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Since defects such as traps and oxygen vacancies exist in dielectrics, it is difficult to fabricate a high-performance
MoS2 field-effect transistor (FET) using atomic layer deposition (ALD) Al2O3 as the gate dielectric layer. In this paper,
NH3 in situ doping, a process treatment approach during ALD growth of Al2O3, is used to decrease these defects for better
device characteristics. MoS2 FET has been well fabricated with this technique and the effect of different NH3 in situ doping
sequences in the growth cycle has been investigated in detail. Compared with counterparts, those devices with NH3 in situ
doping demonstrate obvious performance enhancements: Ion/Ioff is improved by one order of magnitude, from 1.33×105

to 3.56× 106, the threshold voltage shifts from −0.74 V to −0.12 V and a small subthreshold swing of 105 mV/dec is
achieved. The improved MoS2 FET performance is attributed to nitrogen doping by the introduction of NH3 during the
Al2O3 ALD growth process, which leads to a reduction in the surface roughness of the dielectric layer and the repair of
oxygen vacancies in the Al2O3 layer. Furthermore, the MoS2 FET processed by in situ NH3 doping after the Al and O
precursor filling cycles demonstrates the best performance; this may be because the final NH3 doping after film growth
restores more oxygen vacancies to screen more charge scattering in the MoS2 channel. The reported method provides a
promising way to reduce charge scattering in carrier transport for high-performance MoS2 devices.

Keywords: MoS2, Al2O3 dielectric, NH3 in-situ doping, oxygen vacancy

PACS: 77.22.Ch, 85.30.–z, 81.07.–b, 74.62.Dh DOI: 10.1088/1674-1056/ac3bab

1. Introduction
In 2004, the discovery of graphene attracted much

research attention to two-dimensional (2D) materials.[1]

Graphene has an ultra-high mobility of up to 2 ×
105 cm2·V−1·s−1,[2] but its gapless nature limits its applica-
tions in the field of electronic transistors. Alternative transi-
tion metal dichalcogenides (TMDs) with atomic thickness and
a tunable bandgap can overcome the shortcomings of graphene
and demonstrate unique optical and electrical properties.[3–6]

Molybdenum disulfide (MoS2), one of the most widely stud-
ied TMDs, shows a variety of bandgaps from 1.2 eV to 1.9 eV
with films from bulk to monolayer.[7] The fabricated MoS2

field-effect transistors (FETs) show high carrier mobility,[8]

high on–off ratios[9] and excellent subthreshold swing,[10] and
have great possibilities for application in a variety of elec-
tronic devices, such as sensors,[11] photodetectors,[12] and
logic devices.[13]

Theoretically, the intrinsic mobility of MoS2 FETs can
reach 410 cm2·V−1·s−1,[14] but in practice the reported mobil-
ity is far less than that. There are many scattering mechanisms
in the devices, including charged impurity (CI) scattering, one
of the most important factors that degrades mobility.[15] For a
back-gate structure FET, the interface states between the 2D

channel material and the gate dielectric can be improved by
using a high-κ dielectric instead of SiO2 to provide a spe-
cial passivation process for effectively screening CI scatter-
ing. Many experimental results also show that MoS2 FETs
with high-κ gate dielectrics, such as HfO2,[16] ZrO2,[17] and
Al2O3,[18] exhibit good electrical performance. However, the
oxygen vacancies and dangling bonds distributed on the sur-
face of high-κ dielectrics lead to the interface-state density
of dielectrics/MoS2 reaching 1011–1012 cm−1·eV−1.[19] Re-
cently, much effort has been made to decrease the interfa-
cial defects, such as various plasma treatments (O2, N2, NH3,
and CF4/O2),[20–23] rapid thermal annealing (RTA)[24,25] and
dielectric-mediated doping[26] after the deposition of high-κ
films. Proper nitrogen doping into the dielectrics during the
deposition process supplies an effective way to improve the
quality of the dielectrics.[27] Compared with treatments after
growth, in situ doping is easier and effective. However, no re-
search has yet been reported on in situ NH3 doped Al2O3 as
a gate dielectric in MoS2 FETs. In this work, MoS2 FETs
with NH3 doped atomic layer deposition (ALD) Al2O3 are
systemically explored. Through x-ray photoelectron spec-
troscopy (XPS) and atomic force microscopy (AFM) charac-
terization and electrical tests, the effects of different sequences
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of NH3 doping into the gate dielectric on device performance
are investigated. The results show that MoS2 FETs with ALD
Al2O3 doped with NH3 during the final stages demonstrate the
best performance; this is consistent with the results of dielec-
tric analysis.

2. Experiments
In the FET experiments, a heavily doped p++ Si (100)

8inch wafer was used as the back gate. The gate dielectric was
formed from an ALD Al2O3 thin film grown at 300 ◦C using
trimethylaluminum (TMA; Al(CH)3) and H2O as Al and oxy-
gen precursors, respectively. Firstly, TMA vapors are pulsed
into the chamber and adsorb on the substrate surface, followed
by pulsing of N2 into the chamber to purge the unabsorbed
TMA. Then H2O vapors are pulsed to react with TMA to gen-
erate Al2O3 and other by-products. At the end of the cycle,
N2 is pumped in to remove excess gas and any other gases
produced. The control of the film thickness is achieved by
changing the number of cycles. In this work, the growth rate
of the undoped Al2O3 film is 1.05 Å/cycle and a 20 nm thick
film is grown after 190 cycles. To realize nitrogen doping in
the Al2O3 dielectric layer, different sequences for introduc-
ing NH3 into the growth cycle were designed in this experi-
ment, as shown in Fig. 1. The growth sequence TMA–N2–
H2O–N2–NH3–N2 is called AlON (0.89 Å/cycle, 224 cycles
for 20 nm) and the sequence TMA–N2–NH3–N2–H2O–N2 is
called AlNO (1.05 Å/cycle, 190 cycles for 20 nm).

TMA

Si-sub

TMA

Si-sub

(a)

(b)

NH3

NH3H2O

H2O

Al O C N H Oxygen vacancy

Fig. 1. Schematic diagrams of one cycle with different NH3 doping se-
quences.

The MoS2 flake channel material was mechanically ex-
foliated from bulk MoS2 crystal (purchased from Six Carbon
Technology, Shenzhen) using scotch tape and then transferred
onto the target substrate by PDMS. Next, lithography with a
negative polymer resist was used to define the source/drain
region. Then, the metal electrode (Ti/Au = 10/40 nm) was
deposited by electron beam evaporation, and the metal was
stripped by lift-off to form a separate metal electrode.

Figure 2(a) is a schematic diagram of a few-layer MoS2

FET with a 20 nm Al2O3 gate dielectric and Ti/Au electrodes.
The prepared MoS2 FET is shown in Fig. 2(b), and the length
and width of the channel are 3 µm and 10.86 µm, respectively.
The thickness of MoS2 measured by AFM is 6 nm, as shown in

Fig. 2(c). Figure 2(d) shows the Raman spectra of the MoS2

flake and the Raman shift between the E1
2g peak (384 cm−1)

and the A1g peak (408 cm−1) is 24 cm−1.
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Fig. 2. (a) Schematic of a few-layer MoS2 FET with a 20 nm Al2O3 gate di-
electric and Ti/Au electrodes. (b) Optical photograph of the prepared MoS2
transistor. (c) AFM image of the MoS2 transistor with the inset showing the
thickness of the MoS2 flake measured by AFM. (d) Raman spectra of MoS2
flake.

The high-frequency (1 MHz) capacitance–voltage (C–V )
curves and the electrical characteristics of MoS2 FETs were
measured using a Keithley 4200-SCS and an Agilent 4156C,
respectively, at room temperature in an atmospheric environ-
ment.

3. Results and discussion
The influence of in situ NH3 doping on the dielectric was

explored with the C–V test. A metal, a gate dielectric (Al2O3,
AlON, AlNO) and Si form a metal–oxide–semiconductor
(MOS) capacitor structure. The C–V curves of MOS capac-
itors measured at 1 MHz are shown in Fig. 3(a). For the gate
dielectrics Al2O3, AlON and AlNO, the MOS oxide capaci-
tances per unit area (Cox) are 0.337 µF/cm2, 0.381 µF/cm2,
and 0.357 µF/cm2, respectively. Cox is increased by the use
of NH3 doping, indicating improvement of the gate control
capability. Figure 3(b) shows the k values of the three di-
electrics and capacitance equivalent thicknesses. Based on
k = (Coxtox)/ε , in which ε is the vacuum permittivity and tox

is the thickness of the gate dielectric, the k values for Al2O3,
AlON and AlNO are 7.6, 8.6, and 8.1, respectively. It is found
that NH3 doping can improve the k value of the dielectric layer
due to the incorporation of nitrogen. Meanwhile, the capaci-
tance equivalent thicknesses are decreased, which is conducive
to a reduction of device size without affecting the gate control
ability. Figure 3(c) shows the gate leakage current under gate
voltages from −1 V to 1 V. After NH3 doping, the dielectric
leakage current decreases and the leakage current of AlON is
one order of magnitude lower than that of Al2O3. From the
electrical characterization, it is obvious that various electrical
parameters are improved after NH3 is doped into Al2O3. This
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is mainly because NH3 doping reduces the defects caused by
oxygen vacancies.[28] However, the degree to which vacancies
are suppressed is dependent on the sequence of NH3 doping.
When the film grows not as AlNO but as AlON, a better gate
dielectric is obtained. An explanation for this is that the NH3

doping sequence affects the bonding state of elements during
the ALD process.

The surface roughness of the gate dielectric reflects the
quality of the film. The roughness can affect the surface rough-
ness scattering and thus the mobility of the carriers.[29,30] In
this work, AFM is used to evaluate the root-mean square

(RMS) roughness of the samples, as shown in Figs. 4(a)–4(c).

The RMS roughness of Al2O3, AlON and AlNO is 0.217 nm,

0.169 nm, and 0.192 nm, respectively. Compared with the

control sample Al2O3, samples with NH3 doping have smaller

RMS roughness. The AlON film has the best surface with

the smallest surface roughness. This is consistent with the

previous assumption that NH3 doping and the sequence of

doping have an impact on the quality of the dielectric layer.

The flat surface is beneficial to improving the mobility of the

carriers.[31]
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Fig. 3. (a) The C–V curves of MOS capacitors. (b) Relevant k values and capacitance equivalent thicknesses. (c) Gate leakage current (Jg)–Vg characteristics.
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Fig. 4. AFM height image (5 µm×5 µm) of the surface of the gate dielectric:
(a) Al2O3, (b) AlON, (c) AlNO.

To further clarify the mechanism of NH3 doping, XPS
was used to analyze the chemical bonds of the three samples.
In Fig. 5, O 1s has various binding energies of common chem-
ical states, among which the low binding energy (531.2 eV)
corresponds to lattice oxygen derived from O–Al in Al2O3 and
non-lattice and surface oxygen have a higher binding energy
(532.5 eV).[32] As shown in Figs. 5(a)–5(c), the red line rep-
resents lattice oxygen and the blue line represents non-lattice
oxygen. The ratio of O-Al/Odefect in the film is reflected by
the spectral peak intensity ratio and is 2.59, 4.42, and 3.91
in Al2O3, AlON and AlNO, respectively. Compared with the
control sample Al2O3, the dielectric layers doped by NH3 have
a larger peak intensity ratio, representing the fewer oxygen va-
cancy defects which are repaired by nitrogen.

The XPS Al 2p spectra was extracted to analyze the bond-
ing states of nitrogen and aluminum. As presented in Fig. 5(d),
there is only one spectral peak derived from the Al–O bond at
74.55 eV in the Al2O3 dielectric layer. After the NH3 dop-
ing, the peak of Al–N is visible at 73.31 eV, which indicates
that nitrogen has been incorporated into Al2O3 and formed
Al–N bonds. The peak intensity of Al–N represents the num-
ber of bonds formed and the peak intensity in the AlON layer
is stronger than that in the AlNO layer, which is shown in

Figs. 5(e) and 5(f). Corresponding to the peak intensity ratio
in Figs. 5(b) and 5(c), there are more Al–N bonds in AlON,
which means that more vacancies are repaired. These results
show the influence of different nitrogen doping sequences on
the dielectric.

Furthermore, the electrical characteristics of MoS2 FETs
were measured to study the effect of NH3 doping on device
performance. Figure 6(a) shows the output characteristics of
the three samples, and the scanning gate voltage ranges from
−2 V to 4 V in steps of 2 V. The samples with NH3 doping
achieve a higher drain current and the device has the highest
drain current (8.0 µA/µm) at Vg = 4 V with AlON as the di-
electric layer. Due to the effect of NH3 doping on the repair
of oxygen vacancies, carrier scattering at the interface of the
channel and the dielectric layer is reduced, resulting in higher
carrier transport efficiency and a larger current.

Figure 6(b) shows the transfer characteristics of the three
samples with normalized drain current in order to avoid the in-
fluence of channel width on the output current. The threshold
voltages Vth extracted in Fig. 6(b) are −0.74 V, −0.12 V, and
−0.4 V for the samples with Al2O3, AlON and AlNO gate di-
electric layers. It is obvious that the Vth of a MoS2 FET has
a positive drift with a NH3-doped dielectric. Using Al2O3 as
the dielectric layer, a mass of oxygen vacancies with positive
charges exist in the film, causing negative Vth.[33] After NH3

doping into the high-κ layer, charge traps are repaired and Vth

has a positive drift.[34] The sample with AlON has the smallest
|Vth|, which also indicates that the MoS2/AlON interface has
the fewest defective states.
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Fig. 5. Deconvolution of XPS O 1s and Al 2p spectra of the three samples.

Figure 6(c) demonstrates the transfer characteristics in a
semilog scale with Vds = 0.2 V, from which Ion/Ioff can be ex-
tracted to be 1.33×105, 3.56×106, and 1.06×106 for samples
with Al2O3, AlON and AlNO, respectively. The Ion/Ioff of the
sample with NH3 doping is one order of magnitude larger than
the sample without NH3 doping. According to the above anal-
ysis, the repair of oxygen vacancy defects is helpful to reduce
the carrier scattering capability, which can increase Ion and de-
crease Ioff of transistors. From Fig. 6(c), the value of sub-
threshold swing (SS) can also be extracted; it is 139 mV/dec,
105 mV/dec, and 117 mV/dec for samples with Al2O3, AlON
and AlNO, respectively. The sample with an AlON dielectric
has the smallest SS, which is due to improvement of the inter-
face quality after NH3 doping.

In order to explore the carrier mobility trend of the device
channel, decades of devices using Al2O3, AlON and AlNO as
the gate dielectric are selected and the value is calculated by
using the following equation:

µ =
1

Cox

L
W

1
Vds

∆Ids

∆Vgs
(1)

in which Cox is the oxide capacitance per unit area of the gate
dielectric, L and W are the channel length and width, respec-
tively, and ∆Ids/∆Vgs is the slope of the transfer characteristic
curve on a linear scale. As shown in Fig. 6(d), it is obvious that
the MoS2 FETs with NH3-doped Al2O3 have a higher carrier
mobility.

In the process of Al2O3 deposition it is inevitable that
oxygen vacancies will be generated because of the low crystal-
lization temperature of Al2O3.[35] The existence of vacancies
tends to form charge centers, and thus the charge scattering ef-

fect of the dielectric layer is affected. By doping nitrogen into
the dielectric layer, oxygen vacancies are substituted by nitro-
gen atoms, which effectively screen the CI scattering in the
dielectric layer and the k value of the dielectric is increased.
In addition, the introduction of NH3 during ALD growth of
Al2O3 can also reduce the interface roughness of dielectric and
channel materials, drastically decreasing the effect of interface
scattering on channel carrier transport.
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Fig. 6. (a) The Id–Vds curves in the linear region for the three samples. (b)
Transfer characteristics of the three samples on a linear scale with Vds =
0.2 V. (c) Transfer characteristics of the three samples on a semilog scale
with Vds = 0.2 V. (d) Average value of mobility of the three samples.

Figure 7 shows the off-state current and subthreshold
swings of MoS2 transistors produced using different treatment
methods. Compared with other processes, the device in our
work exhibits better performance and achieves a smaller SS
(105 mV/dec) while maintaining a low off-state current.
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4. Conclusion
In summary, the processing method and the impacts of

NH3 in situ doping into an Al2O3 gate dielectric on MoS2

FETs have been systematically investigated. Two different
doping sequences were investigated in experiments. Through
XPS and AFM characterization and the MOS capacitor elec-
trical test, it was found that final doping of NH3 during the
ALD growth cycles demonstrates the best results. The oxygen
vacancy defects in the Al2O3 dielectric are repaired by this in
situ NH3 doping, and the carrier scattering of the interfaces
between the gate dielectric and TMD channel material is ob-
viously reduced. As a result, the performance of the MoS2

FET is effectively improved, and the threshold voltage shift to
an ideal state close to 0 V. The in situ dielectric treatment re-
ported in this paper provides an effective and simple method
to improve performance as well as the threshold control in the
development of future TMD integrated circuits.
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