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  In recent years, two dimensional (2D) layered materials 

such as graphene have received considerable attention for 

their atomic thickness, unique structure and special elec-

trical characteristics. [ 1–4 ]  However, the zero bandgap char-

acter has greatly limited its applications for graphene based 

switching circuits [ 2,5 ]  and nonvolatile memory cells, in which 

the clearly defi ned on-and-off or program-and-erase states 

are essential. As compared with graphene, Monolayer MoS 2  

has its natural advantages with a direct band gap of 1.8 eV 

and thus allows the fabrication of transistors with on/off ratio 

over 10 8 . [ 6,7 ]  Like graphene, monolayer MoS 2  can be readily 

obtained by the mechanical cleavage technique, chemical 

vapor deposition or lithium intercalation method for its 

excellent mechanical strength and weak inter-layer Van der 

Waal's force. [ 7 ]  Also, various MoS 2  based electronic compo-

nents have been recently demonstrated, such as small-signal 

amplifi er, logic circuits, nonvolatile memory cells, etc., which 

further illustrate its great potential in numerous future elec-

tronic applications. [ 8–16 ]  

 As an essential part of electronics, nonvolatile memory 

cells have been heavily deployed in portable devices to 

achieve secure and fast data storage, such as the fl oating 

gate memory, which was fi rst reported by Kahng and Sze in 

1967. [ 17–21 ]  Since then, the development of very large-scale 

integration has driven all components to scale in both lat-

eral and vertical dimensions for the higher packing density, 

reduced energy consumption and minimized short-channel 

effect, which presents one of the ultimate challenges here. 

Generally, crystalline silicon is the dominant channel mate-

rial used in the memory industry. As compared with silicon, 
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monolayer MoS 2  has a relatively small dielectric constant 

(ε = 7) and atomic thickness, both of which can easily enable 

ultrathin-body MOSFETs to suppress the short channel 

effect. [ 23 ]  Also, its comparably large device on/off ratio 

can facilitate the clear distinguishment between different 

memory states, being advantageous even for the multi-level 

data storage. [ 14,24 ]  Although the relative high mobility of 

over 600 cm 2 V −1 s −1  reported previously is mainly caused by 

the coupling of the back- and top-gate, [ 22 ]  a high mobility 

over 40 cm 2 V −1 s −1  of fi eld effect transistors based on hBN-

graphene heterostructures, which is comparable to that of 

crystalline silicon, was reported recently. [ 16 ]  All these perfor-

mance enhancement can lead to the achievement of highly 

effi cient MoS 2  based energy-saving and low-operating-power 

electronics, satisfying all the stringent requirement for the 

future development of nonvolatile memory devices. 

 Although the natural advantages of MoS 2  make it a 

promising candidate for future memory device channel 

materials, the lack of an effective charge trapping layer still 

remains a substantial problem. Also, decreasing tolerance for 

charge loss caused by the defects in the tunneling oxide and 

increasing cell-to-cell interference would seriously limit the 

scaling, which is of signifi cance for the high density storage 

and low power consumption. [ 19,21 ]  This way, nonvolatile 

memory cells based on MoS 2 /graphene heterostructures were 

fabricated lately to tackle this issue. [ 12,15 ]  Employing this het-

erostructure, the capacitive interference between neighboring 

cells as well as the coupling between the electrodes and the 

fl oating gate can be signifi cantly diminished through the min-

imization of the fl oating gate thickness. [ 12,15,23 ]  However, this 

sophisticated fabrication process would make it diffi cult for 

the commercial large-scale production. Moreover, the trap 

level and charge distribution are diffi cult to be controlled 

for the entire graphene layer and the tolerance for charge 

loss caused by defects in the oxide is still unresolved. Lots 

of work has been done to fi nd the suitable charge trapping 

layer for MoS 2  based memory cells. For example, multibit 

data storage with charge trapping sites formed in plasma 

treated MoS 2  has been reported recently with long reten-

tion time. [ 14 ]  This easy fabrication process is unique and low 

cost; however, the plasma treatment may inevitably damage 

the surface of MoS 2 , making the on-state current decrease 

signifi cantly and resulting in a relatively small program/erase 

ratio. On the other hand, discrete charge trapping layers such 

as metallic nanocrystals are founded to have lower power 

consumption and better tolerance for charge loss. [ 19,25–33 ]  By 
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choosing the appropriate metal and grain size, the trap den-

sity and distribution can be effectively controlled, which are 

important to the enhancement of electron retention time. [ 34 ]  

More importantly, the deposition of metallic nanocrystals 

does not confl ict with the fabrication of conventional fl oating 

gate memory cell and this easy processing makes it easily 

adaptable for future memory devices. [ 25 ]  In this regard, here, 

the atomically thick MoS 2  channel and nanocrystal fl oating 

gate are employed together for the fabrication of nonvolatile 

memory cells. Specifi cally, four different metallic nanocrystal 

fl oating gates are utilized as the charge trapping layer and the 

memory cells with Au nanocrystals exhibit impressive perfor-

mance with a large memory window of 10 V, a high program/

erase ratio of approximately 10 5  and a long retention time of 

10 years. All these evidently hold the promise of MoS 2  based 

metallic nanocrystal fl oating gate memory for the future non-

volatile data storage. 

  Figure    1  a shows the device structure of the memory 

cell and Figure  1 b gives the representative scanning elec-

tron microscope (SEM) image (Raman spectra is given in 

Figure S1 in Supporting Information). Monolayer MoS 2  is 

exfoliated onto a 288 nm thick thermally grown SiO 2  layer. 

Cr/Au is used as the source/drain electrodes and the channel 

length is 1.5 µm. The tunneling oxide is 6.5 nm thick HfO 2  

deposited by atom layer deposition (ALD) under 90 °C. 

For the lack of dangling bonds on the surface of MoS 2 , we 

deposit 1 nm thick Al as the seeding layer before the ALD 

process in order to initiate a uniform deposition. The charge 

trapping layer is then deposited by the thermal deposi-

tion of metallic nanocrystals with different work functions 

(Au∼5.4 eV, Co∼5.0 eV, Ag∼4.4 eV, Al∼4.2 eV) [ 35 ]  under 

6 × 10 −4  Pa. Notably, semiconductor nanocrystals are not a 

good choice for the trapping layer here because they can 

only store a few electrons in each nanocrystal as a result of 

the Coulumb blockade effect, yielding a smaller memory 

window. [ 19,36 ]  Finally, 20 nm thick HfO 2  is deposited onto the 

entire surface as the blocking oxide followed by the deposi-

tion of Cr/Au (10/30 nm) as the control gate. The 1 nm thick 

metal layer is deposited to form isolated islands or nanocrys-

tals as the fl oating gate. Atom force microscope (AFM) 

images of the deposited metallic nanocrystals are given in 

Figure  1 c-d. As shown in the images, the corresponding metal 

grains are close, compact and well uniform in size. In spe-

cifi c, the Au/Co/Ag nanocrystals show a similar grain size of 

3–5 nm while the Al one presents the size of 4–8 nm with the 

details given in Supporting Information Figure S2.  

  Figure    2   shows the band diagram of the memory cell in the 

fl at band state (Figure  2 a) and operation state (Figure  2 b-e). 

The work function of MoS 2  is 4.6–4.9 eV [ 32,33 ]  and the elec-

tron affi nity of HfO 2  is 2.11–2.17 eV. The barrier height for 

electrons to tunnel through the tunneling oxide is 2.5–2.8 eV. 

To simplify the band diagram, Fermi level shift caused by 

the carrier density is not taken into consideration. In view of 

the 6.5 nm thick HfO 2 , electrons can tunnel through the tun-

neling oxide via the mechanism of Fowler-Nordeim tunneling. 

In general, there are two distinct states, namely program and 

erase, for the fl oating gate memory cell, which is purely dic-

tated by the drain-to-source (I ds ) current. [ 19 ]  When a suitable 

control gate voltage (V cg ) is applied, the charge stored in the 

fl oating gate will shift the threshold voltage (V th ) and change 

the I ds . In the consideration of energy saving and device sta-

bility, the proper read voltage is usually set to be 0 V. In the 

erase state, there is no charge stored in the fl oating gate, the 

channel allows a high I ds  current when applied the read V cg  

(0 V). Once a positive V cg  is applied, the energy band slope 

of the tunneling oxide layer raises and the barrier becomes 

very thin; therefore, electrons can then tunnel through the 

HfO 2  oxide from the conduction band of MoS 2  to the fl oating 

gate as a result of the Fowler-Nordheim tunneling effects 

(Figure  2 b). [ 37 ]  This way, the charge stored in the fl oating gate 
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 Figure 1.    Structure of the MoS 2  based metallic nanocrystal fl oating gate memory cells. (a) Three-dimensional view of the structure of the metallic 
nanocrystal fl oating gate memory cell. (b) SEM image of the memory cell. The channel length is 1.5 µm and the scale bar is 5 µm. (c-f) AFM images 
of various nanoscrystals deposited onto the single layer MoS 2 , pre-deposited with a 6.5 nm thick of HfO 2 . All the scan size is 500 × 500 nm, the 
scale bar is 100 nm.
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will shift the V th  and the memory cell is turned into the pro-

gram state (Figure  2 c). By choosing the appropriate trapping 

layer, the trap level can be easily controlled. In order to dis-

charge the fl oating gate, a strong negative voltage is needed 

to apply on the control gate and electrons 

will tunnel back to the MoS 2  channel 

(Figure  2 d). When suffi cient electrons are 

‘pushed’ back to the channel, the channel 

becomes conductive and the memory cell 

can be operated back into the erase state 

again (Figure  2 e).  

 It should be noted that the work func-

tion of the deposited nanocrystal is dif-

ferent with that of bulk materials. [ 38 ]  

To evaluate the trapping level of the 

nanocrystal, capacitance-voltage (C-V) 

characteristics of the device with dif-

ferent nanocrystal fl oating gates is given in 

 Figure    3  a. It is observed that the fl at band 

voltage (V FB ) shifts to the positive side in 

order of Al, Ag, Co and Au. The fl at band 

voltage is given by:
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 where Q i  designates for the charge located 

at the interface between the oxide and 

the semiconductor, and ρ ox  represent the 

charge density distributed within the oxide. 

It is clear that the V FB  of fl oating gate 

devices is largely affected by the presence 

of the charge trapped in the oxide layer 

as well as at the oxide-semiconductor interface. [ 39,40 ]  More-

over, we have also fabricated a metal-oxide-semiconductor 

capacitor without nanocrystals in the dielectric, and the cor-

responding C−V characteristic is given in Supporting Infor-

mation Figure S3. The C−V hysteresis of the control sample 

without nanocrystals is negligible, which indicates little 

charge trapped in HfO 2  and the interface. For the p-type sub-

strate here, a positive shift of the V FB  indicates an enlarge-

ment of the charge trapped in the fl oating gate, inferring that 

the Au fl oating gate traps the most electrons. The capacitance 

of Al fl oating gate device is relatively low as compared with 

others. This is possibly attributed to the oxidation of depos-

ited Al layer on top of the tunneling oxide surface and form 

a protective thin oxide, the oxidation increase the thickness 

of the dielectric, which decreases the gate oxide capacitance.  

 Figure  3 b presents the transfer characteristics of var-

ious nanocrystal fl oating gate memory cells, sweeping the 

control gate voltage from −15 V to the positive side and 

then the opposite direction. Transfer characteristics of the 

transistor without nanocrystals in the dielectric are given 

in Supporting Information Figure S4. The small hyster-

esis of the transfer curve demonstrates that the hyster-

esis is mainly caused by the nanocrystal, not by the charge 

trapped in the interface. It is explicit that the memory win-

dows increase with the work function of nanocrystal fl oating 

gates despite the deviation (Figure  3 c) and Au case has the 

largest memory windows, just as predicted above. The V th  

of Au/Co/Ag fl oating gate memory cells for program state 

are all roughly above 0 V, while the one of Al is below 0 V. 
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 Figure 2.    Simplifi ed band diagram of the nanocrystal fl oating gate 
memory devices. (a) Flat band state with no contact between layers. 
W stands for the work function, E g  designates for the band gap and  χ  
represents the electron affi nity. Cr, O, NC and M stand for top gate, HfO 2  
oxide, nanocrystals and MoS 2 , respectively. (b-c) Band diagram of the 
program operation and state. Trapping level can be controlled by the 
metallic nanocrystal used as the fl oating gate. (d-e) Band diagram of the 
erase operation and state. Fermi level shift caused by the carrier density 
is not taken into consideration to simplify the band diagram.

 Figure 3.    (a) C−V characteristics of the device with different metal nanocrystals. p-type Si is used as 
the substrate and Cr/Au (10/30 nm) with an area of 100 × 100 µm is deposited as the top electrode. 
(b) Transfer characteristics of the memory cell with different nanocrystals. (c) Memory windows 
and on/off ratio with different nanocrystal fl oating gates. (d) Evolution of the drain-to-source 
current of the program state for 4 different memory cells. The read voltage is set to be 0 V for 
the Au/Co/Ag cells since their V th  are all roughly at around 0 V but −4 V for the Al cell as its 
V th  is at −4 V.
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Also, the evolution of I ds  of the program state is given in 

Figure  3 d. After a +15 V pulse at the control gate with dura-

tion of 3 s, we read the program state current at a constant 

drain voltage of 50 mV for 2000 s. After 2000 s, the program 

state current shows almost no increase, indicating very little 

charge leakage from the fl oating gate. Since Au has the 

largest work function here, the charge stored in the fl oating 

gate needs more energy to escape from the trap, resulting 

in the smallest leakage from the oxide layer compared to 

others. 

 In view of the excellent charge retention capability of 

the Au nanocrystal fl oating gate memory cell, more detailed 

electrical measurements are performed to evaluate its char-

acteristics. First, we carry out a small bias I ds -V ds  study with 

different V cg  to assess the contact properties of these devices, 

which are the key factors infl uencing the corresponding 

signal delay and frequency response. [ 12 ]  As depicted in 

 Figure    4  a, all curves fi t the linear relationship even under a 

relatively small bias of 10 mV, suggesting a good ohmic-like 

contact between Cr and MoS 2  (more detailed information is 

given in Supporting Information Figure S5). In future, lower 

work function metals such as Sc can also be employed for the 

improved contacts with MoS 2  fl akes, implying higher output 

current with the lower voltage. Also, as shown in Figure  4 b, it 

is obvious that all transfer curves do not exhibit any signifi -

cant shift and all exhibit a consistently large memory window 

of 11 V when the drain-to-source bias (V ds ) is varied. Impor-

tantly, the maximum drain current increases accordingly in 

the same ratio with the V ds , ranging from 10 mV and 500 mV, 

illustrating a stable electrical performance 

for these fl oating gate cells.  

 Next, the amount of electrons tun-

neling through the oxide and the corre-

sponding charge density are assessed in 

order to investigate the effect of potential 

change of the fl oating gate as well as the 

threshold voltage on the memory cell. The 

tunneling probability is highly depended 

on the corresponding potential difference 

such that any change of the maximum V cg  

would affect the resulting electron tun-

neling process. As presented in Figure  4 c, 

when the maximum control gate voltage 

(V cg,max ) increases from 0 V to 15 V, the 

memory window changes from 2 V to 11 V, 

respectively, indicating the larger amount 

of charge trapped in the fl oating gate with 

higher V cg,max . Similar studies on other 

nanocrystal fl oating gate cells are also 

given in Supporting Information Figure 

S6. The charge stored in the fl oating gate 

is electrons rather than positive charges 

for the erase state lines are overlapped. 

Notably, even for different amount of elec-

trons get stored in the gate, the same erase 

voltage can still erase them all, yielding 

insignifi cant V th  shift in the erase state, 

which suggests no positive charge tun-

neling through the oxide. This way, the 

charge density can be calculated by ( )/n V C qFG CG= Δ × − , 

where �V is the memory window of ∼10 V, C FG-CG  can be 

obtained as C /0 dFG CG ε ε=− , for ε 0  is the permittivity of 

vacuum, ε is relative dielectric constant and d is thickness 

of the blocking oxide. [ 41 ]  As the ALD grown HfO 2  blocking 

oxide is 20 nm thick with the relative dielectric constant of 11, 

the charge density is estimated to be ∼2.9 × 10 13  cm −2 , which 

is in agreement with that of nonvolatile memory capacitor 

based on Au nanocrystals [ 42 ]  and comparable to the one of 

newly developed multi-layer graphene fl oating gate. [ 12 ]  At 

the same time, the current at both program and erase state 

are quite stable with a program/erase ratio of approximately 

10 5  within a duration of 2000 s, as shown in Figure  4 d. All 

these demonstrate a suffi ciently large and stable memory 

window with strong potential for the multi-level data storage. 

 Furthermore, the dynamic behavior of the fabricated 

cells is also examined. Control gate voltage pulses (±15 V) 

with different pulse duration are applied to the cells while 

the V ds  is set constant at 50 mV. As given in  Figure    5  a, for a 

fi xed pulse width of 300 ms, stable and reproducible switches 

with the program/erase ratio of approximately 10 5  between 

the erase and program state can be attained. When the pulse 

width decreases from 300 ms to 100 ms, the program state 

current stay constant, illustrating a fully programmable and 

effective memory cell here (Figure  5 b). However, the erase 

state current decays slowly, partly attributable to the charge 

impurities at the semiconductor/dielectric interface. [ 43 ]  

For the shorter pulse width down to 10 ms, the program 

state current increases slightly by approximately a decade 
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 Figure 4.    Electrical characteristics of the Au nanocrystal fl oating gate memory cell. (a) 
Output characteristics from -10 mV to 10 mV for different control gate voltage. (b) Transfer 
characteristics for different drain-to-source bias from 10 mV to 500 mV. (c) Dependence of 
memory windows on the control gate voltage applied to the device. The maximum control gate 
voltage varies from 0 V to 15 V. (d) Evolution of the source-to-drain current of the program/
erase state in 2000 s of hold time. The voltage pulse duration is 3 s.
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(Figure  5 c). This may be caused by the unoptimized contact 

resistance, in which this current increase can be alleviated 

with the improved electrical contacts.  

 Also, since the charge retention is extremely sensitive to 

the temperature and humidity, in order to ensure a stable 

operating environment, measurement of the retention time is 

carried out in ambient and dark condition with the tempera-

ture of 15 °C. The amount of charges stored in the fl oating 

gate can be calculated from the corresponding V th  shift. After 

a +15 V voltage pulse with a duration of 3 s, the transfer 

characteristic is measured to evaluate the V th  of the state. The 

scanning range is set to be relatively small of 0 V to 4 V and 

the pulses are applied to the control gate after each meas-

urement in order to minimize the infl uence of the tunneling 

electrons that are imported. Time-resolved behavior of the 

device V th  is presented in Supporting Information Figure S7. 

As shown in Figure  5 d, the V th  of the program state changes 

from 3.1 V to 1.3 V within 5 h. The erase state shows almost 

no shift. Since the erase state V th  is maintained at −7 V, we 

can estimate that the charge retains ∼60% after ten years, 

demonstrating good charge retention characteristics. How-

ever, there are still several problems needed to be solved in 

the near future. As the V th  is relatively negative, even there 

are about 60% of the charges stored in the fl oating gate, the 

channel is conductive at 0 V. Although this problem can be 

resolved by shifting the read voltage to the negative side, fur-

ther study is probably needed to improve the memory cell 

performance and characteristics. 

 In summary, we have fabricated nonvolatile fl oating 

gate memory cells based on MoS 2  transistors with different 

nanocrystals embedded in gate dielectrics and found that the 

Au nanocrystal memory cell exhibits the 

best device characteristics. Importantly, the 

cell gives the excellent on/off ratio over 

10 6 , large memory window of 10 V, stable 

program/erase ratio of approximately 10 5  

and good retention time for 10 years. Also, 

this convenient fabrication scheme of 

nanocrystal fl oating gates is compatibility 

with the existing memory cell production 

process. [ 25 ]  All these impressive perfor-

mance as well as the easy process integra-

tion evidently indicate the technological 

potency of these MoS 2  based nanocrystal 

fl oating gate cells for the development of 

future nonvolatile memory devices.   

 Experimental Section 

  Materials : Monolayer MoS 2  were prepared 
by mechanically exfoliated from bulk MoS 2  
crystal (purchased from SPI supplies). The 
number of layers in these MoS 2  nanosheets 
was distinguished by the inspection under 
optical microscope and Raman spectroscopy. 

  Device Fabrication : The source/drain elec-
trodes were deposited through electron-beam 
lithography and lift-off processes. PMMA was 

used as the resist layers and after the development of the patterns, 
Cr/Au was deposited by the thermal deposition. After the deposi-
tion, we used acetone to lift-off the patterns. Tunneling and blocking 
oxide were grown with KE-MICRO TALD-200A. Various nanocrystals 
were deposited by the thermal deposition under 6 × 10 −4  Pa. 

  AFM characterization : AFM imaging was performed by Bruker 
Multimode 8 with Scan Assist-Air probe under peak force mode 
in the ambient condition. In order to get the representative mor-
phology of the metal grains, we characterized the surface of the 
metal nanocrystals right after the deposition within an hour. 
Before the fi nal image was recorded, a relatively low setpoint was 
used to protect the tip of the probe. Since Al is oxidized easily 
in air and the oxidized Al nanocrystal fl oating gate cannot store 
much charge, resulting in the small memory window. Therefore, we 
deposit 1.5 nm Al instead to minimize the oxidation effect. 

  Electrical Characterization : Output and transfer curves were 
obtained using 4155C semiconductor parameter analyzer in 
the ambient condition at room temperature. C-V behavior was 
measured with Keithley 4200-SCS semiconductor characteriza-
tion system in the air ambient at room temperature. Switching 
dynamics and charge retention properties were characterized 
using Agilent B2902A in the ambient condition.  

  Supporting Information 

 Supporting Information is available from the Wiley Online Library 
or from the author.  
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 Figure 5.    Switching dynamics and charge retention characteristic of the Au fl oating gate 
memory cell. (a-c) Switching dynamics of the Au fl oating gate memory cell in response to 
voltage pulse width of 300, 100, 10 ms. (d) Charge retention characteristic of the Au fl oating 
gate memory cell.



213www.small-journal.com© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.MaterialsViews.com

small 2015, 11, No. 2, 208–213

  Acknowledgements 

 We acknowledge the 973 grant of MOST (Nos. 2011CB932700 
and 2013CBA01604), MOE (20120141110054), NSFC grant (Nos. 
11104207, 61222402, and 61376085), the grant (SYSJJ2013–
05) of State Key Laboratory of Silicate Materials for Architectures 
in Wuhan University of Technology, as well as the Early Career 
Scheme of the Research Grants Council of Hong Kong SAR, China 
(Grant Nos. CityU139413).   

[1]     K. S.    Novoselov  ,   A. K.    Geim  ,   S. V.    Morozov  ,   D.    Jiang  ,   Y.    Zhang  , 
  S. V.    Dubonos  ,   I. V.    Grigorieva  ,   A. A.    Firsov  ,  Science    2004 ,  306 ,  666 .  

[2]     P.    Avouris  ,   Z. H.    Chen  ,   V.    Perebeinos  ,  Nat. Nanotechnol.    2007 ,  2 , 
 605 .  

[3]     A. K.    Geim  ,   K. S.    Novoselov  ,  Nat. Mater.    2007 ,  6 ,  183 .  
[4]     L.    Liao  ,   Y.-C.    Lin  ,   M.    Bao  ,   R.    Cheng  ,   J.    Bai  ,   Y.    Liu  ,   Y.    Qu  ,   K. L.    Wang  , 

  Y.    Huang  ,   X.    Duan  ,  Nature    2010 ,  467 ,  305 .  
[5]     F.    Schwierz  ,  Nat. Nanotechnol.    2010 ,  5 ,  487 .  
[6]     K. F.    Mak  ,   C.    Lee  ,   J.    Hone  ,   J.    Shan  ,   T. F.    Heinz  ,  Phys. Rev. Lett.   

 2010 ,  105 ,  136805 .  
[7]     Q. H.    Wang  ,   K.    Kalantar-Zadeh  ,   A.    Kis  ,   J. N.    Coleman  ,   M. S.    Strano  , 

 Nat. Nanotechnol.    2012 ,  7 ,  699 .  
[8]     H. S.    Lee  ,   S. W.    Min  ,   M. K.    Park  ,   Y. T.    Lee  ,   P. J.    Jeon  ,   J. H.    Kim  , 

  S.    Ryu  ,   S.    Im  ,  Small    2012 ,  8 ,  3111 .  
[9]     H.    Li  ,   Z.    Yin  ,   Q.    He  ,   H.    Li  ,   X.    Huang  ,   G.    Lu  ,   D. W. H.    Fam  ,   A. I. Y.    Tok  , 

  Q.    Zhang  ,   H.    Zhang  ,  Small    2012 ,  8 ,  63 .  
[10]     Z. Y.    Yin  ,   Z. Y.    Zeng  ,   J. Q.    Liu  ,   Q. Y.    He  ,   P.    Chen  ,   H.    Zhang  ,  Small   

 2013 ,  9 ,  727 .  
[11]     B.    Radisavljevic  ,   M. B.    Whitwick  ,   A.    Kis  ,  Acs Nano    2011 ,  5 ,  9934 .  
[12]     S.    Bertolazzi  ,   D.    Krasnozhon  ,   A.    Kis  ,  ACS Nano    2013 ,  7 ,  3246 .  
[13]     B.    Radisavljevic  ,   A.    Radenovic  ,   J.    Brivio  ,   V.    Giacometti  ,   A.    Kis  ,  Nat. 

Nanotechnol.    2011 ,  6 ,  147 .  
[14]     M.    Chen  ,   H.    Nam  ,   S.    Wi  ,   G.    Priessnitz  ,   I. M.    Gunawan  ,   X.    Liang  , 

 ACS Nano    2014 ,  8 ,  4023 .  
[15]     M. S.    Choi  ,   G.-H.    Lee  ,   Y.-J.    Yu  ,   D.-Y.    Lee  ,   S. H.    Lee  ,   P.    Kim  ,   J.    Hone  , 

  W. J.    Yoo  ,  Nature Commun.    2013 ,  4 ,  1624 .  
[16]     G.-H.    Lee  ,   Y.-J.    Yu  ,   X.    Cui  ,   N.    Petrone  ,   C.-H.    Lee  ,   M. S.    Choi  , 

  D.-Y.    Lee  ,   C.    Lee  ,   W. J.    Yoo  ,   K.    Watanabe  ,  ACS Nano    2013 ,  7 ,  7931 .  
[17]     D.    Kahng  ,   S. M.    Sze  ,  Bell System Tech. J.    1967 ,  46 ,  1288 .  
[18]     K.    Kim  ,   S. Y.    Lee  ,  Microelectron. Engin.    2007 ,  84 ,  1976 .  
[19]     C. Y.    Lu  ,  J. Nanosci. Nanotechnol.    2012 ,  12 ,  7604 .  

[20]     A.    Fazio  ,  MRS Bull.    2004 ,  29 ,  814 .  
[21]     C.-Y.    Lu  ,   K.-Y.    Hsieh  ,   R.    Liu  ,  Microelectron. Engin.    2009 ,  86 ,  283 .  
[22]     M. S.    Fuhrer  ,   J.    Hone  ,  Nat. Nanotechnol.    2013 ,  8 ,  146 .  
[23]     A. C. K.    Chan  ,   T. Y.    Man  ,   H.    Jin  ,   K. H.    Yuen  ,   W. K.    Lee  ,   M. S.    Chan  , 

 IEEE Trans. Electron Devices    2004 ,  51 ,  2054 .  
[24]     Y.    Yoon  ,   K.    Ganapathi  ,   S.    Salahuddin  ,  Nano Lett.    2011 ,  11 ,  3768 .  
[25]     R.    Yang  ,   C. X.    Zhu  ,   J. L.    Meng  ,   Z. L.    Huo  ,   M.    Cheng  ,   D. H.    Liu  , 

  W.    Yang  ,   D. X.    Shi  ,   M.    Liu  ,   G. Y.    Zhang  ,  Sci. Rep.    2013 ,  3 ,  2126 .  
[26]     J. S.    Lee  ,  Gold Bull.    2010 ,  43 ,  189 .  
[27]     J. H.    Chen  ,   Y. Q.    Wang  ,   W. J.    Yoo  ,   Y.-C.    Yeo  ,   G.    Samudra  ,   D. S.    Chan  , 

  A. Y.    Du  ,   D.-L.    Kwong  ,  IEEE Trans. Electron Devices    2004 ,  51 ,  1840 .  
[28]     C.    Sargentis  ,   K.    Giannakopoulos  ,   A.    Travlos  ,   D.    Tsamakis  ,  Surface 

Sci.    2007 ,  601 ,  2859 .  
[29]     Z.    Liu  ,   F.    Xue  ,   Y.    Su  ,   Y. M.    Lvov  ,   K.    Varahramyan  ,  IEEE Trans. Nano-

technology    2006 ,  5 ,  379 .  
[30]     T.    Lu  ,   M.    Alexe  ,   R.    Scholz  ,   V.    Talelaev  ,   M.    Zacharias  ,  Appl. Phys. 

Lett.    2005 ,  87 ,  202110 .  
[31]     C.    Lee  ,   T.-H.    Hou  ,   E.-C.    Kan  ,  IEEE Trans. Electron Devices    2005 ,  52 , 

 2697 .  
[32]     R.    Schlaf  ,   O.    Lang  ,   C.    Pettenkofer  ,   W.    Jaegermann  ,  J. Appl. Phys.   

 1999 ,  85 ,  2732 .  
[33]     H. P.    Hughes  ,   H.    Starnberg  ,  Electron Spectroscopies Applied to 

Low-dimensional Structures ,  Springer , Dordrecht, The Netherlands   
 2001 ; Vol.  24 .  

[34]     H.-T.    Lue  ,   S.-C.    Lai  ,   T.-H.    Hsu  ,   P.-Y.    Du  ,   S.-Y.    Wang  ,   K.-Y.    Hsieh  , 
  R.    Liu  ,   C.-Y.    Lu  ,  IEEE Trans. Device Mater. Reliability    2010 ,  10 ,  222 .  

[35]     H. B.    Michaelson  ,  J. Appl. Phys.    2008 ,  48 ,  4729 .  
[36]     T.-C.    Chang  ,   F.-Y.    Jian  ,   S.-C.    Chen  ,   Y.-T.    Tsai  ,  Mater. Today    2011 , 

 14 ,  608 .  
[37]     M.    Lenzlinger  ,   E.    Snow  ,  J. Appl. Phys.    2003 ,  40 ,  278 .  
[38]     H. L.    Skriver  ,   N.    Rosengaard  ,  Phys. Rev. B    1992 ,  46 ,  7157 .  
[39]     K.    Kakushima  ,   K.    Okamoto  ,   M.    Adachi  ,   K.    Tachi  ,   P.    Ahmet  , 

  K.    Tsutsui  ,   N.    Sugii  ,   T.    Hattori  ,   H.    Iwai  ,  Solid-State Electronics   
 2008 ,  52 ,  1280 .  

[40]     P. V.    Gray  ,   D. M.    Brown  ,  Appl. Phys. Lett.    1966 ,  8 ,  31 .  
[41]     P.    Pavan  ,   L.    Larcher  ,   A.    Marmiroli  ,  Floating Gate Devices: Opera-

tion and Compact Modeling ,  Springer , New York    2004 .  
[42]     V.    Mikhelashvili  ,   B.    Meyler  ,   S.    Yoffi s  ,   J.    Salzman  ,   M.    Garbrecht  , 

  T.    Cohen-Hyams  ,   W.    Kaplan  ,   G.    Eisenstein  ,  Appl. Phys. Lett.    2009 , 
 95 ,  023104 .  

[43]     D. J.    Late  ,   B.    Liu  ,   H. R.    Matte  ,   V. P.    Dravid  ,   C.    Rao  ,  ACS Nano    2012 , 
 6 ,  5635 .    

Received:  June 26, 2014 
Published online:    August 13, 2014




