Announcement

The lecture on Electronic Circuits
will be read by prof. Bogdan Pankiewicz
at a room NE232, on 14th. Dec. 2017, from 9:15 to 11:00 AM.

For laboratory classes on Electronic Circuits:

1. get prepared - before coming to the class download
please and study materials available at
www.ue.eti.pg.gda.pl/~bpa/ec

2. class for group A of 10 students - room EA322, on 14th.
Dec. 2017, from 14:15 to 17:00 PM;

3. class for group B of 10 students - room EA322, on 15th.
Dec. 2017, from 14:15 to 17:00 PM.

Electronics — preparatory course

Semiconductor Devices
Piotr Plotka, DEng., DSc.

Gdansk University of Technology,
Faculty of Electronics, Telecommunications and
Informatics

Room EA 301
ph. 58-347-1634
e-mail: pplotka@eti.pg.gda.pl
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Holes and electrons in
semiconductors




Covalent bonding in Si crystal 5
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Tetrahedron Diamond

(Si, Ge, C, etc)
An atom of Si crystal lattice shares its 4 valence
electrons with 4 neighbour atoms, creating
covalent bonds.
Schrédinger equation for a single electron in a crystal lattice 6

a — size of a crystal primittive cell.
Schrédinger equation for a single electron in a crystal lattice after many simplifications:

{__zvz + V(r)}‘l’(r, k)=EK)¥(r,k)
2m

gdzie
ot
2r
h — Planck constant;
r=(x,y,z)T - vector of position in the XYZ space;
k - wave vector;
m — electron mass;

V(r) — periodic potential energy function of electric field related to the periodic crystal
lattice;

E(k) — allowed values of electron energy (Eigenvalues);
Hr k) — wave-function of the electron.



E(k) dispersion - dependence of electron energy on wave vector E(k) 7

S.M.Sze, Kwok K.Ng, Physics of
Semiconguctor Devices, 3 ed, Wiley, 2006
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up velocity and quasi-momentum of electron 8

S.M.Sze, Kwok K.Ng, Physics of
Semiconductor Devices, 3 ed, Wiley, 2006
6

Si
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Close to the local maxima and minima, the E(k)
function may be approximated with a parabolic expression

hk?
E(k)=E,+—
2m
Bottom of a
where m" is the effective mass of electron

I 1 E)ZE(k)
m h ok’
In ageneral case the effective mass is a
tensor of m;
1 1 9’E(K)
" n’ ook,

my;

Top of a
valence band

Group velocity of electron is expressed as
1 dE
Ve =——o
h dk
Quasi-momentum of electron is expressed as

p =hk



Bandgap E, — forbiden band 9

S.M.Sze, Kwok K.Ng, Physics of
Sergiconductor Devices, 3 ed, Wiley, 2006

Si

Neither electrons, nor holes can populate
states in the bandgap (forbiden band)

E,<E<E,

Bottom of a where
3- conduction band E

E4(T) dependence
for Si and GaAs

™~

Ey0) a B

g €V) (eV/K) (K)
Topofa GaAs 1519 54x10% 204
valence band § Si_ 1169 49x10% 655
=)
g
& al?
E(T) = Ey(0)- 2
4L [111] T {100} X g g T+4
Wave vector
ka=—m ka=0 ka=n
0.9 L I 1N
Reduced wave-vector k-a 200 4070(]() 600 800
Band structure of electron energy in a crystal 10

¢ Pauli exclusion principle requires splitting of electron energy levels of separated atoms into
energy bands in a crystal.
e Electrons present in the conduction band, can move (nearly) freely there.
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Conduction

band Bottom of a
'-'i conduction band
o
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Bandga ==CTEV
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|
Ev
Valence Top of a

valence band

band

Y

Position in a normal space x

¢ Holes — missing electrons — present in the valence band can move (nearly) freely there.
e Electrons of the valence band and lower bands can not move freely.
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===+ Energetic structure of amorphous semiconductors

1
L L Schematic picture of Two-dimensional schematic
Schematic picture of periodic amorphous Si. Its structure picture of amorphous Si with
bonds of Si atoms in a has many defects - missing ,dangling” bonds terminated
monocrystal atoms, ,dangling” bonds.... with hydrogen atoms. Note: -
There is no far distance order. number of hydrogen atoms is
lower in real crystal.
Amorphous semiconductor:
* No periodic order of far distance.
» Periodic order of short distance - typically at a
distance of 1 nm.
+ Large defect concentration.
Kasap, Capper, Springer Handbook of S.0.Kasap, Principles of Electronic
Electronic and Photonic Materials, 2006 Materials and Devices, McGraw-Hill, 2002
-2 Energetic structure of amorphous semiconductors 12
Two-dimensional schematic
picture of amorphous Si with
_®H ,dangling” bonds terminated
with hydrogen atoms. Note: - E
number of hydrogen atoms is
lower in real crystal.
E IX 7 states related to lack of far
¢ 7 /distance order
W, Z=T
NE) SongucHon band \CE) 3D —states related to defets
CB il W,
Gop — —o—Ti+e T ~_ states related to lack of far
states e NR E, distance order
=\ |t
_R_ 3 Sy
— * Cd
- A= —5—Ti+h 0 N(E)
JB 1l e Dependence of state density on energy N(E)
Valence band (VB)

Density of states in the energy interval of E, < E < E, is not equal

to 0, in contrast to a monocrystal. M.Polowczyk, E.Klugmann, Przyrzady

Pétprzewodnikowe", Wyd.PG, 2001



Intrinsic semiconductor - monocrystal =

There should be no electrons in the conduction
band and no holes in the valence band in an ideal
crystal at the absolute zero temperature.

At T > 0 K thermal vibrations of atoms result in breaking of
some bonds. This is generation of electron-hole pairs.
Their intrinsic concentrations are equal n; = p;.

Electrons in the conduction band and holes in the valence
band are called charge carriers — they contribute to

/. \ electric current. -
1 H Nl 71 Enargy
Free
Thermal vibrations of atoms can break 19 @ 3 ;’“‘W
bonds and thereby create electron-hole — Conduction band y
pairs. - s Heat
S.0.Kasap, Principles of Electronic Vilscice band - Hola =
Materials and Devices, McGraw-Hill, 2002 ‘ sr'
Heat energy ;. o
. o
{(a) Energy diagram (k) Bonding diagram
T.Floyd, Electronic Devices, FIGURE 1-11
Prentice-Hall, 1999 Creation of an electron-hole pair in an excited silicon atom, An electron in the canduction
band is a free electron.
Free hole motion in the valence band 14
T.Floyd, Electronic Devices,
Prentice-Hall, 1999
(3) Valence electron moves (3) Valence electron moves
into 4th hole and leaves  into 2nd hole and leaves (D Free electron
a 5th hole. a 3rd hole. leaves hole in
valence shell.

(® Valence electron moves \, @) Valence electron moves \\ () Valence electron moves
into 5th hole and leaves into 3rd hole and leaves into 1st hole and leaves
a 6ith hole. a 4th hole. a 2nd hole.

3



Doped semiconductors 15

n — type semiconductors,
intentionally doped to have large
concentration of electrons in

p — type semiconductors,
intentionally doped to have large
concentration of holes in valence

conduction band band

Hole - missin
Free electron 9

in conduction band, BI[BCI;‘O(;‘IB
released from the crealed by
substitution

Il 1
outer shell of P atom of Si with B

P, As, Sb —donor dopants B, Ga, In —acceptor
at Si dopants at Si

Donor concentration is
denoted as Ny

Acceptor concentration is

T.Floyd, Electronic Devices,
denoted as N,

Prentice-Hall, 1999

et Electron and hole concentrations 16

Electron n and hole p concentrations depend on density of energetic states N(E)
and on probability of their population by electrons f(E).

elE) o WE- E.)
\
E E E "
A P n| | n=] Ne(B)(B)E
s ;:: s Fermi-Dirac function —
e )’W’ value probability of population of
E &&&L_m nplE) electron states f(E)
2
1
SE)y=——F"=
EFy¥andgap™ 1 1+ exp| E=Er
k,T
Ey ":3%“@? PEE) E . —Fermi energy; mean value of
; electron energy at the thermal
Area value A
g equillibrium
valence for
i electrons ky - Boltzmann constant, k; =
4 1,38:102 J/K
X - position ME) 0 population 1 nplE) or pplE)

probabifity

p=[" NBNI-f(E)HE



prsnomem. Fermi Level E. 17

B 5 & S.M.Sze, Kwok K.Ng, Physics of

Conduction
band b Semiconductor Devices, 3 ed, Wiley, 2006
R=m
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7 P (b)
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(of large hole concentration,
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for electrons

Thermal motion of electrons and holes in semiconductor 18

krzem typu n

band
/é////,f/////// 7

Conduction E
band

n

Distributions of
! electrons and
P p holes

* 2
electron energy E=E + v
2

potential kinetic

Average energy of a thermal motion for an electron

* 2
— mnvmntﬁ 3
mnth — T En = E kyT

E

Average velocity of a thermal motion for an electron

|3k, (kg —Boltzmann constant)
ik m (S, 300 K — Vi, = 200 km/s)

n

v,




Mechanisms of electron and hole transport 19

Diffusion and drift in electric field

L>>1,, -
L — length of electron path in a E’ )
device. u
8
For silicon, at 7=300K 4, ¥

mean free path of electrons
between collisions with
crystal lattice is about 7 nm. i

source

controlled
potential barrier

4 Si, T=300K

L>>7nm

drain Ev

X

» For currently produced devices the lengths of electron paths are
so long, that electrons many times collide with Si atoms. Their
energies and momenta relax.

« It is convenient to use an average drift velocity of electrons in
electric field # on their ways between scattering events.

« Carrier transport is described with ideas of:
dyffusion,

and drift in electric field & with velocity averaged fo

thermal motion.

Record high f; i f,, values for transistors and requencies of circuit operations f; 20
- (201571
300 500 700 900 = (f1-fmax)
1600 n : ' A
® v ® HEMT - Northrop Grumman
HEMT O 520 GHz HEMT amp
1400 ® HEMT - Fraunhofer IAF
i~ ® HEMT-MIT
¥ 4200 - IV HEMT
o & HBT-UIUC
. 4 HBT-UCSB
2 1000 GHz HEMT (1"
s 1000 O ampitier HBT ¢ HBT-TDSC
E | - < 340 GHz HBT amp - TDSC
@ 80O A
=3 | A SiGe HBT (BICMOS) - IHP
b A 325 GHz SiGe HET freq. doubler - IHP
= 890 A\ 650 GHz SiGe HBT mixer - IHP
= ] SiGe A SiGe HBT- IBM
‘._E 400 HBT 4 siGe HET- TU Muenchen
b sice g & A 190 GHz SiGe HET gen.-TU Muencher]
HBT
200 + 4 5 W nMOS (CMOS)-1BM
1 e T |nMOSO 300 GHz CMOS generator - UCLA
0 T T T T T T T {CMOS)
0 200 400 600 800 1000

fr [GHz]

fax — POWer-gain cut-off frequency a transistor - the highest frequency at
which the the power-gain of the transistor is not smaller than 1

f; — current-gain cut-off frequency a transistor - the highest frequency at
which the the current-gain of the transistor is not smaller than 1

10



Semiconductor in electric field 21

E — energy

& — intensity of electric field

¥ — electric potential

g — elementary charge, g =-e = 1,6-10"°C =1,6-10"° A's

E=—q-%Y
) Y 1 dE
g = ——
dx q dx
EC EC
Ey Ev
— —
direction of electric field & direction of electric field £
Mobility of electrical charge carriers in semiconductor 22

For long devices, when carrier scatering can not be neglected

L>> ,1mn

* Electrons (holes) are many times scattered.

* At the background of this chaotic thermal motion only the
average drift velocities v, in external electric field ¢ are
considered.

+ For low ¢ the average drift velocity of electrons v,,;,:

Vdriftn = _ﬂng

* Forlow ¢ the average drift velocity of holesv,,
_ o

Varifp = 'upop

11



Mobility of electrical charge carriers in semiconductor 23

Mobility valueses of electrons and holes, y, oraz |, for Si result
from scattering at:

« thermal vibrations of crystal lattice

» dopant atoms —donors and acceptors.

Si, Ge, GaAs
T=300K

|—a— nsi
—0— n-Ge
—4— nGaAs
]—e— psi
—+— p-Ge
| —&— p-GaAs

18

1015 4016 1017

10,14 10 1019
Doping impurity concentration (cm-3)
J.-P. Colinge, C.A. Colinge, "Physics of Semiconductor Devices", Springer 2002
Drift current in electric field 24
Apply an electric field &, to an Si sample.
Electrons drift to the right with an average
: velocity of v,,,. During the time interval of
Jnx: In E?nx° © At = AX/an
€« e—>
<7 e'eth?_r}_____Q ________ all electrons from this AxAyAz cube escape
x . ) through the right wall. The electron current
Az may be expressed as:
AX
A nAxAyAz
Al = _AQ = —u=—qnvayAz
At At
Density of electron current J,,, is
expressed as: _ "~ gy
driftnx AyAZ nx
thus Jdriftnx = qnﬂnéjpx

12



Drift current in electric field

For constant electrons » and holes p concentrations:

S aripine =4 niL, &, e = APH,

i a0d Ty, are electron and hole components of the drift current J ., in the direction of x.

']driflx = qnﬂng; + qpﬂpgx

Conductivity o (characteristic conductance, inverse of characteristic
resistance — reistivity p)

J i
O':lz drifc
p 7

It happens often for an n-type semiconductor, that

=qniL, +qpu,

2

1

=

n,=N,>p =

> |

n

Drift current in electric field

It happens often for an n-type semiconductor, that
2
i

N

n,=Np,>>p, =

> |

n
thus

Jdriftmc >> Jdriftpx

Jdriﬁx = Jdriftnx = qnﬂngx

Conductivity o (characteristic conductance, inverse of characteristic
resistance — reistivity p)

——
Yo,

25

26

13



Drift current in electric field 27

It happens often for a p-type semiconductor, that
2
n:
p,=N,>n =—
P P
Py
thus

Ja

rifipx >> Jd

rifinx

Jdriftx = Jdr[flpx = qp lu pégx

Conductivity o (characteristic conductance, inverse of characteristic
resistance — reistivity p)

1
o=—=qpU,
o
Dependence of drift velocity on electric field intensity 28
S.M.Sze, Kwok K.Ng, Physics of 108
Semiconductor Devices, 3 ed, Wiley, 2006
GaAs > ii
= N
5o / o~
2z
§ L4 = A
R
Y 4
; / ~GaAs
& /( amzivl
< U 111H
. - 5 1052 =300K
For small intensities of B > — Electrons
electric field £ S - — - Holes
= o
// p Si
- _ 1
Vdriftn - ﬂng 103 2/

103 10* 10° 108
Electric field € (V/em)

For large intensities of electric field &,
at silicon £> 104 V/cm

Vdriftn = Vsatn

Vdriftp = Vsatp

Vdriftp =H pg

14



Impact ionization
= mechanism of avalanche breakdown 29

At very large intensities of elecctric field &, 10°
V/em at Si, despite the scattering, some
electrons or holes gain so high energies that an
impact ionization is possible

- electron of a conduction band passes its excess
energy to an electron of the valence band, and
the energy is higher thaan the bandgap — there
is created an additional electron-hole pair;

106

——— Electrons ¢, hi di | h
Holes @, o) - this process may proceed 1n an avalanche

CoNE, manner — avalanche breakdown.

ULLARALY

N
'/ N
N
N
N
Ay
\
SiC s
(e, =a,) M (l.12eV)
(2.99 eV) ‘\;
\
AY
E1 GaN AN
"1 (336 V)

— S.M.Sze, Kwok K.Ng, Physics of
10! 0 ! 2 l g 8 Semiconductor Devices, 3 ed, Wiley, 2006
1/& (106 em/V)

wspotczynnik jonizacji zderzeniowej [cm-"]

Electron_tunneiing_2

Current of electrons tunneling through a rectangular barrier 30
N Ulx) = Ug
g Region-1 Region-3
g eglon egion S.M. Sze, K.K. Ng, "Physics of Semiconductor
§ I“, Tn1p f Fn2 Devices", 3 ed., Wiley 2007, p. 48
S ]!' \ JF \1, 1R ¥n3
= | 1. I li ,‘ ~ = ~ A.F.). Levi, "Applied Quantum Mechanics"
Eq ‘—‘\—,’—1—’- — J\—,"—N\—f— 2ed., Cambridge Univ. Press, 2006, pp. 145-
bl A 149 and 182-188
WA
vy
w
Uix)=0 Uix)=0
X1 X2 X

T,(E) — probability of tunneling of an electron having energy E,:
Al ) k =\2m'E, /h
];(En) =|1+| —~—2 | sinh? (kQW) here: !

2k, k,=+2m" (U, ~E,)/h

Jr— current density of tunneling electrons:
gm*

= o KB Na(B) T(E,) (1= £(E,)] Nes(E, ) dE,

N¢;, Nz — densities of electron states in regions 1 and 3; e
[, /3 — Fermi-Dirac probability functions of population JE)= —E,
of electron states f(E) in regions 1 and 3. I+exp kT

JT

15



Dytuzjadziur
elektronon - 1

Diffusion currents of electrons and holes

31
For long devices, when carrier scatering can not be neglected
L>> 1,
» Suppose that we have a not uniform distribution of electrons or holes.
* In this situation there are present fluxes of electron and hole diffusion, that is diffusion current —
Ltrying to equillibrate the concentrations”.
« Diffusion current may be nonzero even when the intensity of the electric field  is equal to zero.
electron
diffusion current A
E - E electrons o electrons E
o i
Dggoa\ ] ﬁa electron
o) cg n Sg °°° diffusion flux H
Y o220 Soce >
Ec ©0 Ecfooee 0% Ec )
Ev Ev T7=s =
@ a® PEp P
—@ p @ ®  hale ﬂi@ fﬁw g &
@ diffusion & @ _®
_ﬂux : & @@
*
holes holes
n andp current X n andp
(area values) (area values)
Diffusion currents of electrons and holes 32
* Suppose that we have a not uniform distribution of electrons or holes.
* In this situation there are present fluxes of electron and hole diffusion, that is diffusion current —
Ltrying to equillibrate the concentrations”.
« Diffusion current may be nonzero even when the intensity of the electric field # is equal to zero.
electron
dn diffusion current
Jd,- = an d_ E % e!s.'c:lrt:-néo electrons
X
©® o electron
dp Og ©,8 difiusionfux o
e == 4D, E 022280 0 620%e
dx C
where the diffusion costants D, and
D, were determined by Einstein:
k,T Ev '?@@@@ @® é@@@@@@@
= ®
Dn =M, hple ) ® ®@ ® &
diffusion & 5 @
flux e @
T ® @
®
_ B holes holes
Dp - ;up = hole 5|ﬂusi0n i
q current X

16
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Density of conduction current J in semiconductor 55

Density of an electron component of conduction current J, in a semiconductor is a sum of
a component related to the drift in electric field £ and of a component related to the

diffusion:
Jer = Jdriftnx + Jdi x

Jow = anpt, &, + 4D, an
dx

Density of a hole component of conduction current J,

J,=J

px drifipx + Jd

ifpx

: dp
J e =qpi, &, —qD, o

Density of a conduction current J in a semiconductor :

Jo=J,+J,

Diffusion constant

Diffusion constant value — Einstein relation

34

* Let us take a semiconductor sample, e.g Si, nonuniformly doped with donors.
* Let it be in thermodynamic equillibrium, which requires:

, d
J,.=0 or 0=qn/,lnf§;+an—n
dx

We take into account that n and £, may be expressed as:

. - . 1dE
n=Ng exp(—E” EFJ & :__d (%)
k,T q dx

. . dE(x)
Taking into account that —,_—=0

dx
we calculate: 9~ _Ne oy (—M]-ﬂz—i dE (%)
dx kT kT ) dx kT
. E
The expression for J, takes form of: 0=nu, %—
X
k,T
We see that D, may be expressed as: D, =K, 7
. kT
Similarly, D, may be expressedas: D, =4, J

in thermodynamic equillibrium,

4 dEX)
"k, T dx

Note: at room temperature 7
~ 300 K thermal voltage V.

T
VTEkB =25mV
q

17



Electricfeld n ponuriform

Electric field ¢ in nonuniformly doped semiconductor 55

* Let us take a semiconductor sample, e.g Si, nonuniformly doped with donors or
acceptors.
* Let it be in thermodynamic equillibrium, which means:

pn=n’ and J, =0
hus 0= gnu, &, +4D, dn
dx

We see that the drift current component and the diffusion current component
compensate each other. We substitute the Einstein expression for the diffusion

constant D,,: kT
D, =, =~
q
The obtained electric field £, at nonuniformly doped semiconductor is nonzero at
equillibrium:
_ k,T 1 dn(x) P k;,T 1 dp(x)
x T : Oy = :
g n(x) dx g p(x) dx
For n-type semiconductor, whenn =N, >>n;: For p-type semiconductor, when p =N, >>n;
o kT 1 AN, L gkl 1 dNW
T g Ny(x) dx T g N,(x) dx

nnnnnnnnnnnnn

Generation and recombination of electrons and holes 36

» Generation and recombination processes take place in semiconductors;
* spontaneously — as an effect of thermal vibration of crystal lattice,

« or stimulated, eg. by illumination.

Generation and recombination models

-] -] =] : ! e i @ /9 :
Ec [ ity ] Y Fe
OlEiOj0fioi=| 0O
Ev AR AR Y "
® ® ® , : te/i @ \Ne | o]
generation 4 L ' L
- recombination
generation recombination - center generation recombination
direct at GaAs, GaN ... indirect w Si, Ge, SiC ...

18



Generation and recombination of electrons and holes 37

Let there be no current flow in the semiconductor sample.

on n—n 9 -
=Gn_Un=G_ 2 lsz—Usz—ip pO
ot Vi T . ot T
Generation caused by an Decay of the excess carriers
external excitation. - return to equillibrium

ny, py - equillibrium concentrations of electrons and holes.

G,, G, - electron and hole generation rates.

U,, U, - electron and hole recombinationrates.

G - Generation rate (or recombination rate — if negative) due to an external excitation.

7, = 7, = 7 - lifetime of excess electrons and holes.

Generation and recombination of electrons and holes 38

An n-type Si sample was uniformly illuminated with light of quantum energy of radiation
larger than E,. The illumination was turned off at 7 = 0. How does the hole concentration p,,
change in time?

ap G P Puo Do =n7/Np - equillibrium concentration of holes.
ot T 7, = 7, = 7 - lifetime of excess electrons and holes.
<0) >
G(<0)>0 G — rate of generation caused by illumination.
G(=0)=0
P n_ p n0
Solutions for two different k. P

values of excess carrier
lifetime.

7=1, and 7=17,=107,

t
, L in arbitrary
time units.

19



ciaglosc ladunku

Equation of charge continuity

Let us neglect generation and recombination process.
An electron current of [, =J, . AyAz flows into a cube of AxAyAz

nx

39

Inx ©Q ® Inx+AJInx
while the current of 7, + AL, = (J,, + AJ,)AvAz flows out. -—>| © m)
The differece of Al,, charges the element of AxAyAz: g e'ec't,r,c?',‘d...c. ........ nen
AQ =-AI, - At e he
Ax
— \
AQ =—qonAxAyAz — Al -0t =-AJ,-AyAz -0t
N 101,
Jt g ox
After accounting for the generation G, and recombination U, we obtain the continuity equation for
electrons: 3 193
n
—=G,-U, +——
ot q ox
Similarly - the continuity equation for holes:
0, 1 9J
P-G,-U, ———2

oo " " qox

podstawone

Y _qln-p+N;-N;)

Poisson equation — for

e ) 2
potential distribution ¥: ax 880
Continuity equation for a_n =G -U + l aJ n
electrons: ot n n q ox
Continuity equation for ap -G U 1 0J P
holes: ot — My p_; .
Density of electron J = & +aD @
conduction current: w = qHL,O, T g0, dx
Density of hole conduction _ 7 dp
current: Jpx - qpﬂpgx - qu E
Density of totalconduction _

current : JX B J"X + JPX

Basic equations for analysis of semicoductor device operation

40
NOTE:

They may be applied
only for long devices,
when carrier
scatering can not be
neglected.

L>> ﬂ’mn

This equation set is used in computer simulation of devices. Apropriate boundary and initial conditions
have to be applied also in these simulations. Analytical solutions require many simplifications.

20



41

Introduction to operation and
construction of S1 MOSFETSs

42

Static characteristics of a metal oxide
semiconductor field-effect transistor
(MOSFET) with an enhanced channel

Most important assumptions (simplifications)
* Average drift velocity vy, of electrons is proportional to the electric field £ :
vdriftn == ﬂngx

» The current is conducted in extremely thin layer of the channel, having two-
dimensional charge density of Qj,,.-

» Ohm law expressed in terms of electron concentration nand #:

J, =qnp, %, ~_
]D

=- WQz’nvnﬂn gjc

21



Zero Vs and V), voltages 43

Vps=0V o .
(‘;\DS i * Equilibrium electron concentration
/ nin Siis extremely small, eg. 102

cm3,

» Equilibrium hole concentration p
mgtal in Siis large, eg. 108 cm3.

contact

¢ Thus, there is no continuous
electron conduction path between
source and drain. Potential
barrier, #; at the n source
perimeter is high.

* Therefore, drain current I is

Insulator 5 negligible even when V>0 V.
g
Ee w
Eem || Er. Idealized flat-band diagram
Gate _ Ey Equal work functions and no trapped
meta ptype Si | charge assumed.
¥
Vs greater than threshold voltage V;,, Vs =0V 44

Vps=0V

« Si under SiO, interface in a state of
strong inversion.

* Transistor ,turned ON” Vgg > V¢, >0 V.

» Conducting channel of n-type created
between source and drain.

* Applying Vgg = V1, > O results in
lowering potential barrier #; to
negligibly small value — for transistor
with drift-diffusion transport.

holes Conducting, electron channel
induced close to Si/SiO5

* When Vg > 0V then a current I flows,
carried by electrons.

electrans in
pobenhal well

In sulah{
)

Energy

L\E5 < AEp

Ey £
EFm

G
- q p-type Si Idealized band diagram
metal

¥

22



Vs Vi 0V < Vs <V Vi,

Ves > Vi, OV < Vs < Vs - Vi 45

0V<Vps <Vs-Vrn + Si under SiO, interface in a state of strong
-+ : inversion.
N

* Drain current I flows.

* Wzdtuz kanatu o dlugosci L przeptyw Flow
of I influences a potential distribution
#x) along the channel of L length:

|/ .
© @ e T O\ & hees Hx=0)=0V
electrons’ ptype Si Y
: Hx=L) = Vpg
holes Conducting, electron channel
induced close to SifSiOg

X where

* x=0 at source edge,
x=L at drain edge.

+ The voltage Vs(x) between the metal gate
and the channel changes along the
channel as:

Vi(x) =V, —¥(x)

Charge of electrons in a channel 46

The voltage V(x) between the metal gate
and the channel changes along the

VGS>VTn!OV<VDS<VGS-VTn

0V<Vpg <Vgs-V1n channel as:
<3 .
N Vo (x) =V —¥(x)
Ves>Vrp20V

HUx=0)=0V
Hx=L) = Vps
Y » Consider the conducting channel as a
Dg_m lower electrode of a capacitor with SiO,
n-type Si dielectric and a metal gate as an upper
electrode.

Conducting, electron ch 1 .
induced gse 10 SISI0g * Vg(x) - Vq, voltage induces a charge per

unit area in the channel Q;,.:

X

o, ——Cox-[Vc(x)—VTn]=—qfwn(x,y)dy [A'S}
A

y m2
. . .S
Crude approximation! Qim = _Cox .[VGS -V, —¥(x)] l: - }
E5i02€0 i i
where (C = -00270 t,x — gate oxide thickness
o t Esiop & — dielectric constant of SiO,

23



Drain current in triode (linear, nonsaturation) area 47

> < < -
Vs > Vi, 0V < Vpg < Vs - Vry + We use the expression for the charge of

0V<Vps <Vas-Vrn electrons per unit area in the channel

f_/__',\ Qinvn:
—/
Qinvn = _Cox ’ [VGS - VTn - \P(X)]

+ and expression for current in a thin

Ves> V>0V

v layer I,
D .
n_tDyr:;nSi ID == WQinvnlungx

* This yields the increment of potential at
Conducting, electron channel .
induced clase to SifSi0z a small distance of dx

_ 1, -dx
Il'anCax ‘[VGS - VTn _lP(x)]

X

d¥(x)

VDS L
_[0 uWC, [Vos =V, —‘P]~d‘l—'=.[0 I, -dx

where  C = Esiorbo
t

ox

Prad drenu w obszarze riodowym -2

Drain current in triode (linear, nonsaturation) area 48

VGS>VTn!OV<VDS<VGS-VTn

0V<Vpg <Vgs-Vm
) .

Ves> V>0V

Drain
n-type Si

+ Drain current intensity is constant at the
Conducting, electron channel .
induced close to SifSi05 entire channel length.

X

VDS L
HIVC, [ Wos =V = ¥1-d¥ =1, dx

gdzie  C = Esioréo
¢

ox
« After integration we obtain expression for I5(Vps, Vgs)



s Drain current in triode (linear, nonsaturation) area 49

+ Expression for static characteristics of a
MOS field effect transistor 15(Vps, Vas) :

0V<Vpg <Vgs-V1n (A crude approximation!)
CDH—
Ves> V20V w Vi
Iy=p,C,—: (VG _VTn)' Vps =
L 2
where (C = Esinéo
D ox
Dirain tox
n-type Si

« It holds for the following range of Vg i Vgg

Conducting, electron channel
induced close to SifSiOp

x Ves > Vi,

0V < Vpg < Vgs - Vry
« At this range of V55 values the Vg voltage is large enough to invert the channel
at its entire length.

« For the larger Vg values the inversion layer is not induced on the drain side of
the channel.

Prad drenu w obszarze riodowym - 4

Drain current in triode (linear, nonsaturation) area

50
« For the Vpg i Vg Voltages of
Ves > Vi W 12
— DS
ID_/unCox_' (VGS_VT )‘VDS_
0V <Vpg <Vgs- Vry, I L 2
v r vmenv]| C = Esina€o
Ip [mA] v o t
0V<Vps <VGs¥Tn / Vgs =5V o

Saturation region IV characteristics
/ of an ideal

¥ Vgs =4V MOSFET,

Vi, =10V

Vgg =3V
Conducting, elsetron channel i
induced ciose to SiSi0s
Vgg =2V
x
o
[ 1 2 3 4 5 3 7
Vps M

* Asingle /,(V,) curve at a fixed Vg has a shape of a an inverted parabola with a
maximum at V,;=V-V;, —thatis at the limit of applicability.

e This operation area is refered to as a triode area or linear or nonsaturation or non-
pinch-off operation area of a MOS transistor.



Prad drenu w obszarze nasyc - 1

Drain current in saturation (pentode, pinch-off) area

51
+ For the higher Vg voltages, e Inversion layer of the n type channel is
when Vo>V induced only under a part of the gate
GS n SiO, — near the source.

e The drain current /I, flows.
Vps > Vgs - Vi b

e The drain current /, for a given value of
Vs is equal to the maximum value of /,
atatriode area :

Vps=VGs-VYn
-+

Vs> V=0V

W (Vs —Vy )
I = c —. GS Tn
D :Lln ox .L 2

e The drain current /, depends only on Vg
and is independent of the V, value.

Electric fieh close to drain e |V curves of MOSFETs in modern

accel electrons integrated circuits differ from this simple
towards drain
X model.

Inwersion layer of channel
does not extend to drain

* This operation area is refered to as a saturation area or pentode or pinch-off
operation area of a MOS transistor.

Output IV characteristics of idealized MOSFET with induced n-channel

52
« For triode operation + For saturation region, when
region, when v v
>
VGS S VTn GS Tn
Vps > Vgs— Vi, >0V
0V < Vps < Vgs - Vi > ‘(35 " ;
V;S I. =8 Vas =V
ID:ﬂn'|:(VG V) Vs = 2 »=h, 2
w
/ B,=u.C, 7
C = Esi02€0
ox
Characteristics of
ideal MOSFET,
Vi =10V
Ves <V
cutoff
Ip =0

a 1 2 3 4 5 & 7

Vps V]
e Characteristics of modern MOSFETs in integrated circuits differ from this model.

e |t can be used, however, as a coarse approximation for designing new circuits.

26



Transfer characteristics of MOSFET with induced n-channel

53
1 * For saturation region: Vgs > Vi,
Ip
}J D Vps > Vgs = Vi >0V
G 2
4, V=V, _ w
s IDzﬁn.—( GS2 Tn) ﬂn_luncoxf
v 1 D Idealized \;” Effect of series
IV-curve ’,’ resistance
Actual IV-curve
Ves <V,
cutoff
D =
Vas = V i
Gs=VTn VGS
Threshold voltage Vy, of MOSFET with induced n-channel =

metal
contact

holes Conducting, electron channel
induced close to Si/SiO5

electrans in
pobenhal well

In sulah{
)
\Es <AEp

Ey £
EFm
Gate
ptype Si
meta -— L
¥

Idealized band diagram

Energy

Si under SiO, interface in a state of strong
inversion - ,band bending” of 2@&-g ,

» which results in a voltage drop across the
gate oxide of the value of :

- QB/Cox

* where Qg — electrical charge of ionized
acceptor atoms in the deletion layer under
the gate oxide.

« Effect of metal-semiconductor work-function
difference @,;

« Effect of electrical charge trapped at the
oxide-semiconductor interface and at the
gate oxide Q; :

0 0
=L +2cDFBu1k —=5

ox ox

VTnO = q)ms

27



Effect of V,. - bulk-source (substrate-source) potential difference

55

Vpg =0V
Vps2Yes-Vrn

Q)

wsually
Vgs=0V
or

Vgs =<0V

- reverse bias

Inversion |ayer of channel

Modeling of Vg effect in SPICE program:

Vi =41V

Vs =5V

Vgs =4V

Vgg "3V

Vgs =2V

5 T

&
Vps V1

Effect of high intensity electric field #in a channel

Application of nonzero bulk-source voltage,
Vs # 0, results in a changed thickness of a
depletion layer under the gate.

This leads to a change in the total electrical
charge of ionized acceptors in the depletion
layer, which in turn affects the value of V7, .
The substrate (bulk) may be used as an
additional gate for the drain current control, but
its efficiency — related transconductance - is
small.

Vi = Vo + 7(\/ 20y =Vips = \/ 2Py )

5

ip [mA]

N

Vg =5V

Vigg =4V

Vg =3V

Vﬁ =2V

o 1 H 3 4 5

L3 T
Vps VI

56

For high intensities of electric field ¢, in silicon > 10* V/cm, drift velcities of electrons and
holes reach the saturation values vy, 4, = Vi, = Vo = 107 c/s. It happens in modern transistors

S

of short channels.

In the pentode area

Assuming that p, = const.

Assuming that vy, = Vear

2
w (Ve —=V,)
— GS T » — _
ID - ﬂncox " - o ID - vsatcoxW(VGS VTn)
L 2
Quadratic dependence of Iy on Vg . Linear dependence of I on Vg .
‘- 4
]D |D S.M.Sze, Kwok K.Ng, Physics of
Semiconductor Devices, 3 ed, Wiley, 2006
increasing
increasing Ves
Vas
VDs Vps
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2nd Generation 32-nm High-k + Metal Gate Transistors - Intel 2010

n-channel MOS transistor. p-channel MOS transistor.
I 18
Channel length L = 32 nm. -I5Vos) %1 pros
;D(X;)S) ! [mA/um] , , ]
mA/um e )
I Io(Vps) characteristics for fixed Vg values 121
g "
t {
= * Drain current |/, | does not increase with 5°°
[Vs| square. e
* Vpg has significant influence on 7}, that is o
02
" Ipg # ©°. o]
oo fd: ‘\:?5 * These are results of short channel lengths, 1075 05 025 0
32 nm. Vs (V)

Assume Vpg = 0,5 V and let us estimate the
electric field intensity ¢ : 0.5V
f = =" =1,5-10° V/cm
32nm
# > 10% Vicm, therefore, the drift velocities of electrons and holes approach the
sauration values: Vyiun = Verifp = Vsar = 107 CM/s.
1,=v,C W(VGS _VTn)

sat " ox

This is the reason for nearly proportional dependence of I on Vg .
P. Packan i in., IEDM 2009 ss.659-662

P

NMOSFET i pMOSFET — comparison of output IV characteristics 58

electrons
MOSFET with induced MOSFET with induced
n-channel p-channel
G G
metal  gale metal  0ate
]
Source Source
n-type . - D. ;:m Dgi"
silicon Drain ; ptype
n-type holes silican

electrons

built-in n-type channel
- doped with implantation
of phosphorus ions

MOSFET with depleted
n-channel

built-in p-type channel
- doped with implantation
of boron ions

MOSFET with depleted
p-channel

29
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NMOSFET i pMOSFET — comparison of output IV characteristics 59

MOSFET with induced, n-type channel
G

metal gate

metal
contact |
o

MOSFET with induced, p-type channel

G
gate

metal

electrons G ‘::1
‘|D<0‘ |V-|-p<0| S

Vps M
T .3

TR
Ve =3V

- - E ] 2 1 0

Vgs =4V

Vgg =5V

Hp = H/3 - thus |Ip| about 3 times
smaller for pMOS than for nMOS at 2
similar [Vgg — V)l

Vip =-1V| |

P

NMOSFET i pMOSFET - comparison of IV characteristics 60

MOSFET with induced, n-type channel

cut-off area: Vog<=Vr,
I1,=0

linear area: Vgg>Vy,, OV <Vpe<Vig-Vp,

V2
w ID=ﬂn‘|:(VG _VTn).VDS_%:|

MOSFET with induced, p-type channel
cut-off area: Vgg>= V7,

1,=0
linear area: Vos<Vy,, OV >Vpe>Vag-Vy,

2

v,
w1p =_ﬂp '[(VG _Vrp)'VDs -

B.=u — ﬂp =4,Co— 2
n nor Ty "L
saturation area: Vs> Vi, Vs> Vas— Vi >0V saturation area: Vs <V, , Vps<Vgs= V5, <0V
2 Ve =V,
I,=p _(VGS_VTH) ID=_ﬁ,,'M
D= FPn 5 Vps M 2
5 - .D_ E.] - 2 -2 1 Ou
s Vrp =41V Vo " 2V
b (mAl |Dl Ip>0 \4.|.n>0 |"—| \%ﬁst
i ﬂ P, Vgs =5V
/ Vgg =5V F |J

3 ! .

! < G

/ Vgs =4V | Chis | |VTP 4 | ::1

5 7 Ky = /3 - thus |Ip| about 3 times s %

d smaller for pMOS than for nMOS at

Ves =3V similar [Vgg = Vo)l
1 4
Vgs =2V VT,O =-1V/||boIm™N
0 5
o 1 2 3 4 5 L 7
Vps M
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NMOSFET i pMOSFET - comparison of transfer IV characteristics g1

MOSFET with depleted,

MOSFET with induced,

A
n-type channel 1, \I ‘ n-type channel
Viip
Ib l 11|
’ |D l
D ‘,'J
/ D
G < ’
/!
I G b |
/
S )
’ S
/!
;.
I o 7 Ves
MOSFET with induced, / MOSEET with depleted
p-type channel / with depleted,
; p-type channel
'
| ’ Ip l
o] )
’ D
D '
/ »
G
G > !{
’
7 s
s -
A direct-current operation point of a MOS transistor 62
For a transistor of known characteristics we want to find DC current
RL and voltages Vo= Vgsp=0,5 V.
Vo= Vaso ® We solve the set of two equations:
= D Vop
0,5 V. o o 1 (D 1, (VDS, Vs ) =f (VDS s VGS) - equation of static characteristics of
— T the transistor
S| |vbs
Z\!/;gs Vs +1,R, =Vp, - equation of the load line
Note: L] [',;‘_':] /
Vi =4022V
The characteristics of transistors are usually described |, SRS 08 L =50mn
withdifferent forms of the equations for cut-off, triode-, Lt Vg =13V
and pentode-regions of operation. 05
Veg =11V
For finding the DC operation point (I 5o, Vpsy » Vo) by 04
solving equationsit is convenient to: - Vgs =08V
« assume that the transitor operates for instance at the
saturation region, 02 VYag =0TY
. solye the set ofAtheAr‘espectlve set of thg equations, 04 Ing~. Vaso Vas =05V
« verify the applicability of the assumption, k’ v'\gg\
« if the applicability was not confirmed then change the 00 n Vgg =03V

assumed operation region and again solve the respective set
of equations..

00 02 04 06 08 10 12 14
=Vop VosM

31



Response to a small variation of a gate-source voltage AV

Voo

,D

D_

]
O

il -

s

Suppose that in the beginning V5 = Vg = 0,5 V.

Suppose also that Vg is varied: Vg, = Vg + AV s

Letus find: 1, , Vo

63

Ip [mA]
Vps D [D.?]
s Vi =4022V
=Ves L =50mn
V, =
+ DO/RL = 0.6 Vag =13V
Al, =1, -1 05
D D2 DO Vgs =11V
04
Al, =, —-1,,)+U,,—1
D ( D1 DO ) ( D2 D1 ) 0 szz :_Q_'_._-—-‘-'-"VGS =09V
ol Ipz
~ % -
ot ~4po F AV 02 Vpsz | —vgs =07V
Vs
VDS=const. I
0,1 0o Vgs =05V
Vpsa Y650
al, 0.0 Vgs =03V
Iy, =1, = Y% AV s 00 02 04 06 08 10 12 14
DS |yGS=const. =Vop Vbs M
ol ol
AIDza 2 AV + 5 D AV s
VGS VDS=const. VDS VGS=const.

Response to a small variation of a gate-source voltage AV, 64
a Suppose that in the beginning V;; = Vg9 = 0,5 V.
- o Suppose also that Vg is varied: Vg, = Vg + AV g
—I -
s CD Letus find: 7, , V- o Al
s Vps 07
Vee Vrp =+022V
=Vgs + Voo = 0.6 b=t Vg =13V
05
= al, AV, al, AV, Vag =11V
av, a7, o
GS lyDS=const. DS lvGs=const.
03 Vgsz D1 vgs =08V
Let us define transconductance g,,: 03
02 Vpssz | Jvgs=o7v
g aID ; Gs
m= 01 Do i
Vs VDS=const. VpioVeso Ao
00 Vgs =03V
Let us define output conductance gpg and resistance 1y : 00 02 04 06 08 10 12 14
=Vpp Vps M
2 = 1 al,
ps = %
"ps aVDS VGS=const. 8. s
Ao=s vy e
Therefore: Al =g, - AVgs + &ps - AV Finally: bs =L
And, using the load AV ~— 8ulps Ry AV
line equation: AVps ==R, -Al, T
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Equivalent small-signal transistor circuit for small frequencies g5

schomat malosygnm.cz.

iy =1po+1,sin(ax + @) Calculated amplitudes of

small-signal components:

R 7
L Idzig'"“s -V where =r
Vi = V., =V ry+R,f &~ BS
GG — I oo =V ppo ds L
Vigo 1V, sin(ax) i - Vop| = const. __ &k v
ds g
e | Tt R,

S

Vo = Vs + V4 sin(@ + ) It is to note , that exactly the same, linear

dependencies between the AC components of
- \ currents and voltages are obtained for the
circuit as below.

We have thus linearized the characteristics of our transistor in the process of solving for the
response of the circuit at small-signal variation of some voltage close to the DC operation
point (Ipy. Visy. Vose)-

Equivalent small-signal transistor circuit for small frequencies 66

This linearized circuit is called a small-signal
equivalent circuit..
R The small-signal equivalent circuit of a MOS
Vg = . Von =Voms tranls:s(tlor ¥nha cm(l;mon 1sourc;e cosfiguratlon is
Voo + Ve sin(@) o] voo|_=const. marked with a red envelope line below.
hd

G |

— Method of obtaining the small signal equivalent

s . circuit :

Vas =Voso + Vi sin(@x + ) substitute the independent voltage sources in the

+ real circuit with conductor lines (short-circuits);

» substitute the independent current sources in the
real circuit with openings (open-circuits);

 substitute the transistors with their small-signal
equivalent circuits.

iy =1p,+1,sin(ax+a)

DS
ImVyg's

<
&

o @ o

RL
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Small-signal transistor equivalent circuit for medium frequencies 67

- including gate-source capacitances C,g and gate-drain
capacitances Cg), as well as parasitic elements

Gate parasite parasite parasite ~ parasite Drain
‘9 G % / : b L
C - m \ - l I / - sy
‘oo | ces Cep Cps
Vs g Vg's T sSos g
r T gm V '
gs gs
qu a direct—'current operation Source
point belonging to the pentode
region:
1 The capacitances account for the electric
C s == WL - Cox charges of the flowing carriers and, also,

for the charges stored in the depletion
layer under the gate oxide.

1
Cap <5 WL-C,,

Cut-off frequencies for operation with small signals 68
Gate Drain

G I:;gv%’ G' I D Only the most important elements taken

I c into account, including the series resistance
Cas GD of the gate, 7,
Vgs Vgs' Vas
T ImVgs'

S Source

The current-gain cut-off frequency f; of a MOS transistor is the highest frequency at which
the extrapolated current-gain of the transistor is not smaller than 1.

o Bn 8
" 2mwLC,, 27(Cu+Cyp)

The power-gain cut-off frequency f,,,. of a MOS transistor is the highest frequency at

which the extrapolated power-gain of the transistor is not smaller than 1.

fmax -
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Two-port network type models of a transistor

69

A small-signal eqiuvalent circuit of a
transistors may be presented as a two-port

Gate Drain
lg ¢ o G y D g
and A 11 —
. o l Cep chl rwork
gs L Cas network.
we |Ves Vgs' vgs WY
T ImVgs' T ds

S

Source i shared by input and output —
common source configuration.

Source i, =11, V=V,
Vgs = h’llSIg + hlZSVds . 7, Ve T V2
Hybrid-type
1 4= h21 S] P h22 SVds equations Current gain:
218 =
I, =,V + VsV, 1,(f)
¢ = VsV g T ViasV as Admitance-type A
I, =y, SVgS + VooV equations For field effect transistors we have:
-0

Ve = 2usdy + 21251, Impedance-type = hyy5(f) =0

Vi = ZZIS]g + 2z,

equations

[hyl, [y;] i [z;] matrices are equivalent and may be
transformed one into other one. At microwave frequencies
it is convenient to use another equivalent matrices - [S;]

matrices.

Record high current gain cut-off frequencies f of CMOS transistors
fabricated in 45-nm technology - IBM 2007

Transconductance of a transistor:

1,
8n = Vs =V_

& Ve =0

70

Magnitude of current 40 ' ' ' o NFET
gain in a common- ¢ PFET |
source configuration 30
pMOS
. a fr = 345 GHz
i,(f) 2 .
‘hZIS(f)‘ = .d_f —(.\-'20
B F L,
10
a bbb,

0

10 10'

10°
Frequency (GHz)

Fig. 2. Current gain |Hy| from measured S-
parameters for 30 um wide (1 um by 30 gate
fingers) SOI NFET (L, =29 nm) and SOI
PFET (L0 =31 nm) with relaxed poly pitch
at Vs = 0.6 (-0.6) V, I'ps =1.0(-1.0) V.

IEDM 2007, art. s10p04, IBM
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71

Nonlinear operation of MOS
transistor 1n a pulse circuit

Operation of MOS transistor in a pulse circuit 72

; Zmiana napigcia v,, powoduje zmiang
¢ pradu drenu i, oraz napigcia v, Punkt
o My ©) pracy przesuwa si¢ Wzdmz. prpstej

" g j T obciazenia ze zwloka wynikajaca z

VIN

tadowania pojemnosci tranzystora przez
prady o ograniczonych wartos$ciach.
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Operation of MOS transistor in a pulse circuit 73

Changing v, leads to varying i, current
and vy, voltage. The operation point is
being shifted along the load line. The delay
of this process is due to charging of the
capacitances of the transistor with currents
of limited values.

D
CeD
1 Cbs
G
Cas Hypothetic inertion-less
trasistor with added
S external capacitors.
Operation of MOS transistor in a pulse circuit 74
* R, lead is switched from ground to V.
Ro . ;gS<VTn - C, capacitance being charged from 0 V to
i Tn*
¢ * ig=0 for time shorter than ty oy, from the pulse edge
i) (t40n) — turn-on delay time).
vgs| VDD Vin
Vi
L L
B T o
In Vin
Vgs /
Vasa YT : !
0 f: | i
Vas3 'a A i
o R
Wy —t
Gs2 | A
ki DON Ll i
o ~o son
o5 4 4 7 e /_
-
!
1, = 0, Vy = VDD k

Wos_swien3 0




75

CMOS 1nverter
— a basic CMOS gate

Example CMOS inverter with transistors of 50-nm channels 76

08

o7 pMOS

Vgg=-15V
06 Gs
05 =-

Vop =12V 04
03

[mA]

-Ip

02
Bl Moa 0,1

IDp V2 0.0

w 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

we [

Moa o7{ NMOS Ves=15Y

0.5 Vpg=12V

Ip [mA]

Veg=09V

Vgg =06V

Vgg=03V
00 02 04 06 08 10 12 14
Vps M




Graphical method of transfe

r IV characteristic of CMOS inverter determination

7
. Iy, = -1
pMOS transistor serves as load oW Dp
for nMOS (and oppositely Vpsn = Vpp + VDSp
Vesp = Vesn - Voo
Vpp = 1,2V — "csp "
Corresponding pairs of characteristics for nMOS and pMOS
transistors plotted with the same colors.
B Mo 0.8 -
| (!
Dp, V.
| " 0,7
Dn E- 06
— E ™ nMOS
Vie 4 pMOS Vggn=12V
’ MnA E 0.5 Vegp=-12V
n
1 04
o
0,3
02
0,1
0,0 & .
00 02 04 06 08 10 12 14
Voo
Vpsn V] =12V
Static transfer characteristic for CMOS inverter is usually calculated 78
numerically
08
o7 pMOS
05 - Vgg* 1.2V Vpp =12V
g 04 d_,_-—"'/
? 03 ___:95;—.—&’”’—- 14
0z ’___'_'—__:5_512.8\" ;_. Mo 12 Vpp=12V
[ 3] ______ms:m_v | [
— D)
oluﬂ.l} 02 04 06 08 1.0 12 14 P VWY 10
Vpg M oo [ °
a = 08
Vwe [
08 : MnA E 06
07 nMos rvfi_- 15V _— | 04
06 - =
z 05 d___\ﬁisilzL; 0.2
=04 - ’
“os _ Yestaev— 0.0 . —
02 Ve —08v 00 02 04 08 08 10 V1,2 1.4
g = 0
- Vwe [V] oD
:.: Veesoav =12V

00 02 04 08 0B

Vps M

10 12 14
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Pulse operation of CMOS inverter 79

Vop> 0V

— MpA

Co
/ T ‘wa
After V. step down from V, to 0 V the M,
transistor is quickly turned off. Load
capacitance C, is being charged up to Vyp
through M.

R

After V,,, step up from 0 V to Vp, the M,
transistor is quickly turned off. Load capacitance
C, is being discharged to 0 V through M,,.

Power loss at CMOS inverter 80

Vop> 0V
&
Moa
MnA
Wl 1‘
Voo —|:

0 0

l)tot = C'L

2
Vop - f + IG‘VGS=VDD Vop + [D‘VGS=O Voo

/D

« \

Power loss for charging
and discharging of load
capacitance C;

Power loss for gate
dielectric conduction
(tunnelig current).

Power loss for
D-S DC leakage

* In older CMOS circuits power was consumed mainly for charging
and discharging capacitancies C; of subcircuits.

» Few years ago, for gate dielectric layers thinner than 5 nm, power
loss resulting from tunneling currents in gate dielectrics become

considerable.

» Few years ago, for channel lengths L smaller than 50 nm, power
loss resulting D-S leakage become considerable.
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Scaling down field effect transistors
in CMOS integrated circuits

30 Years of CMOS Scaling 1978 - 2008 82

* Device operation speed is limited by a path

f transit
length and velocity of electrons. cuelf 27v,
* Number of logic gates per unit area increases as N 5
the size of device decreases. Lisin
Area

Contact
1978

Ten 32nm"SRAM Cells

a— P S N ——

Mark Bohr, The New Era of Scaling in an SoC World, 2009 ISSCC

(intel') __. S
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Scaling coefficients of CMOS transistors at conservation of fixed electrical field g3
intensities and power density

Parametr Scaling Parameter
coefficient
o} Rozmiar (t,, rj, W, L) Al Dimension (t,,, 1, W, L)
§ Napigcie zasilania (Vpp) AL Supply voltage (Vpp)
3 Napigcie progowe (Vr,, V) Al Threshold voltage (Vr,, V)
= Koncentracje domieszek (N, Np) A Dopant concentrations (N, Np)
Pojemnos¢ charakt. bramki (C,,) A Specific gate capacitance (C,,)
c Pojemnos¢ bramki (C) At Gate capacitance (Cg)
% Prad drenu (I,) At Drain current (Ip)
%) Gestos¢ pradu (J) A Current density (J)
Moc zasilania (P) A2 Power consumption (P)
Gestos¢ mocy (P/Area) 1 Power density (P/Area)
Opdznienie bramki (t,) At Gate delay (ty)
lloczyn moc-op6znienie (ty P,) A3 Power-delay product (t; P,)
[lo$¢ tranzystorow na cm? A2 Integration density (transistors/cm?)
P.K.K. Ko, "Approaches to scaling", Advanced MOS device physics, VLSI
electronics microstructure science, Vol. 18, Academic Press, pp. 1-37, 1989
Changes in transistor size 84
Crossections of INTEL MOS transistors
Node 130 nm

All TEM images here have the same scale
Year (2000)

}ad
-

Node 90 nm 65 nm 45 nm 32 nm
Year  (2003) (2005) (2007) (2009)

* Very little change in physical gate length, only ~0.9x per node
 The gate pitch is scaling fast, as 0.7x per node and area scales as 0.5x
* Most of the transistor innovation is in stress engineering and HKMG

V. Moroz, SYNOPSYS

| in tel) K. Kuhn, CNNA, Berkeley 2010 Berkeley Seminar 2011



Influence of Si stress engineering, metal gate and high permittivity 85

dielectric on speed

of pMOSFET

1.0V, 100 nA lger

B Strain 32nm
. Hi-k-MG
1.0 F Other
. Classic" scaling 50m

45nm

90nm
130nm
PMOS

05 r

Drive current (mA/um)

1000 100
Gate Pitch (nm)

Conventional scaling rules fail.

Improvement of speed is obtained by
increasing of drain current per unit length
of channel width, which results from:

« intentionally introduced strain into Si;
« applying of metal gate and gate
dielectric of high permittivity.

2007 source: K. Kuhn et. al, ECS 2010 ] .
2009 - Intel ('nte,l)
2013 INTEL processor with , tri-gate” (FInFET) CMOS transistors 86

4th Generation Intel® Core™ Processor Die Map
22nm Tri-G s

2013: Procesor Core 17-4770K
(Haswell)

with CMOS tri-gate (FinFET)
transistors fabricated at a
technology node of 22 nm.

source: Intel, 2013

Sept. 2013:

Intel — 14-nm Broadwell
Processor Consuming 30%
Less Power Than 22nm
Haswell

Oct. 07 2013:
TSMC — 16-nm FinFET
technology to be presented

Gates Fins in December at [IEDM

source: M. Bohr, K. Mistry,
Intel’s Revolutionary 22 nm Transistor Technology, May, 2011
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Traditional planar MOS FET vs. tri-gate MOS FET (FinFET) 87

Planar MOS FET

Gate
High-k
Dielectric

Traditional 2-D planar transistors
form a conducting channel in the
silicon region under the gate
electrode when in the “on” state.

Tri-gate MOS FET (FinFET)

3-D Tri-Gate transistors form
conducting channels on three sides
of a vertical fin structure, providing
“fully depleted” operation.

( i n tel) source: M. Bohr, K. Mistry,

Intel’s Revolutionary 22 nm Transistor Technology, May, 2011

Traditional planar MOS FET vs. tri-gate MOS FET (FinFET) &8

32 nm planar MOS FET

22 nm tri-gate MOS FET (FinFET)

i n tel source: M. Bohr, K. Mistry,
Intel’s Revolutionary 22 nm Transistor Technology, May, 2011
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INTEL processor with fully depleted 22-nm tri-gate MOS g
FET (FinFET)

TEM Image of nMOS Gate and Fin
Structure

source: Chris Auth, et. al., 2012 Symposium on VLSI Technology, Hawaii

Generic Idea of a Transistor -

(Not quite) A General Recipe for a
Transistor
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MOS field effect transistor 91

———
S.M.Sze, K.K.Ng, Phys.
Semicond. Dev., 3rd. ed.

Depletion region L

channel/base

Our way of looking at the main

(Ch/B) current of a transistor may be
low energy loss applied to MOSFETs.
Potential barrier,
lower than at BJT
- injection of electrons ;
region of drift
lx.- - for voltage gain
—sess—*
Eg—™

« Potential barrier is lower than for BJT,

sourcelemitter -In s . .
(SIE) ® « current is limited mainly by transport in the channel.
&
drain/collector
(D/C)
Want to make a new kind of a transistor — quite different? 92

regulated Reczpe.’ )

Take a reservoir of electrons (source,
emitter..).

Take a second reservoir of electrons
(drain, collector...) and put it at a lower
energetic level — bias it positively with
respect to the first one Vps>0V.

* Insert a semiconductor of low n
concentration between the source and
the drain.

+ Create in this region a potential barrier of
= ¥ height, which can be electrically
regulated with changes of the control

voltage Vgs.
reservoir of electrons drain of electrons
(source, emitter ...) (drain, collector ...)
Q=>  kizem ©—» |°$
Regulation of
potential barrier 't'g
-HOWTO DO IT?
Want a new kind of transistor?
- Invent it! You have an useful transistor if you do it
and obtain a power gain!
Vps O Ip S _ p g
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Effect of potential barrier on drain current 93

regulated

Ed

reservoir of electrons drain of electrons
(source, emitter ...) — (drain, collector ...)

=+ krzem o

Regulation of

potential barrier ‘g

-HOWTO DO IT?

VWant a new kind of transistor?

- Invent it!
bs b s

N -
Band diagram for a transistor 94
regulated « This is a diagram for a transistor made of

Energy
0
0
o
[}

9Vps
m
>

) °°
.20 &

|

-

i H X
| H

|

reservoir of electrons drain of electrons
(source, emitter ...) — (drain, collector ...)

=+ krzem o

Regulation of
potential barrier ''g
-HOWTO DO IT?
Want a new kind of transistor?
- Invent it!
Ybs ) by
NN -

Electrons in the 1st. reservoir, source,
have different energies E>E.. Probability
of state occupation decreases strongly
with increasing E.

Electrons of higher energies contribute to
overcome the barrier ¥; by some
electrons.

Electrons which managed to overcome
the barrier ¥ drift in electric field &
heading the 2nd. reservoir - drain. They
create drain current I.

Lowering of | ¥;| results in increasing
number of these electrons — Larger I,
flows.

Increasing of | ¥;| results in decreasing
number of these electrons — Smaller I
flows.

one kind of a semiconductor (Si).
Bandgap value
E,=E.-E,

is constant in entire, transistor from
source to drain.

In general case different
semiconductors, of different = values
may be used for making different
fragments of a transistor.
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Possible mechanisms of electron and hole transport 95

Diffusion and drift in electric field

regulated

X

Source DrainiEv
; i

Source-drain distances for transistors in mass production today are so large
that electrons are many times scattered. Their energies and momenta relax.

Transport of carriers is described in terms of
diffusion
and drift in electric field # with averaged velocity.

Wosh sty vt aur |

Possible mechanisms of electron and hole transport ¢

POS—— Ballistic transport

zrodto dren Ev

* Electrons are not scattered on a way from source to drain. Their energies and
momenta do not relax.

* Their total energies do not change.

* Momentum of electron increases in ¢ field, on a way from source to drain, so the
kinetic energy increases too.

* Kinetic energy may be very high, transit time — very short.

» For GaAs the source-drain distance should be <20 nm to avoid scattering, for
silicon <5 nm.

* These transistors could operate at /> 10'>2 Hz (/> 1 THz)
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Possible mechanisms of electron and hole transport 97

Direct tunneling transport

Energy

9¥ps
m
=
-
N

[1]

(1]
1]

]

00
n

zrodto dren Ev

» At very short source-drain distances probability of tunneling through the barrier
becomes high.

» Tunneling current component exceeds ballistic component.

 This happens for GaAs transistors with source-drain distance of 10 nm.

* These transistors could also operate at /> 10'2 Hz (f> 1 THz)

Effects limiting the transistor current

98
Injection of Transport of electrons
electrons iny regiin cf 281001 oW in8naRY » Transport of electrons in a region of
overithrough . behind barnier W . .
potential barrier Potential  _in channel, base . low ¢ in channel (behind potential
barrier . P .
Y 4 barrier). This is a case of field effect
= -3 £ o Transport of electrons i
8t e in region of strong ~ transistors eg. MOS.
L.Ic..l E ﬂc -] % s Iq behind barrier.
------------- i Tt AL » Two effects together. Injection of

w electrons over potential barrier ¥ and
g J\ ) also transport in a region of zero or
1 EV low ¢ inside base (behind potential

reservoir of slectrons barrier). This is a case of bipolar
(source, emitter ) . . .
junction transistors.

B
|

Injection of electrons over/through

potential barrier ¥;. This is a case of

reservoir of electrons e transistors with very short channels.
fdra colecior ) Balllistic or tunneling operation is
o> kzem o |5 expected.

Control of potential barmer g
(gate, base..)

VDs /N Ip o
NN

7



99

Semiconductor Diodes

100

i Diodes for rectifiers

A property that makes diodes useful for converting the AC
current into direct current that is for rectifying is nonlinearity of
its current-voltage characteristic.

ON/OFF ratio I |
4 - 7
IFnom/ IRnorn e 10*= 10 U. 0
3
Il~‘max> URmaxa ijax Ir
Is Y
R i Uy,

[)max - maximum average rectified current

mmmmmmm e — Rys: Prof. dr hab. inz. M. Polowczyk
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Silicon diodes in packages 101

high power diodes

low power diodes

MPolowczyk_Diody prostownicze 3

Rys: Prof. dr hab. inz. M. Polowczyk

102

Semiconductor pn junction
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pn junction — schematic drawing of semiconductor structure 443

Negatively charged
atom of acceptor Positively charged atom of donor
dopant - immobile dopant - immobile

Positive charge of
a hole - mobile

Negative charge of
electron - mobile # - electric field

P n
= E aB 8 ]
e @ 0g CI
*9'&) A A g B il o#
Y Be® @ °
A® ,oh A g B 8
a®a, & & Pmo ® o
®°i B EBO ® B
Aok Alg B2m°
A® LG A & o o B
depletion
layer
Regions p and n types before connection. Regions p and n types after connection.

rys: za W. Marciniak, Przyrzady potprzewodnikowe i uktady scalone, WNT 1979

pn junction — cross-section of a chip 104
U) ﬁfl‘ ~10%m=3 I/I Siﬁzfﬂﬁ. 1um)
okZyum g Y . .
R N ] | ;Eepga’;‘glifny)er
‘] Substrate
| 4 (e.g. 400 pm)
Metal

rys: W. Marciniak, Przyrzady potprzewodnikowe i uktady scalone, WNT 1979
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Workfunction is larger for p-type semiconductor than that for n-type
semiconductor : @y, > By 105

J.-P. Colinge, C.A. Colinge, "Physics of

vacuum energy level Semiconductor Devices", Springer 2002

cz5\NFp
Ec
Ern (Electron affinity y is equal for n-
and p-type semiconductor samples.

""""""" E e e e et |

Erp

Ev e e

P N

E. —E, szT~ln[ND] E-E, szT~ln(NA]
n

i i

here E; is a Fermi level for intrinsic semiconductor.

Creation of pn junction results in diffusion of electrons from n—type part
to p—type part and diffusion of holes from p—type part to n—type part.

P n
 Shorted juction — zero bias voltage.
depletion ~Metallurgical junction . - Average electron energies are equalized at
E Ec bysr entire semiconductor sample.

 Therefore, for n-type part, conduction and
valence bands shifted downwards on energy
axis with respect to p-type part.

* Built-in potential difference @&,, appears.

o = KT 1| NoNs odzie v, =Kl T=300K, V;=~25mV
q at room temperature
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Electron and hole currents are zero at equilibrium 107

I—

n

> e
dn/dE X dn/dE
dp/dE dp/dE

Zero sum of drift and diffusion current densities for
electrons, as well as for holes:

In = Jdriﬁ” + Jdifn =0 Note: arrows show directions of fluxes,
Jp = Jdriﬁp +szﬁ; =0 not of currents

Positive bias of p—type region with respect to n—type region —in forward 108
direction — results in decreased potential barrier @, of pn junction

Q Effects of decreased potential barrier
U ¢b:

increased densities of diffusion
currents for electrons J, and for
holes J ;5,3

decreased densities of drift
currents for electrons J,;, and
for holes J ;.

Diffusion currents dominate.

EEP - = In result, a large forward current
v o YT @@ ® @ € . flows in the diode, and its direction
g ® 9,9 g @ Jdn'ﬁb“-- ® @ Vs as for J;,, that is fI'OI.Il the p-type
e o © region to the n-type region.
® @ @
® defp Note: arrows show directions of fluxes,

not of currents.

>
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Reverse bias of p—type region with respect to n—type region —in reverse 109
direction — results in increased potential barrier @, of pn junction

Effects of increased potential barrier
Dy
substantially reduced densities of
diffusion currents for electrons J,
and for holes J;;,;

decreased densities of drift currents
for electrons J,;, and for holes
Saripp
Drift currents dominate. They are very
small, because the hole concentration
is very small in n-type region, and the
electron concentration is very small in
p-type region.
A very small reverse current flows in
the diode, and its direction is as for
J iy that is from the n-type region to
the p-type region.

Note: arrows show directions of fluxes,
X not of currents.

Current-voltage characteristics of pn junction (qualitatively) 110
ID P | n
Ip F' ) F‘

Ny
VD V>0V Jeifn =
<=

it
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Distributions of electrons and holes in depletion layer of pn junction -
qualitatively 111

X

Distributions of donors
acceptors, electrons and
holes at logarithmic scale.

ey

akcceplors
SIND SN
71 ¢ lal
hal |
8 e 1 donors
] | glectrons
4 i -H”Oc—o Distributions of donors
2l I acceptors, electrons and
y Uik ¢ holes at linear scale.
=l 8 Iy
X f/] .
Distribution of electrical
space charge density at
o |- — q.ND p B o

2 "—.fl, ’—;_K ; the depletion layer.

rys: W. Marciniak, Przyrzady potprzewodnikowe = —/ n
i uktady scalone, WNT 1979 -GN g }
3 B

Capacitance related to depletion layer of pn junction - junction
capacitance (barrier capacitance ) 112

rys: W. Marciniak, Przyrzady potprzewodnikowe i
uktady scalone, WNT 1979

94 'Y 9§ )
" -@,+V
R I A NN I A =k 0 by x
4 ly /
ﬁ 7 Triangle =
L e 4 4 Emax - e ’
¢bi 0 "‘lp 0 in

Depletion layer width /, depends on the voltage biasing the junction

I3 =\/2€Si€0.w.(q)bi_y)

q NpN,

* The change in the depletion layer width /, is related to the changing non-compensated
electrical charge of ionized donors on the n-type side, as well as changing charge of ionized
acceptors on p-type side. The absolute values of the both charges are equal.

* We have, therefore, a junction capacitance per area [F/m?] of:

£4E £E
C,lA,=~=52 C;lA4,= > ~ j’_;} here A, is an area
d \/ Ebo Np+ Ny (®,,-V) of the junction.
q NpN,
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Junction capacitance can be used as a capacitance of a value tuned 113

with the DC bias, most conveniently at reverse DC bias

C.
C(V)=—=—
- ci

(I)bi

m = 1/2 - for junctions with step distribution of dopants,

m = 1/3 - for junctions with linear distribution of dopants.

ng

/

0

0 @y V

Diodes predestinated for applications as voltage-tuned capacitors are

refered to as capacitance diodes or varactors.

Capacitance related to charges of excess concentrations of electrons and holes
in quasi-neutral regions — diffusion capacitance

Depletion Region
Ly .

=

o+

+ 4+ + + +
=

w il W
]
1
1
1
1

wx) |t A, b

| Bnfx)=nix) Put Apy Spixh=pixl py,

e

——

e == === "y nEe——

minorily charge
— : -

U.Mishra, J.Singh, Semiconductor Device Physics and
Design, Springer 2007

Excess charges of
minority carriers stored
in quasi-neutral regions
for forward bias.

» At a forward bias of a junction, the diffusion of electrical charge carriers leads to injection
of holes from the p-type side to the n-type side, where they are minority carriers. The
electron concentration increases there also to keep the electrical neutrality.

* And electrons are injected from the n-type region to p-type region, which is accompanied
with increase in hole concentration to keep the electrical neutrality.

* Total charges of injected carriers depend exponentially on the value of applied bias voltage.

* The dependence of the total charges of injected minority carriers stored in the forward
biased junction indicates existence of an additional capacitance — a diffusion capacitance.
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pu-vot

Voltage dependence of forward current of pn junction

Forward bias of a junction,
V>0W.

from: W. Marciniak, Przyrzady

q r o N 1979

|
0000000000

A %,

o | 4

i
HF
H

E

potprzewodnikowe i uktady scalone, WNT

P Py

<“+ electron flux direction
= . .
1~ hole flux direction

Jm__ Jn ] -total current
A A X

Y

p { tn %

We obtain — exXponentially decaying excess
minority electrons and holes distributions,

as functions of x.

and, accordingly, exponentially decaying
distributions of electron and hole current

densities.

pr-v-2

Voltage dependence of pn junction current

115

Total current density J remains
constant:

J =J,+J,

O g P L

B

Here, the saturation current density
J, in a simple case of a step juction
is expressed as:

1 |D 1 |D
D Iy L o]
; N, V7 Ny,\Vr~t

116

Recombination of exceess holes and electrons injected into the
quasi-neutral regions at the forward bias of the junction makes
that fresh carriers are being injected continuously. The current

value remains constant for the constant bias voltage.

Forward bias of the
junction, V>0 V.

Reverse bias of the
junction, V>0 V.

Total current density J remains
constant:

J =J,+J,

J~J -Lexpl 2|1

B

Here, the saturation current density
J, in a simple case of a step juction
is expressed as:

1 |D 1 |D
F s Iy L o]
; N, V't Ny\r~t

58



Current-voltage characteristic of ideal pn junction

117
I /g
1014 107 715v) L
51g
l U Si
I
‘{0" {0.555\4 U[v]
_‘_\\-‘__,.’/_ 2002 04 06
V
I =1 -|exp LA
k,T
Rys: Prof. dr hab. inz. M. Polowczyk
Current-voltage characteristic of real pn diode 118
anode cathode
L p | n__|
I x
e
VF
v /
d F Forward range
Reverse blocking
range
VR
—— : v

Reverse VR IR R
breakdown ™~
range
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More realistic characteristics may be obtained if additional effects

are taken into account 13
P N
o o | | '
° % : =pJ,,
O in

o o™ | ! o

I o o° - | Simplification
I, . | L \ p
dify l et .' o _of first order
! Jdriﬁn !
i ‘ ;Om >
= ‘]driﬁp
o | ! ®

0 o5 O rd=—de e®e®

o o Recombination o e
current J, Additional current
! i components J, and J,
| ) » obtained in second order
| ,f Generation current J,, simplification

+ | J

-

Depletion layer

from: W. Marciniak, Przyrzady potprzewodnikowe i
uktady scalone, WNT 1979

Characteristics of real diodes at forward bias 120

Series resistances r, should be taken into account
for large currents . In addition, concentration of

minority and majority carriers can be nearly
Al Large current range L n~
ok equal, n = p.
o —77
07 Ge
vk ya Approximate expression for current-
s // voltage characteristics of a real
F oL diode at forward bias ( V>0
107° N : )
07 /// q(V -1, . r )-
Dd Ddc" s
0t A4 Toge =1, -qexp == *—== == -1
.8 Migear 5
ok GaAs l
10—11
U qVDdc
L 1 I : ! I =] .exp(
0 0 Ddc s
)2 04 06 08 v Mok s T

Electron-hole recombination in the depletion layer
.. from: W. Marciniak, Przyrzady potprzewodnikowe i uktady
affects characteristics at small currents. <calone. WNT 1979
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Reverse currents of pn diodes for reverse blocking range

For ,,ideal” pn junction at reverse
bias for reverse blocking range

ool
|

\

For Si diodes and diodes made of semiconductors
having larger bandgaps £, usually the densities of
generation currents J, are much larger than the

densities of saturation currents .J; .

_— »

Saturation current J; usually dominates for
germanium diodes, because of small E, for Ge.

scalone, WNT 1979

07"
m~1o
107°

1078

077
07t

Reverse currents of pn diodes at breakdown range

Energy band diagrams showing breakdown mechanisms.

Tunneling mechanism
(zener mechanism)

S.M. Sze, K.K. Ng, "Physics of Semiconductor Devices", 3 ed., Wiley 2007, p. 104

arTiers

121

from: W. Marciniak, Przyrzady potprzewodnikowe i uktady

122

Avalanche multiplication (example initiated by

hole current /).
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wplyw T na przawodzenie Ziacza pn -

 Effect of temperature on

123
“current of pn junction
Forward
Reverse characteristics
characteristics LIA] ./
N/ 2.2 V
ULV 100°C
DC
Blocking
_ voltage
J_ o< n? o< exp| — E,
Rys: Prof. dr hab. inz. M. Polowczyk i P kT
Effect of temperature on current of pn junction 124
N al
> >U
Tunneling Avalanche
T, ¥ breakdown breakdown
T (Zener T,
2 breakdown) T,
3 T3

Forward bias
V>0

Reverse bias
V<0

M.Polowczyk, E.Klugmann, Przyrzady
Pétprzewodnikowe", Wyd.PG, 2001
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125

A property that makes diodes useful for converting the AC
current into direct current that is for rectifying is nonlinearity of
its current-voltage characteristic.

ON/OFF ratio I
]Fnom/ IRnom € 104+ 107 U. ¥
3
Il-'maxa URmaxa ijax Ir
It Y
R U,

I)max - maximum average rectified current

Rys: Prof. dr hab. inz. M. Polowczyk

Diode in a rectifier circuit — large signal operation 126

Silicon diode having the breakdown voltage larger than 20 V and known /-V characteristic was applied in
the rectifier circuit. Determine time dependencies of the diode current i,(¢) and the diode voltage v (). (For
low frequencies, when diode capacitances may be neglected.)
R=1kQ
e(t) = 17 4
20V sin(ot) 'd
(*) D Vd

Current-voltage static characteristic of
the diode | Loop equation

e=i,(t)-R+v,(t)

that is

_e®)-v,(0)
v d R

valid at any time instant.

This equation represents the load line.
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Diode in a rectifier circuit — large signal operation 127

Silicon diode having the breakdown voltage larger than 20 V and known /-V characteristic was applied in
the rectifier circuit. Determine time dependencies of the diode current i (f) and the diode voltage v,(t). (For
low frequencies, when diode capacitances may be neglected.)

R=1kQ

eft) = [ +—— e
20V -sin(ot) el Y / /
v

TRl \/

) —L forax=0
Load line: () =20 V sin(ar) =0 0 Tz T 3Tz 2T 512 3T
€= Vy Time (T - period)
, = /
R
—v Current-voltage
1, = d static characteristic
d R of example diode

Cross-over point,
the solution for
=0

Diode in a rectifier circuit — large signal operation 128

Silicon diode having the breakdown voltage larger than 20 V and known /-V characteristic was applied in

the rectifier circuit. Determine time dependencies of the diode current i,(¢) and the diode voltage v(t). (For

low frequencies, when diode capacitances may be neglected.)
R=1kQ

sz [ [ - [
e(t)= [ 1 —
20 V -sin(ot) e(t)
| Vd v ° /
for ax = /2 -20v

e(r) =20 Vsin(a) =20V |

Current-voltage

T2 T 3T 2T 5T 3T

! ) - Time (T - period)
/ static characteristic
20V/R \ of example diode .
Cross-over point,
Tdmax the solution for
o =T1/2
~— > " Load line:
/ NV
v —
"0y ="V
=
R
. 20V -y,
i =——%
R
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Diode in a rectifier circuit — large signal operation 129

Silicon diode having the breakdown voltage larger than 20 V and known /-V characteristic was applied in
the rectifier circuit. Determine time dependencies of the diode current i (f) and the diode voltage v,(%). (For
low frequencies, when diode capacitances may be neglected.)

R=1kQ 20V

e(t) = 1 e
20V sin(ot) o / /

e \V Vg ™

for ax =3m/2

a0
—  e()=20Vsin(@)=-20V_

Load line: ; Te' T 3Tz 2T 5T2 3T
Time (T - period)
. _e—v,
ly=—7" Current-voltage
R static characteristic
_ _ of example diode
20V -y,
d R i;=0
| v
20V
= Vamin
Cross-over point,
the solution for
o =31/2
Diode in a rectifier circuit — large signal operation 130
R=1kQ Time (T — period)
e(t) = [ 1 Y 0 T2 T 372 2T 5T2 3T
20V -sin(ot)

e Y AW AW

Load line equation obtained
from the circuit loop:

_e)-v, ()

e N ¢ =ravay
/ '

Current-voltage
static characteristic
of example diode 20

SR ERTA A
4/

0 T2 T 3T/2 2T 5T/i2 3T
Time (T - period)




Diode in a rectifier circuit — large signal operation 131
R=1kQ Time (T — period)
e(t) = ] 0 T2 T 312 2T 5T2 3T
20V sin(ot) o
V,
e | NANANA
M o
RV VRV,
Forward biased diode 5 |
Forward voltage of Si diode is /i:
approx. 0,7 V Va0 10l \ \ / \ /
M s
B4 I AV AVA AV,
Current-voltage
static characteristic 2
of example diode A /\ A
ig(t) 15
v R /8| R TAIETA
Reverse biase diode (in a blocking s |
direction). The diode current is 05—
small as long as the voltage is — 0 TE T a2 2T 5T 3T
smaller than the breakdown voltage Time (T - period)
Stabilization diode ("Zener" diode) in voltage stabilizer circuit 132

Silicon stabilization diode of known current-voltage characteristics was applied in a
circuit as below. Determine the diode current /,, and the diode voltage V),

R

|
| S|

id

D\ Vg

n @)

=-20V

Current-voltage
static characteristic
of example diode

Vzo=

10V 88V

L-10 mA

_AV,  -10V+99V
Al,  -10mA +0mA

10Q

Tz

This

Loop equation:
V=1, -R+V,

that is

equation represents the load line.



Stabilization diode ("Zener" diode) in voltage stabilizer circuit 133

Silicon stabilization diode of known current-voltage characteristics was applied in a
circuit as below. Determine the diode current /,, and the diode voltage V),

R
igq 1
V]
W b Va 7, = AVp 10Q
=20V 27N,
!
Current-voltage
static characteristic
of example diode
\“5’; qov VZ
t — i 10 v
\ |
/ [ A 10 mA
Load line o V,, value remains close to ¥, for
Vv ="p changing Vi at Vi <Vy,.
I, = R
Solution This is how a voltage stabilizer works.
Vp=-10V,I,=-10 mA.
Stabilization diode ("Zener" diode) in voltage stabilizer circuit 134

Silicon stabilization diode of known current-voltage characteristics was applied in a
circuit as below. Determine the diode current /,, and the diode voltage V),

R
igq K
Vv, r, = AVD =10Q
IN D Vd D
=-20V The solution may be obtained analytically.
Expression of the diode
Current-voltage ! characteristic for V,, <V, :
static characteristic
of example diode I,= M
Tz
- 0y 20T V=V,
20 0V v I Load line: [ =-WN_'D
— | { v b R
Tl
N L-10 mA
Load line i
Easy to solve set of 2 linear equations
with 2 unknowns. Solution:

Solution
V,=-10V,1,=-10 mA. Vp=-10V,[p=-10mA.
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Stabilization diode ("Zener" diode) in AC circuit at low frequency 135

Silicon stabilization diode of known current-voltage characteristics was applied in a circuit as below. The
magnitude of the AC voltage source e(?) is larger than the stabilization voltage of the diode — i.e. the

breakdown voltage. Determine time dependencies of the diode current i (¢) and the diode voltage v (?).
R Time (T — period)

e(t) = AV 0 T2 T 3Tz 2T 52 3T
20V -sin(wt) r,=—2=10Q [ T.T7 1
Vd A[D 20¢ !
e(t) | | |
M ° \/
/ N/
Current-voltage = 7 T
static characteristic AL 20 —
of example diode o oo =
vglt) #°
L ei= ""~-.\_ etE oy e |
220V i 20V “e !
= e
e 00
o AZ0
- N
5 iglty
Load line 0
[mA] s
o
. _e®)-v, () °
MTTTR
0 T2 T 372 2T 5T2 3T

Time (T - period)

diody stavil - 1

136

Equivalent electrical circuit of a diode
operating in the stabilization range

+
_T UZO

Rys: Prof. dr hab. inz. M. Polowczyk
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90 |
80 |
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40
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20
10 |

0
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Difterential resistance
of stabilization diodes

1r,[Q]

jfd typu BZP630C
iod typu BZP683C

U, [V]

LLLER LN B I B e L t t t t
JEARSIEZTEML M W W W % N n» oM u n 8

3338 AT EEEBRI NN

Rys: Prof. dr hab. inz. M. Polowczyk
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Temperature coefficient of
stabilization voltage

1000

500

0

Avalanche

-500

-1000

N -
OLUZ[ppm/O C] . breakdown.
. O] 3‘;
U,[V]
)6 10 18 24 30 33
AN B Compensated
Tunneling breakdown diodes
| (Zener breakdown) =5 100ppm/°C

Rys: Prof. dr hab. inz. M. Polowczyk
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Large signal dynamic operation of a diode — pulse operation 139

Nonlinear equivalent diode circuits should be used at large magnitudes
of time-dependent, fat-changing signals.

14
ID IDzIS. equ—D -1
— [ | Dl igearksT
. r .
ity A _S G| K £,6,4
2 e T H—Hf e O
J ld
C d 1;— depletion layer thickness depends nonlinearly
LY on the diode voltage V,

1
¢, szif zE'gDT

_dl, _q-(I,+1)
g av, Mgk sT

T — transit time of electrical charge carriers in the
diode, often close to lifetime of excess carriers

Pulse operation of a diode 140

W,
gen
Vgenf i

hvid T
n v
L

Vgenr t,, — turn on time (of diode current), time of
charging of junction and diffusion
capacitances;

t.,— turn off time (of diode current), time of
discharging of diffusion capacitance and

t recharging of junction capacitance;

t.— delay time (diode remains forward biased,
"shelf" in reverse current), time of
discharging the diffusion capacitance mainly ;

1, fall time (of the reverse voltage), time of
recharging of junction capacitance;

e 0,, — difference between the total charges in
i tr it diffusion and junction capacitances stored for
\: i !'_H \_ forward and reverse directions, smaller by the

E charge of recombined holes and electrons.

I
]
]
: effect of

v /senes resistance

—

Vd




Operation of a diode with small AC signal superimposed on large DC bias

141

Vpsin(af)

(e.g. Vp=1mV)

Vpd

(e.g Vpe=0,6V)

C

IDdc +lg sin(at)

The best method is to solve the
electron and hole transport
equations linearized around the
operation point of V., Ip,. -

Usually a simpler method is
used, which is linearization of
the diode characteristic around
the operation point of V., I, -

At forward bias:

A

DSZ \Vbdc Vg sin(at)

VDdc

For signals of low frequencies:

_Jpae 1 Igsin(a)
Ep =
nidealVT
7 Vg sin(at) I Vgsin(at)
gD ~ Ddc
nidealVT

Operation of a diode with small AC signal superimposed on large DC bias 142

Series resistance rg should be taken into account.
For high frequencies the junction capacitance C; and the diffusion capacitance C,;
should be included in the equivalent circuit.

Small signal equivalent circuit of pn

diode - linear.

. A I'S
1(2>

o~ |

I, +1
gD b — Ddc s
I MigeadVr
E,A
CJ K C,- ~ Esi€o4p
I I o ld
C Note: All elements are linear. The values
d of g, C; and C, should be taken as for the

diode biased at (Vp¢, Ipc)-

C,= C, — mainly a diffusion capacitance. Represents the charge of electrons and
holes stored at the diode. Significant only at forward bias.

Ci==-8pT

N | —

Here 7 is a transit time of electrical charge carriers in the
diode. At the simpliest case 7= 7, = 7, - lifetime of excess

carriers

P
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i Microwave diodes

Mixer, attenuator and switching diodes

For

p ] n For
forward bias !

reverse bias

\\\\\a) I'F (]F) Ln b) rs C’(UR) 'LD , //-/

124
] Q C
l(}ﬁ rF[ ] "l} IICU
10°
10°
10 I.[mA] 1_ g, ~ Ip
]. I - » N - - - - N > rD nidealVT
10°10°10°10" 1 10 10°
i = = ]F
rF gF nidealVT

Rys: Prof. dr hab. inz. M. Polowczyk
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Metal-semiconductor diode
- Schottky diode

72



Metal-semiconductor diode

- Schottky diode 145

.

Semiconductors and metals may have different values of workfunctions.
Therefore, it is possible to make a diode with a potential barrier at a metal-semiconductor interface.
There is no injection and storing of minority electrical carriers in this device. A diode of this kind is

very "fast".
The high frequency operation and switching time are limited by a transit time of carriers, a junction
capacitance and a series resistance.

fa e =0

.

.

.

Ed
| Si0, Metal
¥ ﬁ
E. \--_-’F---—-,{
" F < by
LN [ -
e TEm '; ki
. av n'
|
7 = x [ it g e i

Simple structure of
metal-semiconductor diode

n-semiconductor

Fig. 17 Energy-band diagram incorporating the Schottky effect to show the derivations of
thermionic-emission-diffusion theory and tunneling current.

Diode of metal — silicon of n—type.
: S.M.Sze, Kwok K.Ng, Physics of
Energy band dlagram‘ Semiconductor Devices, 3 ed, Wiley, 2006
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Millimeter Wave and
Terahertz Wave Oscillators
with TUNNETT Diodes

TUNNETT_tytul
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TUNNETT - transit time oscillator diode 147
with tunneling injection of electrons

Transit time of electrons in a diode in combination with impact
ionization breakdown or with tunneling breakdown at special
conditions may result in oscillations. It is used for designing of
IMPATT and TUNNETT microwave oscillators.

N - _ + | reverse bias

pTln n n it
I | R (positive)
N tuﬁneling transit time
region region

A

\4

X TUNNETT invention:
structure and electric field profile Nl LU
first operation:
Nishizawa 1968

TUNNETT_intro

TUNNETT oscillator with waveguide resonant cavity 148
Bias pin
s //,, /,/’\ /;//
: ///é 2 Ff// “ coaxial line
o) Y Y . )
s 7« N4 band-stop filter
SI|d|n97/// ; 7
77 3 T /
v . .

: Waveguide
VoA
\ Resonant cavit
\metal body

D —
) £l

Assembled TUNNETT diode

n* GaAs (100) substrate
2x10'8 cm

n-  60-100 nm undoped

diamond .

heatsink c transit time layer
L?)- n* 14 nm Se doped
— 5.5x 108 cm3

Cu stem 3 p* 100 nm C doped
—— A 6.3x 10" cm? (anode)
25kv x88’ Seern @ .
) Ti/lPt/Au
Assembled TUNNETT diode Diode chip grown with MLE
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waveguide resonant cavities

WR-2.2: 0.559 x 0.279 mm for band of f . = 268 GHz to 500 GHz
WR-1.5: 0.381 x 0.191 mm for band of f . = 393 GHz to 750 GHz
WR-1.2: 0.305 % 0.152 mm for band of f_« = 492 GHz to 900 GHz
WR-1.0: 0.254 x 0.127 mm for band of fcumff =590 GHz to 1100 GHz

Au tape
Bias pin TUNNETT
e
Slldlng // / 7 7»/4 band -stop filter
é//smn/////// ‘ TUNNETT
/ / Waveguide

Y Quartz Resonant cawty
e standoff - Stem\ metal body
RN

cavities - flat

TUNNETT oscillators with waveguide resonant cavities

waveguide resonators and measurement configurations

WR-3 :0.864 x 0.432 mm for band of f = 174 GHz to 325 GHz

149

150

>
Q
WR-2.2: 0.559 x 0.279 mm for band of f .+ = 268 GHz to 500 GHz §
WR-1.5: 0.381 x 0.191 mm for band of f 4+ = 393 GHz to 750 GHz E
WR-1.2: 0.305 % 0.152 mm for band of f_,,+ = 492 GHz to 900 GHz &
WR-1.0: 0.254 x 0.127 mm for band of f,4 = 590 GHz to 1100 GHz =
/ £ <300 GHz \ DUy 50% £>300 GHz \
500 Hz
Fabry Perot
rectangular metal &/ Inter?:arometer
waveguide resonator Pulse
\ E/H tuner Genelator < Lens
—+ spectrum (\ m
I ’ H 42K Si Lock i
) ? I analyzer TUNNETT Bolometer [ | a;Cpnlf?er
sﬁgrt SBD
TUNNETT i
mixer Lens Serg {
5 PC

motor
controller
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014 f=642GHz | 191
600 - 706 GHz CW, P =-68 dBm

fundamental mode TUNNETT 012

dament ) : A =467 um
oscillation in metal, rectangular S o10 H { - >
WR-1.0 type cavity g 0o ' ; ‘ .
(0.254 x 0.127 mm) % i 5 ‘ﬁ Pood
] 1 i
5 oo ,§ g. ;! !
g ,' & 4 (f :
L 0.04 °
P C doped 100nm 6.3e19 12
anode
n* Se doped 14 nm 5.5e18 cm? 002 i IblaS_ 620 mA
Vbias=8.21V

0.00
undoped 75 nm
transit time layer 0 200 400 600 800 1000 1200 1400 1600

Fabry-Perot mesh displacement [um]

0.10
A =425 pm f=706 GHz
n* S.I. (100) GaAs 2e18 cm™® P =-67 dBm
substrate ~— 0.081 [
2
c
S
Au ribbon 'E 0.06 1
quartz S,
o+ BTN standoff 5
_—_ : 2 0041
diamond heatsink 8.
@
Cu stem / Ni / Au plated 0.02 1 _ r
|bias =600 mA
Vpias =8.20 V
0.00 T T T T r T
0 200 400 600 800 1000 1200 1400 1600
600-706GHz WR 1.0 specta 131x1s Fabry-Perot mesh displacement [um]
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Bipolar transistors

() T

Fig. 23.2. (a) First commercial, developmental (point contact) transistor from
BTL (Bell Telephone Laboratories) with access holes for adjustment of the whiskers
pressing on a piece of Ge, diameter 7/32”=5 mm, 1948. (b) First high-performance
silicon transistor (npn mesa technology), model 2NG97 from Fairchild Semicon-
ductor, 1958 (at $200, in 1960 $28.50). The product number is still in use
(now $0.95)

M. Grundmann, The Physics of Semiconductors ..., Springer 2010
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npn bipolar transistor 153

n-typtefmilter p-type base n-type collector

silicon

Vgo=-Voe+ Vge <0 .
BC-YOETVEE Semiconductor structure of npn

VoE> Ve transistor
+ ey
N =
typically: forward biased typically: reverse biased
emitter-base junction collector-base junction
p-type base
n-type emitter n-type collector Anode-to-anode series

connection of two pn diodes

n-type collector
C
B . . .
Circuit symbol of npn transistor
p-type base E
n-type emitter

Bipolar npn transistor in silicon integrated circuit 154

_— Emitter contact

- Base contact

Collector contact

epitaxy — growing a monocrystal on a
monocrystal substrate.

rys: U.Mishra, J.Singh "Semiconductor Device Physics and Design", Springer 2007
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pnp bipolar transistor

p-type collector

silicon

Ve =-Vge+ Vge >0

IVeel > IVBE!

Vce < Vee
+ 2 lc ]
L =

Veg<0 : :
typically: forward biaseci: typically: reverse biased
emitter-base junction collector-base junction

n-type base

p-type emitter p-type collector
p-type collector
C
BAK
n-type base E
p-type emitter

155

Semiconductor structure of pnp
transistor

Cathode-to-cathode series
connection of two pn diodes

Circuit symbol of pnp transistor

Band diagram of a bipolar trasistor in thermal equilibrium, at Vg =0

and Vg =0

Note: arrows show directions of fluxes, not of currents.

Potential barrier

Zero biased controlled by Zero biased
base-emitter junction base-emitter voltage base-collector junction
JaitER Jdifnce
Jaimes = ~JpriftnEs — -
JdriftnEs

Jarifince

JaifpEB Jdifoc Erc
JdifpER = ~DriftpER ' ?
JatftpES JarittpC
| —— <=
| X
n-type emitter, ptype base | ntype collectors works as

reservoir of electrons conrols 'V'g petartial barmer
S

a drain of elecirons

silicon

Vec=-Vog+ Vee=0

o

Vee=
0
Ny

o o

>

Jdiface = ~priftnce

JaifoCB = ~priftpcB

156

The diffusion and drift
electron current components
compensate each other at the
base-emitter junction.

Also the diffusion and drift
hole current components
compensate each other at the
base-emitter junction.

The diffusion and drift
electron current components
compensate each other at the
base-collector junction as well.

Also the diffusion and drift
hole current components
compensate each other at the
base-collector junction.

Ie

Iy

0
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Band diagram of a bipolar trasistor for reverse biased base-collector

junction, Vg <0, at Vg =0

Note: arrows show directions of fluxes, not of currents.

Pr.lan!ml bumer _
Reverse biased

base-collector junction

Zero biased

base-emitter junction Seseemiter voRage

JeitnES Jaitnca
JaitnEd = ~DnftnEd Jaitnca = ~pritncs =
a
(=]
g .
b A °e=° T*"‘ "
3
= %
| :.8 e E;
N | | damecaN, TTTTTTTT E
Jaitpes = ~DriftpEs | | FC Jdifaca = ~oritpca = 0
| Jantpea | JeriftpCB .
; = N —— ® |Ev
ntype e mittet, Pty base costeuts n.lgpec-lemanrke as

reservor o{elenm ¥ g potenfial barsier & drain of electrans

Vec=-Vee+ Vge<0

V>0

Ic

The diffusion and drift
electron current components
compensate each other at the
base-emitter junction. The hole
currents are compensated also.

The drift components of the
electron and hole currents at
the base-collector juction
outbalance the diffusion
components.

Electrons from the base that
arrive at the edge of the base-
collector depletion layer drift
towards the collector — but
their concentration is small.

Holes from the collector that
arrive at the edge of the base-
collector depletion layer drift
towards the base — but their
concentration is small.

Ie=1y=0

Band diagram of a bipolar trasistor for active normal bias

that is at Vg > 0 andVg. <0

Note: arrows show directions of fluxes, not of currents.

Polertial barrier
contralled by
bass-emitter voltage

Reverse biased
base-collector junction

Forward biased
base-emitter junction

Jetifn, ,] I‘i JaitnCB
Waingsl * W pritnesl ) ) N
JaritnEB -:.'-r:.».cial =0
- ditnca

] L

= e

o oe

@

&

Q'Eu
LI X

n-type al:ﬂecmrs works as
adrajn of electrons.

Vag=-Vee+ Vae<0

VC = VEE
&

e o
>

1.20
usually also

1,20

1->> 1

~0

158

The diffusion component of
electron current is much larger
than the drift component at the
base-emitter junction. The
same holds for holes.

The drift components of the
electron and hole currents at
the base-collector juction
outbalance the diffusion
components.

Electrons from the base that
arrive at the edge of the base-
collector depletion layer drift
towards the collector —
electrons are injected from
emiter, their concentration is
high.

Holes from the collector that
arrive at the edge of the base-
collector depletion layer drift
towards the base — but their
concentration is small.
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Main components of currents of npn transistor for active normal bias 159

Active normal bias of npn

transistor

1.>0
Usually also

E

le

Emitter currnt may be expressed as:

I, =1.+1,
Ie Vv
9V s
I, =1- exp[j—l}
E ES |: kBT

¥ .
C) Ve Vag where:

| VBc=-Vce* Vae <0

I =InES+IpES

We use the index of N for current gain

I;>0 coefficients for active normal bias.
1->> 1 I, I,
anIEE av=7- Bv=,
E B

These relations are used for the equivalent
circuit for npn transistor operating at the active
normal bias.

DC current gain coefficients - definitions 160

Active normal bias of npn

transistor

1,20
Usually also

E

le

DC current gain at a circuit of common emitter -

=
1
GD Vee > Veg 2

| Vec=-vee*Vee <0 DC current gain at a circuit of common base ¢ :

Ic

1,20 a=—
B I,

1->> 1

Looking at the circuit we note:

Ip =Ic+1
Therefore,
o
B=—r a=L_
l-a 1+
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Current gain of npn transistor at active normal bias

161
Active normal bias of npn B, = Ic
transistor Yo,
lc
It can be seen that the current gain £y is
larger for the larger values of a ratio of
C+> B donor concentration in emiter to
E ce”TeE acceptor concentration in a base:
vee >0 le | Vac=-Vce * Vag <0
o Npg
By
I->0 I;>0 N 43
We know that: The larger current gain 5y can be
qVs obtained for larger values of excess
Io =1, =1.-|exp) KT -1 electrons and holes lifetimes, because of
P reduced recombination currents.
qA4p D, pn;
nEs = T,
X N 5 (x)dx
Il =1 qV e | Typical values of current gain /3 are 100 —
8 Lpe = Loes | OXP k,T B 300 for low frequency transistors, and 10 —
100 for radio frequency transistors.
q4gn} | Dy
1 J ) A —
N DE TpE
Saturation operation region — both junctions, =
base-emitter and base-collector, forward biased.

 The base-collector junction can be also forward biased. When the both junctions are forward bias we
refer to this operation mode as to operation at saturation.

» Concentrations of both, electrons and holes in the base exceed the equilibrium values.

Forward Forward Forward Reverse
Forward / -\ljorward Forward e
- everse Reverse Reverse
/- o -"\\ — Reverse Reverse

-
— s \
Iy *

\_ o
\\_ - // \\
"N

Minorily charge density Minority charge density

Minority charge density

Electrons

Electrons Electrons
~ Holes Haoles Hales
N
H'.JL-,:/,' Mho N T Holes /,\ o Holes -
Per 1 \/ —— /
SATURATION . . Forwarp active . Curorr .
Saturation operation Active normal operation Cutoff operation

Figure 6.8: The band profile and minority charge distribution in a BIT under saturation, forward
active, and cutoff modes.

From: U.Mishra, J.Singh "Semiconductor Device Physics and Design", Springer 2007
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DC Ebers-Moll equivalent transistor model used for computer

.

circuit simulation and design s
R ICR =
e —

1 ] EF ICR

< >
E V. ¢C
I..=1,.-|€ex qVi -1 B Iex=1cs|exp qV_BC -1
r = 1Es P k,T k,T

Symmetry of the equivalen circuit is related to the symmetry of the npn transistor structure.
Differences in distributions of dopants at the emiter and collector result in different values of the
model parameters.
The model applies for any combination of base-emiter and base-collector bias — forward or reverse.
The current gain ¢4 for the active reverse operation (Vg < 0, Vg > 0) is usually smaller than the oy
value for active normal operation.

Br= %
I-a,
The current gain /3, for the active reverse operation (Vg <0, Vg > 0) is usually small, in the range of
1-10. It is a result of a lower dopant concentration at a collector than at an emitter.

DC transport model used for SPICE program 164
“—
! Y Ic
£ . | I‘F "R -—
: IFBn  IRIBR c

Iy=oy - Is=0p 1

There are only 3 DC parameters of the model:

Is, By Br




DC transport model used for SPICE program simplified for active

normal operation

Ie/By

¥
E C> Voe > Vag

le

| Vec=-Vee* Vee <0

165

I:ﬁN

DC parameters of the model :

Static characteristics of ideal bipolar npn transistor

(B J,;.qsﬁ.& ) c

&

) Vee > Vae

Vgo=-Vpg+ Vge <0

97 sc

V,
IR:IS-[eXp( ‘

B
Model parameters:

]

by

E

e

9 e

o o

B

Model parameters :

Is, By Br LB
- N AN 5o J
(— 12 — 12 —N\ — T
= CE = VBE
VeE = Vi Vg =V \
w3 | 'CE TE //f ol CETYBE g | © I' Ig = 100 pA
, Io=By-1 A v
|C// / . c=By1y o ! 80 pA
= 106 T E normal saturation active normal
= / g} E_ Ic = area area 60 uA
© // / o ° I 06 ;
- — I
-8 B
o 10 7 o 4 : . i 40 pA
H ]
/ £ IIB’ ' 20 pA
! u
12 ro_ 2 2 4
10 [ Nt By-1y j H
/T | | . J . , g =0
00 02 04 06 08 0.0 02 04 06 08 00 0.5 1.0 1.5 20
Vee M VBe M Vee M
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25A1252 /2SC3134 —

pnp npn

PNP / NPN Epitaxial Planar Silicon Transistors 167

High VEBO, AF Amp Applications

Features
- High VEBO.

Characteristics of real bipolar transistors

+ Wide ASO and high durability against breakdown.

Specifications ( ):25A1252

from catalog of
SANYO Co.

Absolute Maximum Ratings at Ta=25°C

Parameter Symbol Conditions Ratings Ut
Collector-to-Base Vollage VCBO () v
Collector-to-Emitter Voltage VCoED (=150 v
Emitter-to-Bace Violtage VEBO (-5 v
Collector Cument I (-)150 mA
Collector Current (Pulse) Icp (=300 mA
Collector Dissipati Pc 200 | mw
Junction Temperature T 150 LY
Storage Temperature Tsig =55 10 +150 G

Electrical Characteristics at Ta=25"C
Parameter Symbol Condiions Rafings Uit
min typ e

Collector Cutoff Current Iceo Ver=(-H0V, [E=0A (=)0  whA
Emitter Cutoff Curment IERD VER=(-110V, Ip=0A {=)01 A
DC Current Gain heE VCES(-)BV, IG=(-)TmA 0* G00°
Gann-Bandwdlh Product [ VCE=(-)BY, Ig=(-)ImA 100 MHz
Output C. Cob VCBE(-)6Y, FIMHZ (3522 pF
Callectar-to-Emitter ion \oltage VeE(sat) | Ig=(-)50mA, Ig=(-}5mA {-)05 W
Collector-to-Base Voltage VER)CBO | le=(-)10uA, IE=0A (-)60 v
Collector-to-Emitter Breakdown Voltage VIBRYCED | 1o=(-11mA, RRE== (=)0 v
Emitter-to-Base Breakdown Voltage VIBRIEBO | IE=I-NORA, I=0A (-315 v

Characteristics of real bipolar transistors
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Characteristics of real bipolar transistors 169

2SA1252 - pn 2SC3134 -npn  from catalog of
pnp p SANYO Co.
Ic - VBE - Ic - VBE
- ||' 2841252 | 2SC3154
VeE= -6V VeE=6V
Pulse | Pulse
3 3 |
9w | 9w ’J
g -]
; i j |
3 / 3 |
/ |
. J .
—04 -0 -1z -8 [T] o8 12 16
Base-to-Emtter Voltage, VRg - V  ITROS030 Base-tlo-Emitter Voltage, VRE - ¥V TRo3081
. hFE - I o hFe - I
HAlTEL TECI1M
7 VeE= -6V T -
. Pulse Pulse
£ o= E =
el = 5 Em
E N H \| hpp=hy, =Py
é 100 E 100
g g
3
ey =T =T “1 o [T] ] 100
Collector Current, I¢- - mA  [TR#S: Collector Cument, I - mA  frRososs
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2SA1252 - pnp 2SC3134 -npn  from catalog of
. fT - Ig - fr - | SANYO Co.
! Al ! 25Ca1
I V= -6V 5 ! Vep=sV
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J.l“ .’_I‘ : T ™~
- = ~ i T <
E 100 “/ ™ 2 100
_‘é T -5 T
j i
3 i
0 AL
=10 =10 =100 0 100
Collector Current. Iz - mA ITRnleE Collector Current, I = mA ITROJOES
Cob - Vcp Cob - VB
I8A1Z52 2803134
f=IMHE F=IMHz
£ o P
E T"“--. g !
g ~ g 8
u z -
I~ E T
g =~ g ~—
I~
w o
-10 ~10 3 ~100 i 3 " 23 00
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Characteristics of real bipolar transistors

2SA1252 - pnp

240

2SC3134 - npn

Pc - Ta

25A1252 /28C3134

200 \

160

AN

120

N

80

N

Collector Dissipation, P — mW

N

N

40

N

20 40

60 80 100 120 140

Ambient Temperature, Ta — °C ITR03090

Dopuszczalna moc wydzielana w tranzystorach w
funkcji temperatury otoczenia.

from catalog of
SANYO Co.

Output and transfer characteristics of npn transistor at active normal

The characteristics are measured
at Vy=0,whichis at V= V.
They enable estimation of
saturation current values and
current gain values used for
computer models of transistors.

Characteristics of a real transistor

bias

1072

High aEy L R
103l injecglinntl cxp( 2&]‘] “ B

regime
10 -

Ryly
105 drop regime
10-6 ¥
BE) .
il o exp| T )_\
108 1y
lﬂ.ll -
10-10
" 7'
‘ Ideal regime 4{
AT
e o e mkT/
ecombinalinq
IO—H L L ! 1 1
0 0.2 0.4 0.6 0.8 1.0 1.2

Vag (V)

Collector and base currents as a function of base-emitter voltage. (Al

S.M.Sze, Kwok K.Ng, Physics of Semiconductor
Devices, 3 ed, Wiley, 2006

171

86



Output characteristics of npn transistor working at

common emiter configuration e
Ic
Ic Normal saturation area
. _~ VBc=0
| Common emitter | \ .
|~ Saturation
—> Active
] IBZ
' Active normal area
: Ig;
[
/
/ o ;i Ig=0
B ; I Vad v
Bi N Cut-off area CE
Ip2 ; .
B Reverse actlive Reverse saturation area
from: U.Mishra, J.Singh "Semiconductor Device Physics and Design", Springer 2007
Output characteristics of npn transistor working at =
common base configuration
CB norm.

Normal saturation area

Ie Common base circuit
A

| Common base

Saturation

N

i,

T4
Active Ig3
Active normal area
Ig2
Ig
/ E= 0
7 Ves

approx. -0,7 V Cut-off area

rys: U.Mishra, J.Singh "Semiconductor Device Physics and Design", Springer 2007
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Output and transfer 17
i characteristics of npn transistor

I, I 1 .
T.=U" =
C‘Dllc U =U [ Upp=const Q"DJ'IC
2 e
Elf ol
2 U
3 — CE
4 S UBE
U Ucs
l -
-~
—— Gl
3 —_— A -i
Iz=const e 7U('E
4 e IB
U Uce

Author: Prof. dr hab. inz. M. Polowczyk

176
Input characteristic of
npn transistor
[T [HA]
s,
A N Si
U, Uece Ucg=const
Ugp>Uge
Use [V]
0 0,7V

Author: Prof. dr hab. inz. M. Polowczyk
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Large signal dynamical model 177

Diffusion capacitances are related to injection of
excess minority electrons and holes in the junctions.

It
€ =200 Cue ==~
Vr Caife Caifc !
P P
Junction capacitances are 1
related to noncompensated Cie Cic
) L= P
electrical charges of _' =1 "
Fleplgtion layers at the oRlcR anIEE
junctions. < > I
Ree' ’ Lyp Iy N Ree!
A € = AN~
E =P B o c
— —-
v, 3 qVyc
Top =1 |expl —25|=1|  FRop  [op =15 -| exp| =25 -1
kyT B kT

Here 7, t, — are transit times of electrons and holes (equal in ideal case).

Pulse operation of bipolar transistor

— case of rectangular current pulse applied to base 178

S.M.Sze, Kwok K.Ng, Physics of Semiconductor Devices,
3 ed, Wiley, 2006

Iy I3~ lgoN

Ic L™ lcon

—f —
0y ty Iy ;
(©)
Fig. 200 (a) On-state and off-state operating points in a common-emitter configuration,
Dashed line indicates restricting the on-state in the normal mode to avoid storage time ¢,. (b)
Minority-carrier profile in the base at different time. (c) Response of Op and Ji- to a step base-
current input.

89



Linearization of transistor model
for a DC operation point belonging to active normal area 179

Let us bias a transistor so that its DC operation point
belong to the active normal area Vigy, > 0, Vigg. >
Vggq.- For this purpose we use R; —R;, Ryand V, at
our circuit.

c
Let the magnitude E,, of the AC voltage source be BB ]

R4 Ro

Vce

©

small, so that the variations of the voltages and currents ¢
Vie(1), Veo(1), 1,(1), 1,(t) are very small as compared to
their DC components Vigae Vepde e Lede:

Vo

e ICEE_L 1

Ro

Em sin 2nft

At these conditions, the I-Vs (the relations between the currents and voltages of the transistor)
can be approximated with straight lines tangential to the I-Vs at the DC operating piont:

. dli, . dl

I (t) =yt : [Vbe - VBEdc] L (t) =Ly +—— : [Vbe ®- VBEdL']
v, Ic=1, v, Ie=lcy,

= I t8, Te=lon V- sin(27f) = Lyt 8 e=Tea V,. -sin(27f)

Transconductance of the transistor: Base-emitter differential conductivity:
g, = dlc ICdc ~1Cdc = dIB ~ IBdf :IBA
m - T be
ar, Ie=ly,  ideal Ve V; av, Ie=lyy,  ideal Ve Vp
Linearization of transistor model

for a DC operation point belonging to active normal area 180

Under the condition that the time variations of the
voltages and currents v, (t), v (1), i,(t), i(t) are very
small as compared to their DC components Vg,
Vgde Ipae Ieger the AC components of the voltages
and currents can be calculated with the help of the
linearized transistor model -

1) we calculate or measure the DC bias point of the
transistor - Vggae Verde Ipde ledes
2) and use these values for estimation of the b3

. . . 1 Robr
parameters of the linearized transistor model. B
l, B fop B Cc c I
5 A I I . ‘
db'e
Vbe [ — Ve dee
Cie |Cdite Im Ve
I E
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Small signal transistor model

for a DC operation point belonging to active normal area 181

1) Itis known the DC bias point of the transistor -
Viede Veede T Loaes

2) these values are used for estimation of the The capacitances are approximated as fixed
parameters of the linearized transistor model. | values, but depending on DC components of

currents and voltages of the transistor - Vg

VCEdc’ IBdc’ ICdc

Cp=Cap +Cpp Ce=C

Iy B Tbb B I‘T‘c c I
W 1 ' ol
Ob'e
Vhe E— Vie Gee
CiE |Caife Gm Ve
lE

g zIBdc ~ ICdc g zICdc zﬂNIBa’c
b'e m

transconductance

Small signal circuit model

for a DC operation point belonging to active normal area 182
1) DC bias point of the transistor, Vigae Vepde Ide
I g - already known; R1 Ro Voc

2) these values were used for estimation of the
parameters of the linearized transistor model; Cpp
3) we use the principle of superposition to obtain a
small signal circuit model, useful for calculation of Rg g Vo
AC components of voltages and currents.
R2

Ep sin 2xft

Ra/ICEE__L 1

Cgg and Cyp were assumed
to be very large - they may
be considered as short
circuits for AC analysis.

independent DC current sources are modeled as open circuits for
AC analysis.
Cpe and Cyp were assumed to be very large, so that they may be

Independent DC voltage sources are modeled as short circuits, and !
considered as short circuits for AC analysis.

C

Cc
S| .
I
9b'e R TV
Vi ° ¢}
be Im Ve
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Small signal circuit model
for a DC operation point belonging to active normal area 183

1) DC bias point of the transistor, Vggie Vegde Ide lege - already known;

2) these values were used for estimation of the parameters of the linearized transistor model;

3) we obtain a small signal circuit model, useful for calculation of AC components of voltages
and currents;

CjC

R e
g g bb B g

LI L. "
R1IIR T Voo eqre | Ce T Vo 9m Vore °
Em 1lIR2 K3
- T > 3

c
s
11

4) the AC components of voltages and currents are calculated then;
5) the AC components and DC components are added to obtain the momentary values of
voltages and currents.

i (t)=1I +1, -sin(27ft) i, (t) = I, +1,-sin(27 ft)
Ve (1) = Vegge + V.. -sinQ2r ft) Vo (1) = Vg +V,, -sInQ7 f2)

Note: V., V., L, I, — complex amplitudes of AC components.

C

Forward short-circuit current gain £,,, 184

Let us bias a transistor so that its DC
operation point belong to the active normal

area Vgege > 0, Vipge ™ Vagge- Let us short RiZ vee
the collector with the emiter using a (.)
capacitance of very large value. Let us Cge
measure the AC complex amplitudes of I _—
and I . Rg
c
Ji Emn Sin 2xfl Rzi Ra :EEE Icc
h _ _C — — — — - —
2le —
I, .
V..=0 Short-circuit for
alternating current
lhb B Ibp B |<1:C c I
> = AN 1|
Gp'e
Vbe - — Viye Jee Vge=0
CiE |Cdite Im Ve
E ' E

Small signal equivalent circuit of the transistor and the shorting capacitor.
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Forward short-circuit current gain h,,, 185

b B bb’ B’ ¢ C I
> = AN 1|
db'e
Vbe - — Viye Jee Vge=0
CiE |Caife Im Ve
E

Two-port network models of transistor (for common emitter configuration) 186

Base Collector . . . L
Iy B Tbb B Clic ¢ .. Small signal equivalent transistor circuit is
I

¢
- W ; " “—a two-port network.
in Vee = Del l v out  Emitter is common for the input port —
he 3 be Hoe .
TCIE-F i AT base, and for thﬁ? outp_ut pgrt — collector;
- a common emitter circuit.

Lmitter Iy =11, Vee =V,
i.=1, Ve =V,
vV, =h.1,+h,V
be h’lle b 12e” ce hybrld Current gain:
]C = hzwlb + hzzche equations I, f)
hy, () = _I
b(f ) Vee=0
L =y.,V, + V
b= VeV ve T V2V ee admitance For bipolar transistors:
Ic = yZleVbe + yZZeI/ce equations f -0
= hy, (f) > By
I/be = leer + ZlZeIc 1;23;32?1:6
_ Transistor transconductance:
Ve =230y + 2.1,
IC
Matrices [hy], [y;] i [z;] are equivalent and they can be En=Vae = %
transformed to calculate parameters of any type having a one type blely =0

matrix. Microwave engineers use [S;] - other equivalent matrix.
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Cut-off frequency of current gain

187
Moglh,,,
P 20 dB/decade
) ?]—
0 -——
0 f £ logf
Im h,,,
To 0.707 B Reh,,
- ®=0
R A T D/,
2et, ty
t,; - transit time of electrical charge
carriers for active normal bias
Author: Prof. dr hab. inz. M. Polowczyk
Cut-off frequency of power gain f, ., 188

The cut-off frequency of current gain f;is defined as the frequency at which the common-
emitter short-circuit current gain drops to the value of 1.

fT gm g z@zﬂNIBdc
270(Cp +C o +C o) A A

We can measure the cut-off frequency of current gain f; at a large value of /.., so that the
junction capacitances related to the depletion layers are neglible in comparison to the diffusion

capacitance Cyyp; . The Cyy value may be used for calculation of the transit time ¢, and for
obtaining its dependence on /= I

Cope =——

The cut-off frequency of power gain f,,,. is defined as the frequency at which the

extrapolated common-emitter power gain drops to the value of 1

fmax -
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Determination of cut-off frequencies 189

a”:u.sua..m‘ v o=Ow

T
B
5
4
3
2
1
0

e L i i e e

A =06 x4 30t
Jr=razma v =184y
J =817 mAum’, V=08V

i1 W 2, imau?y
1= 391 GHz, 1 =505 GH B g
10* 10" 10" 10"
Frequency (Hz)
(c)

Figure 6.1: State of the art n-InP/pT-InGaAs/n—-InP double heterojunction bipolar transistor
(DHBT). (a)SEM image of device, (b) dc I-V characteristics, and (c) high frequency current
gain and power gain. For this device, the average 5 =~ 36 and Vpr.cro = 5.1 V (measured at

I = 50 pA). Figures courtesy of M. Rodwell and Z. Griffith, UCSB.
rys: U.Mishra, J.Singh "Semiconductor Device Physics and Design", Springer 2007

Semiconductor heterojunction 190

Eg st Heterojunction — junction of different

separated — clectron afinty ’ semiconductors, e. g Al Ga,_As and
—_ I GaAs, usually of different bandgaps
E B E;.
EraiGaas I.\Ec= D236V . I lication — f
ntype | B e B port'ant aPp 1cathn or
Alg 3Gag 7As f%’cﬁ?@’ ff‘;ﬁgﬁ, p-type heterojunction transistors.
Ergats Gans ¢ Another application - in
. I‘;g;‘;],‘_',g;,"""&_ EvGads optoelectronic devices to obtain direct
WHEAAL T bandgap or to tune wavelengths of
emitted or absorbed light or to
AE, = ¥ youts = Xouis Ercans miqi@ize the VOl}lmC. of crystal where
radiative recombination of electrons
p-type and holes takes place.

contacted
EcaiGans GaAs

In thermal equilibrium, after bringing
the materials into contact, the Fermi
Retype energy levels Ejalign.

Alp,3Gap,7As

v

AE =y +E But, the differences in workfunctions
v AAlGads T GAIGads of the materials make the band offsets
~Xoats ~ Eccass AE, and AE, not changed.

Aligning of E indicate existence of
built-in potential difference V),
between the materials:

-9 Vbi = [ZGaAs + (EcGaAs - EFGaAs)] _[ZAIGaAs + (EcAlGaAs - EFAIGaAs)]

EvaiGans

Alg 3Gag 7As [ GaAs N-p heterojunction
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Semiconductor heterojunction 191

. " E -E
separated £p - vacuum level Electron concentration: n=N_ exp(—fki”]
B
%1 L2
Eer n N
T vy § E —-E, =—k,TIn - =k,TIn(N.)—k,TIn(n
= 2|k~
 Ci— _— % F
£ riype p-type =
a1 material 1 material 2 Egz
Epgs
Ev “E—f!—._ Eiz Material workfunction: n
e e R W=y—k,TIn| —
NL'

Built-in potential V,;:

contacted AEc Fez
petype _
Eer g material 2 =4V =2+ (Ey = Epy) =20 +(E, — Epy)

n-type Its derivative V,;:

material 1

W _dz d g

de dx dx © "

Eyt

)

M-p heterojunction

av,, d dN, dn
& X D g 9
dx  dx N dx ndx
Semiconductor heterostructure 192
seprted mpiwoumie . We need to derive an expression for J, suitable for heterostructure
¥ I systems. Let us include an additional component A, which we do not
? £ f2 know now, in the expression for a homostructure material:
& e dn
I - . - b, J, =qnu,& +qD,—+ A
gy i p-type dx
materiad matc"“lEi faz Suppose that our sample is at thermal equilibrium:
--------- A
€ P ] dn
" 0=gnu,& +qD,—+ A
dx
where
contacted AEg Fez - dVb, a4 dav,, ldy dN; dn
ptype 2 =T and: — ==tV —
- dx dx q dx Nedx " ndx
T B MRterRR
ldy dN; dn dn
A=qnu,| ———*- AV, — |- —
L) . 4 /l"[ gdc T Nudxe T ndxj il dx
material 1
Eur 1d dN;
A= qnu,| -~ —y, 2
q dx N dx

M-p heterojunction
After substituting it into the expression for J, we obtain:

dN.. J dn

e |ygp
g de " N.dx Eaclr™
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Semiconductor heterostructure 193

separated Eg - vacuum level
%1
Eer
Epy AE.
; T -~
g n=type p-type
a1 material 1 materi

n-type

material 1

Eyt

M-p heterojunction

Basic equations for analysis of heterostructure device operation

_ 1d dN; dn
e J, =qnu, c‘f———l—VT —< |+gD,—
3 q d N dx dx
Xz
The expression for J, is valid not only for thermal equilibrium.
Ecz
al2 Eoz The second and third components may be interpreted as additional

electric field related to varying electron affinity x and to varying
effective electron state density N*, because of the bandgap engineering
of the heterostructure :

g/h)elnz_ld_l_I/Td"‘L
q dx N dx
dn
J, =qnu, (& +6,)+qD, —
n qﬂn() )hetn) q ndx

The expression for J, can be obtained similarly:

. v 1dE, dn, dp
J, = go2fA _ Py S | _gp P
i qp,up( dc q dv " Njdx P dx

Iy :qp'up(g-'_éiew)_ql)p;

Poisson equation — for 9L W q(n -p+N; —N;)

otential distribution V: - =52
P ox  dx g,
separated  £j-vaawmiewl ~ Note — approximation of completely depleted layer ofien can be used
" for junction analysis.
%1 L2
EE . . .
e E_.f_ Continuity equation for al -G -U +l aJ,
" |2 . _clectrons: a " " g ox
P - 2
Ear i p-type aJ
materia fal E, . . .
bttt Ei:_ o Continuity equation for al =G,-U, _1d,
| £ “E_u__ _ Femusltie Ep holes: at q ax
. _ . ldy dN.. dn
AE, = ¥ yi6ats — Xoats Density .of electron J, =qnu, [5 —;;— N +4¢D, W
conduction current: ¢

contacted

Eer

n-type
material 1

Eyt

material 2

mee Density of hole J,=qpu, [5—7——7

conduction current:

Density of total conduction J.=J,.+J
current :

M-p heterojunction
AE, = ¥ iass + Ecaicass

~Koats ~ Ecoans

Note — Quantization of electron energy levels and two-dimensional electrical
charge carrier distributions should be considered for narrow potential wells of
widths comparable to the carrier de Broglie wavelengths.

194
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Heterojunction bipolar transistor 195

E, at emitter

Npn transistor
Large bandgap Smaller bandgap

E, at base

depletion region
base

collector

v

nSi

p SiGe

nSi

g
Z
E
o
§
&
I"
q
.

Emitter-base heterojunction — n-type
semiconductor of large bandgap E; is used for
emitter, and p-type semiconductor of small
bandgap E|; is used for base.

Semiconductors are selected so that AE, > AE,.
Therefore, the potential barrier is larger for holes
than for electrons.

As a result, at forward E-B bias, injection of
holes from base to emitter is suppressed as
compared to injection of electrons from emitter
to base.

The transistor has larger current gain £ = /,,,
than a homojunction transistor.

___________________________________________ E
" Or, the base acceptor concentration may be
taEy \} increased. The value of £ = h,,, is moderate, but
Ev  the base series resistance 7, is reduced. This
way the cut-off frequency of power gain f,,,. is
inreased:
fmax =
from:P. Ashburn, SiGe Heterojunction Bipolar Transistors, Wiley 2003
[lIV - heterojunction bipolar transistor 196

[ -AlLGa, As

n

-

p-GaAs n-GaAs

\

d883 _LOKY

from: M. Grundmann, The Physics of
Semiconductors ..., Springer 2016

emitter base collector
() (e}

. . Material d (nm) type function = ! ! T
Schematic band diagram of a (nGajAs 75w _ omitorcap| gof )
heterojunction bipolar transistor E:::m s N pULE S [ —

(In,AlL,Ga)As 45 N grade £ [ — Y.
(In,Ga)As B0 p  base Ll S
/ (InGa)hs 700 _n__colleclor ) ————————02
(In,Ga)As 430  n°  subcollector| § S—
InP substrate " " L
o [ 1.0 1.5 20
Ve (VD

(a) Schematic layout of a high-frequency HBT
and SEM images (b) without and (c) with
contacts. (d) Epitaxial layer sequence and ()
Kstatic performance data.
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Transistors with record high f; i f.,,, and operation frequencies of circuit fgq

(2015 state of art)

= {fr 112
300 500 700 900 = (i fmax)
1600 . : { .
] . iy @ HEMT-Northrop Grumman
HEMT O 520 GHz HEMT amp
1400 ® HEMT - Fraunhofer IAF
N IV HEMT & HEMT-MIT
B [ ]
5 1200 & HBT-UILC
= 1 " & HBT-UCSB
1000 GHz HEMT '
5 1000 A O ampifier Ur o HBT-TOSC
-t 1 n o
m HET * 340 GHz HBT amp - TDSC
o . . ®
§ 800 A SiGe HBT (BIGMOS) - IHP
= P A\ 325 GHz SiGe HBT froq. doubler - IHP
= 1 P SiGe A SiGe HBT-IEM
JE 400 1 HisCan HBT 4 SiGe HBT- TU Muenchen
E SiGe mﬁzn:os A 190 GHz SiGe HET gon ~TU Muencher|
HBT
200 A : AMOS gen. s W nMOS (CMOS)- IBM
1 :.%ﬁg.ﬁ? T ] |amos [ 300 GHz CMOS generater - UCLA
0 {CMOS)
0 200 400 600 800 1000
fr [GHz]

Jax — cut-off frequency of power gain, at this frequency P

/ P,,> 1 for AC componets.

out

fr— cut-off frequency of current gain, at this frequency /,,,/ 1, > 1 for AC componets.

Graded bandgap E at bases of N-Si/p-SiGe/N-Si heterojunction bipolar

transistors

emitter

collector 400

197

198

L L L B

T T T T

T 1
fr 4 fpgy = 400 GHz

P I I

L

M I

Pl I

Introduction of a drift field in the base using bandgap variation

100

150 200 250 300 350

Peak f; (GHz)
(2007)

&

» Larger E, at emitter than at base is used for limitation of hole injection from the base to the emitter.

 This enables using higher concentration of acceptors at the base. I effect a series resistance of the

base is reduced and, in turn, the cut-off frequency of power gain f,

is increased.

max

* Graded bandgap E,, at a base of a heterojunction bipolar transistor N-Si/p-SiGe/N-Si acts as an
additional built-in electric field, which accelerates electron motion through the base. The E, badgap
grading is obtained with graded Ge content - 30% - 0% typically.

rys: J. D. Cressler, "SiGe and Si Strained-Layer Epitaxy for Silicon Heterostructure Devices", CRC 2007



N-Si/p-SiGe/N-Si heterojunction bipolar transistors fabricated with BICMOS
technology 199

base
emitter metal contact

CVD -oxide Emitter Base Collector
- 107 - o
q
B J20
5 £
= E 15
£ qomf 8
H 110
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TABLE 10.1 Device Parameters of the High-Speed npn Transis-
tor with Ap = 0.14 x 2.6 ;Lm2

Ag 0.14 x 2.6 pm’
B 250

R 2.8 k{)/sq.
BVegg L7V
BVegg 5.8V

Ces 6.3 fF

Cre 5.5fF

Ces 3.7 (F

Ry 5002

Ry 3.5()

fr 200 GHz
fone 275GHz

Gate delay(of ECL type bipolar logic gate in integrated circuit) 3.5 psec
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Thank you for your attention!
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