ECE 340
Lecture 34 : MOS Capacitor
IT

Class Outline:

‘Effects of Real Surfaces
*Threshold Voltage
*MOS Capacitance-Voltage Analysis



Things you should know when you leave...

Key Questions

» What are the effects of real
surfaces on the MOS capacitor?

* How does the threshold voltage
change when real surfaces are
considered?

» What information can I get from
MOS capacitance - voltage plots?
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Effects of Real Surfaces

During the last lecture, we discussed the q¢, = E"™ —E,

ideal MOS capacitor...

The n-type surface that forms as a result
of the applied electric field is the key to

transistor operation!

: : : ! qd’}/'/- ] qdnr-
« Define a potential qp< which T .
determines how much band R4
bending there is at the surface.
* When qps = O we are in flat band
condition. /
« When qu. < 0 we have hole
GCCUI’\'\UIC(Tion GT The Sur'face. Oxide | Semiconductor
* When qps > 0 we have electron
depletion at the surface. SN Z g =2 kT (N
* When qu. > Q@ we have ° " g \n
inversion at the surface. T A
« Surface should be as strongl NV A K Np
n-type as the body is p-‘rypey. P =20 =2 g ln\ n,
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Effects of Real Surfaces

We understand the surface
charge: QS = — gsfs

So what does the surface
charge density look like?

« At g,=0 thereisno
space charge.

« When g, is negative we
accumulate majority holes
at the surface.

* When g, is positive
initially the linear term in
the electric field solution
dominates as a result of
the exposed, immobile
dopants.

« Depletion extends over
several hundred nm until
we reach strong inversion
and the exponential field
term dominates.
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Effects of Real Surfaces

We understand the system capacitance...
The capacitance depends ¢ stonsaccoumuiation

A

on the voltage... c |
dQ do,
Qv do,

MOS Capacitor is the
series combination of the

oxide and the voltage
dependent semiconductor
capacitances. °

In accumulation:
 The capacitance is huge.

« Structure acts like a parallel plate capacitor
piling holes up at the surface. ¢; = g /d
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Effects of Real Surfaces

And how the capacitance behaves as we vary the bias...
The Sur‘face becomes C _  Strongaccumulation i | |
- |

A

depleted and the depletion ¢ |

layer capacitance needs to
be added in...

Strong inversion

@
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Total capacitance: R cc,..
. | Ci+Cim
C = _ngi_ | Coin
C+C, | >V
In depletion:

« Capacitance decreases as W grows until inversion is reached.

* Charge in depletion layer of MOS capacitor increases as ~ (95)2 so depletion
capacitance decreases as the inverse.

+ If signal applied to make measurement is too fast, inversion layer carriers
can't respond and do not contribute.

*  Slowly varying signals allow time for minority carriers to be generated, drift
across depletion region, or recombine.

*__Majority carriers in the accumulation region respond much faster.
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Effects of Real Surfaces

Real surfaces have workfunction differences... |

» Workfunction
differences can
significantly affect
V:and other
properties.

 The difference is
always negative and
is most negative for
heavily p-type Si.

* This is reminiscent
of the work on the
metal-semiconductor
contacts.

Ip

D, (V)

10" 10'®

Nd’ Na (cm‘3)

+ 4
Pinch-off

Vp (Sat.) Tends to decrease

the threshold
voltage...

4+ 3

+ 2
Ve=+ 1V
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Effects of Real Surfaces

So what does this mean for our band diagrams...

&
/..» Ll
} _ —  q®;
q— —_— V=VFB_®MS E(
., /_ Erp =g
J— — E,
Y A "Vj_
Epm — ——JF V/———-— ——E, X E,
E,

*The negative workfunction difference causes the bands to be pulled down
farther in equilibrium.

*To achieve flatband conditions, we must apply a positive voltage to overcome
the inherent bending in the bands,

*Clearly, this behavior will lead to shifts in the threshold voltage.
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Effects of Real Surfaces

What about .. T
the effects of o)t Q, Nd
trapped oxide ° [a. * o |v=y,, = - Qi
charges? 0. '®_® _ 1@: +@+-1 Ci 1

Si \Q“ Q *

Q,, Mobile ionic charge
Q.,, Oxide trapped charge
Q, Oxide fixed charge
Q. Interface trap charge

M

s |
-

|

|

|

4

+ + ++ +

|

|
|

M 0 S
 Alkali metals can easily be incorporated in the oxide during the
fabrication process.
« These metals induce ﬁosi’rive charges in the oxides which induce
negative charges in the semiconductor.

* The magnitude of the effect depends on the number of
sodium atoms and their distance from the surface.

* The atoms may drift in applied fields which leads to a
continuous change in the threshold voltage.
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Effects of Real Surfaces

What about exide T
Metal
charges?
Si0,
* Positive charm\
from interface statessic: je
at the Si-SiO2
interface. si q, * E

*  When oxidation is
stopped, some ionic
silicon is left near the Q,, Mobile ionic charge

o
=
<I
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I
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+ + ++ +
I
I
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m oM

surface Q.,, Oxide trapped charge
i . Q, Oxide fixed charge E,
 These ions along with Q. Interface trap charge
other uncouple P R
bonds forms a sheet Q.
of positive charge at V=V,g= - =L

the interface.
» The charges depend Why are devices made on [100] instead of [111]?

onh oxidation rate,
heat treatment, and  *Because interface charges are 10x higher on

crystal orientation. [111)] relative to [100].
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Threshold Voltage

Based on our knowledge of real surfaces, we must rethink the threshold

voltage... -
The threshold voltage becomes: /r @% 20,

Thus, the threshold voltage must be strong enough to achieve flatband,
accommodate the charge in the depletion region, and rhe invert

; Qr Qd

V= D5 : a .Ci— - C. + 26p i

+1 = n-channel —.
(+) n channel (+) n channel
(

=) pchannel | (-)pchannel o ———

" o~ Q;=5 x 10"%C/cm?

d=100A

p-channel —»

Here we show the signs corresponding to
each of the different effects on the L
threshold voltage. The total result is shown

1 | | |

to the right for n-channel and p-channel. —
1014 1015 1016 1017 10'8

V 1\"“ ) AVd(Cm—‘S)
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MOS Capacitance-Voltage Analysis

Can't we get more information from the capacitance-voltage data?

C
We can get a lot of information from the 1

capacitance-voltage (C-V) data. G

Low frequency

*Insulator thickness
*Substrate doping
*Threshold voltage

p-type

Shape of the C-V curve depends on the type of \: e B B
substrate doping.

High frequency

P-type:

t L
% Vg

*High frequency capacitance: large for

hegative gate bias and small for positive ° Remember: 'rha'r
Plas majority carriers
-Low frequency C-V curve: as gate bias l“eSpon fQSter To
b itive ( tive) C 2

donn stowly m Gepletion and carses quicky.  changes in Ve and

in inversion minority carriers
respond more slowly
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MOS Capacitance-Voltage Analysis

Let's find the insulator thickness and the depletion width...

A C

By using the capacitance ., ] o
(C; = £,/d) in accumulation
or strong inversion at low- \ o
frequency will give us the \
insulator thickness. \*L

» The capacitance C,, is the Mo
series combination of the |
capacitance C, and the 2
minimum depletion L 2
capacitance Cy,., = £/W,.. ¥, =[28"j}v('"v')} =2[gskT:Z(A],V“/"’)}

 This will give us the

maximum depletion width This is a franscendental equation
" which requires a numerical solution.

It's solution gives N, in terms of
Cdmin-

[ Cir

High frequency

!
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MOS Capacitor-Voltage Analysis

Once we know the substrate doping, we can find the flatband

capac itonce e C‘ - Strong accumulation
: 1 . (S CIOD'
The flatband capacitance is © T i ™ |
determined from the I1 c Con —
Debye length capacitance... ¢ |
Y g P _ I Ca |
|
|
C _ \/5‘95 Weak accumulation —|
“debve — |
L, |
The Debye length depends  ° '
on the doping... = kT

st

D

4*p.
* The overall MOS FB capacitance Cg; is
the series combination of ﬁd’#"" and C,.
eter

From these values we can mine Vgp
. the corresponds to Cg;.
g
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MOS Capacitor-Voltage Analysis

We now have all of the ingredients to calculate the threshold voltage...

0 %y,

ms
. C,
VT does not correspond exactly to Cg;, but rather to peint 4 which is located at C,

V.=

1 i

Why ?27? ¢ _  Strongaccumulation

Strong inversion

o C

>

, Depletion

Because change of o1
charge in 1.
semiconductor is the c T |
sum of the change in -} |
the depletion charge | |
and the mobile Weak sccumulation—+|  fo—

l

|

|

=\ -

Weak inversion

inversion charge which
are equal at onset of
strong inversion.

|
|
I
|
I
L_ Ci Cd min
|
l
|

T G+ Cima
Cmin
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MOS Capacitor-Voltage Analysis

We can gain further information about the iy
interface states...

* Fast interface state densities
— Defect states can change charge state
rapidly.
— Changes in the surface potential can

move the Fermi energy above or below
states in the bandgap and change their

occupancy .

These fast interface states give rise to capacitance in
parallel with the depletion capacitance both of which
are in series with the insulator capacitance.

V=0

M

 Fast interface states:

— Can follow 1 - 1 kHz changes in gate
bias but not high frequency (> I'MHZz).

— They contribute to the low frequency
capacitance but not the high

frequency.
— The differences between these two
capacitances gives the interface state 1 CC,, C.C,, o
densities as a function of energy. = ——————— |cm eV
o | g\ G —Cpr C=Cyy
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MOS Capacitor-Voltage Analysis

What about mebile ion Oxide
charges?

« Fixed oxide charges do
hot change charge state.

- EffeCTs on VFB Gnd VT ) '__T_
depend on location relative
to interface.

*  Mobile ions can change
charge state.

|

Use bias-temperature stress test..

« Heat MOS device to ~ 200 - 300 C

« Apply positive gate voltage (~1 MV/cm in oxide
layer)
Mobile positive ions are repelled to the SiO2-Si
interface.

Make room temperature C-V measurement to
determine Vg;.

Switch the bias configuration to negative.
Now ions drift towards the gate electrode.

They are now too far away to affect band bending

but induce equal and opposite charge on the gate
electrode.

Make another C-V measurement of Vgp.

-+ |
T -J,—‘I'——*i 1 *—]
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