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We present a systematic investigation of polyethylenimine
(PEI) doping mechanism and its effects on the multilayer MoS,
field effect transistors (FETSs). The threshold voltages of MoS,
FETs before (i.e., pristine) and PEI doping are observed at 3.7
and 0.72 'V, respectively. This negative threshold voltage shift
clearly reveals that the PEI molecules effectively act as n-type
dopants. The electrical properties are improved by absorption
of PEI molecules onto MoS, channel because the width of
Schottky barrier (SB) is narrowed by the induced interfacial
dipole between PEI molecules and MoS, layers. Through the

1 Introduction Over the past few years, the substi-
tution of host atoms with dopants as practiced in two-
dimensional (2D) transition-metal dichalcogenides
(TMDC:s) has been researched due to potential applications
in various electronic [1-3], optoelectronic [4], and
spintronic [5] devices. Namely, the incorporation of
dopants in TMDCs layers like MoS, films results in the
n- and p-type conductivities that are necessary to form p—n
junctions which are fundamental units in modern elec-
tronic-integrated circuits. However, the TMDC materials
are lacking in selective doping of the traditional
semiconductor technologies that allows the exploration
of novel approaches, such as chemical and molecular
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density function theory (DFT) calculation and X-ray photo-
electron spectroscopy (XPS) analysis, we confirm that
formation of Mo-N bond generates new energy state into
the bandgap. Consequently, the hole carriers can easily tunnel
through the barrier under negative gate voltage. Furthermore,
PEI doping improve photoresponsivity and time-resolved
photo-switching characteristics because of the new energy
state. Our studies demonstrate the PEI doping method has a
great potential for improving electrical and optical properties
of MoS,-based devices.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

doping. Chemical doping has been used to investigate the
surface charge transfer between dopant molecules and
TMDCs layers [6—9] which modulates the Fermi level and
thus results in the modification of the optical and electrical
properties of 2D materials. The physisorbed O,, and
H,O molecules [6] electronically depleted n-type materials
such as MoS, and MoSe, and Lin et al. [10] reported
nondegenerate n-doping of MoS, using cesium carbonate
(CS,CO3). P atoms from phosphorus silicate glass (PSG)
enabled uniform n-type doping in MoS,, which is essential
in realizing integrated circuit based on 2-D materials [11].
The n-type doping effect increased the electron density in
the chemical-doped 2-D-layered materials, resulting in the
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shift of the Fermi level toward the conduction band edge.
In contrast, the energy level in the region of the valence
band after benzyl viologen (BV) doping can turn
monolayer MoS, into n-type semiconductor similar to
the organic molecule functionalized BN sheets [12].

Otherwise, the techniques in n- and p-type doping based
on polymers, such as polyethylenimine (PEI), with different
dipole moments were reported by Du et al. [13] and Li
et al. [14]. For example, electrical characteristics of MoS,
FETs show that fluoroalkyl trichlorosane — SAMs with a
large positive dipole moment significantly reduce the
intrinsic n-type characteristics of MoS, flakes (p-type
doping), where 3-(trimethoxysilyl)-1 propanamine SAMs
improve the intrinsic n-type characteristics (n-type dop-
ing) [14]. Lithium fluoride (LiF) is a widely used n-type
dopant for the organic semiconductor due to its strong
electron-donating ability which results in large reduction in
contact resistances [15]. Such n-type doping phenomenon
can be associated with the formation of dipoles that
eventually increase tunneling of electrons from a source
metal to MoS, via reduced Schottky barrier (SB) width.

In this paper, we reported the n-type doping of MoS,
FETs using PEI molecules. After PEI doping, we observed
to modulation of SB width due to interfacial dipoles
between PEI molecules and MoS, layers. We confirmed that
amine groups in PEI molecules induced new states in the
bandgap using density functional theory (DFT) and X-ray
photoelectron spectroscopy (XPS) measurement. Further-
more, in order to show the potential of PEI-doped MoS,
FETs in optoelectronic application, we performed optical
power-dependent and time-resolved photo-response
measurements.

2 Experimental Multilayer MoS, flakes were pre-
pared by using mechanical exfoliation method from bulk
MoS, crystal (SPI crystals) on a heavily doped p-type Si
substrate with a 300-nm-thick thermal SiO,. After MoS,
flakes were transferred onto the SiO,/Si substrate, we
fabricated back-gated multilayer MoS, field effect
transistors (FETs) with the channel length (15.34 pm)
and width (24.90 pm) as shown in Fig. 1(a). The source
and drain electrodes were patterned by conventional
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photolithography. Ti/Au (20/100nm) electrodes were
deposited using e-beam evaporator. To improve electrical
properties of the multilayer MoS, FETs, the transistor was
annealed in a furnace at 300 °C in N, ambient. Then we
drop-casted polyethylenimine (PEI) solution, as shown in
Fig. 1(b), onto the multilayer MoS, FETs for a certain time
(5, 10, 30, and 60 min) to immerse MoS, channel, and then
rinsed to remove PEI solution for 90s in deionized (DI)
water. Figure 1(b) shows a schematic of PEI-doped MoS,
FETs. The electrical properties of both pristine and PEI-
doped MoS, FETs were measured using Keithley 4200
semiconductor parameter analyzer at room temperature in
ambient condition.

3 Results and discussion The electrical character-
istics of the as-fabricated devices exhibit a typical transfer
characteristic of n-channel FET. The transistor has unipolar
current dominated by electron conduction. In Fig. 2(a),
transfer curves (Igs vs. Vy for Vo =1V) of the pristine and
PEI-doped MoS, FETs are compared. Due to the excellent
n-channel behavior, the transfer characteristics show that the
devices have good electrical performance with a high I,,/I ¢
ratio of ~10°. Here, the threshold voltage (Vy,) for a MoS,
transistor is extracted by the linear extrapolation method
from the drain current measured as a function of gate
voltage. Before doping, the MoS, transistor exhibits Vy, of
3.7V, but the Vy, shifted to 0.72 V after PEI doping as shown
in Fig 2(a) inset. The negative shift of Vi;, induced by PEI
doping confirms that the PEI molecules on MoS, FETs
strongly act as n-type dopants. The transfer characteristics
of a back-gated MoS, FET device before doping has an ON
current of ~3.3 wA, but the ON current with PEI doping
increases to ~4.8 wA in MoS, FETs for a 45% enhance-
ment. Furthermore, the output characteristics of the
representative pristine and doped PEI are depicted in
Fig. 2(b), where /4 in a low field regime of Vi linearly
increased with Vys. At higher Vg, Ijs for MoS, FETs
gradually saturates at Vo—Vy, =40V in high field region.
The improvement in Iy of the PEI-doped device in
comparison to the pristine is mainly attribute to the
increased channel conductance by PEI molecular dipole
induced SB width reduction.

Figure 1 (a) Structure of MoS, and the
truncated-branched PEI molecules. The PEI
molecules were doped by using drop casting
method on the multilayer MoS, back-gate
FETs. (b) Schematic view of the PEI-doped
multilayer MoS, back gate FETs. The most
favorable adsorption configuration of the PEI
molecule on the MoS, multilayer.
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To investigate the in-depth of carrier transport with PEI
doping on MoS, surface, Fig. 2(c) and (d) showed the
proposed energy band diagrams in ON and OFF regimes,
respectively. In the pristine MoS, FET, SB at the Ti-MoS,
can hinder carrier injection from source electrodes to MoS,
channel. Here amine groups in PEI molecules absorbed on
the surface of MoS, has the property of the positively
interface dipoles. The positive dipoles at interface of PEI/
MoS, created excess carriers in the channel, which forms
quasi-Fermi level (Eg,) close to the conduction band (E.).
The quasi-Fermi level formed after PEI doping results in the
reduction of the SB width, and thus electrons can more
efficiently tunnel through the reduced Schottky barrier as
explained in Fig. 2(c). The MoS, energy band move
downward due to positively charged dipoles, which
increases the electric field at the source-MoS, junction by
enhancing the tunneling of electrons and causes the negative
Vi shift. Therefore, the SB width at the Ti-MoS, can be
modulated with respect to the PEI doping method, and the
contact resistance could be lowered with increasing PEI
molecules [13]. Furthermore, the increased OFF can be
ascribed to charge transfer from the amine groups of PEI to
MoS, introduced by the presence of new states created near
the binding energy edge of the valence band. The
appearance of the new states in the PEI-doped MoS,
suggests that the electronic interactions may enhance the
charge transfer by creating unoccupied states near the Fermi
level. New valance states within the bandgap eventually
make it easier for holes to tunnel through the barrier from
drain metal to MoS, (hole carriers — Fig. 2(d)). Under
negative Vg, the transport of hole carriers from drain to

WWW.pss-c.com
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Figure 2 (a) Transfer /-V and (b) output
characteristics of the pristine and PEI-doped
multilayer back-gate MoS, FETs. The inset of
(a) shows the Vi, shift (—3.02V) and the
currents normalized to the device width
(W=24.90 pum). Schematic energy band dia-
gram of (c¢) ON current region (Vg >0) and
(d) OFF current region (Vg <0).

MoS, is negligible but the new states in junction of MoS2/
drain electrode increase the OFF current. The adsorption of
the PEI molecules onto the MoS, can improve electrical
properties of the MoS, FET, which will be consistent with
DFT calculation.

In order to understand the effects of PEI doping on the
electronic structure of MoS,, we calculated the band
structure of monolayer MoS, before and after the adsorption
of PEI molecules. The calculation was performed using the
DFT within a plane-wave basis set, which was implemented
in the Vienna ab initio simulation package (VASP) [16].
Band structure of the monolayer MoS, is presented in Fig. 3
(a). The monolayer MoS has a direct bandgap of 1.75eV at
the K point in the Brillouin zone, which agrees with the
previous reports [17-20]. The electronic density of state
(DOS) shows that the valence band maximum and the
conduction band minimum are contributed mainly by Mo 4d
states and weakly by S 3p states. As shown in Fig. 3(b),
however, the adsorption of PEI molecules creates new
energy levels near the valence band. The new energy levels
in the region of valence band can contribute to new current
paths in OFF regime as the PEI molecules were absorbed.
Similar results could be found from the literature for organic
molecules [10]. The new flat energy levels are mainly
attributed to the N 2p lone pairs.

To confirm the PEI doping mechanism, XPS measure-
ments were performed on the surface of both pristine and
PEI-doped MoS,. Figure 3(c) shows Mo 3d and S 2p core
level spectra of the pristine MoS, flakes. The Mo 3ds/, and
Mo 3ds,, peaks of the pristine MoS, were observed around
229.8 and 232.9 eV, respectively, separated by about 3.1 eV.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3 Band structure and DOS of the
monolayer MoS,: (a) the pristine and (b)
adsorption of the PEI molecule. Gray-shaded
area is the total electronic density of state. The
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In addition, the S 2p peaks were observed at 162.8 and
164.0 eV corresponding to S 2p;,, and S 2ps,, respectively.
Figure 3(d) clearly shows the formation of Mo-N bonding in
the PEI-doped MoS, from the XPS analysis of the N 1s core
level. The Mo 3ps/,, Mo-N, and N-O peaks of the PEI-doped
MoS, were observed at 395.5, 397.5, and 401.3eV,
respectively. On the contrary, we could only observe Mo
3ps,» peak in the pristine MoS,. So, it was convinced that
nitrogen atoms from the amine group of PEI molecules were
absorbed and formed Mo-N bond. The XPS analysis
corresponds to our DFT calculation results. Thus, the DFT
calculation and XPS analysis clearly indicate that MoS,
layers were successfully doped using the PEI molecules
with nitrogen lone pair electrons affecting electrical
properties.

In addition, the multilayer MoS, FETs could also be
used as photodetector due to their remarkable optical
absorption property [21, 22]. In order to characterize and
compare photoresponse properties of the pristine and PEI-
doped MoS, FETs, we performed I4-Vys measurements
under various incident laser power densities from 0.2 to
32mWem 2 ata wavelength of 785nm and Vg =1V as
shown in Fig. 4(a) and (b). The photoresponsivity could be
extracted using the following equation:

R = ph/(PincS)v

where Ion(= Tiora — ldark) 18 the photo-induced photocur-
rent, S is the channel area of the device, and Pip. (W/cm?) =
Piot/Araser (Araser 18 the area of laser spot) is the incident
power density. The photoresponsivity of the pristine MoS,
was ~137x107"AW™! at Vi=-40V and 0.2mW.
However, the PEI doping enhanced the photo-responsivity
about ~4.41 AW~ In the previous report [23, 24] that trap

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

s 396 394 (c) Mo 3d, S2p and (d) N 1s core levels

measured from pristine and PEI-doped MoS,.

sites between the conduction band and valence band could
improve the optical properties of TMDC materials.
Similarly, our DFT calculation shows that the sub-gap
states were generated into the bandgap after PEI doping, as
shown Fig. 3(b), which could explain the strong improve-
ment of the photoresponsivity. Figure 4(c) compared the
photoswitching behaviors of the pristine and PEI-doped
MoS, FETs measured from the time-resolved photores-
ponse. The time-resolved drain current of the pristine and
the PEI-doped MoS, FETs was measured at Vo, =0V and
Vas=1V with a 405-nm wavelength laser. The incident
laser was switched on and off with a power 0.1 mW and
period 20s, the time-resolved drain current responded
immediately both the pristine and the PEI-doped MoS,
FETs. Compare to the pristine MoS, FETs, the time-
resolved drain current greatly increased about ~30 times
after PEI doping. As mentioned above, the photo-induced
carrier density of PEI-doped MoS, was increased due to
reduction of Schottky barrier width [25, 26]. After PEI
doping on MoS,, PEI molecules generate new energy sites
within bandgap as mentioned DFT simulation. Thus, when
the light is irradiated on the PEI-doped MoS, device, the
partial holes of photo-generated electron—hole pairs are
trapped in new energy level. Such trapped holes in new
energy level can lead to band-bending in energy band
diagram. Therefore, the enhanced photoresponsivity and
photo-switching characteristic of the PEI-doped MoS, FETs
demonstrate the device for potential application as
optoelectronics.

4 Conclusions In this work, we have investigated the
PEI doping mechanism and its effects on electrical and
optical properties of multilayer MoS, FETs. Our DFT
calculation and XPS measurement confirm that the PEI
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molecules were successfully doped and formed Mo-N
bonds on the MoS, channel, generating new energy states
near the valence band. The strong n-doping changed Vi, as
well as SB width attributed to the induced interfacial
dipoles. Therefore, ON-current of the doped MoS, FETs
were improved in comparison with the pristine. Further-
more, the PEI doping also enhanced photoresponsivity of
the MoS, FETs from 0.14 to 441 AW™'. Our in-depth
study suggests that the PEI molecular doping could be
widely applicable to the 2-D materials in order to improve
electrical and optical properties.
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