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Lecture 15 - The pn Junction Diode (I)
I-V CHARACTERISTICS

November 1, 2005

Contents:

1. pn junction under bias

2. I-V characteristics

Reading assignment:

Howe and Sodini, Ch. 6, §§6.1-6.3
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Key questions

e Why does the pn junction diode exhibit current rec-
tification?

e Why does the junction current in forward bias increase
as ~ exp %?

e What are the leading dependences of the saturation
current (the factor in front of the exponential)?
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1. PN junction under bias

Focus on intrinsic region:
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Upon application of voltage:

e clectrostatics upset: depletion region widens or shrinks
e current flows (with rectifying behavior)

e carrier charge storage
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Carrier profiles in thermal equilibrium:
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Lecture 15-4

Inside SCR in thermal equilibrium: dynamic balance be-

tween drift and diffusion for electrons and holes.

| Jarife| = |Jaiyy]
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Carrier concentrations in pn junction under bias:
o for V>0, 05—V | = [Escr| = [Jarift |
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Current balance in SCR broken:
| Jarige] < |Jaifsl

Net diffusion current in SCR
= minority carrier injection into QNR's
= excess minority carrier concentrations in QNR's

Lots of majority carriers in QNR’s = current can be high.
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o for V<0,05—V 1= |Escr| 1= |Jarise] 1
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Current balance in SCR broken:

| Jarife] > |Jairs]

Net drift current in SCR
= minority carrier extraction from QNR’s
= deficit of minority carrier concentrations in QNR's

Few minority carriers in QNR’s = current small.
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What happens if minority carrier concentrations in QNR
change from equilibrium?

= Balance between generation and recombination broken

e In thermal equilibrium: rate of break up of Si-Si bonds
balanced by rate of formation of bonds

generation
Si-Sibond  _ > ng+ Po

recombination

e [f minority carrier injection:
= carrier concentration above equilibrium
= recombination prevails

Si-Sibond <« n+p

recombination

e [f minority carrier extraction:
= carrier concentrations below equilibrium
= generation prevails

generation

Si-Si bond > n+p
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Where does generation and recombination take place?

) ?v\fly‘a’]l‘o‘/‘
In modern devices, recombination mainly takes place at

surraces:.

e perfect crystalline periodicity broken at a surface
= lots of broken bonds: generation and recombina-
tion centers

e modern devices are very small
= high area to volume ratio.

High generation and recombination activity at surfaces
= carrier concentrations cannot deviate much from equi-
librium values:

n(s) = n,, p(s) = po
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Complete physical picture for pn diode under bias:

e Forward bias: injected minority carriers diffuse through
QNR = recombine at semiconductor surface
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e Reverse bias: minority carriers extracted by SCR =
generated at surface and diffuse through QNR

log p, n

po\:‘:
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The current view:

e Forward bias:

p n k
Jp

hole injection —>
and recombination at surface

|:|n+|p

e Reverse bias:

hole generation at surface
< and extraction

electron generation at surface

and extraction l

|:|n+|p
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What limits the magnitude of the diode current?

e not generation or recombination rate at surfaces
e not injection or extraction rates through SCR

e diffusion rate through QNR’s
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Development of analytical current model:

1. Calculate concentration of minority carriers at edges
of SCR, p(x,) and n(—x,)

2. calculate minority carrier diffusion current in each

QNR, I, and I,

3. sum electron and hole diffusion currents, I = I,, + I,
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2. I-V characteristics

O STEP 1: computation of minority carrier boundary
conditions at edges of SCR

In thermal equilibrium in SCR, |Jgrist| = |Jaiss|, and

no(1) qlo(x1) — P(x2)]

= exp

No(22) kT

and
Po(1) — ox —qlp(x1) — P(x2)]
Polx) P kT

Under bias in SCR, |Jaipe| # |Jaifs], but if difference
small with respect to absolute values of current:

n(z1) qlo(x1) — @(22)]

n(xs) - &P kT

and
p(x1) ~ ox —q|P(x1) — P(x2)]
p(z) P kT

This is called quasi-equailibrium.

> RGP s W) o) f
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and

p<xn) ~ ox _Q[¢<xn) - §b<—ZCp)] — ex _Q<¢B _ V)
p(—x,) P kT - kT
But:

p(—z,) ~ N, and n(z,) ~ Ny

This is the low-level injection approximation |[will discuss
in more detail next time].
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Then:
vV —
n(—x,) ~ Ngexp al kT¢B)
and
vV —
Built-in potential:
KT NyN,
qu — In d2
q n;
Plug in above and get:
(—x,) ~ n_ZQ av
n(—x,) ~ N, exp LT
and
p(T,) ~ n_? exp v
Ny kT

% %

Lecture 15-14
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Voltage dependence:

e Equilibrium (V' = 0):

L FOI"W&I"d (D > O)
n(—xp) > F p(CCn) > ﬁd

Lots of carriers available for injection:
= V' 1— concentration of injected carriers |
= forward current can be high.~ auwd inceass, o V

e Reverse (V < 0):

n? n?

n(—x,) < ﬁ; plr,) < ﬁid

Few carriers available for extraction:

= reverse current is small.

Minority carrier concentration becomes vanishingly
small:
= reverse current saturates.™ with Vv

Rectification property of pn diode arises from minority-
carrier boundary conditions at edges of SCR.
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O STEP 2: Diffusion current in QNR:

Diffusion equation (for electrons in p-QNR):

dn
J, = qD,—
1 dx

Inside p-QNR, electrons diffuse to reach and recombine
at contact = J,, constant in p-QNR=- n(x) linear.

i n('Xp)

n;2

R e N
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Boundary conditions: fefe
2 2

n: n; qV
nix=-W,) =n,=— n(—x,) = —exp —
( p) 0 Na ( p) Na k‘T

Electron profile:

ny(—xp) — ny(=W)p)
—x, + W),

np(x) = np(—xp) + (@ 4 x))
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ny(—xp) — ny(=W)p)
—x, + W,

np(x) = np(—xp) + (@ 4 x))

Electron current density:

dn — 4D np(—p) — np(=Wp)

J,=qD,—
1 dx W, —x,

or

kT
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Similarly for hole flow in n-QNR:

p
D(Xn)3
n;2
Ny | §
0 Xn Wy X
Hole current density:
2
n: D qV
Jy) = q— P (exp=—1
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O STEP 3: sum both current components:

1 D 1 D qV
J = Jy+J, = qn; z £ -1
T = <Na W, — £Cp+Nd W, — xn)(exp kT
Current: ction 20
b1 D 1 D 1%
I = qAn¥( é P exp T 1)

NaWp—xp+Nde—xn kT

often written as:

* % %k

I = I,(exp ]Z—T —1)

with
I, = saturation current [A]

B.C.’s contain both forward and reverse bias
= equation valid in forward and reverse bias.

(will discuss this result in detail next time]
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Key conclusions

e Application of voltage to pn junction results in disrup-
tion of balance between drift and diffusion in SCR:

— in forward bias, minority carriers are injected into
quasi-neutral regions

— In reverse bias, minority carriers are extracted from
quasi-neutral regions

e In forward bias, injected minority carriers recombine
at surface.

e In reverse bias, extracted minority carriers are gener-
ated at surface.

e Computation of boundary conditions across SCR ex-
ploits quasi-equilibrium: balance between diffusion
and drift in SCR disturbed very little.

e Rate limiting step to current flow: diffusion through
quasi-neutral regions.

e [-V characteristics of p-n diode:

I = I,(exp Z‘; —1)




<<
  /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


