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Lecture 7 - PN Junction and MOS
Electrostatics (IV)

ELECTROSTATICS OF
METAL-OXIDE-SEMICONDUCTOR STRUCTURE

September 29, 2005

Contents:

1. Introduction to MOS structure
2. Electrostatics of MOS at zero bias
3. Electrostatics of MOS under bias

Reading assignment:

Howe and Sodini, Ch. 3, §§3.7-3.8
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Key questions

e What is the big deal about the metal-oxide-semiconductor
structure?

e What do the electrostatics of the MOS structure look
like at zero bias?

e How do the electrostatics of the MOS structure get
modified if a voltage is applied across its terminals?
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1. Introduction

Metal-Oxide-Semiconductor structure:

metal
interconnect to gate

gate oxide
e =3.9¢, n* polysilicon gate

0

p-type X
eg=117¢,

% metal interconnect to bulk %

MOS at the heart of the electronics revolution:

o Digital and analog functions: Metal-Oxide-Semiconductor
Field-Effect Transistor (MOSFET) is key element of
Complementary Metal-Oxide-Semiconductor (CMOS)
circuit family

e Memory function: Dynamic Random Access Mem-
ory (DRAM) and Flash Erasable Programmable Mem-
ory (EPROM)

e /maging: Charge-Couple Device (CCD) camera, “{Sf’c s

e Displays: Active-Matrix Liquid-Crystal Displays imasar
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2. MOS electrostatics at zero bias

Idealized 1D structure:

"metal"

(n* polySi)
oxide semiconductor
contact (p type) contact
-tox 0 X

e Metal: does not tolerate volume charge = charge can
only exist at its surface

e Oxide: insulator = no volume charge (no free carriers,
no dopants), i+ dees wel covduct

e Semiconductor: can have volume charge (SCR)

Thermal equilibrium can’t be established through oxide;
need wire to allow transfer of charge between metal and
semiconductor. — vafer do AWs o Zen bias

I

MOS structure: sandwich of dissimilar materials = car-
rier transfer = space-charge region at zero bias = built-in
potential

Wlﬁak pen ‘HAQ e‘Qc“'foS‘*kHCS P{c“‘dm \ecle ,(/\\AQ_/-]
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For most metals on p-Si, equilibrium achieved by elec-
trons diffusing from metal to semiconductor and holes
from semiconductor to metal:

log po, No

-tox 0 Xdo X

2

Remember: n,p, = n;

Fewer holes near Si/SiOs interface = ionized acceptors
exposed (volume space charge)
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O SPACE CHARGE DENSITY

log po, No
-tox () xdo X
Po
QG
0 0 Xdo
“tox X
-0Na

e [n semiconductor: space-charge region close to Si/SiO;
interface = can do depletion approximation

e [n metal: sheet of charge at metal /SiO, interface

e Overall charge neutrality Clem®
X S _tox Po(iU) — QG 5<_toaz)
—toe < <0 po(x) =0
0 < < Ty po() = —qN,
Tay < polx) =0
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O ELECTRIC FIELD

Integrate Gauss’ equation:

B (2) — Eora) = [ po)dr

At interface between oxide and semiconductor:

change in permittivity = change in electric field

EO:UEO:U — ESES

EOLU ES
f— ~ 3
ES 6033
E
Eox —
‘.— ES
0 i
0 X
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Start integrating from deep inside semiconductor:

p “
(0)
+ @ _
0 0 Xdo
-tox X
-0Na
NS
Eo - q/éof
OX
Npte
= TG
S
0
-tox 0 Xdo X
Tdo < T E0<ZC) =0
N,
0 < <2y E,(r)= 4 “(x — x40
€s
€ N, x
t < x<0 E0<x):_3 o _O+):Qado
€ox €ox
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O ELECTROSTATIC POTENTIAL

(with ¢ =0 @ n, = p, = n;)
KT  n,
p=""I"  H—
q 1

Lecture 7-9

kT&

q

T,

In QNR’s, n, and p, known = can determine ¢:

in nt gate: n, = Nj = ¢, = ¢+
in p-QNR: p, = N, = ¢, = —%lng—;
q)o N
_______ nt
0B
l 0 -tox 0 Xdo X
""""""""""""""""""""""""""""""" Op
Built-in potential:
kT N
65 =0y = by = bur + - In
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To get ¢,(x), integrate E,(x); start from deep inside semi-
conductor bulk:

Po(T2) — Po(T1) = — ;2 E,(x)dx

Eo 9 Np¥e®
Eox -~ EoX
qMo K>
-
0
-tox 0 Xdo X

Tgo < X Do) = Dp
N,
0 <w<zy  Gofa) =yt w )
NCL 2 NCL 0]
o < @ <0 Golw) = g, + T 4 T (g
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O Still don’t know x4, = need one more equation:

Potential difference across structure has to add up to ¢p:

N, x? N,x .t
¢B:VB,0+%$,OIQ a d0_|_q atdolox

2€, €o
Solve quadratic equation:
€s 2¢€2 ¢B €s 4¢B
Tgo = —top| 11+ —22 " — 1] = 1+ ——1
! €ox [ EsqNatgg; ] Co:z: [ 72 ]

where C,, is capacitance per unit area of oxide |[units:
F/em?):
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O Numerical example:
Ny=10" em™3, N, =10 em™3, t,, = 8 nm
op = 550 mV + 420 mV =970 mV
Cop = 4.3 x 1077 F/em?
v =0.43 V1/2

Tio = 91 nm
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There are also contact potentials
= total contact-to-contact potential difference is zero!

I contact

"metal"

_ semiconductor
contact oxide (b type)

P'\c)v‘«e cownsisdent ¢

- g w..%a\';\lc c\Aay?.Q w Sewmn (pv}yc."'v('

Gud ’f“’S'A':NQ ¢bo.rp At MW/Q“O) ;M%r@éb(
4> ‘)"S\"\QD r‘\'@mw M'\‘J’:lavl':o(/ =y

—{ nao J\Q.\?\Q,Pﬂf ('-%/:o"
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3. MOS electrostatics under bias

Apply voltage to gate with respect to semiconductor:

VGB
I
\_/

"metal”
(n* polySi)

!

» semiconductor
oxide
ContaCt (p type) Contact

-tox 0 X

Electrostatics of MOS structure affected = potential dif-
ference across entire structure now # 0.

How is potential difference accommodated?
Potential can drop in:

e gate contact

e n"-polysilicon gate

e oxide

e semiconductor SCR

e semiconductor QNR
e semiconductor contact
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Potential difference shows up across oxide and SCR in
semiconductor:

Oxide is insulator = no current anywhere in structure

In SCR, quasi-equilibrium situation prevails
= new balance between drift and diffusion

e clectrostatics qualitatively identical to zero bias (but
amount of charge redistribution is different)

®np =n?
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Apply Vg > 0: potential difference across structure in-
creases = need larger charge dipole = SCR expands into
semiconductor substrate:

-tbx 0 | X
-gNa i

-tox () Xd X

Simple way to remember:
with Vg > 0, gate attracts electrons and repels holes.
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Qualitatively, physics unchanged by applying Vg > 0.

Use mathematical formulation of zero bias, but:

¢ — ¢+ Vi

For example,

€s

Cox Y

rqy(Vop) =

Vep T — za ]
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Key conclusions

e Charge redistribution in MOS structure at zero bias:

— SCR in semiconductor

— built-in potential across MOS structure.

e In most cases, can do depletion approximation in semi-

conductor SCR.

e Application of voltage modulates depletion region width
in semiconductor. No current flows.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


