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body.[11–13] As a result, transistors based on 
TMDs are expected to show superior per-
formances, which means that the applica-
tion of TMDs can be broadened to digital 
logic,[14,15] memory,[16,17] or next-generation  
computation systems.[18,19] To fabricate 
complementary devices including n- and 
p-type field-effect transistors (FETs), an 
efficient doping process should be devel-
oped and, in addition, the long-term 
stability of these devices needs to be 
coupled.[20–25]

Owing to its superior photoactivity, 
MoSe2 has recently been investigated for 
application in various fields, including 
energy storage, catalysis, and optoelec-
tronic devices. Since the bandgap of MoSe2 
is smaller than that of MoS2, a larger 
electrical conductivity can be expected 
in MoSe2 FETs.[26–29] Additionally, it has 
been reported that since the MoSe bond 
is more stable than the MoS bond, 
the possibility of defect formation at the 
oxide–TMD channel interface is reduced, 

as a result of which, the noise current is lower in MoSe2 than 
MoS2.[30–32] However, during the synthesis process of MoSe2 
via chemical vapor transport (CVT) or chemical vapor deposi-
tion (CVD), uncontrolled defects states can be introduced in the 
MoSe2 flakes, because of involving the high temperature and 
pressure environment to produce a single crystal mineral TMD. 
Therefore, the synthesized MoSe2 FETs tend to randomly exhibit 
the characteristics of not only n-type behavior but also ambi-
polar or p-type behavior; as shown in previous results,[31,33–36] 
it has been reported that CVD- or CVT-grown MoSe2 FETs can 
be ambipolar, n-dominant, or p-dominant transistors depending 
on the growth conditions. To enable the integration of CVD- or 
CVT-synthesized MoSe2 in practical devices, these inhomoge-
neous characteristics of MoSe2 FETs should be unipolar.

The present report demonstrates a process to achieve 
n-doping of CVD-grown multilayer MoSe2 FETs via a two-step 
surface functionalization procedure that involves exposure to 
oxygen plasma followed by the deposition of an Al2O3 passi-
vation layer using atomic layer deposition (ALD). The oxygen 
plasma treatment induces the formation of interfacial MoOx 
layer at MoSe2 and the reduction of hall current in all fabricated 
MoSe2 FETs, while the on-current at n-branch is nearly con-
stant. Moreover, thin MoOx layer can provide nucleation sites 
with dangling bonds for the uniform deposition of ALD Al2O3. 
After the deposition of ALD Al2O3 on MoOx/MoSe2, Ion/Ioff 
ratio of MoSe2 FETs at n-branch is enhanced by up to 9.6 times 

Molybdenum diselenide (MoSe2) has attracted attention as a potential 
semiconductor platform. However, the as-synthesized MoSe2 field-effect 
transistors (FETs) tend to exhibit the arbitrary properties of n-type, p-type, or 
ambipolar behavior due to the uncontrolled growth condition. Here, two-step 
functionalization is proposed to achieve n-doping effect and long-term stability 
in chemical vapor deposition (CVD)–grown MoSe2 FETs using oxygen plasma 
treatment followed by the deposition of an Al2O3 layer. After the two-step 
surface functionalization procedure, three types of multilayer MoSe2 FETs are 
all converted to n-type with the improvement of their electrical characteristics 
and stability; the n-doped multilayer MoSe2 FETs exhibit an enhancement in 
field-effect mobility from 12.23 to 31.57 cm2 V−1 s−1 and a 3 times higher Ion/Ioff, 
compared to pristine multilayer MoSe2 FETs. This enhancement of electric 
performance is attributed to the oxidation of topmost MoSe2 to interfacial 
MoOx with SeOx induced by the oxygen plasma treatment, as well as to the 
existence of fixed positive charges in deposited Al2O3. The functionalized 
devices exhibit excellent stability against stress, as confirmed with negative 
bias illumination stress tests for 7200 s. Moreover, an environmental stability 
test for 21 days reveals no degradation in electric performance of MoSe2 FETs.
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Field-Effect Transistors

2D layered transition metal dichalcogenides (TMDs) such 
as molybdenum disulfide (MoS2), molybdenum diselenide 
(MoSe2), tungsten disulfide (WS2), and tungsten diselenide 
(WSe2) have attracted intense interest as semiconductor plat-
forms for next-generation electronic, optoelectronic, and flex-
ible devices owing to their fascinating electrical, optical, and 
mechanical properties.[1–10] Moreover, TMDs have a finite 
bandgap resulted from the orbital overlap between the chal-
cogen atoms and transition metal atoms in the atomically thin 
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without compromising field-effect mobility and off-current, 
consistent with electrostatic doping. As a result, this two-step 
functionalization not only turns n-type MoSe2 FETs into addi-
tionally enhanced n-type FETs but also transforms ambipolar 
and p-type MoSe2 FETs into n-type FETs.

Figure  1a shows a schematic of the cross-section of the 
n-doped CVD-grown multilayer MoSe2 FET prepared using 
the two-step process of oxygen plasma treatment and Al2O3 
deposition. After the fabrication of MoSe2 FETs, oxygen plasma 
treatment for 1 min followed by the deposition of a 40 nm thick 
Al2O3 layer was performed on the channel of the MoSe2 device 
to achieve n-type doping and long-term stability. Figure  1b 
indicates the optical microscope image showing the top-view of 
the MoSe2 FET after the two-step n-doping process. The thick-
ness of the MoSe2 flakes used in this study is about 50 nm to 
minimize the direct effect of SiO2 substrate; it has been reported 
that the formation of interface of TMDs/SiO2 can induce the 
charge trapping, resulting in extrinsic hysteresis or mobility 
degradation.[1,37,38] Therefore, to minimize the unintentional 
electric perturbation associated with the substrates, thick MoSe2 
channel is employed in the present report. Moreover, Das and 
Appenzeller[39] have reported the dependence of electrical prop-
erty on the layer thickness of MoS2 FETs; they mentioned that 
the field-effect mobility values strongly depend on the flake 

thickness in range from monolayer to few layers. Although the 
field-effect mobility of 50 nm MoSe2 FETs in this report can be 
smaller than thinner MoSe2 FETs (less than 30 nm), the 50 nm 
MoSe2 FETs still show the reasonably moderate field-effect 
mobility to demonstrate the electric enhancement via the pre-
sent two-step functionalization. Therefore, the performance of 
multilayer MoSe2 transistors, presented in this paper, do not 
depend much on the layer number of MoSe2 film. Transmission 
electron microscopy (TEM) was used to observe the interface 
of MoSe2 after applying two-step functionalization consisting 
of oxygen plasma treatment and Al2O3 deposition, as shown in 
Figure  1c. The zoomed-in TEM image reveals that the oxygen 
plasma treatment induces the formation of new interfacial layer 
between the Al2O3 layer and the MoSe2 multilayer.

To monitor the chemical transition of the CVD MoSe2 multi-
layers following exposure to energetically activated O, X-ray 
photoelecton microscopy (XPS) was performed before and after 
applying O2 plasma treatment. As shown in the black curve in 
Figure 2a, the XPS of bare MoSe2 shows the chemical states of 
Mo 3d with two Mo peaks at 229.7 and 232.8 eV, assigned to Mo 
3d5/2 and Mo 3d3/2, respectively.[40–42] However, after exposure 
of MoSe2 to the O2 plasma, a chemical change is induced, as 
shown by the red curve in Figure 2a, where the intensity of the 
Mo 3d5/2 peak at 229.7 eV decreases by ≈90%, while new peaks 
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Figure  1.  Two-step functionalized CVD-grown multilayer MoSe2 thin film transistor. a) A schematic of the doping process using O2 plasma 
treatment and Al2O3 passivation for the CVD-grown multilayer MoSe2 FET. b) Optical microscopy image of a multilayer MoSe2 FET after O2 plasma 
and Al2O3 passivation. c) Cross-sectional TEM image of multilayer MoSe2 after doping through O2 plasma treatment and Al2O3 layer deposition. 
High-magnification cross-sectional TEM image of the top layer is shown in the right.
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are observed at 233.3 and 236.5 eV, which is consistent with the 
formation of MoOx.[43–45] The positions of the new Mo 3d peaks 
at higher binding energies compared to those in bare MoSe2 
indicates that the oxygen atoms attract additional electrons away 
from Mo atoms in the newly formed MoOx.[43] It is noted that 
the peaks in MoSe2 are broadened and have an asymmetric 
peak shape after the O2 plasma treatment, consistent with the 
coexistence of multiple chemical compositions in the formed 
MoOx. The oxidation of MoSe2 via O2 plasma treatment is also 
confirmed from the O 1s spectra of O2 plasma–treated MoSe2, as 
shown by the black curve in Figure 2b; a small signal of O 1s can 
be observed at 532.62 eV even before applying the O2 plasma 
treatments. It is suggested that this O 1s signal results from the 
adsorption of oxygen-containing molecules introduced from 
ambient conditions on bare MoSe2, or arises due to a partial oxi-
dation of defects such as a step edge in the ambient conditions, 
after the CVD growth process.[46] In contrast, after applying the 
O2 plasma treatment to MoSe2, a strong O 1s signal appears at 
the binding energy of 531.3 eV, consistent with the formation of 
MoOx.[44,45] Based on TEM image and XPS result, the thickness 
of MoOx can be estimated to be about 3 nm, consistent with con-
version of 3–5 MoSe2 layers to MoOx.

Similar chemical transitions can also be observed in the XPS 
spectra of Se 3d, as shown in Figure 2c; the XPS of bare MoSe2 
reveals a doublet at the binding energy ranged 55.3–56.0 eV, 
consistent with the two overlapped peaks of Se 3d3/2 and Se 
3d5/2.[40,42] Contrastingly, after applying the O2 plasma treat-
ment, the intensity of the original Se peak decreases by ≈88%, 
while new peak corresponded to the formation of SeO bonds 
appears at ≈60 eV.[47,48] Furthermore, the broad nature of 
this peak indicates that there are multiple binding configura-
tions for the SeO bonds. Thus, based on the XPS analysis, it 
is concluded that the top layer of MoSe2 is partially oxidized to 
form MoOx and SeOx by the O2 plasma treatment.

To investigate the influence of the n-doping process, the 
transfer characteristics of the three types MoSe2 FETs showing 
n-type, ambipolar, and p-type behaviors were measured both 
before and after the two-step functionalization. Figure  3a 
shows the I–V transfer curves of CVD-grown multilayer MoSe2 
FET, which presents the transformation from typical n-type 
behavior (open dots) to additionally enhanced n-type (solid 
dots). After the doping process, the on-current increased from 
6.0 to 15.1 µA and the threshold voltage (Vth) is shifted in the 
negative direction from −24.76 to −28.56 V, which are typical 
of n-doping.[49] On the other hand, the off-current remains in 
the tens of picoamperes range due to the combined effects of 
oxygen plasma treatment and Al2O3 deposition, which will be 
discussed in the following text. The field-effect electron mobility 
(μFE) and on/off current ratio (Ion/Ioff) are improved by 2.58 and 
3.34 times from 12.23 to 31.57 cm2 V−1 s−1 and from 8.62 × 104 
to 2.88 × 105, respectively. In addition, the presence of the Al2O3 
layer reduces hysteresis by blocking the exposure to uninten-
tional ambient molecules;[50,51] the effects of unintentional 
ambient molecules, such as O2, H2O, or carbon composites,  
on the channel of TMD FETs tend to degrade the perfor-
mances of the device, including hysteresis.[50,52–56] Conversely, 
in present report, deposited Al2O3 dielectrics act as the passiva-
tion layers to effectively block the surface of the MoSe2 from 
unintentional molecular adsorption, thereby only controlled 
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Figure 2.  XPS surface analysis of atomic oxygen–doped multilayer MoSe2. 
a) Mo 3d, b) Se 3d, and c) O 1s core levels measured from pristine MoSe2 
and after O2 plasma treatment followed by annealing at 200 °C in an ALD 
chamber.
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oxygen atoms can be intentionally introduced into MoSe2 FETs 
to improve the electronic performance of MoSe2 FETs. Simi-
larly, both p-type and ambipolar MoSe2 FETs with nearly sym-
metric electron and hole transport and p-type MoSe2 FET are 
converted to n-type, as confirmed by the increased current at 
positive gate bias and decreased off-current at negative gate 
bias (Figure 3b,c). μFE of ambipolar and p-type MoSe2 increased 
from 4.82 to 9.09 cm2 V−1 s−1 and from 4.7 to 5.28 cm2 V−1 s−1, 
respectively. These results indicate that our two-step process is a 
very promising technique for the n-type doping of CVD-grown 
multilayer MoSe2 FETs with enhanced electrical characteristics 
and the ambipolar behavior of TMDs FETs can be converted 
to be unipolar. It is noted that the subthreshold slope of func-
tionalized MoSe2 FETs is also discussed in the Supporting  
Information.

The unipolar enhancement of MoSe2 FET at n-branch is 
initiated by the current reduction at p-branch with O2 plasma 
treatment. As shown in the electric characteristic of Figure 4a, 
although there is the sample to sample variation in the domi-
nant doping behavior (n- or p-type), the most of bare multilayer 
MoSe2 FETs have a large current at the both n- and p-branches 
resulting in degradation of off-current. However, after the O2 
plasma treatments, the current of all MoSe2 FETs at p-branch 
decreases over an order of magnitude, while the current at 
n-branch is nearly constant. It has been known in previous 
reports that the various defects, such as vacancies or antisites 
in MXM structures, can be introduced during the CVD 
growth, resulting in existence of excess negative or positive 
charge carriers.[36,57,58] Moreover, the molecular adsorption of 
elementary Se, Mo, or ambient molecules on the surface of 
TMDs also can induce unintentionally electronic perturbation 
in TMDs.[59–61] Conversely, it can be hypothesized based on 
the present results that after applying O2 plasma to MoSe2 top 
layers, the density of positive charge carriers induced by defects 
decreases; during applying O2 plasma, energetically activated 
atomic oxygen is exposed to layered MoSe2, while top MoSe2 
layers is converted to nearly insulating ultrathin MoOx layers. 
As a result, the atomic oxygen can be infiltrated or diffused 
into underneath MoSe2 to form the covalent bonding with the 
defects sites of MoSe2.[62–64] As defects states can be suppressed 
with the passivation of dangling bonds at defects of oxygen 
plasma treated MoSe2, ambipolar MoSe2 channel becomes 
unipolarly n-type MoSe2 channel. It is noted that although 
the defects in underneath MoSe2 can be passivated by atomic 
oxygen, the topmost of MoSe2 can be damaged by the oxygen 
plasma, resulting in the formation of dangling bonds. However, 
this damage at the MoOx/MoSe2 surface can be passivated by 
followed deposition of Al2O3, which will be discussed below.

It is noted that the formation of MoOx can improve the nucle-
ation of ALD Al2O3 at the initial growth stage. Due to absence 
of dangling bonds at the basal plane of TMDs, the nucleation 
of ALD dielectric typically occurs at the only defects or step 
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Figure  3.  Electrical properties of atomic oxygen–doped multilayer MoSe2 
FETs. a) n-Type MoSe2 FETs with 14.18 µm width (W) and 18.55 µm length (L).  

b) Ambipolar-type MoSe2 FETs with 22.02 µm W and 25.42 µm L.  
c) p-Type MoSe2 FETs with 21.69 µm W and 17.84 µm L. All fabricated 
MoSe2 FETs are converted into the unipolar n-type MoSe2 FETs, after the 
two-step functionalization. In present report, 50 nm MoSe2 layers are 
employed as the channels in the FETs.
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edges, resulting in the existence of pinholes, consistent with the 
previous reports.[65,66] As a result, the inhomogeneous interface 
is formed between ALD dielectric and TMDs, thereby uninten-
tional charge trapping or scattering can be induced during the 
operation of TMDs FETs.[67,68] Conversely, the formed MoOx by 
O2 plasma can act as interfacial layer between Al2O3 and MoSe2 
to improve the nucleation of Al2O3 with providing ALD reaction 
sites. It is noted that MoOx/MoSe2 FET without Al2O3 still shows 
nearly equivalent hysteresis to bare MoSe2 FET; it can be hypoth-
esized that existence of dangling bonds at MoOx/MoSe2 results 
in adsorption of large coverage of ambient molecules in ambient 
conditions. In addition, ≈3 nm thickness of MoOx functional 
layer would not be enough to screen charge trapping induced by 
adsorption of ambient molecules at the surface of FETs.

Once unipolar n-dominant channels are obtained in MoSe2 
FETs by O2 plasma treatment, the on-current (Ion) is addition-
ally enhanced by the subsequent deposition of Al2O3 on MoOx/
MoSe2. As shown in Figure 3a–c, the deposition of Al2O3 induces 
the increase of Ion at n-branch over an order of magnitude, 
consistent with n-doping. It is well known that as grown ALD 
high-k materials such as HfO2 and Al2O3 typically is substoichi-
ometric oxides, resulting in the existence of fixed charges[69–73] 
in ALD dielectric. Therefore, the fixed positive charges are uni-
formly distributed at the relatively thick Al2O3 overlayer (40 nm) 
on the O2 plasma treated top surface of MoSe2. Consequently, 
in the stack of Al2O3/MoOx/MoSe2, the negative carriers (elec-
trons) are pulled to top layer of MoSe2 by electrostatic force of 
positively charged Al2O3, and accumulated at the interface of 
functionalized MoSe2, leading to the electrostatic n-type doping 
effect in the devices.[70–72] In the energy band diagram, it is seen 
that the width of Schottky barrier between Ti/Au electrodes and 
MoSe2 is reduced due to the electron accumulation induced by 
the Al2O3 overlayer and thus, electron injection from the source 
to MoSe2 is increased (Figure  4b); the positive fixed charge by 
Al2O3 can cause excess carriers (∆n) in the MoSe2 channel, 
which results in the shift of the quasi-Fermi level (EFn) close to 
the conduction band (Ec). The created quasi-Fermi level for elec-
trons results in the thinner Schottky barrier width, afterward, 
electrons can effectively inject through the thinning Schottky 
barrier, given by the equation

n n n n
E E

kT
δ= + = −

exp0 i
F Fi 	 (1)

where ni and FFi are the intrinsic carrier concentration and 
intrinsic Fermi level, respectively. Therefore, thinning Schottky 
barrier width by Al2O3 on MoSe2 FETs results in effective 
electrons injection, consistent with lowering the contact resist-
ance. It is noted that the as-grown MoOx is normally p-doped 
insulator similar with the ALD Al2O3, thereby electrostatic 
n-doping is not perturbated by MoOx interfacial layers.

In addition, the reduction of the off-current in the MoSe2 
FETs fabricated in this study can be observed following the 
deposition of Al2O3 layers on O2 plasma–treated MoSe2 by 
ALD. As shown in Figure 3a–c, the transfer curves of all the 
MoSe2 FETs reveal improvement in Ion/Ioff following the depo-
sition of ALD Al2O3. This result can be explained based on the 
observation that the electrically activated defects originated 
from the high temperatures process during CVD growth or 
high-energy damage during O2 plasma treatments are passi-
vated by the ALD Al2O3.[74] If the metal–chalcogen bonds are 
broken to form dangling bonds or defects at the TMD sur-
face, additional shallow defect states can be formed (near the 
band edge) close to the bandgap or deep level defects (close 
to the Fermi level), depending on the defect configurations 
in the TMD.[57,58,75,76] Consequently, unintentional doping or 
poor Ion/Ioff ratios in the TMD channels of the FET can result 
from the presence of metallic defect states, which can lead to 
excess charge carrier density and a reduction in bandgap.[77,78] 
In addition, during the O2 plasma process, the direct expo-
sure of the MoSe2 surface to the O2 plasma can, in addition 
to forming MoOx layer via the oxidation of MoSe2, leads to 
increased density of Se vacancies with nearly metallic dan-
gling bonds on the topmost layer of MoSe2. This can cause 
the off-current to be further degraded in MoSe2 FETs.[77,79] It 
is noted that although these defects or dangling bonds formed 
at the surface of treated MoSe2 can spontaneously react with 
extrinsic ambient molecules (such as hydrocarbon, O2, or 
H2O), the uncontrolled adsorption of molecules can induce 
substoichiometric oxidation or additional defective charge 
density in the channel.[80,81] However, the deposition of ALD 
Al2O3 at 473 K after O2 plasma treatment can passivate all the 
metallic defects or dangling bonds by forming bonds with Al 
or O at the O2 plasma–treated surface. Thus, the defect states 
in the O2 plasma–treated MoSe2 can be electrically deactivated 
to a certain level.[81–85] Therefore, it can be concluded that the 
Ion/Ioff ratio of MoSe2 FET can be improved by the two-step 
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Figure 4.  Mechanism of n-type doping effect though two-step functionalization. a) Ids–Vgs curve of MoSe2 FET before and after O2 plasma treatment. 
b) Energy band diagram for metal (Ti/Au)–semiconductor (MoSe2) junction.
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O2 plasma treatments and deposition of Al2O3 layer, which is 
consistent with the observed experimental results.

In summary, various defects states can be introduced in 
MoSe2 during the CVD growth of MoSe2 or the fabrication pro-
cesses, thereby it can be hypothesized that these defects states 
induce the unintentional p-currents in MoSe2 FETs. However, 
the density of positive charge carriers originated from the 
defects states near the top surface of MoSe2 decreases with 
applying O2 plasma to MoSe2 FETs, consistent with the reduc-
tion of on-current at p-branch for all fabricated MoSe2 FETs. 
After the reduction of p-branch current in MoSe2 FETs with 
O2 plasma, the deposition of Al2O3 layers induces electrostatic 
n-doping in MoSe2 FETs, consistent with additional increase 
of on-current at n-branch of MoSe2 FETs; the existence of uni-
formly distributed positive fixed charge in Al2O3 induces the 
formation of n-channel in MoSe2 FETs with the accumulation 
of negative carriers near the interface of Al2O3/MoOx/MoSe2.

In order to evaluate the stability of the n-doped multilayer 
MoSe2 FETs prepared in this work, we performed negative bias 
illumination stress (NBIS) and environmental stability tests. 
The NBIS test was performed on a multilayer MoSe2 FET 
before and after doping under a light illumination of 1500 Nits 
with Vgs = −30 V and Vds = 1 V for 7200 s, as shown in Figure 5a 
(undoped) and Figure 5b (doped). It is noted that all NBIS test 
was performed in ambient conditions, thereby ambient mol-
ecules can be introduced to the surface of fabricated MoSe2 
FETs. With increasing NBIS time, a negative shift in the Vth 
of the device before doping is clearly observed, contrast to the 
device after doping. Figure 5c also shows a comparison of the 
Vth shifts of multilayer MoSe2 FET from 0 to 7200 s before and  

after doping, which are −6.91 and −0.58 V, respectively. Thus, 
the device stability is improved after doping. The shift in Vth 
under NBIS may be attributed to the adsorbed molecules on 
the top surface of MoSe2 or due to the charge trapping of the 
photogenerated carriers at the SiO2/MoSe2 interface.[50,86] 
However, further research is needed to fully understand the 
mechanism of the negative shift in Vth of MoSe2 FETs under 
a NBIS test. To test the environmental stability of the devices 
after doping, the transfer characteristics of doped MoSe2 
FETs were measured under ambient conditions for 21 days, 
as shown in Figure  5d. Our results show that the device 
exhibits superior doping stability, with no sign of degradation 
such as a shift in Vth and/or a reduced Ion/Ioff.

In this study, the two-step n-doping process consisting of 
oxygen plasma treatment and deposition of an Al2O3 capping 
layer is proposed for CVD-grown multilayer MoSe2 FETs with 
n-type, ambipolar, and p-type behaviors. Cross-sectional TEM 
and XPS surface analysis confirmed the presence of MoOx 
interfacial layers formed by the oxygen plasma on the multi-
layer MoSe2. The formation of the insulating Al2O3/MoOx 
functionalization layer enhances the Ion at the n-branch with 
electrostatic n-doping of MoSe2 channels. As a result, the ran-
domly characterized as grown MoSe2 with n-type, ambipolar, 
and p-type behaviors is transformed into the unipolar n-doped 
MoSe2. Moreover, the improvement of electrical properties and 
the excellent doping stability were confirmed by comparing the 
electrical property behaviors of the pristine and doped MoSe2 
FETs; these results demonstrate the high efficacy of our doping 
process and highlight its great potential for application in 
future wearable electronics.

Adv. Electron. Mater. 2018, 1800308

Figure 5.  Stability test of atomic oxygen–doped multilayer MoSe2 FETs. NBIS test results of a) pristine and b) doped multilayer MoSe2 FETs. c) Com-
parisons of the shift in Vth derived from NBIS test results, d) environmental stability after three weeks in ambient air.
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Experimental Section
Fabrication of CVD-Grown Multilayer MoSe2 FETs: Bulk-like multilayer 

MoSe2 was obtained by CVD under a relatively high pressure; 
the details of this process are reported in the previous work.[36] 
Mechanically exfoliated MoSe2 flakes obtained from CVD-grown 
MoSe2 by the conventional scotch tape method were transferred onto 
a heavily p-doped Si substrate that functioned as a back gate with 
a 300 nm thick SiO2 layer as the gate insulator. Ti/Au (20/ 200 nm) 
source and drain electrodes were deposited by e-beam evaporation 
and patterned using standard photolithography techniques with wet 
etching. Finally, the as-fabricated devices were annealed in an Ar/H2  
atmosphere at 200 °C for 2 h to remove any organic residue and 
reduce the contact resistance between the electrodes and the MoSe2 
multilayer.

Two-Step Functionalization: The two-step functionalization process 
reported in this paper involves oxygen plasma treatment followed by 
Al2O3 passivation on MoSe2 FETs. The oxygen plasma treatment was 
carried out using a reactive ion etching (RIE) system (NNS Vacuum, 
17NNS01). During plasma treatment of the multilayer MoSe2 FETs 
for 1 min, the pressure of the chamber, plasma power, and oxygen 
gas flow rate were maintained at 1 × 10−2 Pa, 100 W, and 30 standard 
cubic centimeters per minute (sccm), respectively. After oxygen plasma 
treatment, an Al2O3 layer was grown on the multilayer MoSe2 FETs at 
200 °C by ALD using NCD, Lucida 100. Trimethylaluminum (TMA) 
and water vapor (H2O) were the sources of aluminum and oxygen, 
respectively. Each cycle (out of a total of 400 deposition cycles to obtain 
a 40 nm thick Al2O3 layer), consisted of TMA pulse (0.2 s), TMA purge 
(10 s), H2O pulse (0.2 s), and H2O purge (10 s). The thickness of 
source and drain in the MoSe2 FETs were 220 nm (Ti/Au: 20/200 nm). 
Therefore, considering step coverage and total surface passivation of 
Al2O3 on MoSe2 FETs, the thickness of Al2O3 was set to be relatively 
thick by 40 nm.

Measurement and Analysis Method: The electrical properties 
of pristine and n-doped CVD-grown multilayer MoSe2 FETs were 
measured using a semiconductor parameter analyzer (Keithley 
4200-SCS). NBIS test was performed at Vgs  =  −30 V and Vds  = 1 V 
from 0 to 7200 s with a light illumination of 1500 Nits using Keithley 
4200-SCS and a halogen lamp (FOK-100W). The extent of oxygen 
penetration and the change in surface chemical composition in 
multilayer MoSe2 FETs treated by oxygen plasma were determined by 
TEM (JEOL, JEM ARM 200F) and XPS (Thermo Electron, K-Alpha), 
respectively. The sample for cross-sectional TEM imaging was 
prepared by the focused-ion beam (FIB) technique using a JIB-4601F 
system from JEOL.LTD. The top view of the device after the two-
step functionalization was observed by optical microscopy (BX51M, 
Olympus Co.). The field-effect mobilities (μFE) of the devices were 
calculated using the equation μFE  =  gm(W/L)(CiVd), where gm is the 
transconductance (dId/dVg), W and L are, respectively, the channel 
width and length, Ci is the capacitance per unit area of the gate 
insulator, and Vd is the drain voltage.
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