mo wire (radius of 0.2 mm) itself as a Mo source on SiO,/Si
substrates. High purity sulfur powder (99.99%) and phosphorus powder (99.99%) were placed in
each different ampoules made by Al,O3 crucible with a quartz glass cover to maintain the vapor
pressure of sulfur and phosphorus and were placed in a hot second and third upstream zone. Next, the
substrates with Mo film deposited were placed in a quartz tube furnace and heated at 850°C for 60 min
with a heating rate of 20°C/min and Ar flow (200 sccm) at the pressure of 100 Torr. The temperature
evolution of the reaction furnace and the heating belt for sulfur and phosphorus evaporation is shown
in S2 of the supplementary material. Prior to sulfurization of Mo film, the Mo film was treated with
hydrogen: argon = 20: 180 sccm flow at the growth temperature for 15 min to remove oxide impu-
rity. The flow rate of S and P vapor were calculated from the ratio of partial pressure of each vapor
pressure controlled by the heater temperature. The relationship between the heater temperature and
the flow rate is shown in Fig. S3 of the supplementary material and the experimental condition were
summarized in Table SI of the supplementary material. The film thickness of MoS, layer has been
studied by means of measure AFM height difference between the total film height and the substrate
surface. Fig. S4 of the supplementary material shows typical AFM images of the Mo, MoS,, and
MoS;:P samples. The film thickness in this experiment was controlled at 5 nm.

The samples were prepared in two geometries. One was with the film homogeneously grown
over the whole substrate for Hall-effect measurement to employ four contacts on four corner of the
substrate in van der Pauw configuration. The contact electrodes were deposited silver (Ag) paste. The
other was for fabricating back-gate type FETs, and for deposition of contacting metal leads a metal
shadow mask was aligned with the pre-structured MoS,. Ni films (100nm) were deposited by using
an electron beam evaporation system. The two types of samples were simultaneously grown in the
reactor to make same growth condition.

The thickness and surface morphology were measured using atomic force microscope (AFM,
VN-8000, KEYENCE). Raman spectra and photoluminescence (PL) spectra were obtained by Raman
microscopic systems (NRS-7100, JASCO Inc.) with wavelength and spot size of the laser of 532 nm
and 0.1 wm, respectively. The Si peak at 520.4 cm™! was used for calibration in the experiments. Room
temperature photoluminescence (PL) was utilized for characterizing the optical quality of the MoS,
film. Reflectance spectra were obtained by UV-VIS-NIR optical scanning spectrometer (UV-3100PC,
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SHIMAZU). The electrical measurements were performed at room temperature by using a Keithley
4200-SCS Semiconductor Characterization System connected to a probe station.

As shown in Figure 1(a), it was found that the two typical Raman active modes could be obtained
from the frequencies of E’ 2¢ and Aj, peaks in all samples. The E! 2¢ peak and the A;, peak in the
undoped MoS; film are located at 379.3 cm™ and 405.3 cm™!, giving a frequency difference of
~26.0 cm™' 3* It indicated that the synthesized 5 nm thick MoS, films are compatible with the bulk
MoS; layer. When we increased phosphorus dose for 41 wmol/min, the E’ 2¢ peak corresponding to
an in-plane vibrational mode slightly blue-shifted. The blue shift of the Ejzg mode with respect to
the undoped MoS; suggests that the type of strain generated due to the presence of Mo—P bonding
is compressive.'* Azcatl et al.'* first reported that strain induced by a single atom dopant in MoS;
treated with a remote plasma N, exposure could be verified by observing its Raman spectrum, and
they have confirmed that the presence of nitrogen can induce compressive strain in the MoS; structure.
The calculated Mo-S bond length is 2.411 A, the Mo-P bond length of 2.410 A is slightly shorter
than that of Mo-S,3! which suggests a contraction of the MoS, lattice due to the introduction of
phosphorus as a dopant. For the 172 pmol/min doped sample, the A;, peak blue-shifted by 0.1 em’!,
which is also a compressive strain effect, reflected as a shift of the out-of-plane vibrational mode Aj,.
This hypothesis is attributed to a subsequent formation of P-Mo-P in co-doping nature is partially
possible in the comparatively high P dose condition (the flow ratio of S: P = 187: 172 umol/min,
P/S = 92.0 %), a compressive strain generated due to the shorter distance of P-P (2.876 A) than that
of S-S (3.141 A) in pure MoS, system.’!

Optical transitions in undoped MoS; film and MoS;: P sample were identified using reflection
spectroscopy. Reflectivity differences between the bare SiO,/Si substrate and regions of the MoS; film
were measured across the visible and near IR spectral range (Fig. 1(b)). Two prominent absorption
peaks can be identified as 1.82 eV and 1.99 eV in the spectrum. These two peaks can be assigned to be
the direct excitonic transitions at the Brillouin zone K point, and the two resonances are known as A
and B excitons, respectively.> Optical absorption of the indirect bandgap (~1.2 eV) is supposed to be
very weak. PL spectra of undoped MoS film on the bottom and MoS,:P sample on top were displaced
along the vertical axis of the differential reflectance to be specified. In undoped MoS,, pronounced
luminescence emissions were observed at the A direct excitonic transitions and indirect transitions (/).
The A peak in PL is almost equivalent in energy in optical absorption of A excitons in the differential
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FIG. 1. (a) Raman spectra of undoped MoS; film and phosphorus doped MoS; samples for supply flow rate 0.1, 10, 41, and
172 wmol/min, respectively. The left and right dashed lines show the positions of the E” 2¢ and Aj¢ peaks in MoSy, respectively.
(b) PL spectra of undoped MoS; and MoS;:P samples and differential reflectance spectra. The PL and reflectance spectra
were recorded at room temperature.
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reflectance spectra. Indirect emission yields low compared with the A direct recombination owing to
the emission process having with electron-hole pairs separated in the K-space. In MoS;:P sample,
emission peaks A and B match the two absorption resonance with a slightly red-shift. The red-shifts
are attributed to the Stokes shifts, and the magnitude of the Stokes shift is reported to increase with
doping level.*®

I-V properties, resistivity, carrier concentration, and Hall-mobility of the undoped MoS, and
MoS;:P samples were measured using a Hall-effect measurement system via the four measured
points on the samples at the dark condition, as showed in Fig. 2. The currents of the samples display
a linear dependence on the applied voltage, indicating that the contacts between the film and Ag
paste have an ohmic behavior. Compared with the slopes of the I-V curves of undoped MoS,, the
MoS,:P sample has a large slope and a significant reduction in resistivity when P ions are doped at
higher P-supply rates. A typical resistivity of undoped MoS; is 99.4 Qcm. The resistivity value for
the MoS,:P is gradually decreased with doping level as showed in Fig. 2(b). Transport behavior of
undoped MoS; shows n-type conductivity and that of MoS;:P samples show p-type conductivity. The
carrier concentrations are gradually increased with P supply flow rate, -2.5x10" cm™ for undoped
MoS; and +1.0x10'° cm™3 for higher doped MoS;:P (Fig. 2(c)). Finally, the Hall-mobility in undoped
MoS; is calculated to be 61.7 cm?V-!s"! and the mobility in MoS,:P was gradually decreased from
15.5cm?>V-'s! t0 0.5 cm?V-!s! with P doping levels (Fig. 2(d)).

The impact of phosphorus doping on transport properties was evaluated by fabricating transistors
comparing with the undoped MoS, sample. Electrical measurements were performed to characterize
the electrical conductivity of the device at room temperature. Figure 3(a) displays the I pg versus Vpg
curves of undoped MoS,. Interestingly, undoped MoS, exhibits double Schottky /-V behavior and
showed p-type conduction with a poor Ion/IoFF ratio (~10% (Fig. 3(b)), though it exhibits n-type
conductivity in Hall-effect measurements. The insets of Fig. 3(a) illustrate a cross-section schematic
of the device and the possible image of an energy band diagram of MoS; and Ni source/drain contacts.
The transfer characteristics of Ipg-V ¢ curves for undoped MoS, were extracted for different values
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FIG. 2. (a) I-V characteristics of the undoped MoS; film and the MoS,:P film. The inset shows in the drawing of a sample
configuration of van der Pauw with Ag paste electrodes. Results of Hall-effect measurements in the dark condition for (b)
Resistivity, (c) Carrier concentration, and (d) Hall mobility, respectively.
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FIG. 3. Characterization of back-gated FETs with Ni contact. The FET device was measured a 7=300 K (room temperature).
Device geometry is: W/L = 0.5/300 mm, #,x = 95 nm and 7., = 20 nm. (a) Drain current versus drain bias (I pg-Vps) curve for
the undoped MoS, device. The back-gate bias (V) varies 0 V to -10 V with a 1 V step. The inset in the upper left shows a
schematic device structure of a back-gated FET on 95 nm SiO; substrate with Ni. The inset at the lower right shows the band
diagram of a double Schottky barrier between Ni source/drain and MoS,. (b) Transfer characteristics of /pg-V ¢ curve for the
sample (a), Vps = +5 V. (¢c) Ips-Vps curves of MoS;:P sample. V varies -6 V to -1 V with a 0.5 V steps. The insets show in
the band diagram according to the reverse and forward bias conditions. (d) /ps-V ¢ curves for the sample (c), Vpg =+5 V.

of V with a constant drain-source voltage at 5 V (Fig. 3(b)). As it is clear from the plot, the p-type
behavior of the device with negative back-gate voltage results in higher drain current. In other words,
a reduction in current along with a positive threshold voltage (V7) shift to higher gate voltage is
observed. Furthermore, it shows the different components of the source to drain current such as I rg
and I gyyyr in the 5 nm thick undoped MoS; film. The Iz is the current associated with the depletion

layer and follows the conventional gate voltage dependence given by the following equation:'’
w
Irg =1y (f) VpsCox (Ve — V1), (1
w
Isgunt = pp (f) VpsqNa (lbody - WDM) , 2

where p, is the hole mobility, W and L are the channel length (W: 0.5 mm, L: 3 mm), and
Cox is the oxide capacitance. Cox = €ox/dox, where €px is the dielectric constant and dpy is
the thickness of the gate oxide, dpy = 95 nm and for SiO,, gox = 3.6x107!! F/m, which gives
Cox ~3.6x107* F/m>. Elemental charge ¢ = 1.6x10"'° C, N4 is an extrinsic doping concentration,
thody 1s the thickness of MoS, channel, Wpy, is a maximum width of depletion, respectively. The
field effect mobility of undoped MoS; is estimated using u = [dIps/dV ] X [(LI(WCoxVps)]. The
field-effect mobility of undoped MoS, was found to be 76 cm?/Vs. However, in our MoS, FET,
the thickness of the semiconducting channel is extremely more than the maximum width of the
depletion region, and the device cannot be depleted, thus a shunting path for the current is dominant,
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and the device cannot be turned OFF. Figure 3(c) shows Ips-Vps curves of MoS;:P sample.
I-V curves showed highly rectifying behavior in contrast to the undoped MoS, device (Fig. 3(a)).
Insets represent energy band diagrams corresponding to the applied drain biases in the negative
(Vps < 0 V) and the positive (Vpg > 0 V) biasing regions. Although this sample was expected to
be p-type conduction, significant p-type transport was not observed since the contacts are strongly
pinned near the conduction band. As a speculation from the I-V curves with negative Vpg region,
holes are injected from the source electrode, and then a tunneling current was observed. In positive
Vps region, electrons from the source electrode were retained for the energy barrier, a thermionic
current was observed. Figure 3(d) shows transfer characteristics of a back-gated MoS;:P transistor.
We observed a reduction in current along with a positive threshold voltage (V) shift toward higher
gate voltage after p-type doping. Furthermore, a magnitude of the shunt current was larger as 4.7 pA
compared with undoped one (3.2 pA), suggesting doped acceptor level (V4) was increased. The result
is agreed with a reduction of the resistivity in I-V characteristics as showed in Fig. 2(a). Calculated
mobility was 43 cm?/Vs.

Here, we discuss the reason why the carrier conductivity type was observed conflicting. Currently,
there is argument on the conductivity of undoped MoS;. The majority of recent studies of undoped
MoS; conductivity report n-type behavior,>8%12-14:37-40 and the previous studies revealed that the
Fermi-level tends to be pinned at charge neutrality level or sulfur vacancy level which is located
below the conduction band edge, so electrons are injected, thus making MoS, conductivity mostly
n-type.3” Furthermore, MoS, transistors are essentially Schottky barrier transistors, and thus the
charge injection from the source electrode degrades the transistor output. On the other hand, p-type
behavior of undoped MoS; is also reported.?”*!*> Most important things that they have measured
the devices under vacuum conditions. McDonnell, et al.*3 pointed out that MoS; can exhibit both
n-type and p-type conduction, where are related to intrinsic defects. In our device, the undoped MoS,
was probably p-type in 5 nm thickness (~7, 8 layers), but the surface top layer was n-type doped
by intrinsic defects such as sulfur vacancy and chemo-absorbed molecules. Note that the device
geometry and contact-electrodes on MoS; in this experiment are different between the samples in
Hall-effect measurements via van der Pauw geometry and the field effect transistors. Figure 4 shows
schematic cross-sectional illustrations of each device structure and shows a possible current path
through the devices. For the vdP samples, the electrodes are formed on the MoS, surface. The
surface exhibits 2D crystal nature and is regarded as less absence of dangling bonds. Besides, the
MoS; film is fully covered on the substrate, and there is no edge of the body at the current path
along with the four electrodes. The metal contact lies on top of the MoS, layers, then the current
path may be limited by tunneling through the van der Waals gap, the surface exhibits intrinsic defects
such as sulfur vacancy and ambient interactions such as physical or chemical absorption'? result in
strong n-type behavior can be detected in MoS, vdP measurements. Besides, the metallic character
of sulfur vacancies can effectively lower Schottky barrier height*’ resulting in ohmic behavior in

Van der Pauw configuration Back gate type
(Hall effect measurement) (Field effect transistor)
n-type region
S-vacancy, absorption
Ag Ag s

A

—_—
Current path
p-MoS,

/ $ Shunt path $
e e
Si0, Dﬁngllﬂg SIS, Accumulatlon
S| bonds Si (Ve<0)

G

FIG. 4. Schematic cross-sectional illustrations of each device structure and shows a possible current path through the devices.
The blue line indicates the n-type region for the surface of MoS; layer. The red line highlights the contact interface between
the metals and MoS;.
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the I-V characteristics as shown in Fig. 2(a). In contrast, FET channels were made to the strip-bar
structure. The source/drain electrodes covered MoS; surface and cross-sectional walls similarly to
three-dimensional semiconductors. The density of the interface states is considerably high because of
the electronic states arising from surface dangling bonds, resulting in a large Schottky barrier.>® The
drain current can be divided into two components as I g and I syt . Furthermore, the I sypyr includes
electrons running through the surface n-type layer even the main body of undoped MoS, tends to
p-type conductivity. Therefore, a precise determination of p-type doping profiles via characterization
of FET was more complicated in this work, and it is possible that the p-type behavior of P-doped
MoS; comes from MoS; itself partly.

In conclusion, we have demonstrated p-type doping of MoS, using a phosphorus as the dopant.
MoS; thin films were directly sulfurized for molybdenum films by chemical vapor deposition tech-
nique. Impacts of phosphorus doping were characterized by optical analysis and electrical transport
properties. We show that P can act as an efficient acceptor in MoS; with relatively high mobility.
For a hole concentration of 1x10'® cm3, Hall-mobility of 0.53 cm?/V's and a field-effect mobility of
43 cm?/V's were achieved. Although there are still remaining an obstacle issues for contact problems
as Schottky behavior, the use of P substitutional impurity for p-type doping demonstrated in this work
for MoS; could be extended to other dichalcogenides such as TM-(S, Se) systems.

SUPPLEMENTARY MATERIAL

See supplementary material for the experimental details and thickness evaluations of MoS;
films.
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