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Lecture 9 - MOSFET (I)
MOSFET I-V CHARACTERISTICS

October 6, 2005

Contents:

1. MOSFET: cross-section, layout, symbols
2. Qualitative operation

3. -V characteristics

Reading assignment:

Howe and Sodini, Ch. 4, §§4.1-4.3

Announcements: Quiz 1: 10/13, 7:30-9:
(lectares #1-9); open book; must have calculator.
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Key questions

e How can carrier inversion be exploited to make a tran-
sistor?

e How does a MOSFET work?

e How does one construct a simple first-order model for
the current-voltage characteristics of a MOSFET?
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1. MOSFET: layout, cross-section, symbols
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e inversion layer under gate (depending on gate voltage)

e heavily-doped regions reach underneath gate = in-
version layer electrically connects source and drain

e 4-terminal device: body voltage important
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Image removed due to copyright restrictions.
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O Circuit symbols

Two complementary devices:

e n-channel device (n-MOSFET) on p-Si substrate
(uses electron inversion layer)

e p-channel device (p-MOSFET) on n-Si substrate
(uses hole inversion layer)
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2. Qualitative operation

Water analogy of MOSFET:

e Source: water reservoir
e Drain: water reservoir

e GGate: gate between source and drain reservoirs

water

! inversion

depletion |
region

V>0

source gate drain

Want to understand MOSFET operation as a function of:

e gate-to-source voltage (gate height over source water
level)

e drain-to-source voltage (water level difference between
TesServoirs)

Initially consider source tied up to body (substrate or

back).
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Three regimes of operation:

O Cut-off regime:

e MOSFET: Vg < Vip, Vop < Vip with Vpg > 0.

e Water analogy: gate closed; no water can flow regardless
of relative height of source and drain reservoirs.
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no water flow
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O Linear or Triode regime:
ORM3SFETZV@S:>V%,VbD:>L%,Wﬁh‘G%;>(l

e Water analogy: gate open but small difference in height
between source and drain; water flows.

1 inversion layer |
,,,,,,,,,, ~ everywhere !
depletion ‘= _ _ _ _ _ _ _ _ __
region

Electrons drift from source to drain = electrical current!

o ‘Q?S T — |an¢ T — ]i) T
e Vpg T — |l;y| T — Ip T

D 4

small Vpg small Vpsg

VGS>VT
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O Saturation regime:
e MOSFET: Vgg > Vir, Vap < Vir (VDS > 0).

e Water analogy: gate open; water flows from source to
drain, but free-drop on drain side = total flow indepen-
dent of relative reservoir height!

********** inversion layer |
depletion "pinched-off" - - - - - - - - - -
region at drain side

Ip independent of Vps: Ip = Ipsu

VGDsat=VT

saturation

linear

\

0  Vpssat-VesVT VDS
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3. I-V characteristics

Geometry of problem:

___ A nt
Y

VBs=0 region

O General expression of channel current

Current can only flow in y-direction: Q <
CW/S v 7
y A=W Quv (v y <
L ¢ /cm"'
Drain terminal current is equal to minus channel current:
+* X

Ip = =WQh(y)v,(y)
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Ip = —WQu(y)vy(y)

Rewrite in terms of voltage at channel location y, V.(y):

e [f clectric field is not too big:

dV.(y)
dy

vy(y) = —pn By (y) = pin

e For (), (y) use charge-control relation at location y:
locel cbovingl v'l}ay

e O th o "
Quly) = —CoulVas — Vily) — Vg 75
SN—N—
fe - home!
for Vos — Vily) > Ve @ <7 oo
All together:
dV.(y)

[D — W/'LTLCOSE<VGS - ‘/C<y) - VT)

dy

Simple linear first-order differential equation with one un-
known, the channel voltage V.(y).
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Solve by separating variables:
[Ddy — W/'LHCOQZ(VGS - ch - VT)d‘/c

Integrate along the channel in the linear regime:

”:’:,u =fory =0, V,(0) =0

-‘««:(:J ~for y = L, V.(L) = Vpg (linear regime)

Then:
Ip [ dy = WpnCow [y 75 (Vs — Vi — Vi)dV,

or:

|44 Vbs

Ip = — n“ox - T4
D="TH Cor (Vs 5 Vr)Vps
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For small Vpgs:

W

[D — f,uncoxa/GS — VT)VDS

Key dependencies:

o Vps T — Ip T (higher lateral electric field)
o Vos T— Ip T (higher electron concentration)
o LT — Ip | (lower lateral electric field)

e W T — Ip T (wider conduction channel)

D A D A

small Vps small Vps

VGS>VT

This is the linear or triode regime.
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In general,

|44 Vbs

Ip = — n“ox - T4
D="TH Cor (Vs 5 Vr)Vps

Equation valid if Vgs — V.(y) > Vi at every y.

Worst point is y = L, where V.(y) = Vpg, hence, equa-
tion valid if Vg — Vpg > Vo, or:

/oCU!' a[
Vs < Ves = Vr | Kneor reg sme

witl Vg >0

D 4 VDsS=VGs-VT

Ay 04
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VDS

term responsible for bend over of Ip: —V—gi
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To understand why Ip bends over, must understand first

channel debiasing:

IQn(y)I 4
VDS=O
“T Cox(Ves-VT)
Vps>0
0 — >
0 LYy
[Ey(y)[ 4
__’/VDS>O
0 Vps=0
0 LY
Ve(y) 4
Vs 1
O E
0 L vy
Ves-Vel(y) 4
Ves Vps=0
local gate I Vos
overdrive Vps>0
Vy Je
0 L vy

Along channel from source to drain:

y T — Vi) 1

= |@uy)[ | — [Ey(y)| 1

Local ”channel overdrive” reduced closer to drain.



6.012 - Microelectronic Devices and Circuits - Fall 2005

Impact of Vpg:
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Lecture 9-16

chomed  Jo U)oy,

As Vpg T, channel debiasing more prominent

= Ip rises more slowly with Vpg

P



6.012 - Microelectronic Devices and Circuits - Fall 2005 Lecture 9-17

3um n-channel MOSFET

Output characteristics (Vgs =0—4 V, AV =0.5V):
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Zoom close to origin (Vas =0—2V, AVzg =0.25 V).
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Transfer characteristics (Vps = 0 — 100 mV,AVps =
20 mV):

= nmos output - MIT Microelectronics Weblab |:||E|r>__<|
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Key conclusions

e The MOSFET is a field-effect transistor:

— the amount of charge in the inversion layer is con-
trolled by the field-effect action of the gate

— the charge in the inversion layer is mobile = con-
duction possible between source and drain

e In the linear regime:

— Vas T= Ip T: more electrons in the channel

— Vps 1= Ip T: stronger field pulling electrons out
of the source

e Channel debiasing: inversion layer "thins down” from
source to drain =- current saturation as Vpg approaches:

Vpssat = Vas — Vr




<<
  /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


