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Extrinsic Semiconductor

Adding donor or acceptor impurity atoms will change the distribution of electrons and holes. Since

the Fermi level is related to the distribution function of the carriers, the Fermi energy level will
change as dopant atoms are added.
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Carrier Densities

Electron Density

probability of these states being occupied
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Forward Bias, A Closer Look ...

Forward-bias diffusion current is

recombination rate in the
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Reverse Bias, A Closer Look...

Diffusion is inhibited; Barrier = q(Vy,; + V,,)
reverse bias tips the scales in
favor of drift vs diffusion

® <@ from supply

—————— f:l-VA EC

XX XXX
---------------------- & EFP
Epn S -
thermal CeCOCe O fq-vf‘ EV
generatiém
hole drift Electrons generated on the p-
from supply Q=3 O OO current side in quasi neutral region drift
e W —r—> across (the same for holes on the
L, L, n-side)
N 3::; The reverse current is governed
Region = Region by the thermal generation term.
Il
Va — A_
Equilibrium (V,=0)

— . —— Reyerse Biased



Energy, Voltage, Field, & Charge Revisited
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Aside: Non-Uniformly Doped Silicon

n(x)

= D(x) / .

Bands are bent at equilibrium,

indicating that there is non-zero

built-in potential (analogous to pn- /| ...
junction) concentration

higher doping

concentration

n =nexp(k,-E, )/ kT)

= Lo - -—-- Y,
n, =n, eXP(EF - Eiz)/kT) ":“ """"""""""" -= Ey
. eXp(Eﬂk_TEi2 ) B exp(qu}le ) S " E
n
— ‘.

Y,=E,-E,) q=kT'/q(InN, /N,)
1 dN EXAMPLE
E = (kT/C])N— dxd Doping varies from 10"8 to 107 within 0.1um
d E=0.026x1/10"8x(10"8-1077/10-°)=2.6x103 V/cm




Debye Length - reprised
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L L (pontN,-N)

d x €, N (q(p
=n=n,exp(——-

n=n, exp(q¢ P kT

kT
d’ q¢
dzi - Z 2n, smh(q¢)+N -N,) N, =n=nexp k]f

Two special cases:

A) dopant concentration varies gradually with position (small gradient case)
This is the case of quasi-neutrality. The electric fields are of the order of 102 -
104 V/cm. In this case the electron concentration n can be approximated by N.

D, 1dn kT 1dn kT 1 dN,
U, ndx qna’x g N, dx

Electric field £, =-



Debye Length
Two special cases:

B) Step junction; we consider an analytical approximation for the potential near
the edges of the space-charge region (i.e. near x, or -x,). We consider small
variations of potential from ¢, near x=x,. We rewrite Poisson equation by
neglecting the minority-carrier concentration p and letting

¢=@,~¢" bethedeviation from g, Debye length L is a characteristic

d2 | _ ] . . .
2€0 _4q (N, —n)= q (N, -n, eXP(Q(% % ))] _ Ien_gth associated vylth spatla_l
d°x & £, kT variations of potential or carrier
g @' distribution. We see that the potential
=—N,[l —eXp(—k—)] Taylor expansion does not drop abruptly but varies
& for small ¢’ exponentially with distance near the
d’¢' ¢ @ @ edges of the space-charge region.
7= Np——=— ' '
d’x g kKT L, The carrier concentration changes
rapidly from that of the dopant
e kT : .
L,= [= concentration to essentially zero
q"Np within a few Debye lengths,
@' ~exp(-x/L,) exp(-x/Lp).

Therefore, the depletion approximation is questionable only within
a few extrinsic Debye lengths of the edges of space charge
region near x, or -X, .



PN Junction - Useful Equations Revisited

The following equations are valid for an abrupt (step) junction with uniform doping on both sides.

Depletion Region Width

_ 12&(Vu=Va) ) Nz
’ g No(Na+ Nb)

o= 26(Vu—Va) No
v q Nu(Na+ No)

Junction Capacitance

W = 10 30 = \/ 2&(Vsi— Va)(Na+ Np)

gNsNp

V, = applied voltage (equilibrium V ,=0;
fwd bias V,>0; rev bias V ,<0)

Capacitance formula reformulated

C=

&A

—_ | where Cl
v ! \F&Vbx(NA+ND)
A

gN4ND

AV, — AW — AQ

aw
<> .

AW
g

holes move to
cover/uncover B-
ions as needed

electrons move to
cover/uncover P+
ions as needed



PN Junction - Drift & Diffusion Currents

The total current through the junction is the
— p + N sum of the electron current and hole current.
where:
J n = Jn (dr ;ft ) + Jn(dlff ) The electron current, in turn, is made up of drift and
diffusion current components. So is the hole current.
Jp = Jp(drift) + Jp(diff)

where:

— . The drift current is calculated
J _q nv Jn(drlﬁ) —_— O-g p— q/otnng from Ohm’s Law,
q = elementary charge (magnitude) = 1.602x 101 coul.

— ’ — — i, = electron mobility [= 1350 cm*/(V's) for Si, room temp.]
V — M E ‘]p (drlft ) - O-g - qu 8 W= hole mobility [= 480 cm?/(V-5) for Si, room temp.]

and:

. dn
Jn(dlfjp ) - q n ; The diffusion current is calculated

from Fick’s law.

d p D, = electron diffusion coefficient [= 33.75 cmi/s for Si at 300 K]

Jp(dlff ) =—q D, — D, = hole diffusion coefficient [=12.4 cm?s for Si at 300 K]
u mobility




Ideal Diode - Current-Voltage Characteristic

Ideal diode assumptions: a) Low-level injection n,<<p_j and p,<<n,
(b) No series resistance, voltage drop only across the depletion region
(c) No generation/recombination in depletion region (only in quasi-neutfal re’gions)

Ideal Diode: I-V Characteristic

qVq

I=14so kBT 70/ .

Ideal Diode: Reverse saturation/leakage current 1 Iy
] A 2| Dhn + Dp «— Reverse Bias— | — Forward Bias —>
0= : (Off / Leakage) (On)
i\ LN: LiNo

Dn = electron diffusion coefficient (= 33.75 cm/s at 300 K]
D, *= hole diffusion coefficient [=12.4 cm?/s at 300 K]

L, = electron minority carrier diffusion length {~ 10 pm]

L = hole minority carrier diffusion length [~10 pm]

|, Iarger for semiconductor with smaller band

ap (because larger n
99K gffusnon coeffic%nt can be calculated from mobility

I diode circuit
4—'—:/ symbol

D kT

—_—= (Einstein relationship)

# 1 Reverse Forward

Exponential behavior on V,: the barrier is lowered down the Fermi distribution tail



ldeal Diode |-V Characteristics
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Intuitive picture of exponential behavior on
forward V,: the barrier is lowered down the Fermi

distribution tail
Forward Bias, A Closer Look ...

A
recombinatibn qVA\
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Va Equilibrium (V,=0)

L= hole minority carrier diffusion length :
L, = electron minority carrier diffusion length == = —= = Forward Biased



Intuitive Picture for reverse bias:

Reverse Current - Analogy

river flows over a waterfall

waterfall

Current is supply limited and therefore the same I
00 «—
| X ‘—" ' lo{ q(Vi ¥ V)

I
| 0 /I I
reverse-biased “ / q(V,; +V A) 4__9_
PN junction /

But kinetic energy of the falling water could matter !!!




Assumptions of the ideal diode equation

Abrupt pn junction, uniformly and non-degenerately doped on both sides
Low level injection (n,<<p, and p,<<n,)

No series resistance (no resistance in neutral and quasi-neutral regions
No generation/recombination in depletion region (only in quasi-neutral)

No external sources of carriers
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Non-Idealities

Deviations from the ideal:

Generation / Recombination
in Depletion Region

= I exgl 2V
I Iompk% 1
/7

Ideality Factor

T+

where Tp=———

Forward bias (V, > 0): Exponential increase in recombination current.
Reverse bias (V, <0): Increase in generation current goes as W ~VV .,

n = diode ideality factor [n=1 for ideal diode, n> 1 for non-ideal]
n, = & slope factor for the second term [n, — 2 is typical]

%, = electron minority carrier lifetime [~1us typical]

T, = hole minority carrier lifetime [~1ps typical]

T, = cffective (average) minority carrier lifctime

aside: L. =

L,

VD.z.
VD5

source: S.M. Sze, Physics of Semiconducior Devices, Jobn Wiley

& Soms, 1981, p. 91; and G.W. Pierret, Modwular Series on Solid
State Devices, vol, 2, Addison-Wesley Publishing, 1988, p. 83-85.



ldeal vs Non-ideal Diode
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carrier generation term
in depleted region

r(— non-ideality factor 1<n<2 VL
T - average electron/hole life time




‘ldeality factor n 10° T
B B . —IR -
n=1 ideal diode, real diodes 1<n<2 o /* L A@
(grading of the junction {not really abrupt} clope = /b T // '
+ Recombination) 108 L/ J/
/ (c) Jmcn[?ONWNi
slope ={g/nk, T | /7 BREAKD
-Second term added o T :]rlildéz 74e—- <
Generation and recombination in the — o (b)/ ()
depletion region (e,f regions) 3 ; /
O 7 W | .
(a) e d e A —
* Non-idealities - reverse bias . =T @ ":W& vtk
. . . . Y4 i
Generation and recombination in the © 77 A Sord e
Depletion region (region e) o IDEAL FORWARD
Junction breakdown (region f)
o0 /—DEAL REVERSE
0
-4 o
* Non-idealities — forward bias o5 w0 ® = % %
Recombination in the depletion region WaAlKaT o 500t e o e

(comprehended in n factor) at low V¢ (region a)

|deal behavior in region b

High injection (region c). The low level injection assumption does not hold at high V..
High injection reduces the recombination efficiency, hence reducing the current vs ideal

Series resistance (region d): voltage drop across the neutral regions and contacts
cannot be ignored > resistance R, (additional voltage drop I'R,).)



orward Bias with High Currents:
Series Resistance

I = I [edV/kT-1]

= |,[e9(V-IRe)KT_1]



High Level Injection

High injection of carriers! causes to violate one of the approximations made in the derivation of
the 1deal diode characteristics, namely that the majority carnier density equals the thermal
equilibrium value. Excess carriers will dominate the electron and hole concentration and can be
expressed 1n the following way:

) V,
nppp = ni- eXp(7)= np(ppo +np)

t

2 Va
n,pP, = ni- exp(7) = pn(nnO +pn)
t
Solving the resulting quadratic equation yields:

4n} eXp(V—a) J,+J, = q(D” + &)ni exp( Ve )
n,=—=(|1+ - 4 -1) =n, cxp(L) L, LP 2r,
2 N; 2V,
This means that high injection m a p-n diode will
4n* exp( V_a) reduce the slope on the current-voltage
p = % (\J 1+ v L 1)=n, exp( Var) characteristic on a semi-logarithmic scale to 119mV/decade.




High Level Injection

ew(v)
np = n; exp|y,
We have that n = n, + én and p = p, + Op. so that
2 Va
(n, + on)(p, + dp) = n; exp A

Under high-level injection. we may have én > n, and ép > p, so that Equa-
tion (8.60) becomes approximately

. (V.
(6n)(dp) = n; cxp(v')
!
Since dn = dp, then
|/
on =dp =n, cxp(ﬁ)
-~V
The diode current is proportional to the excess carrier concentration so that, under
high-level injection, we have

V.
I x exp (Q_V)

In the high-level injection region, it
takes a larger increase in diode voltage
to produce a given increase in diode
current.



PN Junction Diode - Reverse Breakdown

Junction
Avalanche Breakdown Voltage Bl’eaidOWﬂ
2 No+ N v
Vg = Ss(c; CR 4 D f BR
2 NN

& = critical field for impact ionization [= 4x10° V/em for Si]

<— Reverse Bias—

Increasing the doping on either or both sides of
the junction decreases the breakdown voltage.

Two types of breakdown:

— Forward Bias —*

Avalanche Breakdown (or impact ionization) most common
Zener Breakdown (tunneling) if both sides are heavily doped



NON-IDEAL
Reverse Diode Behavior

(@) Ideal diodes
Region | : slow rise of current in region | is due to space charge region increase with
increased reverse bias and hence raising the reverse saturation current.

Region Il: rapid rise of current in region Il is due to a phenomenon called breakdown;
there are two mechanisms for the breakdown:

*Avalanche
* Tunneling



PN Junction Diode - Reverse Breakdown (cont.)

Vil = |Vgrl
impact
ionization
cvents =
0000
E. 000
+
Ey an impact
ionization
@ event

./
¢lectron-hole

pair creation

Hot electron collides with Si atom

Avalanche Breakdown

both sides heavily doped

IVal= [Vgrl
Ec
dirvect -
band-to-band /[ —miormemomoeroe E,
(OJOJORON JOR o

\ from supply

tunnclmg:[‘
electron-hole

E. “— 00000 pair creation

+
E,

narmw
bands

Barrier sufficiently thin for electron
tunneling

Zener Breakdown



Break-down Voltage Vg,

Recall that for a step function for N*/P or P*/N junction we have
I

%W°Emax = (9, - V.,)

Emax _ 2(¢bi B Va)
/4
1/2
Emax = 2QNA‘VR‘ crit
gs
E>
VBR — 85 crit

2gN ,



PN Junction Diode - One-Sided Junction
Break down Voltage

ND >> NA NA >> ND

W = 2&(Vbi —Vi) W= 2&(171:1 - VA)
QNA qNDA
2 2
Ve = &&‘R Vie = &&R
2gN. 2gN»

E.r> 2x10°V/icm



Breakdown Voltage vs. Dopant Concentration

:

S S ONE-SIDED_ [}
- <+ T GaAs <100>— ABRUPT JUNCTIONS
|.u.2 "N /™
fg’ \
‘ M SITN N
= ) | | TNGaP
& ~
5 NN
§- N ﬁx: N
z GEN NN Y { Doping levels beyond
Z 10 N * ! ,
Q = _ which Zener tunneling
x - will dominate the
& .
& << breakdown
i characteristics
1
101 10' 10'6 10'7 10'8

IMPURITY CONCENTRATION Ng(cm™)

source: SM. Sze, Plysics of Semiconducior
Devices, John Wiley & Sens, 1981,

The doping on the lighter-doped side



Real Diode I-V curve summary

log(7)
A
E
\ D —
«_ Ideal
region
—Va e—C
Va
Breakdown (Vg~1/Np)

R-G RB (I~VV)

R-G FB (slope~q/2kT)

High Level Inj.(slope ~ q/2kT)
Series Resistance - slope over

Moo ®>»




Impact lonization
and
Avalanche



Precursor to avalanche:
Ionization In Gases

e Electrons and nucleus bound
together
e Electrons stuck in potential

well of nucleus

e Need energy AU to jump out
of well

+ o How to provide this energy?




Impact Ionization |n Gases

@ — & u. >AU

E—>

® e Define V,,, = AU/Q
e Jonization potential
O
e One e in, two e out
® = e Avalanche?

E—>

A
Ek,'n = QIE * d)_é e-h creation in a semiconductor V;on * q ~ — Eg
0



Center of mass kinetic energy
K = Ky + Ko = % myve? + % movy? Vi Ve
1 2 1V1 2V2 Us = Vo — Ve

mM1iVq4 + MoVo
Mvem = Myvy + Movs — Vem = M -

Kem = % Mven®

Note that because the total momentum of the system has to be conserved, the velocity,
momentum, and kinetic energy of the centre of mass are conserved throughout the collision (this is
true for any type of collision, including inelastic and reactive ones). Energy ‘tied up’ in the motion
of the centre of mass is therefore not available for the collision. For a reactive collision, this energy
does not help overcome any activation barrier that might be present.

I'<rel =" “Vrel2
reduced mass of the two particles, 1 = mimy/M

Viel = V2- V4



Impact Ionization In Gases
(2) (1)

Mmfp s )mfp - Mean Free Path

E—

e To get avalanche we need:
AUy, between collisions (1) and (2) > V., * €
e Acceleration in uniform Field
AUgin=V,—-Vy=¢eEd,
e Avalanche condition then
E > Vion /7°mfp



Impact lonization and Avalanche in Semiconductors

Lattice-scattering effects can result in the creation of e-h
pairs if the carrier being scattered has sufficient energy. For
example, if the electric field E is large, an electron entering
from the p-side may be accelerated to high enough kinetic
energy to cause an ionizing collision with the lattice. The
carrier multiplication can become high if carriers generated
within the transition region also have ionizing collisions
with the lattice. This is an avalanche process, since each
incoming carrier can initiate the creation of a large

number of new carriers.



Impact lonization and Avalanche in Semiconductors

Assume that a carrier has a probability P of having an ionizing
collision while being accelerated over a distance A. After first collision
we have n, (1+P) carriers. Now the secondary carriers n. P might
undergo a ionizing collision resulting in n, PxP=n. P? of tertiary
e-h pairs. Summing up the total number of electrons, we have
N, =N (1+P+P*+P3+..)=n_/(1-P).

We can define a multiplication factor according to: M, =—""=

in

1
1-P

As the probability of ionization approaches
unity the carrier multiplication increases
without limit.

Empirically, one has found

1

= where n=3-6
1-(V V)"




Figure 5-19
Variation of
avalanche
breakdown voltage
in abrupt p*-n
junctions, as a
function of donor
concentration on
the n side, for
several
semiconductors,
[After S. M. Sze and
G. Gibbons,
Applied Physics
Letters, vol. 8,

p. 117 (1966).}
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Impact lonization Coefficient

G, =anv, + a,pv

p

B
o= AFE exp(——
p( E)

a,, is the electron ionization rate defined as the number of e-h pairs generated by an
electron per unit distance traveled. o, is the hole ionization rate, n and p are
electron and hole concentrations and v, and v, are the thermal velocities for

electrons and holes, respectively.

Derivation:
n =n-exp(-d/A)
dn=Cn’ @
d
d = AE‘min /(qul)
dn = Cn’ dx _ CqE,, exp(- AE
d AE‘min )Lqul
a=AE, exp(—b%)

—min ). p-dx

n* — density of ionizing collisions

exp(-d/\) probabilty for no
collision in a distance d

d — distance necessary to gain
adequate energy

AE,;, minimum energy necessary
for an ionizing collision

A is the mean-free path

dx/d number of ionizing collisions
in the distance d.



Derivation of the Impact lonization Coefficient

n* density of ionizing electrons is n*=n x p(d) where n is the total density of
electrons and p(d) is the probability that electron traveling a distance d has not
suffered a collision

p(d) - exp(— %)

where A is the mean free path. In Si A is about 100A.

If d=10A then p(10A)=0.9, if d=100A then p(100A)=0.37; if d=1000A then p(1000)
=4 5E-4.

The length d necessary to gain adequate energy to break the bond (cause e-h pair
creation, can be found from the minimum ionization energy E .. and the electric
field E,, that accelerates the electron

min

Example: For E,=5x10°V/cm and E,,=1.5xE
We obtain d=33 nm and p(33nm)=0.037

E,

mn

qE el

E . =qdE, or d=



Derivation of the Impact lonization Coefficient

The number of ionizing collisions in the distance dx is proportional to dx/d if we
assume that the electron collides immediately (or soon enough) after gaining

sufficient energy to ionize an atom.

Then the number of electrons dn created in such collisions will be

dx

where A is a proportionality constant. Thus
Emin
n*=nxp(d)=nxexp(—%) d=quZ

And 5n=Axn*x%=Axnxexp(— Enni ]Xquldx

AgE

el

E

min

We can write

qk

dx

MXn x— or Mm=Axn x—
d d

el
e E min

om=axnxdx with a=A><exp(— Ei )x
/

el

or a=KxFE, xexp(—i)



Estimate of d

d-distance necessary to gain ionizing energy

Let AE, ., be the minimum energy necessary for an ionizing
collision and E_, be the average electric field that
accelerates electron:

d = Alzmin /(qul)



Impact lonization Coefficient

Small increase in field as the voltage approaches breakdown voltage causes sharp
increase in current.

for silicon

vy

S ;ZJ a =3.8x10°exp(-1.75x10°/ E)
/(11 @, =2.25%107 exp(-3.26x10°/ E)

/ / The ionization rates are known to

/- decrease as the
/ : | temperature increases. (why?)

(em™')

IONIZATION RATE

The ionization rate for electrons is
higher than that for holes by one-to-
| two orders of magnitude.

1 !
15 2 3 a 5 €& 7 8

ELECTRIC FIELD (% 10° V/cm)



Impact lonization or Multiplication Coefficient

1/2
Since the maximum field in a pn* junction qua VR ‘
is approximately given by Emax = Ecrit =
85
1 1
V.. in equation = X
BR 1-(V/ V) l—fa-dx

- X —-x, =W
One obtains approximately VBR =8 _ai W is width of the

2gN, depletion region

The last equation illustrates that the breakdown decreases for more
heavily doped material.

Although the decrease is not quite as rapid as indicated in the
equation above; one finds that Vg, varies with doping as N, /3. At
higher N, slightly higher critical field E_,;, is needed.

cri



Impact of Geometry on Avalanche

103

*ipm

Plane junction

102

Breakdown voitage (V)

10 1 S I | | L 1

0™ 10'8

Concentration N {em™3)

1016

The field in the sharp corner regions
can be markedly higher than in the rest
of the junction, causing breakdown to
occur there at unexpectedly low

voltages.

The reduction in breakdown voltage is
especially severe for a shallow junction
with a small curvature radius. It

becomes less serious as the junction

depth increases.

Breakdown voltage of one-sided, planar, silicon step junction showing the

effect of junction curvature,*®



Temperature Dependence of
Avalanche

Impact ionization coefficient decreases with
temperature because the free mean path A
decreases with increasing temperature (more
scattering of carriers with the lattice).



Zener Breakdown or
Band-to-Band-Tunneling

Two pictures:

1) Electric field high enough to free (rip off) a
(covalently) bound electron from the atom

without interaction of any other particle.

2) Electron makes a tunneling transition from a
valence band to conduction band if the
tunneling barrier is thin enough (requires high

electric fields

Both pictures are equivalent !!



Zener breakdown

Band to band (quantum-mechanical tunneling) Depletion

layer
occurs when valence electrons in p side pass | |

through the depletion layer and reach the n-
side conduction band.

P+

This mechanism is possible if the depletion
layer is very thin and the electric field is high.

High impurity concentration on both the p
and n sides (= 5x10'7 em).

Zener Breakdown field 1s about 70° Viem.

The depletion layer is thin and the breakdown E,

- . . . fn
field 1s reached approximately with a reverse - /
bias less than 4E /q (= 61).



Band-To-Band Tunneling

* Tunneling is a quantum mechanical phenomenon with no
analog in classical physics

* Occurs when an electron passes through a potential barrier
without having enough energy to do so

Golf ball “tunnels” through Triangular barrier
the mound.




Band-To-Band Tunneling

Zener breakdown occurs when the force exerted
by the electric field is strong enough to rip an
electron from its covalent bond to create
electron-hole pair.

A large number of valence electrons in the p-
region are separated by a narrow depletion
region from empty allowed states at the same
energy in the conduction band of the n-type side.

At a given reverse bias the energy bands in the
depletion region are bent steeply downward.
Because of the wave nature of the electron,
there is a probability that the valence electron
of the p-material can tunnel through the
forbidden region and appear at the same
energy in the conduction band of the n-
material.



BTBT - Q.M. Treatment

n - type

Triangular barrier

pu-

Energy-band diagram of a reverse-biased junction that has a high dopant con-~
centration on both sides. Tunneling or Zener breakdown is likely in this type of junction.

The height of the energy barrier E
decreases linearly from E  at x=0 to
zero at x=L, and the average field is
E.=E//qL.

+ The probability of tunneling across the 3unct10n may be approximated by
considering tunneling through a triangular barrier.



Derivation of the Band-to-Band Tunneling

We derive of the tunnel probability from the time independent Schrédinger equation:

2 2
& *d g/+V(x)\I/=E‘I/
2m  dx

which can be rewritten as
d°V  2m (V- £)
a’x2 fiz

Assuming that V(x)-E is independent of position (i.e. slow varying) in a section between x and
x+dx this equation can be solved yielding:

J2m V() - B
h
The minus sign is chosen since we assume the particle to move from left to right.

For a slowly varying potential the amplitude of the wave function at x = L can be
related to the wave functionatx=0:

Y(x + dx)=W(x)exp(—kdx) with & =

L\] - This equation is referred to as the WKB

2 Vix)— E . : . : on.

P(L) = W(0)exp| - I m [ J"i(JC) ]a’x (Wigner, Kramers, Brillouin) approximation
0




Tunneling Probability for a
barrier with arbitrary shape

o - W(LW (L) _

- *

P(O)¥ (0)

known as Wentzel-Kramers-Brillouin (WKB) approximation
A

= Classical turning V(x)

) point k(x)=0

z

Y

=

o . —— e =\ — -

o Incident particle energy, E

Y ' -

A.F.J.Levi: ' '. i :
Applied Quantum Mechanics X a %) Position, x

WKB valid for potential that vary slowly on a scale of the wavelength



Derivation of the Band-to-Band Tunneling

From the wavefunction the tunneling probability, ®, can be calculated for a
triangular barrier for which V(X)—E = quB (1- X/L) the tunneling probability

then becomes:
WL (L) Jom™ 4 qN2m" - E}”
=exp| —-2——— 3 T F
) el

X
W(0)w (0) h/2n0\/qu(l_L)dx] © = exp(-

S

The tunneling current is obtained from the product of the carrier charge, velocity and density.
The velocity equals the Richardson velocity, the velocity with which on average the carriers
approach the barrier while the carrier density equals the density of available electrons
multiplied with the tunneling probability, yielding: (since E,=E/qL)

4 \/7 32 4 \/7 E1/2 L

0= eXp(—— W E ) =exp(-g —————)

E,=E, /(L q)




The current is the product of the area, the electron charge, the number of
valence-band electrons N, in the p-region arriving per second at the barrier
to “see” empty states across the barrier in the conduction band of the n-
material, and the probability that each electron tunnels through the barrier.

lypr=q-AN v, -6

V therm

Exercise for Eg(Si, Ge, GaAs)

lg1s7=10mA across a junction of 10-°cm?, N,(Si)=10%? cm3, v, ..(Si)=107 cm/sec. What is
the tunneling probability 0, the tunnel thickness L, and electric field E_,?

4 POTENTIAL ENERGY

IN
SN N—-—
N\

(a)




Zener Breakdown — Temperature Dependence

The tunneling current density can be expressed as :

\/?_/T(../SEV_ n 4.\/2111’55' l

J, = exp
1 12,2 12 2
Ao h E 3/1E(/
- \‘
100° | 20* |-75C
. _ . - . . 1
Where E is the electric field at the junction
and V" 1s the applied voltage J FORWARD
- )
£° C
* Since the energy bandgap Eg decreases REVERSE
with increasing temperature, the Zener -
. 75° //'m‘
breakdown voltage decreases with | —100%c
increasing temperature. 2
-2 A o 1 2
V (VOLTS)

Opposite temperature effect to the impact ionization effect.

Measurements at different temperatures can reveal which mechanism is at work!



(Esaki 1958) Tunnel Diodes (TD)

Nobel prize

Ec

* Simplest tunneling device
* Heavily-doped pn junction
— Leads to overlap of conduction and valence bands

e Carriers are able to tunnel band to band

 Tunneling goes exponentially with tunneling
distance

— Requires junction to be abrupt to assure a thin

enough tunneling barrier 91-5-2013



tunnel diode

pn-diode with very high (degeneration) donor and acceptor concentrations
very sharp transition in metallic junction

very thin depletion region (5-10 nm), which allows tunneling between
conduction band of n-type and valence band of p-type semiconductor

Degenerate Degenerate
p-type n-type

E,6 — —Evn

Amount of degeneracy is typically a few kT; depletion layer less than 100A



Replacement of the
Conventional MOSFET by a
Tunneling MOSFET
or TFET



MOSFET

Source

Substrate

Gate

Tu nn el F ET p+ Source n+ Drain'

Substrate

-
(=]
én

-
(=]
&

..........................
.........

OFF STATE:

$S =52.8 mVidec
T=300K

Drain Current (A/um)
=

Le =70 nm
10°
t,,=2nm
109 tso =70 nm
:tbandgap (Eg) W = 10 um
1010 ¥
EE— 00 02 04 06 08 10
Ec Gate Voltage (V)

tunneling current

I, =agexp(=b/<)




Lateral SOI TFET

Source

L = 30nm

< N-type TFET >

Energy E [eV]

1.5

1.0

0.5

[ Source
-1.0F

1.8

20F - - off-state

[ —— on-state
-2.5 . L 1

ON

™ 1 i
-5 0 5 10 15
Distance X [nm]|

20

< Band-to-band tunneling >

62



V=0V
V=1V

TFET — the operation principle

Source ale Drain

n+

Energy [eV]

0.04 0.08 0.12 0.16

Location [um]

0.2

-

Cutline



Energy [eV]

TFET - the operation principle

TFET V=0V TFET Ve=1V

V=1V V=1V

OFF state P ON state P
o—: ;I o—: e-

| .2. i
-0_5—_ > -0.5__

] o
1] Q

c

-1.5—— m -1.5__

Location [um] Location [um]



Energy [eV]

TFET - the operation principle

TFET V=0V TFET Ve=1V

V=1V V=1V

OFF state P ON state P
o—: ;I o—: e-

| .2. i
-0_5—_ > -0.5__

] o
1] Q

c

-1.5—— m -1.5__

Location [um] Location [um]



Back to Esaki p and n-side are

degenerate (very highly

Tunnel Diode doped)

R i ’ - therefore E. is located
) " within the allowed bands
themselves:; the measure
“c ] of degeneracy V, and V,, is
. typically a few kT. The
/f\ y depletion width is 100 A or
& S less.
Fp  — v E
/ ; / Fn
B / N
By

--»- . Energy-band diagram of a tunnel diode in thermal equifibrium. V, and V, are the
degeneracies on the p-side and n-side, respectivety.

Measure of degeneracy V, and V



|-\ Characteristics of a Tunnel Diode

Negative resistance
region

__if %Rz R%CZ: L% '

Oscillator design



Three current components:
« BTBT current

e excess current

BAND-TO-BAND
TUNNEL CURRENT

1//
 thermal current

Comment: Excess current is if you will a parasitic
- current in excess of the normal diode current. The

excess current is mainly due to carrier tunneling by

way of defects (energy states within the forbidden

energy gap Eg.



Tunnel Diode V=0

E‘ - -
v 4 B no external voltage applied to
ge app
Conduction the junction

g band % B Fermilevels in p and n type

semiconductor are on the same

Empty states level

N Filled states \ M the tunnel currents from p to n
and from n to p are equal

b"‘ )
E,

<+
vy

Valance band E,

vn



op
Eg
E
vp ,
Empty states
E vy

tunnel diode: reverse polarized

Conduction
band

Filled states

A E Fn

“Valance band 777

n-type

v
cn

p-type

v

reverse voltage 7 applied

Fermi level in p-type
semiconductor higher than in
n-type one

tunneling of electrons from the
p-type semiconductor valence
band to the n-type

semiconductor conduction
band

EVB-tunneling

current increases with
increasing voltage



tunnel diode: forward polarized

E ——————————— g -

forward voltage 7; is applied

Conduction Fermi level in p-type
band VirV semiconductor is below the
Fermi level in n-type one

Filled staie B tunneling of electrons from the
7y E n-type semiconductor
conduction band to the p-type
E semiconductor valence band

ECB-tunneling

current increases with
increasing voltage

7 Valance band /7777

>
O

n-type p-type



E,,,,
pr

tunnel diode: maximum

B increasing the forward voltage
Ve the maximum current 1, is

— — — — — — — — — — — — -

7Y reached for 7,
: Conduction , B Fermilevelin p-type
E, e VirV semiconductor is on the same
level with the conduction band
v EFn .
Filled state edge of the n-type material

Empty state
m‘ Y E, MW continuing the voltage

“Valance band

increases over this value
causes reduction of the
current because the overlap of
4 E the p-type valence band and
n-type conduction band
decreases

n-type p-type



tunnel diode: forward without tunneling

E thermal

o — T
\.Lionducnon
band . A
bFu l”i V

Filled state

B forward voltage V; is further increased

B valence band of p-type semiconductor doesn’t overlap with conduction band
of the n-type semiconductor:|no direct tunneling current

B small current flows due to trap mechanism tunneling

B at sufficient voltage value the classical forward current starts to flow and is
equal to the tunnel current for 7,




Tunneling conditions:

(1) occupied energy states exist on the side from which the electron tunnels

(2) unoccupied energy states exist at the same energy level as in (1) on the side to
which the electron tunnels

(3) The tunneling potential barrier height is low and the barrier width is small enough

(4) the momentum is conserved in the tunneling process

V,=(Ep-E.)/q
V,=(E,-E.)/q

Degeneracy

V=V, +V,

MMM

(0} (b) (¢} {d) (e}

Fig.':? Simplified gnergy~band diagrams of tunnel diede at {a) reverse bias; (b) therma|
equiiibrium, zero bias; (¢) forward bias such that peak current is obtained; (d) forwar

bias such that valley current is approached: and {e) forward bias with thermal current
flowing. (After Hall, Ref. 3.)



Comment: Excess current

For larger forward biases we would have the normal diode forward currents caused by
forward injection of minority carriers. In practice, the actual current is considerable and

in excess of the normal diode current (hence excess current).

The excess current is mainly due to carrier tunneling by way of energy states within the
forbidden gap.

Fig. 9 Band diagram iflustrating mechanisms of tunneling via states in the forbidden
gap for the excess current flow. (After Chynoweth, Feldmann, and Logan, Ref. 13.)



Comment: Thermionic current

thermionic emission from semiconductor

v =R A )

kT

For thermionic emission
Vacuum level

Electron distribution 72 (E )

R ' - )
ety e i e E, oot s e e e e e e E

|
|
' ,
[ E
|
|

Vacuum <— '— Semiconductor



Comment: Thermionic current

The thermal current is the familiar minority-carrier injection current in pn junctions:

S =Jo(explqV /KT) - 1)



Useful Analytic Expression for
tunnel diode: |-V characteristics

14
g, | yo L aqV
o) e [=1|— e\p l——|+/ e\p 7|
p P | | !
| \ \ ) ) (P
‘ | N ) J
Al | Y Y
: Tunneling current injection current
|
I ! (Valley)
|
- s a= lv M an a= j ______
| | v
0 VP \‘ _
| ' ReS|stance
e— AV — ‘o N
! | fdl J [ J
R= —| —|| —-1 —e\wll——
\dV | | I

v, )|

o  Oscillator design




Comment: Tunneling time
(a research topic)

For a classical particle with a velocity v it takes t to traverse a distance W-

T=W/v

Tunneling phenomenon is not governed by this classical rule. Q.M. tunneling time
depends rather on the quantum transition probability ® per unit time and is proportional

T @ exp(-2k, ()W)

Where k_,(0) is the average value of the momentum along the tunneling path.
The transit time t is then by reciprocation:

= exp(2k, ()

This tunneling time is very short, allowing high
frequency applications of the tunneling diodes.



Can we engineer the tunnel diode
characteristics?

i ~THERMAL
CURRENT
l /

'/
b

/
J,/:j$\\EXCESSCURRENT

BAND-TO-BAND
TUNNEL CURRENT

- - ~ N
e > \/

7
(b)




By using different materials:
Ge, GaSb, GaAS

tunnel diode: applications

B can be applied in THz range,
because the tunneling
processes are very fast

B negative dynamic resistance
makes tunnel diode useful for
oscillators

0 0.2 0.4 0.6 0.8 1.0

Forward voltage (V)



Tunneling:
direct and indirect tunneling

tunneling current

I, =agexp(-b/<)

During tunneling energy is conserved E

But momentum of the system has also to

be conserved. Given %

In solids (and semiconductors) the band diagram
Shows that electrons at the same energy may have different

wave vectors k (p=k(h/2p).

This means that if an electron tunnels from one state E(k) to another state E’ (k')
Both energy and momentum have to be conserved.



Direct Tunneling Process: GaAs and GaSb

o E Recall for direct tunneling the
conduction-band minimum and the
valence-band maximum must have
the same momentum.

E-k relation and E-x superimposed



Indirect Tunneling Process: Si and Ge

L K

E-k relation and E-x superimposed

Here kmin = kmax

To conserve momentum, the difference
between the conduction-band minimum and
the valence-band maximum must be
supplied by a scattering agents such as
phonons or impurities

(phonon-assisted tunneling).

In general, probability for
indirect tunneling is much
lower than the probability for
direct tunneling.



Gated Diode

(a pn junction with a gate electrode above the

metallurgical juntion)

Gate Oxide

Gate and drain voltages leading to
generation of e-h pairs by

-7V

Substrate grounded

Quasi Fermi level of
- electrons and holes
separated by 5V

band-to-band tunneling

No avalanche



Construction of a MOSFET

Exercise: Back-to-Back PN Junctions

E ; B C

In the space below, draw the band diagrat'n for this structureiat equilibrium,

Equilibrium

/ COO0000C0CON000C000 \\
- ’l



Back-to-back pn-junction + MOS Capacitor

= MOSFET
P i L v
n“/ p /+ I
X v 1
SOURCE ATE \ |
T~ DRAIN

p / e
/4
/* —~ Ei
// \-7G=\:7D= O

/




MOSFET Band Diagram with Gate in
inversion condition

[ L
w / p /s y
Ay S i
SOURCE = MOS Capacitor will be
OATE \ addressed in the next

Chapter.




Apply Collector or Drain Bias

Back-to-Back PN Junctions

.................

Applied Voltages

...............




Gate in inversion condition:
... how Apply Drain Bias
i

it (a)

- DRAIN

(b)

Energy bands on
the drain side are
pulled down




Concepts learned:

U pn-junction revisted

U Debye length

U Ideal pn junction diode

U Non-idealities of pn junction dode
1 Reverse break-down

O Impact ionization and avalanche
U Zener breakdown

U Band-to-band tunneling

O Tunnel diode

U Back-to-back pn junction



