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Abstract Since the first report of promising electrical properties of Molybdenum disulfide (MoS2) transistors

in 2011, two-dimensional materials with unique properties have attracted great attention, and much research

on their applications has been carried out. MoS2 and black phosphorus are excellent candidates for advanced

applications in future electronics because of their tunable bandgap, high carrier mobility, and ultra-thin bod-

ies. In this review, recent research trends in the application of molybdenum disulfide and black phosphorus

to electronic devices are examined. We mainly address mobility improvements, dielectrics engineering, radio

frequency applications, and low-frequency noise, all of which are crucial for the development of electronic and

optoelectronic devices.
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1 Introduction

The device scaling and performance improvements required by the International Technology Roadmap

of Semiconductors (ITRS) are facing a severe challenge as conventional Si complementary metal oxide

semiconductor (CMOS) scaling approaches its fundamental physical limits. Over the past few years,

tremendous efforts have been spent to look into some alternative channel materials “beyond Si” such as

germanium, III-V compound semiconductors, and two-dimensional (2D) materials [1–5]. In particular,

2D materials have attracted considerable attention from the transistor community due to their thin

bodies, allowing fabrication of shorter transistors due to superior electrostatic control which reduces

short-channel effects. Graphene, the first 2D-layered material used for transistors, has been widely

explored over the past decade since it was demonstrated by Novoselov et al. [6, 7] in 2004 due to its

unique electronic transport properties such as a high Fermi velocity, outstanding carrier mobility, and

a high carrier saturation velocity. Unfortunately, a lack of a bandgap greatly limits the performance of

graphene transistors and its potential applications in electronics. A separate class of layered materials

with electronics applications are the transition metal dichalcogenides (TMDs), which have a chemical

formula MX2 (M = Mo, W, Nb, Re; X = S, Se or Te) [8–10]. Molybdenum disulfide, MoS2, one of the
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Table 1 Atomic structures and properties of 2D layered material

Graphene Molybdenum disulfide Black phosphorus

Bandgap (eV) Zero 1.2–1.8 0.3–2

Mobility (cm2V−1s−1) ∼ 200000 10–200 100–1000

Electron effective mass (/m0) - 0.56 0.17 (x-direction)

Hole effective mass (/m0) - 0.64 0.15 (x-direction)

Permittivity 2–15 4.8 12.5 (x-direction)

Type Ambipolar N type Ambipolar

most common TMDs, has been used to create field-effect transistors (FETs) with promising performance

due to its tunable bandgap and good electron mobility [11–14]. Inspired by the study of graphene and

TMDs, black phosphorus (BP) has recently been studied as a promising new 2D material due to its widely

tunable direct bandgap, high carrier mobility of up to 1000 cm2/V·s and remarkable in-plane anisotropic

electrical, optical and phonon properties [15–18]. High channel mobility improves the FETs on-current,

reducing the transistor switching delay. Although the potential of MoS2 and BP in logic electronics is

currently being extensively explored, achieving high-performance 2D-based field-effect transistors remains

a grand challenge.

Table 1 shows the fundamental physical properties of promising 2D materials including graphene, MoS2,

and BP [17, 19, 20]. BP’s comparatively high hole mobility and low hole effective mass suggest that it

is promising for CMOS applications. In this review, we discuss the advances and developments of the

most promising 2D-based electronic devices including MoS2 and BP. We pay special attention to carrier

transport properties, field-effect transistor devices, and high-k dielectrics integration. High-frequency

transistor applications and low frequency noise are also discussed.

2 MoS2 field-effect transistors

2.1 Mobility

MoS2 is an n-type layered material of Mo atoms sandwiched between two layers of S atoms with a

bandgap ranging from 1.2 eV for bulk MoS2 to 1.8 eV for monolayer MoS2. Monolayers can be exfoliated

from bulk by the standard Scotch tape method [21]. Top-gated single-layer MoS2 transistors were first

demonstrated by Radisavljevic et al. [11] in 2011 with extremely high Ion/Ioff (108), excellent subthreshold

slope (74 mV/dec), and reasonable mobility at room temperature. These devices have attracted much

attention and spurred wide-spread scientific research of MoS2 transistors [22–28]. Their weakness, low

drain current, can be improved by using low work function metals for contacts, such as Sc and Ti, as

these metals to improve the electron carrier injection. However, a comprehensive study of other metals

(Ni, Au, and Pd) on MoS2 field-effect transistors shows that all produce n-type transistor behavior [29,

30], indicating a heavy pinning phenomenon at the MoS2/metal interface, due to sulfur vacancies [31].

Figure 1(a) shows the Fermi-level pinning positions of different contact metals, all of which are aligned

near the conduction band of MoS2. Producing partial Fermi-level pinning, low-work function metals such

as scandium are more suitable metals for source/drain contacts in n-type MoS2 transistor [32].

The most commonly reported MoS2-based transistor has a back-gate structure with SiO2 as the gate

dielectric layer. However, these devices have low mobility, in the range of 0.5–30 cm2/V·s [29, 33, 34].

Figure 1(b) shows field-effect mobility as a function of channel length for back-gated MoS2 transistors,

all of which are lower than 30 cm2/V·s. Figure 1(c) shows the temperature dependence of mobility in

a back-gated MoS2 device. The mobility increases with temperature down to 200 K, due to reducing

electron-phonon scattering. Below 200 K, the mobility decreases with the temperature down to 4 K,

which is consistent with mobility being limited by charged impurity scattering. Theoretical studies have

predicted that the intrinsic mobility at room temperature of monolayer MoS2 is ∼ 400 cm2/V·s at high

carrier densities of ∼ 1013/cm2 as shown in Figure 1(d), which is approximately 10 times greater than

experimentally reported values at 300 K [35]. It is believed that the charge transport in monolayer MoS2
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Figure 1 (Color online) (a) Band diagram showing the different workfunction pinning position of the contact metals

to MoS2; (b) channel length dependent field-effect mobility from few-layer MoS2 transistors; (c) field-effect mobility as a

function of temperature of a single-gate monolayer MoS2 supported on SiO2; (d) mobility versus temperature from first

principles calculation [29, 30, 34, 35].

is mainly limited by extrinsic factors such as Coulomb impurities, charge traps, and defects. Much work

has been devoted to investigate their roles in charge transport [36]. Jariwala et al. [37] demonstrated that

three single-layer MoS2 transistors with a mobility of ∼ 110 cm2/V·s at low temperatures exhibit band-

like transport with phonon scattering dominant at T > 100 K, and charged impurity scattering dominant

for T < 100 K. Based on this investigation, Baugher et al. [38] further improved the sample quality

by vacuum annealing and observed the similar transport behavior in monolayer MoS2 with mobility

approaching 1000 cm2/V·s at low temperatures.

2.2 Dielectrics

Novoselov and Geim [33] in 2005 demonstrated the first MOSFET based on single-layer MoS2 with a

mobility of ∼ 3 cm2/V·s and a relatively low on/off ratio. After that, the performance of monolayer

MoS2 transistors was greatly improved by capping them with a HfO2 dielectric film, which reduces

charged impurity scattering as well as photon scattering [11]. It has been well known that the impurities

and the dielectric environment have an important impact on the electrical and optical properties of 2D

materials [39]. Theoretical studies show that high-k dielectrics are able to enhance the performance of

MoS2-based FETs due to the dielectric screening effect [35, 40–43]. Figure 2 shows the effect of various

dielectric environments on electron mobility for two representative temperatures, 100 K and 300 K. By

using HfO2/ZrO2 as the dielectric instead of SiO2/air, the room temperature mobility improves from

∼ 45 to 80 cm2/V·s. Meanwhile, a 37% enhancement in mobility can be achieved by reducing the oxide

thickness from 20 to 2 nm at n = 1012 cm−2 due to more effective screening of the charged impurities. In

addition to the intrinsic scattering from phonons in the TMD channel, extrinsic scattering from charged

impurities at the channel/substrate interface, and charge traps in the substrate, and surface optical

phonon scattering originating from substrate can also play an important role in the carrier mobility of

the MoS2 device. Although a high-k dielectric may screen Coulomb scattering from charged impurities,

surface polar optical scattering from SiO2 (∼ 60 meV) severely degrade electron mobility as predicted by

theoretical simulations [40]. Indeed, the simulation results by a Monte Carlo method based on the analysis
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Figure 2 (Color online) Electron mobility as a function of an environment dielectric constant [40].

of remote phonon effect and charged impurity screening are in good agreement with the experimental data

from low temperature Hall measurement. The further mobility improvement is achieved by using a PMMA

substrate, up to 480 cm2/V·s at room temperature for multilayer MoS2 transistors [44]. This is mainly

attributed to the reduced short range disorder and long-range disorder at the MoS2/PMMA interface

than at the MoS2/SiO2 interface. Recently, atomically flat hexagonal boron nitride (h-BN) has begun

to attract interest as an excellent substrate with greatly reduced scattering centers for graphene duo to

its atomically flat and a clean charge environment, which leads to remarkably high carrier mobility [45].

Similar to graphene, using h-BN layer in the MoS2 transistors also reduces scattering from charged

impurities and roughness and improves the mobility dramatically [46]. The Hall mobility for the 1–6

layer MoS2 samples encapsulated within h-BN as a function of temperature, showing a record high Hall

mobility reaching 34000 cm2/V·s for 6-layer MoS2 at low temperature. Meanwhile, Shubnikov-de Haas

oscillations are also observed in MoS2.

2.3 Channel scaling

The ultimate performance limit of MoS2 transistors is performed by using self-consistent quantum trans-

port simulations, showing very promising performance [47–51]. Liu et al. [29] first experimentally demon-

strate the channel scaling of MoS2 transistors with channel lengths down to 50 nm. Although high Ion/Ioff
ratio is achieved, drain current is less than 50 µA/µm, which is mainly limited by contact resistance.

To realize high-performance MoS2 short channel transistors, an important breakthrough on contact is

achieved by doping Cl using 1,2 dichloroethane [52]. Figure 3(a) shows the output characteristics of

the 100 nm MoS2 transistors with and without the Cl doping at room temperature. A nearly 4.4 times

decrease in on-resistance is observed. Figure 3 (b) and (c) shows well-behaved output and transfer charac-

teristics of a MoS2 device with a channel length of 100 nm. Excellent current saturation can be observed

with a maximum drain current of 550 µA/µm at room temperature. The output characteristics of a

100 nm MoS2 device with gate voltages from 20 to 40 V at 20 K are shown in Figure 3(d). Interestingly,

the drain current reaches a maximum value at a moderate Vd and then decreases when Vd increases

further, exhibiting significant negative differential resistance behavior (NDR) [53]. The magnitude of

NDR is very small at Vg = 20 V, but starts to increase as the gate voltage Vg increases. Self-heating is

responsible for the NDR effect, which is demonstrated by pulsed IV measurements. The local heating

of MoS2-SiO2 interfaces leads to poor device performance and decreased lifetimes, which could be an

important issue for high-performance scaled MoS2 transistors.

2.4 Radio frequency transistors

One of the main figures of merit to estimate the performance of radio frequency devices is the cutoff

frequency fT given by the following formula [5]:

fT =
gm
2π

×

1

(Cgs + Cgd)[1 + gds(Rs + Rd)] + Cgdgm(Rs +Rd)
, (1)
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Figure 3 (Color online) (a) Output characteristics of the 100 nm MoS2 FETs with and without the Cl doping at room

temperature; (b) transfer (with Vd ranging from 0 to 2 V) characteristics of a 100 nm MoS2 device at room temperature;

(c) output (with Vg ranging from −45 to 40 V) characteristics of a 100 nm MoS2 device at room temperature; (d) output

characteristics of the same device at 20 K with 10 V steps in Vg from 20 to 40 V with comparison between dc measurement

and different pulse widths (PW = 500 µs, 600 µs, 700 µs, 800 µs, 900 µs, and 1 ms) [53].

where gm is the intrinsic transconductance, Cgs is the gate source capacitance, Cgd is the gate-drain

capacitance, gds is the drain conductance, and Rs and Rd are the source and drain series resistances,

respectively. As suggested by the relation fT = gm/2πCox, to obtain a high cut-off frequency in a

transistor, it is essential to retain a high carrier mobility while achieving a small channel length. In

addition to fT , fmax is also a very important parameter of RF amplifiers. The formula for fmax is shown

below [54]:

fmax =
fT

2
√

gds(Rg +Rs) + 2πfTCgRg

, (2)

where gds is the drain differential conductance, Rs is the source resistance, Cgd is the gate to drain capac-

itance, and Rg is the gate resistance. Although cutoff frequencies of 350 GHz for epitaxial graphene have

been achieved [55, 56], voltage gain is low and sub-threshold current is high since graphene transistors

cannot be fully pinched off due to their zero-bandgap nature. Layered MoS2 with its tunable bandgap

also has potential for analog electronics. MoS2 RF devices have been under development since 2012 [57].

Radisavljevic et al. [58] reported a comprehensive experimental studies of the high-frequency character-

istics of 1–3 layers top-gated MoS2 transistors on SiO2/Si in 2014. For a gate length of 240 nm, a peak

fT as high as 6 GHz was obtained for the trilayer device with 30 nm HfO2 as gate dielectric. Further

reducing the gate length and improving the channel mobility is expected to improve the cutoff frequency

fT . The work represented an important step in MoS2-based electronics for high frequency applications.

Recently, it was demonstrated that the self-aligned few-layer MoS2 device exhibits an intrinsic cut-off

frequency fT up to 42 GHz and a maximum oscillation frequency fmax up to 50 GHz, including excellent

on-off ratio, current saturation and an intrinsic gain over 30 [59]. The formation of the self-aligned source

and drain electrodes can substantially reduce the access resistance and boost the field-effect mobility up

to ∼ 170 cm2/V·s with a saturation velocity of 1.8× 106 cm/s. Meanwhile, an intrinsic cutoff frequency
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fT of 13.5 GHz and maximum oscillation frequency fmax of 10.5 GHz are achieved in a 68 nm MoS2 FET

on flexible polyimide substrate without electrical degradation after 1000 bending cycles, showing the

promising potential for highly flexible electronics. Despite significant effort, the small size of exfoliated

MoS2 flakes has limited industrial scale applications. Very recently, transistors suitable for high-frequency

measurements have been fabricated on large-area MoS2 grown by chemical vapor deposition (CVD) with

a mobility of 55 cm2/V·s [60]. The CVD MoS2 device has achieved a fT of 6.7 GHz and fmax of 5.3 GHz

at a gate length of 250 nm. In spite of great progress, the RF performance of MoS2 transistors described

above is still far from ideal. To realize high-performance MoS2 transistors, three major issues must be

solved. First, the fabrication of a low-resistivity metal-MoS2 junction. Large contact resistance strongly

limits device performance, especially in short channel devices. Using graphene between MoS2 and metal

as electrode could be a promising approach, which has been demonstrated by some groups. Second, the

improvement of carrier mobility. Extrinsic sources such as charged impurities on or near the substrate

surface and remote optical phonons from the substrate materials are dominant scattering centers. The

reduction or suppression of carrier scattering remains a big challenge. Third, deposition of a high-quality

dielectric on MoS2 is difficult. Dielectric integrations on MoS2 are not straightforward due to the lack

of dangling bonds at the MoS2 surface. Some groups have successfully integrated high-k dielectrics onto

MoS2 by lowering atomic layer deposition (ALD) temperatures to less than ∼ 200◦C, or by the insertion

of an Al seeding layer before ALD dielectric deposition. To improve the dielectric quality, much more

research needs to be performed.

2.5 Low frequency noise

Low frequency noise generated in the electronic devices is an important limiting factor in modern elec-

tronics which determines how small signals can be detected and resolved without error in circuits [61].

Maintaining a high signal to noise ratio becomes a big challenge for deeply scaled devices, which have

narrow operating voltage requirements, along with severe short channel effects [62]. In signal amplifiers,

low frequency noise up-converts to cause phase noise at operating frequencies, limiting applications [63].

In view of the scientific significance and practical applications, a thorough understanding of the low

frequency noise mechanisms and assessing the potential of MoS2 field-effect transistors are of great im-

portance. The first study on low-frequency electronic noise in single-layer MoS2 field-effect transistors

was performed by Sangwan et al. [64]. The current noise spectral density of a single-layer MoS2 device

shows a 1/f dependence up to a frequency of 8 kHz. The Hooge parameter ranging between 0.005 and

2.0 in vacuum and the noise amplitude increased up to 10 times in ambient conditions, revealing the

significant influence of atmospheric adsorbates on charge transport. Meanwhile, it is demonstrated that

annealing is effective to improve the noise level in the bilayer MoS2 FETs due to the decrease of trap

density. Using this process, Kwon et al. [65] have investigated low frequency noise in multilayer MoS2
FETs, showing 1/f noise was dominated by carrier number fluctuation. In addition, Li et al. [53] studied

the 1/f noise of few-layer MoS2 FETs with Cl-doping at various temperatures. Figure 4(a) plots the

Sid/I
2
d and transconductance to drain current squared (gm/Id)

2 as functions of drain current Id of the

MoS2 device from 300 to 20 K and shows that the noise mechanism of few-layer MoS2 FET is dominated

by mobility fluctuation at high drain current levels in strong inversion, while number carrier fluctuation

noise takes over at low drain current. Figure 4(b) gives the corresponding Hooge parameter αH from

300 to 20 K with the minimum αH of 3.3 × 10−4 at room temperature. This improvement is mainly

attributed to the decreased contact resistance and high drain current by Cl-doping. To investigate the

effect of contact resistance on noise of MoS2 FETs, Renteria et al. [66] used a model to fit the measured

noise spectral density before and after aging. It was found that the increase in the noise level of the aged

MoS2 transistors is due to the channel rather than the contact degradation, informing future reliability

improvements of 2D-based devices. The same group has also reported that the relatively thick MoS2
channels have advantages of higher electron mobility and lower noise [67]. In general, the noise level of

MoS2 FETs is larger than that of graphene, which could be due to high contact resistance and low carrier

mobility in MoS2 FETs.



Li X F, et al. Sci China Inf Sci June 2016 Vol. 59 061405:7

10
10−5

10−4

10−3

505

H
o
o
g
e 

p
ar

am
et

er
 

 300 K

 150 K

 70 K

 20 K

310−7 10−6 10−5 10−4 10−3
10−11

10−9

10−7

10−5

 300 K

150 K

70 K

20 K
10−4

10−2

100

102

Id (A)

(a) (b)

Vg−Vth (V)

1/(Vg−Vth)

Sid/I2
d  (gm/Id)2

S
id

/I
2 d

 (
1

/H
z)

(g
m

/I
d
)2

 (
V

−
2
)

Figure 4 (Color online) (a) Normalized drain current noise spectral density (Sid/I
2

d
) and transconductance to drain

current ratio squared [(gm/Id)
2] versus drain current for the MoS2 device from 300 to 20 K; (b) Hooge parameter versus

Vg − Vth at various temperatures from 300 to 20 K [53].

3 BP field-effect transistors

3.1 Mobility

Preceding the current interest in layered materials for electronic applications, research in the 1960’s

found that black phosphorus exhibits high carrier mobility with an intrinsic band gap [68,69]. Similar to

graphene and MoS2, thin layers of BP can be obtained using the mechanical exfoliation method. Li et

al. [15] fabricated field-effect transistors based on few-layer black phosphorus crystals with thickness as

low as 5 nm. The devices exhibit bipolar behavior with on-off ratio up to 106, a low off-state current, and

electronic mobilities up to ∼ 1000 cm2/V·s. For field-effect mobility and Hall mobility, both decrease at

temperatures higher than ∼ 100 K, and saturate at lower temperatures. The behaviors of the mobility

can be attributed to the electron-phonon scattering that dominates at high temperatures from ∼ 100 K

up to 300 K and scattering from charged impurities that dominates when T < 100 K, respectively. A

more comprehensive work is reported by Liu et al. [16]. The ab initio band structure calculations show

that the fundamental band gap depends sensitively on the number of layers from 0.3 to 1 eV. High on-

current of 194 mA/mm, high hole mobility up to 286 cm2/V·s and on/off ratio up to 104 was achieved

with phosphorene transistors at room temperature. Meanwhile, the field-effect mobility shows a strong

thickness dependence, which first reaches the maximum at ∼ 5 nm and then decreases gradually with

further increase of crystal thickness due to screening and interlayer coupling in layered materials. Also,

a CMOS inverter with combination BP pMOS transistors and MoS2 nMOS transistors, is demonstrated

for the first time, which shows great potential for semiconducting 2D crystals in future electronic, opto-

electronic and flexible electronic devices [70–72]. A unique property of BP is the strong intrinsic in-plane

anisotropy due to its unique orthorhombic crystal structure [18,73–81]. Xia et al. [82] study DC conduc-

tivity and IR relative extinction measured along six directions on the BP flake. A ratio of the maximum

value at the x-direction at the band edge and minimum value at the y-direction at the band edge in the

angular dependent conductance measurement is extracted to be around 1.5. The mobility of the 15 nm

sample is larger than that of the 8 nm sample and both of samples have the maximum mobility along

the x direction. The Hall mobility exceeds 1000 cm2/V·s at 120 K. This in-plane anisotropy provides a

novel functionality to devices based on black phosphorus. Similar to MoS2, contact resistance is a key

factor in the performance of BP transistors. The contact resistance of BP transistors for both Ni and Pd

contacts are extracted from the transfer length method structure as shown in Figure 5(a), which shows

a strong gate-dependent behavior. The Pd contact resistance is 1.75 Ω·mm at Vbg = −40 V, which is

lower than the Ni contact resistance of 3.15 Ω·mm at the same back gate voltage [83]. With introduction

of 7-nm-thick HfO2 as the back-gate dielectric, the contact resistance values is as low as 1.14 Ω·mm as

shown in Figure 5(b) [84]. Interestingly, the transport type is closely related to the channel length and
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metal. It presented clear ambipolar characteristics for both Ni- and Pd contacted BP FETs at shorter

channel lengths [83]. This is mainly due to the narrow bandgap of BP, which allows the Fermi level to

easily move to either near the valence band or the conduction band. Very recently, research interest is

also moving towards BP nFETs [85–87]. Theoretical calculations by Padilha [88] also predicted that it

is possible to realize ohmic contacts using graphene. It has also been demonstrated that TiO2 interlayer

could reduce the Schottky barrier [89].

3.2 Surface passivation

Despite great progress having been made in the area of BP, the lack of air-stability poses much concern for

its application [90]. An effective approach to prevent BP degradation is dielectric encapsulation [91–94].

A comparison of the selected AFM line profiles at the beginning and the end of the monitoring period

between two Al2O3 capped BP samples shows that the BP device with thick capping was stable. Thick-

cap devices (25 nm ALD Al2O3) showed less degradation, consistent with the AFM data [95]. Figure 6(a)

compares the on/off ratio of BP devices with and without AlOx overlayer, showing that AlOx encapsulated

BP devices effectively suppress ambient degradation and maintain high on/off ratios of ∼ 103 for over

two weeks in ambient conditions [91]. Results also show that the photo induced degradation is activated

by air or alternatively by a mixture of pure oxygen and water vapor [96]. A capping layer made of

300 nm of parylene C is effective in preventing photo induced degradation. This results indicate that

the instability of BP is associated with photo, oxygen, and water vapor. Theoretical calculations also

show that oxygen chemisorption onto phosphorene is exoenergetic and causes the formation of neutral

defects [97]. Based on these reports, ALD of dielectrics is an effective and scalable method to passivate

BP flakes and to protect them from environmental deterioration. However, deposition of a uniform high-k

dielectric layer onto BP is not easy. Figure 6(b) shows the Al2O3 thickness as a function of ALD cycles

for three different surface conditions [98]. S1 sample has native oxide. The exposure time to ambient air

of S2 and S3 samples are less than 5 min and 1 min, respectively. After 40 cycles, the Al2O3 thickness

on the S1, S2, and S3 samples are ∼ 2.47, 0.74, and 0.88 nm, respectively. Figure 6(c) plots the ratio

of IP-O/IP-P as a function of Al2O3 thickness. As expected, the S3 sample has the lowest phosphorus

oxide concentration. This results suggest that surface functionalization is important for depositing a

uniform film on BP and its effect on electrical property needs to be investigated further. BN is another

promising capping layer. It can protect BP from environmental degradation and also the ultra-clean

BN-BP interface allows for a high mobility over 1000 cm2/V·s at room temperature [99–105]. Besides

exfoliation, liquid-phase exfoliation and pulsed laser deposition have also been used to fabricate black

phosphorus thin films [106–108]. However, their electrical properties are still poor. Very recently, Li et

al. [109] demonstrated a method to fabricate thin-film black phosphorus on a flexible substrate with a

field-effect mobility of ∼ 0.5 cm2/V·s. This suggests the potential for synthesis of large-scale, high quality

thin-film BP electronics, similar to MoS2 and graphene.
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Figure 6 (Color online) (a) On/off ratio as a function of exposure time for BP transistors with and without AlOx;

(b) Al2O3 thickness as a function of ALD cycles for three different surface conditions; (c) ratio of IP-O/IP-P as a function

of Al2O3 thickness at the corresponding surface conditions [98].

3.3 Radio frequency transistors

There has also been substantial interest in using BP flakes for ultra-high speed transistors due to their

high mobility and the existence of a bandgap. Wang et al. [110] recently demonstrated high-frequency

operation of BP FETs based on the dual-gate geometry. 21 nm of HfO2 deposited by ALD at 150◦C was

used as the gate dielectric. The thickness of the BP flake was chosen to be 8.5 nm in order to balance

the mobility and on/off ratio. The transfer characteristics of BP FETs show a current density up to

270 mA/mm and DC transconductance above 180 mS/mm for hole conduction. A cutoff frequency fT
of 12 GHz and a maximum oscillation frequency fmax of 20 GHz for the 300 nm channel length BP

transistor are obtained. While its use is in its infancy, BP offers new opportunities by virtue of high

carrier mobility, excellent scaling properties, and a tunable bandgap. With these advantages and its good

current saturation properties, BP has the potential to offer performance benefits in RF systems in terms

of voltage and power gain.

3.4 Low frequency noise

Low-frequency noise mainly originates from the fluctuations in the number of charge carriers in the

channel due to trapping/detrapping of carriers in the oxide layer and/or fluctuations in the mobility of

carriers, and is a valuable indicator of dielectric quality, contact quality, and reliability evaluation [62,111].

It is important to determine the source and magnitude of the 1/f noise in BP transistors in order to

understand the transport characteristics and physics-based properties as well as assess their potential

in optoelectronics and electronics. Low-frequency noise measurements and analysis on few-layer BP

transistors were reported by Na et al. [112] in 2014. With changing Vg from 0 to −40 V, the drain

current spectral density increases four times. The dominant noise source was found to be carrier number

fluctuation with correlated mobility fluctuation. Interface trap density values for the thermally annealed
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Figure 7 (Color online) Normalized drain current noise spectral density (Sid/I
2

d
) and transconductance to drain current

ratio squared [(gm/Id)
2] at Vd = 0.2 V and f = 100 Hz versus drain current at 300 K for the BP (a) pFET, (b) nFET.

Normalized drain current noise spectral density (Sid/I
2

d
) at Vd = 0.2 V and f = 100 Hz as a function of drain current from

300 to 20 K for the BP (c) pFET, (d) nFET [113].

and Al2O3-passivated few-layer BP transistors are ∼ 1.2×1012 and ∼ 1.5×1011 cm−2eV−1, respectively.

Very recently, Li et al. [113] investigated the temperature dependent ambipolar operation of both electron

and hole transport for BP transistors from 300 to 20 K. Figure 7 (a) and (b) show the Sid/I
2
d and

the corresponding (gm/Id)
2 of the BP pFET and nFET at f = 100 Hz as functions of drain current

at 300 K. It is found that the dominated noise mechanism of multi-layer BP nFET and pFET are

mobility fluctuation and carrier number fluctuations with correlated mobility fluctuations, respectively.

Meanwhile, the mechanism has no dependence on temperature as shown in Figure 7 (c) and (d). These

results provide fundamental insights into the electron and hole transport and related 1/f mechanisms at

various temperatures.

4 Conclusion

In this paper, we have studied the fundamental device properties of MoS2 and BP transistors. For MoS2,

we report on the mobility, dielectric formation, channel scaling properties, radio frequency performance,

and low frequency noise in MoS2 transistors. MoS2 transistors show superior immunity to short channel

effects. The large contact resistance is the major challenge currently in MoS2 transistor developmen-

t. Integration with high quality high-k dielectrics is highly desirable in order to boost mobility. BP

shows great potential for nanoelectronic applications, especially in CMOS circuits, because of its layer-

controlled bandgap, high carrier mobility, and ambipolar transport. To improve the performance of BP

transistors, doping to reduce contact resistances and integration with high quality dielectrics are impor-

tant. Meanwhile, the highly anisotropic structural, electronic, and transport properties of BP have been

largely unexplored, and this points to new opportunities for future research and development activities.
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For practical electronics applications, development of process to grow large scale, high quality BP thin

films is needed. 2D-based transistors are currently a highly-researched area, and we expect to see great

improvements in their design, and consequently their usage in practical circuits in the near future.
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