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Abstract

:

The Complementary Metal-Oxide Semiconductor (CMOS) technology has evolved to a great extent and is being used for different applications like environmental, biomedical, radiofrequency and switching, etc. Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET) based biosensors are used for detecting various enzymes, molecules, pathogens and antigens efficiently with a less time-consuming process involved in comparison to other options. Early-stage detection of disease is easily possible using Field-Effect Transistor (FET) based biosensors. In this paper, a steep subthreshold heavily doped n+ pocket asymmetrical junctionless MOSFET is designed for biomedical applications by introducing a nanogap cavity region at the gate-oxide interface. The nanogap cavity region is introduced in such a manner that it is sensitive to variation in biomolecules present in the cavity region. The analysis is based on dielectric modulation or changes due to variation in the bio-molecules present in the environment or the human body. The analysis of proposed asymmetrical junctionless MOSFET with nanogap cavity region is carried out with different dielectric materials and variations in cavity length and height inside the gate–oxide interface. Further, this device also showed significant variation for changes in different introduced charged particles or region materials, as simulated through a 2D visual Technology Computer-Aided Design (TCAD) device simulator.
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1. Introduction


Detection of various kinds of diseases and molecules like cancer, antigens, viral diseases, and pathogens has been time-consuming and complicated. Using biosensors based on field-effect transistors (FET) for detecting biomolecules like DNA, enzymes, pathogens, cancer, etc. is cost-effective and less time-consuming, and can be used for early-stage detection of diseases [1]. Different biosensors like piezoelectric, nano-mechanic, optical and electrochemical have been made, but they have expensive manufacturing processes and use costly equipment. MOSFET-based biosensors use a simple method of detection without the use of a transducer [2]. Junctionless transistors for detecting biomolecules can be produced by the fabrication industry cheaply in large quantities [3,4,5]. The detection process of biomolecules using FET is based on ISFET (ion-sensitive field effective transistor) which detects charged biomolecules; however, it is unable to detect neutrally charged biomolecules [6,7]. FET-based biosensors work using the electrical properties of the devices (i.e., ON-state current, threshold voltage and capacitances, etc.). In dielectrically modulated FET (DM FET), a cavity is formed in the gate dielectric medium to restrict the movement of charged and non-charged biomolecules for the detection of molecules that are label-free. The biomolecules trapped inside the cavity region change the electrical parameters of the FET [8,9,10,11,12]. Biosensors based on DM FET have some limitations, like Short Channel Effects (SCEs) and problems related to scaling and power supply [13]. To overcome these problems, junctionless MOSFET can be used, which is less prone to SCEs, performs better and has high ON-state current and low OFF-state current. CMOS technology has faced many challenges in the semiconductor industry due to a reduction in the size of the transistor. This has created difficulties in the fabrication of heavily doped ultra-shallow junctions. Further scaling of the device increases the short channel effects (SCEs) [14,15,16,17]. Junction-less transistors were proposed by Colinge to overcome these problems. Junction-less transistors do not require doping and are less susceptible to SCEs. Hence, the fabrication process becomes more comfortable and cheaper. Ajay et al. proposed a double-gate junctionless MOSFET [15] for detecting molecules using the modulation of dielectric material. A nanocavity was introduced in the gate oxide region of the MOSFET using the process of etching from both sides of the device near the drain and source. The molecules trapped in the cavity region bind to the Si   O 2   . Furthermore, surface potential in the cavity region is affected [18,19,20]. In this paper, the sensitivity of asymmetrical junctionless double-gate MOSFET (AJ DG MOSFET) with a heavily doped n+ pocket region has been analyzed when subjected to different dielectric oxide materials. Use of different dielectric materials in the cavity created in the gate oxide region has shown significant variation between them, hence making it capable of detecting any small changes in the cavity region. This significant variation in the sensitivity of the device helps detect different biomolecules and can be used for biomedical applications.



The proposed transistor, with a dielectrically modulated cavity region, is formed in the gate oxide region to detect the presence of biomolecules in terms of the variation in dielectric constant. To check the sensitivity of the proposed device toward the biomolecule, the length of the cavity and gate oxide region is varied. Different dielectric materials such as air,     SiO  2  ,      HfO   2    and     Si  3   N 4    are used to analyze the sensitivity of the device. The device was simulated using the TCAD Cogenda tool. An AJ DG MOSFET with heavily doped n+ pocket region was used as it shows better performance than conventional double-gate junctionless MOSFET (DG JL MOSFET) and asymmetrical junctionless double-gate MOSFET with the absence of an n+ pocket region. The short channel effects like Drain-Induced Barrier Lowering (DIBL) and subthreshold slope are suppressed more in heavily n+ doped pocket AJ DG MOSFET and provide better    I  ON   /  I  OFF    .




2. The Proposed Device Structure


2.1. Proposed Heavily Doped n+ Pocket AJ DG MOSFET


Heavily n+-doped pocket AJ DG MOSFET has two gates arranged in such a way that they are asymmetrical to each other, as shown in Figure 1. A heavily doped n+ pocket region is introduced towards the source side of the MOSFET. The gate contact material used is p+ polysilicon. Hf   O 2      is a high-k dielectric material and is used as a gate oxide. Thin-film Si silicon is used as material for the drain, source and channel. The doping concentration of the source region is kept high, equal to that of the n+ pocket region, which improves the ON current of the device. The doping of the drain region is lowered, as that lowers the OFF-state current, therefore providing better       I    ON   /  I  OFF    . The channel length of the devices varies depending on the ON and OFF state. During the ON state of the MOSFET, the channel length is the length of the overlap region between the two asymmetrical gates, and during its OFF-state, the channel length is the total channel length excluding the length of overlap between the gates. Figure 2 shows the meshing of the device in Visual TCAD, which is based on Genius Device Simulator and is capable of 3D simulation on a colossal scale. The advantages of this simulator are scalability, parallelism and extensibility. Parallel computation used in Genius makes the simulation faster by ten times. The meshing of the channel and oxide is kept tight and should be equal to    1  10   t h   of their area, as is shown in Figure 2. The device is simulated in 3D and extended up 1 μm in the z-direction.



Table 1 shows the dimensions of the heavily doped n+ pocket AJ DG MOSFET. The length of the gate (   L  gate    ) is 20 nm, the length of the overlap region(   L  overlap    ) is 10 nm, the thickness of the silicon (   T  silicon    ) is 6 nm, the length of the source/drain (   L  source   =  L  drain    ) is 8 nm, the thickness of the oxide (   T  oxide    ) is 1 nm, the doping concentration of the pocket region (n+ doping) is 1 ×     10   22        cm    − 3     and the doping concentration of channel region II (n+ doping) is 1 ×     10   19        cm    − 3    . The total channel length(   L  channel   )  , i.e., the length of channel region I plus the length of channel region II, is 30 nm.



Performance Analysis of Heavily Doped n+ Pocket AJ DG MOSFET


Figure 3 compares the ON and OFF state of the device with and without the n+ pocket region. It is observed that AJ DG MOSFET with an n+ pocket region shows a higher       I    ON   /  I  OFF    . ratio compared to AJ DG MOSFET without an n+ pocket region. Table 2 represents a comparison of performance parameters between the different device structures.       I    ON   /  I  OFF    , the ratio of the heavily doped n+ pocket AJ DG MOSFET, is 1013, which is higher than other structures, which indicates that the performance of the proposed device is better. Subthreshold slope (SS) is a short-channel effect which occurs in the subthreshold region due to leakage of current. It is calculated by the formula     d  V  g s     d ( l o g  I  d )      . Drain-Induced Barrier Lowering (DIBL) is also a short-channel effect, which causes a reduction in threshold voltage at higher drain current, and control over the gate is reduced, affecting the performance of the device. It is calculated by the formula     ∂  V  g s     ∂  V  d s      . SS and DIBL values for the proposed device are 59 mV/decade and 13.4 mV/V, respectively, which are less than other devices, as shown in Table 2. Therefore, heavily doped n+ pocket AJ DG MOSFET performs better.





2.2. Proposed Heavily Doped n+ Pocket AJ DG MOSFET with a Nanogap-Cavity Region


Figure 4a shows n+ pocket AJ DG MOSFET with a cavity region. A cavity is introduced in the gate oxide region and is filled with the dielectric material. The length (Lcavity) and height (Hcavity) of the nanogap cavity region was varied along with different dielectric materials to analyze the device sensitivity to detect biomolecules. The different dielectric materials selected were air,     SiO  2   ,     HfO  2    and    S 3   N 4   . The detection phenomena are based on the electrical parameters like the dielectric constant. The height (Hcavity) of the nanogap cavity taken is 1 nm in Figure 4a. The n+ pocket AJ DG MOSFET with nanogap cavity and thin     SiO  2     a      layer is shown in Figure 4b for binding the molecules entering the cavity region, restricting their movements. The height of the cavity region (Hcavity) was 2.7 nm and the thin layer of     SiO  2    was 0.3 nm. The device sensitivity for the detection of biomolecules was analyzed by introducing different types of charged particles into the cavity region. The nanogap cavity region can be formed by a thin layer deposition technique followed by a wet etching process. The AJ DG MOSFET with the cavity region works using the dielectric modulation technique for the detection of biomolecules based on the shifting of threshold voltage by variation in dielectric properties. Dielectrically modulated (DM) AJ DG MOSFET is highly sensitive to change in the dielectric constant in the cavity region. However, there are many biomolecules like DNA, enzymes, etc., which contain a charge. The working of the DM AJ DG MOSFET is affected by the presence of charge biomolecules when it enters the nano-gap cavity along with the presence of the constant dielectric effect. Therefore, Figure 4b shows the charge effect of biomolecules along with the effect of the dielectric constant.





3. Investigation Results and Discussion


Figure 5 shows the variation of gate voltage concerning drain current for different dielectric constants with changes in the length of the cavity region. The lengths of the cavity region considered were 3 nm, 5 nm, 7 nm. It was observed that the threshold voltage changed for different dielectric materials. Dielectric materials taken into consideration were air (k = 1),       SiO   2    (k = 3.9),    S 3   N 4   . (k = 7.5) and        HfO   2   (k = 25). The threshold voltage for AJ DG MOSFET is shown in Equation (1) [21].


   V  t h   =    E g    2 Q   +      ε  S i      ε  o x      t  o x      t  s i   +    ε  S i      ε  o x     2  t  o x     Δ  Φ 2  +    t  s i   +    ε  S i      ε  o x      t  o x      t  s i   +    ε  S i      ε  o x     2  t  o x     Δ  Φ 1   



(1)




Therefore,


   C  o x   =    ε  o x      t  o x     =   k .  ε  o      t  o x      



(2)




and


  Δ  Φ 2  = Δ  Φ 1   



(3)




Evaluating Equations (1) and (2):


   V  t h   =    E g    2 Q   +    ε  S i      t  s i    C  o x   + 2    ε  S i     Δ  Φ 2  +    t  s i    C  o x   +  ε  S i      t  s i    C  o x   + 2  ε  S i     Δ  Φ 1   



(4)




where    V  t h     is the threshold voltage of AJ DG MOSFET,    ε  S i       is the permittivity of the silicon wafer,    ε  o x     is the permittivity of the gate oxide,   Δ Φ   is the work function of the gate contact,    t  s i     is the thickness of silicon wafer,    t  o x     is the thickness of gate oxide,    ε o    is the permittivity of vacuum, and k is the dielectric constant of the material when the cavity region is not introduced in it. When the cavity region in the gate oxide is introduced, the capacitance of the cavity region is also considered. Changing the dielectric material in the cavity region of the MOSFET changes the total capacitance of the gate oxide and the cavity region and hence can be written as


    1   C  A J   D G   M O S F E T       =  1   C  o x i d e       +  1   C  d i e l e c t r i c       



(5)






    1   C  A J   D G   M O S F E T       =    t  o x i d e      k  o x i d e       .      ε 0      +    t  d i e l e c t r i c      k  d i e l e c t r i c       .      ε 0      



(6)




where      C  A J   D G   M O S F E T     is the total capacitance of the gate oxide along with the cavity region having dielectric material,    C  d i e l e c t r i c     is the capacitance due to dielectric material in the cavity region,    t  d i e l e c t r i c     is the thickness of the dielectric medium,    k  d i e l e c t r i c       is the dielectric constant in the cavity region,    t  o x i d e     is the thickness of the oxide and    k  o x i d e       is the dielectric constant of the gate oxide.



From Equations (4)–(6) it can be observed that:


    V  t h   ∝    C  d i e l e c t r i c     ,   therefore ,    V  t h   ∝  k  d i e l e c t r i c         



(7)







From Equation (7), it can be seen that the threshold voltage is directly proportional to the constant dielectric present in the cavity region. In Figure 5a–c, the threshold voltage increases with increases in the dielectric constant of the material introduced in the cavity region. Increasing the length of the cavity also shows the variation in threshold voltage, which results in the shifting of channel inversion at a higher threshold voltage. Figure 5a, with the length of the cavity region as 3 nm, shows less variation in the threshold voltage than Figure 5b,c. Therefore, with increases in the dielectric constant, the threshold voltage significantly reduces. Hence, this device is highly sensitive to change in dielectric constant and helps detect biomolecules.



Figure 6a–c shows the graph of gate voltage concerning drain current keeping the dielectric material constant and varying the oxide thickness. The oxide thicknesses considered are 1 nm, 3 nm and 5 nm. The length of the cavity is kept constant at 5 nm. It can be seen that there is a significant variation in threshold voltage with a change in oxide thickness. Changing the oxide thickness also changes the thickness of the cavity region. The effect of variation in oxide thickness is considered for dielectric materials in air, silicon nitride, and silicon dioxide. From Equations (6) and (7) mentioned earlier, a change in oxide thickness is observed concerning the threshold voltage.



Therefore:


   V  t h   ∝    1   t  o x i d e      



(8)




and


   t  o x i d e   ∝    t cavity   



(9)







Equation (8) shows that the thickness of the cavity region (tcavity) is inversely proportional to the threshold voltage. Therefore, decreases in oxide thickness    (   t  o x i d e    )    will increase the threshold voltage. Figure 6a–c shows the variation in the drain current relative to gate voltage with different oxide material regions (air, silicon nitride, silicon dioxide, etc.) present in the cavity region. The observation indicates that when the gate oxide thickness increases, the threshold voltage decreases in proportion. Additionally, the device is highly sensitive to changes in the thickness of the oxide or the height of the cavity region for different dielectric constants. This shows that the suitability of the proposed device for the detection of variation in biomolecules is mainly due to the variation of the dielectric constant in the cavity region.



Figure 7a,b shows the variation in the threshold voltage when different charge particles are introduced in the cavity region. It can be seen that the concentration of charged particles in the cavity region varies with the threshold voltage, and the changes also occur in OFF-state current. Hence, it can be used in detecting the variation in charged particles (both positive and negative). The changes in the number of particles in the cavity region at a certain level show (from 5 × 1019 to 1018) a sharp effect in OFF-state leakage as well as in subthreshold slope. These changes can be measured in terms of electrical parameters like OFF-state current and threshold voltage. Hence, the device is capable of detecting biomolecules with different dielectric constants and different charge concentrations.




4. Conclusions


In this paper, the properties of an n+ pocket AJ DG MOSFET were analyzed for low-power improved subthreshold characteristics. The proposed n+ pocket AJ DG MOSFET has shown a very high ION/IOFF current ratio of ~1013 with SS of 59 mv/dec and DIBL of 13.9 mV/VA, which shows the device’s suitability for low power applications. A cavity region is introduced in the gate oxide region, and its sensitivity is analyzed concerning the change in dielectric constant and charge concentration. Biomolecules like DNA, enzymes, etc., have different dielectric constants and charge concentrations. AJ DGMOSFET with an n+ pocket region is highly sensitive to changes in dielectric constants as well as charge concentrations and can be used as a biosensor effectively. The device with Hf   O  2       as the dielectric material performs better.



The structure of the device is simple, and the cost of manufacturing is low. Finally, it can be concluded that this device has a low OFF-state current and high    I  ON   /  I  OFF     ratio providing better performance. It is also less prone to short channel effects. Therefore, this device can be used as a biosensor for detecting different types of diseases at early stages.
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Figure 1. Structure of heavily n+-doped pocket AJ DG MOSFET. 
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Figure 2. The meshing of the heavily n+-doped pocket AJ DG MOSFET in TCAD. 
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Figure 3. Drain current variations concerning gate voltage for heavily doped n+ pocket AJ DG MOSFET. 
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Figure 4. (a) n+ pocket AJ DG MOSFET with a cavity region; (b) n+ pocket AJ DG MOSFET with a cavity region over a   S i  O 2    layer. 
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Figure 5. (a) Drain current versus gate voltage with different dielectric constants (Lcavity = 3 nm); (b) Drain current versus gate voltage with different dielectric constants (Lcavity = 5 nm); (c) Drain current versus gate voltage with different dielectric constants (Lcavity = 7 nm). 
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Figure 6. Drain current versus gate voltage curve, with (a) air (K = 1) as the dielectric material; (b) silicon nitride (K = 7.5) as the dielectric material; (c) silicon dioxide (K = 3.9) as the dielectric material. 
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Figure 7. (a) Graph representing drain current versus gate voltage of the proposed n+ pocket AJ DG MOSFET for p+ charge concentration in the cavity region; (b) Graph representing drain current versus gate voltage of the proposed n+ pocket AJ DG MOSFET for n+ charge concentration in the cavity region. 
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Table 1. Dimensions of the AJ DG MOSFET with n+ pocket region.
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	Region
	Dimension





	Gate length (Lgate)
	20 nm



	Length of the overlap region (Loverlap)
	10 nm



	The thickness of silicon (TSilicon)
	6 nm



	Length of the pocket region
	10 nm



	Length of source/drain
	8 nm



	Gate oxide thickness (Toxide, Hf     O   2    as Dielectric material)
	1 nm



	Doping Concentration of pocket region
	1 ×     10   22       cm   − 3    



	The doping concentration of channel region II
	1 ×     10   19        cm    − 3    
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Table 2. Performance comparison of proposed n+ pocket AJ DG MOSFET with available DG MOSFET device structures.
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	Device Structure
	    I  O N     

(A/μm)
	    I  O F F     

(A/μm)
	     I  O N          /  I  O F F      
	   SS =   d  V  g s     d ( l o g  I  d )       

(mV/dec)
	   DIBL =   ∂  V  g s     ∂  V  d s       

(mV/V)
	Channel Length

(nm)





	AJ DG MOSFET, (2016)
	127 ×     10   − 6      
	0.001   ×   10   − 9      
	1.27 ×     10  5   
	68
	65
	20



	DG MOSFET
	--
	--
	4.03 ×     10  9   
	63.34
	79.58
	20



	n+ Pocket AJ DG MOSFET (proposed work)
	1.88 ×     10   − 4      
	9.7 ×     10   − 17      
	~1013
	59
	13.4
	20











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Drain current (Id)

1E3.
1E4.
1.
jrrd
1E7-
1Es.
TE>.
1E0:
TEAT
12
TEA3.
T4,
prars
TEA6:
TEAT:

081
bt
st
et
5 i
g i
§
i
it
i
e SiE -
e =
ol | SR —
i 3t ey
. 1E-16. — Hatnium oxica(k=25).
b
W T COD R R e
a—
®)
o &S
B
£
£ i
£
SiEl
i —mw
B L
= )
3 ey
i

E]

3

oi oe

Gate voltage(Vas)
©

@5 10






media/file4.png
PR A A A
1 P
”mﬁwﬁmmm

ﬁﬁﬁmﬁﬁ.ﬂ ﬁﬂﬂy
=l

Rt S A A A G T T
T R RS AL IBHEEBE%
P 0 2P 0P P 0 P 0 P P 0 ) 0 P 8 8 9 P






nav.xhtml


  applsci-10-02499


  
    		
      applsci-10-02499
    


  




  





media/file11.png
Drain current (Id)

Drain Current(ld)

1E-3 -
1E-4 -
1E-5 <
1E-6 -
1E-7 -
1E-8 -
1E-9
1E-10
1E-11
1E-12
1E-13 4
1E-14 4
1E-15
1E-16 <
1E-17 4

Air (k=1)
— Silicon nitride(k=7.5)
—— Silicon dioxide(k=3.9)
Hafnium oxide(k=25)

0.2

T
0.4

T '
0.6 0.8 1.0

Gate voltage (Vgs)

(a)

0.01
1E-3 -
1E-4 -
1E-5 4
1E-6 -
1E-7 -
1E-8 4
1E-9 -
1E-10 -
1E-11 -
1E-12 -
1E-13 4
1E-14 -
1E-15 -
1E-16 -

1E-17 -

Air(k=1)
— Silicon nitride(k=7.5)
— Silicon dioxide(k=3.9)
Hafnium oxide(k=25)

0.0

0.2

T
0.4

T r r
0.6 0.8 1.0

Gate Voltage(Vgs)

(b)






media/file18.png
n' (5x10'" ecm™)
n' (1x10'% em™)
n' (5x10"°ecm™)

no charge

0.0 0.2 ' 0.'4 ' 0.'6
Gate Voltage(Vgs)

(b)

0.8

1.0






media/file2.png
IJ gate

o
ey,

Gate c::rntact\

W

i p+ polysilicon
Source  Gateoxide o Drain
h—t e,
© = Channel regionI Channel ??{E:giﬂn I
. .. (Pocket region | i .. .
o ° = 'f“h ntdopng)  jchannel length . 00
. .\ | e
& | |
1 ——> QGate oxide
|p+ polvsilicon
|
Gate contact | |
I< =
[ !

IJ overlap

r]Ts:i]icnn





media/file10.jpg
— Air(k=1)

on nitride(k=7.5)

—— Silicon dioxide(k=3.9)
—— Hafnium oxide(k=25)

T T
0.0 0.2 0.4 0.6

0.8 1.0

Gate voltage(Vgs)

(c)






media/file5.jpg
Drain Current(lds)

0.01
1E-3
1E-4
1E-5
1E-6
1E-7
1E-8
1E-9
1E-10
1E-11
1E-12
1E-13
1E-14
1E-15
1E-16
1E-17

——AJ DG MOSFET with n+ pocket
—+—AJ DG MOSFET without n+ pocket
—+—DG MOSFET

0.0

0.2

T T
0.4 0.6 0.8 1.0
Gate Voltage (Vgs)






media/file3.jpg





media/file1.jpg
L gue

Gateicontact gy

| p*polysilicon
Source  Gateoxide i
< i

: Channel Region Tl

Channel region1
(Pocketregion |

withnt doping)  cpannel length

1 i ?

1 = Gate oxide
Iy polysiicon |

i |

Gate contact !






media/file16.jpg
no charge

n*(5x10'7 cm?)
n' (1x10" cm?),
n*(5x10"°cm?)

02

T
04

T
06 08

Gate Voltage(Vgs)

(b)

1.0






media/file7.jpg
(b)

Drain

Drain

T siscon

Taem





media/file12.png
0.01 -
1E-3 -
1E-4 -
1E-5 -
1E-6 -
1E-7 -
1E-8 -
1E-9 -

Current(ld)

n

- =
mm
- =
- O
[ |

g 1E-12 -
1E-13 -
1E-14 -
1E-15 -
1E-16 -

1E-17 +

— Air(k=1)
—— Silicon nitride(k=7.5)
—— Silicon dioxide(k=3.9)
Hafnium oxide(k=253)

L) * |}

|} 4 |} i
0.0 0.2 0.4 0.6 0.8 1.0
Gate voltage(Vgs)

(c)






media/file9.jpg
13,
124
5.
e
&7
e
129,

€10,

10

e

€43,

vt

1845,

€46,

1E47.

Drain current (id)

001
183
164
1€5.
1E6
187
1E8
1€

€10

1811

182

1813

1814

18115

e

187

‘rain Current(d)

i
" Sitcon nrasti=r.5)
"~ Silcon doxice(=39)
— Fatnium ondeti2s]

o0

%o

0z 04 06 08 10
ata vottage (Vge)

@

it
" Slicon nrdel=7.5)
" Sicon cioiaalisad)
— otniom owdefi=25)

0z o4 o8 08 10
Gato Vottagevgs)

®)






media/file0.png





media/file17.png
Drain Current(lds)

0.01 4
1E-3 -
1E-4 4
1E-5 4
1E-6 -
1E-7 -
1E-8 -
1E-9 -
1E-10 <
1E-11 -+
1E-12 4
1E-13 +
1E-14 -
1E-15 4
1E-16 -

1E-17 4

—p" (1x10"® em™)
— p+ (5x1 o'’ cm'3)
—p" (5x10"7cm™)
no charge

. T T . I .
0.0 0.2 0.4 0.6 0.8
Gate Voltage(Vgs)

(a)

1.0






media/file14.png
Drain current (Id)

1E-34 0.01-
1E-4- 1E-3-
1E-5- 1E-4-
1E-6 < 1E-5-
s i
L4 £ 1E8-
1E-9 - S 1E.9.
1E-10 - E 1E-10-
£ 3 Jen
i — Air (k=1) = 1E-12- =
1E-13+ —— Silicon nitride(k=7.5) S 1E-13- SR
1E-14 - i _ () — Silicon nitride(k=7.5)
— Silicon dioxide(k=3.9) 1E-14 - - e S
1E-15- : : = — Silicon dioxide(k=3.9)
—— Hafnium oxide(k=25) 1E-15+ ) e
1E-16 - 1E-16 4 —— Hafnium oxide(k=25)
1E-17- _ —— 1E-174 : : : :
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Gate voltage (Vgs) Gate voltage(Vgs)
(a) (b)
0.01-
1E-34
1E-4-
15-5-
-~ 1E-64
2 1E-74
t 1E-8-
¢ 1E-94
:?'; 1E-10-
1E-11-
c
'S }Ej%' — Air (k=1)
O 1E-14. — silicon nitride(k=7.5)
— Silicon dioxide(k=3.9)
1E-154 —— Hafnium oxide(k=25)
1E-16 - Sl
1E-17 -

00 02 04 06 08 1.0

Gate voltage(Vgs)
(©)






media/file8.png
Gate conta |
Ct\l\ i p+ polvsilicon

Cavity region (Lcavity) \lN

e ———

Source Drain
T ;
Cavitvregion
b+ polysilicon
i
1
L overlap
(a)
Cavitvregion (Leavity)
Si02 < 5
Drain

<«——Cavitvregion

S102

(b)

T silicon

Tsil‘.imn






media/file6.png
Drain Current(lds)

0.01 -
1E-3
1E-4 -
1E-5 <
1E-6 -
1E-7 -
1E-8 -
1E-9 -
1E-10 <
1E-11 4
1E-12 4
1E-13
1E-14
1E-15 4
1E-16
1E-17

—+—AJ DG MOSFET with n+ pocket
—+—AJ DG MOSFET without n+ pocket
—+—DG MOSFET

¥ ¥ T v T v ) M |
0.0 0.2 0.4 0.6 0.8 1.0
Gate Voltage (Vgs)






media/file15.jpg
Draln Current(lds)

—p" (1x10" em®)
—p" 5x10"cm”)
——p" (5x10"°cm?)
—— no charge

0.2

T
0.4

T
0.6 0.8 1.0

Gate Voltage(Vgs)

(a)






