Devices

* Semiconductor Physics review
* Diode
*  MOS transistor

Semiconductor Physics

Charge carriers in semiconductors : electrons, holes

Why do we consider holes?

—> In metals, there are so many electrons that we don’t really care about holes .

- Metals are often conductor.

- In semiconductor, number of free electrons may not be a lot but you will still

see some condition which is due to holes.
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—>Fast process

—>Much slower process

—If you look at the empty space it
looks like empty space is moving in
the other direction.

- This is the concept of hole and why it is slower.



NMOS transistor = conduction using electrons, much faster devices

PMOS transistor = conduction using holes, slow devices

Semiconductors
Intrinsic = # of holes = # of electrons, pure semiconductors are intrinsic
N-type = # of electrons >> # of holes
P-type = # of electrons << # of holes

How to make n-type
Add impurities that have an extra electron to give
Extra electron becomes a free

electron with a very small energy
—— received from thermal energy.
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If you have 10"%/cm?® P you get a very good conductor.

10%%/cm?® Si atom

_ - - _ _ — Material is neutral for every free electron

_ _ _ _ _ There is a positive charged ion (P).

How to make p-type
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—» Material is neutral for every free holes
There is a negative charged ion (In).




Diode

Diode is made when you connect an N-type and P-type semiconductors together.

P N
tH++ A==
++++++|---=-==
Si A A
I N A I What happens next?
t+++++|--=-=---

There will be a current flowing since positive and negative free charges attract each

others and recombine. = Electron fills up the hole.

+ 44 4|+ o> —|- = — = | Np: number of free electrons in N-type (Donor)
E 1 E $ $ ?2 i = number of charged ions
BN [ A P ~ number of n- impurity
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— Na : number of free holes in P-type (Acceptor)
No free electron or hole = number of Charged ions
but ions are there so ~ number of p- |mpur|ty
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Free holes Depletion region —» There is an electric field in & Generates a potential
the depletion region.

Now electron and holes cannot go to the opposite side unless give them enough

potential to go through the depletion region.
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n; : intrinsic # of carriers, depends on temperature and Bandgap
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Apply external voltage Vp

If it lowers @ 2> v

Vp
@o-Vp

- depletion layer shrinks = diode starts to conduct.

If it increases @ —>

T v
/—qn @o+ Vo
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- depletion layer increases = diode does not conduct.

Diode current =Ip=1Is (e VT - 1)

mA

approximate with
exponential ———————»

Vp~0.7V

In reality there is also voltage drop due to resistances of diode
Ip=1Is (e ™™ T~ 1) current is smaller than ideal case

n : emission factor (ideality factor), n>1



Dynamic behavior of diode
A

Diode capacitance C;=¢€4 —

A : diode area

W; : depletion region(Wn+Wp) , W= \/— (N— +N—)(¢6 Vy)

si : Sidielectric constant,

1
Cio= — => potential capacitance, Vp=0
i \/ > N AN N N, —) p p D
C/o . .
Ci=—%F— m : grading coefficient
VD m
(1-—)
4
m=1/2 abrupt junction m=1/3 graded junction
ND ND
NA NA

abrupt - usually with epitaxial layer graded junction - achieved by diffusion

Large signal equivalent capacitance

L0
Ceq= =Keq [C
q AVD q
K¢q = look at the formula in the book
= C./O - ~ \I/m
thlgh - V— ) thgh = const m (R) - Vhlgh)
(1 _ high )m
L
) _ C./O _ 1/m
leow - T ) Qlow = const m(ﬂ) - Vlow)
(1- ﬂ) m
%

Co > Q-=constlg"™



Actual diode

= resistivity of neutral zones

- Break down voltage

VBr

- Temperature variation : kT/q ~, Is ~

Spice diode model
IS : Saturation current
N : Emission factor(ideality factor)

RS : Series resistance

qVD
C. 7.1 e
TT : Transit time = Cp= /0 rts€
(1 — Q)m kl
@ q

CJO : zero bias cap
M : Grading coefficient
VI : (@) junction potential

forward bias cap due to
minority charging



MOS (Metal-Oxide-Semiconductor)
MOSFET(MOS Field Effect Transistor)
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MOS are unipolar transistor : Only one carrier of charge exists
Hole = PMOS
Electron = NMOS

NMOS —

PMOS —0
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Technology that has both PMOS + NMOS = CMOS (Complementary MOS )

M o Si

[0 ? easy to generate electrons V¢ +

L E, /

E.
Ve ~ 2¢/q : to invert the channel
E. +E,)/2 midga
Ve - ’“iA ) gap < 2@:/q : no conduction
a¢:
——FE,
. . 2&
Thickness of induced charges , Wd = Ld Total charge, Q = /2gN @

gN,
@ : potential at Si-Si0O, interface

Inversion layer



Fixed charge Qgo= /2gN £‘2¢F|

If the body is not grounded Vg, 2¢F| > ‘— 29, +ng|

Vs needed to reach strong inversion is called Threshold Voltage.

Vr = Vgs (@ strong inversion )

V1=V + V\/|_2¢F +Vy |—|2¢ ~| »Y: body-effect coefficient

Vo : related to the process how Fermi level and material work function are aligned

—> Threshold voltage varies with substrate bias !

Small Vps ( Vp << , Vgs>> V1) > Resistive operation

r_ | YGS / Vos

n n
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Induced charge, Qi(x) =-Cox ( Vgs— Vx— V1), Cox = —=
t

ox

Ip=-vn(x) Qi(X)W, vn(x) : electron velocity at x,
a
dx
Qi(x) : mobile charge, W : width of the channel

Vo = Mn , Mn: electron mobility

VDS

L
[1pdx= [p,C WV ~V =V)aV
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Vos

Ip =k, %l:(VGS Vo Wps — :I k'y : transconductance factor

Vs’
2

/’l n gox
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Ip =k, l:(VGS =V Wps — :I gain factor k, = PyCox =



saturation Ves
Ib /
. 4
linear
Vgs-Vps=Vr
. point of strong
inversion
Pinch-off', Vps=Vgs-Vt
In saturation, Vps = Vgs - Vr , Ip= %% (VG -V )2

Ip = constant (not a function of Vpg to first degree approximation )
Why current at pinch-off stays constant?
Ip | = pinch-off disappears = Ip 1
Ip t = more depletion 2 Ip |

Small size transistor

Vps 1 = depletion region at drain 1 = L¢g changes

A
Ip

M ID:ID'(1+)\VD5)

A: channel length modulation

Vps



There are other problems with small size transistors.

Velocity saturation vy, (electron velocity)
A

Vsat

— Slope|: U, ( electron mobility )

» E ( electric field )

Ec
Critical elelctric field

: : : : 14
In small size ( sub-micron) devices, electric field can be very large E = —2%

—> crude approximation since E distribution is not uniform.
Ip=1Ip' [k(Vps) Ip’: current that we calculate before
k(Vps) <1 shows degree of velocity saturation
For short-channel devices k(Vps) < 1
—> current is smaller but overall for very small Vps = 1 and Ip 2 Ip'.

Velocity saturation first starts at drain part since there is higher electric field.
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Higher voltage drop here
since it is more resistive.

2
Vs

w
> Vbs = Vpsat > Ipsat = uncox Tl:(VGS _VT )VDS - :ID((VDsat)

Ipsat 18 not a function of Vp so current is saturated once we hit velocity saturation
limit.

b 4 not so much velocity saturation k ~ 1
/

current drop

For short channel devices and for high Vgs-Vr
the device enters saturation before Vps> Vgs - V1

Vbs



I O (Ves — Vr)°

VDS Ves - V1 Io
VGS3 A
Ves2 long channel quadratic
_—>
VGS1
VGS
Io
A ;drop in transconductance
VGS3
Vaso short channel
—_— > linear
VGS1
y Ves
Vbs quadratic

Subthreshold condition

In digital circuits it is undesired = means leakage (not such a good switch)

-> additional power consumption.

A quadratic

'og(lo) linear

subthreahold : exponent region

>
Vs
Subthreahold = no conducting channel
subthreshold slope
S= nﬁlnlo
n+ n+ q

\[{'/ n : ideality factor of
P L :
the parasitic bipolar transistor

e




Unified MOS Model
Ip =0 for Vgs — V1 <0 - zero subthreshold conduction
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-
IDzk’n% (Vos =V Wi ==2=|(1+AVs)  for Vos—Vr>0

min

Vimin = min(Vgs — V1, Vbs, Vbsat)

I VD = VDsat
°A

linear )
/ velocity saturated (Vps=Vgs-Vr)

/ Saturation (Vpsa=Ves-Vr)
>

VDsat VDS

V1 =Vgo+ y(\/|1 2@, + ng| - \/| 2¢F| ) , Y:body-effect coefficient

live parameter : V1o, Y, Vpsar, k', A

MOS model as a switch
Ron(t)

--)(N—-

S Ves > Vr

Problem is that Ron is time varying, non-linear and bias dependent.

L s,

Finding Req from Ron(t) ~ Req = (t,=1); 1,(0)



t=t,

~ Vbp Ip
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i » Vps
Vpo/2 Voo

_ 1 0,
(t, —1,); 1,(1)

changing variable fromt to V

assuming velocity saturation from Vpp = Vpp/2

Req

Voo /2

_ 1 v,
Voo 12=Vop) 2 Ips(1=AV)

Req

] W VDvatz
ID:kn T (VDD _VT)VD_W _'T ( 1 +)\V) = IDS(1+ )\V)

1

For small A =1-AV
1+ AV
_ Vpp /2 _ 2 3 Voo /2

Req=—2 IV(I—)IV)dV= 2 (V__AV_j

Vool ps) Vop VopIps \ 2 3 Voo

VDD2 -V 2 VDD3 -V 3
-2 4 DD 8 DD 2 (3, 7 X
= - = -— AV,
Vool ps 2 3 1 s 8 24

Req O — O LL increase W/L = Req |



Vop 2 V|

DD

Req:independent of Vpp
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