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Stritch Output Characteristic
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 SwingStritch (17mV/dec) < SwingCMOS (60 mV/dec)

xo = 400 nm
xo = 10 nm
E = 0.01 aJ/nm2

200X increase
𝜀𝜀𝑇𝑇𝑇𝑇𝑇𝑇 = 2.7%
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Stritch Output Characteristic
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𝜎𝜎𝑆𝑆/𝜎𝜎𝑆𝑆𝑂𝑂 = exp
𝜕𝜕𝐸𝐸𝑔𝑔
𝜕𝜕𝜀𝜀

⁄𝜀𝜀 𝑉𝑉𝐺𝐺𝑆𝑆 2𝑘𝑘𝑘𝑘

𝜎𝜎𝐶𝐶𝑇𝑇𝐶𝐶𝑆𝑆/𝜎𝜎𝐶𝐶𝑇𝑇𝐶𝐶𝑆𝑆𝑂𝑂 = exp ⁄𝑉𝑉𝐺𝐺𝑆𝑆 𝑘𝑘𝑘𝑘

 What gives rise to steep output?
 How can steep output be used?

CMOS:

Stritch:

TMD 
deformation

potential

MEMS
actuation
sensitivity

Stritch output is steeper than CMOS when:

𝜕𝜕𝐸𝐸𝑔𝑔
𝜕𝜕𝜀𝜀

⁄𝜀𝜀 𝑉𝑉𝐺𝐺𝑆𝑆 2>1
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MEMS Actuation Sensitivity
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𝐹𝐹𝐸𝐸 = 𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇 + 𝐹𝐹𝑉𝑉𝑊𝑊2 − 𝐹𝐹𝑉𝑉𝑊𝑊1

 FVW1 aids FE to strain TMD when xo is small

 FVW1 increases actuation sensitivity ∆𝜀𝜀
∆𝑉𝑉𝐺𝐺𝐺𝐺

𝜖𝜖𝑜𝑜𝐴𝐴𝑉𝑉𝐺𝐺𝐺𝐺2

2𝑥𝑥02 1 − 𝜀𝜀 2 = 𝑘𝑘𝐶𝐶𝐶𝐶𝐶𝐶𝑥𝑥𝑜𝑜𝜀𝜀 + 𝑘𝑘𝑇𝑇𝑇𝑇𝑇𝑇𝑥𝑥𝑜𝑜𝜀𝜀 +
𝐻𝐻𝐴𝐴

6𝜋𝜋𝑥𝑥𝑜𝑜3 1 + 𝜀𝜀 3 −
𝐻𝐻𝐴𝐴

6𝜋𝜋𝑥𝑥03 1 − 𝜀𝜀 3
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Stritch Transistor

 Turn-on voltage 
is sensitive to xo

 Output remains 
steep
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𝑣𝑣𝐺𝐺𝑆𝑆
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xo = 10 nm xo = 15 nm

CMOS
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I-V Characteristic

 Similar to MOSFET in linear region
 However slope increases exponentially with vGS
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𝑖𝑖𝑇𝑇 (𝐴𝐴)

𝑣𝑣𝑇𝑇𝑆𝑆 (𝑉𝑉)

𝑣𝑣𝐺𝐺𝑆𝑆 = .06
𝑣𝑣𝐺𝐺𝑆𝑆 = .07

𝑣𝑣𝐺𝐺𝑆𝑆 = .08
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Stritch Small Signal Model
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𝑔𝑔𝑚𝑚 ≡ 𝐼𝐼𝑇𝑇𝐷𝐷

𝜕𝜕𝐸𝐸𝑔𝑔
𝜕𝜕𝜀𝜀

𝜕𝜕𝜀𝜀
𝜕𝜕𝑉𝑉𝐺𝐺𝑆𝑆

2𝑘𝑘𝑘𝑘 = 𝑉𝑉𝑇𝑇𝑆𝑆𝐷𝐷𝜎𝜎𝑆𝑆𝐷𝐷

𝜕𝜕𝐸𝐸𝑔𝑔
𝜕𝜕𝜀𝜀

𝜕𝜕𝜀𝜀
𝜕𝜕𝑉𝑉𝐺𝐺𝑆𝑆

2𝑘𝑘𝑘𝑘

𝑣𝑣𝑑𝑑𝐺𝐺 = 𝑔𝑔𝑚𝑚𝑣𝑣𝑔𝑔𝐺𝐺𝑟𝑟𝑜𝑜

𝑖𝑖𝑑𝑑 = 𝑔𝑔𝑚𝑚𝑣𝑣𝑔𝑔𝐺𝐺 + �𝑣𝑣𝑑𝑑𝐺𝐺 𝑟𝑟𝑜𝑜

𝐴𝐴𝑉𝑉𝑜𝑜 =
𝑣𝑣𝑑𝑑𝐺𝐺
𝑣𝑣𝑔𝑔𝐺𝐺

= 𝑔𝑔𝑚𝑚𝑟𝑟𝑜𝑜 = 𝑉𝑉𝑇𝑇𝑆𝑆𝐷𝐷

𝜕𝜕𝐸𝐸𝑔𝑔
𝜕𝜕𝜀𝜀

𝜕𝜕𝜀𝜀
𝜕𝜕𝑉𝑉𝐺𝐺𝑆𝑆

2𝑘𝑘𝑘𝑘

𝑟𝑟𝑜𝑜 ≡
1
𝜎𝜎𝑆𝑆𝐷𝐷

= 1/𝜎𝜎𝑆𝑆𝑂𝑂exp
𝜕𝜕𝐸𝐸𝑔𝑔
𝜕𝜕𝜀𝜀

⁄𝜀𝜀(𝑉𝑉𝐺𝐺𝑆𝑆𝐷𝐷) 2𝑘𝑘𝑘𝑘

https://commons.wikimedia.org/wiki
/File:MOSFET_small_signal.svg

𝑖𝑖𝑇𝑇

TMD 
deformation

potential

MEMS
actuation
sensitivity
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Complementary Logic Configuration

 Electrostatic force is ambipolar
 Allows inverting and non-

inverting circuitry Page 8
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0.15

𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜

𝑉𝑉𝑖𝑖𝑖𝑖

𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑉𝑉𝑇𝑇𝑇𝑇
𝑅𝑅1(𝑉𝑉𝑖𝑖𝑖𝑖)

𝑅𝑅1(𝑉𝑉𝑖𝑖𝑖𝑖) + 𝑅𝑅2(𝑉𝑉𝑇𝑇𝑇𝑇 − 𝑉𝑉𝑖𝑖𝑖𝑖)

𝑉𝑉𝑖𝑖𝑖𝑖 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜

𝑉𝑉𝑇𝑇𝑇𝑇

𝐺𝐺𝐺𝐺𝐺𝐺

𝑄𝑄1

𝑄𝑄2
xo = 10 nm
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Voltage Gain of Complementary Circuit

 Maximum 𝐴𝐴𝑉𝑉 = −5.5
Page 9

𝐴𝐴𝑉𝑉 =
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜
𝑉𝑉𝑖𝑖𝑖𝑖

𝑉𝑉𝑖𝑖𝑖𝑖

0 0.02 0.04 0.06 0.08 0.1
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0
xo = 10 nm
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DC Bias Increases Gain
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𝑉𝑉𝑖𝑖𝑖𝑖 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜

𝑉𝑉𝑇𝑇𝑇𝑇

𝐺𝐺𝐺𝐺𝐺𝐺

Vbias

Vbias

+

+
-
-

 Bias pre-actuates MEMS
 Increases actuation 

sensitivity

𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜

𝑉𝑉𝑖𝑖𝑖𝑖

𝐴𝐴𝑉𝑉

𝑉𝑉𝑖𝑖𝑖𝑖

𝑉𝑉𝑏𝑏𝑖𝑖𝑏𝑏𝐺𝐺 = 0.03 𝑉𝑉

𝑉𝑉𝑏𝑏𝑖𝑖𝑏𝑏𝐺𝐺 = 0 𝑉𝑉
𝑉𝑉𝑏𝑏𝑖𝑖𝑏𝑏𝐺𝐺 = 0.03 𝑉𝑉

𝑉𝑉𝑏𝑏𝑖𝑖𝑏𝑏𝐺𝐺 = 0 𝑉𝑉

xo = 10 nm
xo = 10 nm
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UTEP Comb-Drive Design  
8 Combs

TMD

Gate

Drain

Source
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Lateral vs Vertical Actuation
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1st Cycle
2nd Cycle
3rd Cycle

3000X increase in conductivity in strained MoS2

VDS=0.25 V

Contacts:Cr/Au 
(5nm/30nm)

~3% strain

10 μm
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Optical measurements after straining
0.1 eV Red Shift

2 suspended
1 clamped

3 clamped

2 suspended

1 clamped

3 clamped

2 suspended

1 clamped

3 clamped
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DOI: 10.1126/sciadv.1500606

TaS2-layered system with first-order charge density 
wave (CDW) phase transitions
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Phase transition temperature shift in strained TaS2

10 μm

Cr/Au (1nm/70nm)
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Thank You!
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