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m Conventional Solutions]

C (Total concentration core)

nno

Solution: 1

B (Thermal generation curve)
ny(T)

Z

------- A (Impurity ionization curve)

Carrier Concentration

T; (Intrinsic point)
@'/ Temperautre
[ I o

Total carrier concentration (shown by curve-Cin the above diagram) has 2 types of carrier.

(a) Carrier due to ionized dopant atom (impurity atom).

(b) nj( T), thermally generated carrier (intrinsic carriers).

The difference between energy of dopant level and that of conduction band in N-type, valance band in
p-type semiconductor is typically very low as compared to band gap energy Eg( T), Tstands for temperature
variation of Eg.

= (E,~E).(E,~E)<< EQ(D [in extrinsic range of temperature]

Where, E = Donor level, E,, acceptor level Eg is also the amount of energy to generate an electron hole pair
intrinsic carrier. Due to small energy requirement of impurity ionization, (E_— E_) or (E, - E ), the temperature
required to ionize dopant atoms is very small and typically between 100-150 Kelvin.

The above diagram shows variation of carrier concentration due to increase in temperature rate for an n-
type semiconductor.
(i) Impurity ionization carrier (Curve-A).

(ii) Thermally generated carrier (Curve-B) and curve-C is just the sum of two carrier concentration. Show in
the above diagram are 3 region, |, 1, lll. Depending on temperature range.

Region-| (temperature range of partial impurity ionization): It typically stretches upto 150 K. During

such small temperature n/.( T =0and n,, = N is carrier concentration due to ionized dopant atoms. If N,
be concentration of dopant atom then

-1
N{H%exp(%ﬂ (1)

B term accounts for degenerating of spin}

Ny

E. = Fermilevel of the n-type specimen.
Region-Il (Extrinsic range of temperature): In this range temperature is sufficiently high to ionize impurity
(dopant) atoms. So
Nj = N,(allimpurity atom ionized)
n/.( T) starts to rise but still several orders of magnitude smaller than N,
The Region-Il ends at that temperature when n/.( T)=NyatT= Tj(intrinsic temperature)

(@ Copyright MRDE ERSYH www.madeeasypuincations.org)




4 Electronics Engineering @ Electronics Devices & Circuits MBDE ERSYH
This particular temperature is called intrinsic point. At this temperature extrinsic behaviour starts to vanish
intrinsic carrier concentration takes over the impurity carrier concentration.

My, = n(T) + Ny
Region-IlI (Intrinsic range of temperatures): It start at intrinsic temperature pomt(Tj) (T) at T/ = N, (by
definition given above).
= n(T;) = Ny
Inthis region Iy, = n,-(T) for temperature slightly above T/.and hence called intrinsic range.
Part-2: T/ by definition is the temperature at which nj( T/.) =N, (i)
Eq(T)
= - n(T) = JNo N, exp|-| -2 ...(iif)
j 2 kT
Where N, N, Eg(D, K have usual meanings. Now we put n/.( Tj) in equation (ii) and we get,
Ey(T))
JN. N, exp| -——L22 | _
p{ 2kT; | = Mo
N
= =
2kT N N,
E(T)
= S = I
) Nc Nv
Ey(T))
- iz NN
2kln{ c V}
Ny
From here, we observe that for a given semiconductor 7,depends on N, (doping concentration) and Eg(Tj)
or band-gap energy at intrinsic temperature point.
GaAs
2000
= 1600 i
E
<€ 1200
£
=800
400
10° 10" 10'° 10 107 10 ND(Cm%)
Intrinsic temperature Vs Doping
Solution: 2

p = 2.25x 105cm?

The Fermi level at 300° K for n-type material.
(E,—Ep = 0.307eV

Thus E will be 0.307 eV below the bottom of the conduction band, for a donor density 1071°
atoms/cm3.

[www.madeeasypuincations.org MRDE ERSH © Copyrighg




MRDE ERSY I Rank Improvement Workbook 5

e Concept of Fermi Level (E,) in extrinsic semiconductor:
= Fermi-level is a measure of probability of occupancy of the allowed energy states.

= Inextrinsic semiconductor Fermi level moves closer to the conduction band indicating that many
of the energy states in that band are now filled by donor electrons and the number of holes in the
valence band are few. This concept is in respect of n-type material. While for p-type material the
Fermi level is nearer to the valence band.

= 8o, the CB and VB positions will shift relatively to each other in n-type and p-type material as
shown in figure below:

Conduction band Ep Conduction band

Ey E,
Valence band Valence band
0 0.5 1.0 0 0.5 1.0
f(E) f(E)
(a) (b)

Positions of Fermi level in (a) n-type and (b) p-type semiconductors
= Astemperature increases the density of electron increases and hence conductivity increases.
= A calculation of exact position of the Fermi level in an n-type semiconductor is,

N,
E = EC—len(N—gj
= EC_ EF = len(&J (i)
Np

For p-type material,

N
E. = E,+KkTin| L
e (NAJ
= E-E, = len(Mj (i)
Na
Now, we have to find the Fermi level at 300° K for n-type material.
From equation (i) we have,

2.8x10"

E.—Er E J (Atroom temp. KT=0.03 eV)

0.03Zn[

i (E,—Ep = 0.307eV
Thus E. will be 0.307 eV below the bottom of the conduction band, for a donor density 10"
atoms/cm?.
Solution: 3
The given phenomenon is Hall Effect.

According to this effect the statements are:

(@ Copyright MRDE ERSYH www.madeeasypuincations.org)
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If a specimen (metal or semiconductor) carrying a current I is placed in a transverse magnetic field B, an
electric field Eis induced in the direction perpendicular to both 7 and B. This phenomenon, known as the
Hall effect, is used to determine whether a semiconductor is n-type or p-type and to find the carrier

concentration.

z

¢ Consider a semiconductor specimen bar having volume charge density p, (in C/m?3), width ‘w, thickness

‘d’, cross-sectional area ‘A’ and developed Hall voltage is “V,;".

Since, E = £
e

F = eE ()

also, E = g(vxB) (i)

In the equilibrium state,
Force on specimen due to electric field (E) = Force on specimen due to magnetic field (H)

- eE=evB [where v, = drift velocity]
= E=v,B .. (iii)
V,

Also, E = FH )
V, = Bv,d (V)

. . , E J

Drift velocity of charge carrier = v, = 5o

Py

Now from equation (v),
BdJ BIld  BId

V, = =
H p, Ap, wxdxp,
R v, = 2L Vi)
pyw
This equation (vi) represents the Hall voltage (V) developed in a semiconductor bar.
Solution: 4
n = 2.29x102/m?
vy, = 1.9km/sec
Solution: 5
n, = 2.26 x 102 /m8
0=2322x107"S
[www.madeeasypublications.org MRDE ERSH ©Copyrigh9
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Solution: 6

m Current density

e |f Nelectrons are contained in a length L of a conductor as shown in figure below. If Tis time taken to
traverse distance L, the total number of electrons passing through any cross section of wire in T per
unit time is N/ T.

— N-electrons
(L = )
[ L |
(A = cross-sectional area)
N Nagv
Therefore, 1= TCI = % )
I  Ngv
Current density (J) = A & (i)
(unit of J = amp/m?)
Since, % = n(electron concentration in electrons per cubic meter)

. J = nqv=nev=pv ..(iii)
where p = neis the charge density in Coulombs per cubic meter and vin meters per second.

e The conductivity of a material can be related to the number of charge carriers present in the materials.
Now, combining equations (i) and (iii) we get,

J=ngv=nquk
= J=oE ~(iv)
where, o= ngu ..(v)

where 6 is conductivity in (ohm-meter)~

Solution: 7
(EF —Ef) = 0.083eV
EC
Voo .
F
0.083 eV
T """"""""""""""""" Er
EV
Solution: 8

If an electric field is present in addition to the carrier gradient, the current densities will each have a drift
component and a diffusion component.

J(x) = Quan(x)E(x)+aD, dg(x) )
%‘.’—J X
arit diffusion
d
Jplx) = qupP(x)E(x) -aqD,, Zix) ..(ii)

and the total current density is the sum of the contributions due to electrons and holes :
Jdx) = J(x) + Jp(x)

(@ Copyright MRDE ERSYH www.madeeasypuincations.org)




8 Electronics Engineering @ Electronics Devices & Circuits MBDE ERSYH

The relation between the particle flow and the current of equation (i) by considering a diagram such as
shown in figure. In this figure an electric field is assumed to be in the x-direction, along with carrier distributions
n(x) and p(x) which decrease with increasing x. Thus the derivatives in equation (i) & (ii) are negative, and
diffusion takes place in the x-direction. The resulting electron and hole diffusion currents [J (diff.) and
Jp(diff.)] are in opposite directions. Holes drift in the direction of the electric field [Jp (drift)], whereas
electrons drift in the opposite direction because of their negative charge. The resulting drift currentis in the
x-direction in each case. Note that the drift and diffusion components of the current are additive for holes
when the field is in the direction of decreasing hole concentration, whereas the two components are subtractive
for electrons under similar conditions. The total current may be due primarily to the flow of electrons or
holes, depending on the relative concentrations and the relative magnitudes and directions of electric field
and carrier gradients.
----------- = ,(diff.) and ¢,(drift)
E() > J(diff.) and J,(drift)

___________ = O,(diff.)

TN e ,(crift
Nx) -~ J,(diff)

— > J(drift)
An important result is that minority carriers can contribute significantly to the current through diffusion.
Since the drift terms are proportional to carrier concentration, minority carriers seldom provide much drift
current. On the other hand, diffusion current is proportional to the gradient of concentration. For example, in
n-type material the minority hole concentration ‘o’ may be many orders of magnitude smaller than the
electron concentration ‘'n’, but the gradient (dp/dx) may be significant. As a result, minority carrier currents
through diffusion can sometimes be as large as majority carrier currents.

Solution : 9
NeoNyo = 1.15x 10%°
E,=125eV

Solution: 10

N, = 9.26x10"/cm?
p(200°K) = 2.7 Q-cm
p(400°K) = 9.64 Q-cm
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m Conventional Solutions]
Solution: 1

A.C or dynamic resistance (r;) of a p-njunction diode is defined as the reciprocal of the slope of the volt-
ampere characteristics.

Change in voltage AV
Resulting change in current A
A specific change in the voltage and current which may be used to determine the A.C. (or) dynamic
resistance for the region of diode characteristics.

Iy

1(mA)
Al
S—— VE(V)
AV
Consider the current equation of a p- njunction diode
v
ie. [ = Il e -1 ()
where, I, = reverse current of PN-junction diode
V = applied voltage of PN-junction diode
V; = thermal voltage

By taking the derivative of the equation (i) w.r.t. the applied voltage, we get,

1%
ar - d I, o 11| = Iy T gvmvr | _ Lo gVmvr
av av nv, nVv;
drl I+1,
av -
Generally I >> [ in the vertical slope section of the characteristics.
dl I
SO, -, = _—
av nVvr
Al ﬂAV
Toaqv
Therefore, r, = AV = 1 _n r

fT oA (a1
av

.. The dynamic resistance varies inversely with the forward current of diode.

[www.madeeasypublications.org MRDE ERSH © Copyrighg
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Solution : 2

Symbol

Equivalent circuit:

RS LS
— MW
o 2 _R=-300
S T S

Tunnel diodes are basically P*N* diode with doping concentration of 1:103. Due to high doping depletion
layer is very narrow. Hence charge carrier will be penetrating the depletion layer almost at the speed of
light. This behaviour of charge carriers is called as tunneling effect. Tunnel diodes are negative resistance
device and are fastest switches. GaAS is popularly used for manufacturing of Tunnel Diodes.

VI characteristics of Tunnel Diode : —

Iy (mA)
; .« Exponential __
i i Region
Ipp===m=pmmmmm - bommmmoeo- 1= Peak current
y—a ﬂi ________ E* _______ i 1,,= Valley current
: : : FB (volt
0 Vo v, v, v (volts)
Ohmic (—ve) Resistance Region
Region
Solution: 3
V,, = 0.036
V,, = 4.964V

Solution: 4

v

[ = 085V

Solution: 5
Let we have a p-n junction which is reverse biased and is illuminated by photon energy hv > Eg.

i

[@ Copyright MRDE ERSYH www.madeeasypuincations.org]




12 Electronics Engineering @ Electronics Devices & Circuits MBDE ERSYH

Due to this illumination an added generation rate gap (EHP/cm?3) is participated in current.

e The number of holes created within a diffusion length of transition region on the n-side will be ALp “Jopr
Where Lp — diffusion length of holes.

A — Area of cross-section.

e Similarly ALngop electrons are generated per second within L, ofxpo and AWQOp carriers are generated
within W.
e The resulting current due to collection of these optically generated carriers by the junction is
Iy = quOp(Lp +L,+ W) (i)
If 7, — is the reverse saturation current of diode so net current flowing through diode
I = I[edVkT—1] ~1I,, (i)

Lo isfromnto p
When the diode is short circuited
i.e. V=20
i.e shortcircuit current
g I = Loy sign because this current flow from nto p.

Iqc = —9Ag, (L, + L, + W) ...(ii)
From equation (ii) I = [O[eqv/kr_ﬂ_lop
L
or I = qAL—pp,ﬁ%-np}(eq‘//”—1)—quOp(Ln+Lp+W)
p n
When there is an open circuit across the device
ie. I =0
V= Voe
(quoc/kT _ 1) _ QAGop(Ly + L, + W)
o)
qA ——Pn +7nnp
Tp T,
+L,+W
aVoc/kT  — |1+ Lp
° { (Lol o) o+ (Lol T) 1 9‘4
kT Ly+L,+W .
= Voo = —In| 1+ P -(iv)
“q { (Lp/ %) P+ (Lo /)0y g"p}

¢ When an illuminated junction is operated in 3™ quadrant i.e. voltage is reverse direction as well as
current is also.
e Current becomes independent of applied voltage but is proportional to the optical generation rate.
e Such a device provides a useful means of measuring illumination level or of converting time varying
optical signal into-electrical signal, so can be used as photo detector.
e From equation (iv)
Voo = ﬂ—ln{ Lot Lo+ W gop+1}
q (Lp/rp)pn +(Ly /) Mo
For a special case of symmetrical junction
p, = n, and ,=1,
We have f—” = Oy

n

[www.madeeasypuincations.org MRDE ERSH © Copyrighg
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9y, — thermal generation rate
By neglecting the generation within W.
We can rewrite equation (v) as

Voo = kT ln[% + 1}

q I
Voo = ﬂlng"p for 9op >> 9in
g 9m

9 = P, /T, represents the equilibrium thermal generation — recombination rates.
As minority carriers concentration is increased by optical generation EHP’s, the life time becomes

shorter and p,/t, = g,, becomes larger making Yoo constant.
9

So V- can not increased indefinitely with increased generation rate infact limit on V,,, is equilibrium
contact potential V.
This effect of illuminated junction can be used in photo cell and this is also known photo-voltaic effect.

Solution: 6

Derivation for the contact potential:
Let us consider a p-njunction in open circuited condition

We know that net current flowing through a open circuited p-njunction is zero.
Let E_is the electric field in depletion region.

o
S

—w
At equilibrium the drift and diffusion components of hole current will cancel each other i.e.
ap(x)
Q|::Up :O(x) Ex _Dp dx :| =0
Up 1 d,D(X) .
ppE -
- D, ™ plx) dx M
Electric field can be written in the terms of gradient in potential
o dV) i
dx

From (i) and (ii)
My dV(x) 1 dplx)

D, dx  Pla) dx (i)
From Eienstein relation

Do kT

Hp

B 9 .
= D, ~ kT (V)

(@ Copyright MRDE ERSYH www.madeeasypuincations.org)




14 Electronics Engineering @ Electronics Devices & Circuits MBDE ERSYH

From (iii) and (iv) we get
_ g dV(x) _ 1 do(x) W)
KT dx plx) dx
° Here we are interested in the potential on either side of junction V_ and V/O and hole concentration just
at the edge of transition region on either side P, and p,. Since we have taken one dimensional

geometry, p and V can be taken as function of x-only.

Integrating equation (v) we get
Py

v,
_ﬂfo’\/ - J'l dp
kTV P P
-y =V,) = inp,~1np,) (V)
The potential difference V, - Vp is contact potential V;
kT = Pp .
Vi=—In— (Vi
° g p vy
p, = N, concentration of acceptor atoms (doping)
.
P, = Np

Where N, — donor concentration on n-side
This is according to mass action law

_ KT, NaNy
q n%

Y%

.. (viii)

Width of depletion region:
We know that maximum electric field at the junction is

__9g __9g .
Ema>< = _END'an —_gxpo NA (|X)

X, — width of depletion region on n-side

Xp, — width of depletion region on p-side
also Xy tXg = W

also xpoNp = xpNa (%)
Electric field is maximum at junction and decreases linearly on either side of junction
So we can take approximately (linear approximation)

Frnax = "y
V, — contact potential
From equation (ix)
2V,
Mot = T
2, €
Np x W = 3

[www.madeeasypuincations.org MRDE ERSH © Copyrigha
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From equation (x)

NA‘ND W2 26

- —V
(N4 +Np) T q 0
2e Ny+Np 26( 1 1 )
W= . [——2——=V = |—|—+—|%
Vg NaNp ° \/q Na Np)™
Contact potential, V= 697.32mV
Total depletion width, W = 0.958836 um

Solution: 7
The Avalanche breakdown can occur at large reverse voltage whereas Zener breakdown occurs at low
voltage, the major reason for this is the difference of doping level of Avalanche and Zener. The doping level
of Zener is high as compare to the doping level of Avalanche. Since, the depletion width is inversely
proportional to the doping level, so the depletion width of Zener is smaller as compare to the depletion
width of the Avalanche.

y

\/Doping

Also the breakdown voltage is inversely proportional to doping.
1

Vg o8 ——
B y/Doping

W o<

Also, the electric field intensity Eis

LV
W
1
SO, EOCW

So, due to high doping in Zener, the depletion width is smaller and due to this smaller depletion width a
large electric field E exist, at a critical field strength, electrons participating in covalent bonds may be torn
from the bonds by the field and accelerated to the n-side of the junction. The electric field required for this
type of ionization is on the order of 108 V/cm.
For lightly doped junctions (Avalanche) electron tunneling is negligible, and instead, the breakdown
mechanism involves the impact ionization of host atoms by energetic carriers.
Required temperature coefficient of the Zener diode,

ATVZ x100% /Oc = 00113FC

z

(@ Copyright MRDE ERSYH www.madeeasypuincations.org)
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Solution: 8

The term varactor is a shortened form of variable reactor, referring to the voltage variable capacitance of a
reverse-biased p-n junction. The junction capacitance depends on the applied voltage and the design of
the junction. In some cases a junction with fixed reverse bias may be used as a capacitance of a set value.
More commonly the varactor diode is designed to exploit the voltage-variable properties of the junction
capacitance. For example, a varactor (or a set of varactors) may be used in the tuning stage of a radio
receiver to replace the bulky variable plate capacitor. The size of the resulting circuit can be greatly
reduced, and its dependability is improved. Other applications of varactors include use in harmonic
generation, microwave frequency multiplication and active filters.

If the p-n junction is abrupt, the capacitance varies as the square root of the reverse bias V. in a graded
junction, however, the capacitance can usually be written in the form.

C/ o< \/r_n
Where n = % for step graded or abrupt p-n junction diode
n = % for linear graded diode

n = 2—15 for diffused p-n junction diode

n = grading coefficient
1

For varactor diode n = 3

So, for varactor diode
;

Croc —ouu—o——
! JR.B. voltage

Cr o Vel
e Varactor diode operates on the principle of transition capacitance (C;).
e Varactor diode is always operated under reverse bias.

e GaAs material is popularly used for designing of varactor diode.

Cr (pF)

R.B.

Characteristic curve of varactor diode
Symbol of varactor diode:

Equivalent circuit:

Rr
AW
Ry ' i
o—AMW : /H/ ! °
A
Cr

[www.madeeasypuincations.org MRDE ERSH © Copyrigha
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Where R, = Ohmic resistance or contact resistance

R, = Reverse resistance of varactor diode

The tuning frequency of a varactor diode.

1

o= 2nJLC He

Application of varactor diodes:

1. Indesigning of LC resonant tuning circuits.

2. Fordirect generation of frequency modulation (F.M) by using varactor diode modulator circuit.

3. For self balancing of AC bridges.

4. As a parametric amplifiers (Para-Amp). Para-amp is a microwave power amplifier and it is used in
satellite communication.

Solution : 9
n=19

17.46 Vv

log(7) = log({,) +

This is an equation for straight line
1(mA)
10+

10° +
1074

1072

Solution: 10
The hole concentration inside n-region is obtained by solving the continuity equation as

Fix) = Pyt
The hole diffusion current 1,(x) = - AgD, d,;ix)
= Ipn(x) = —AQDp _Pn(O) e_X/L"
Lo
AqD, .
15,00 = ZL2 R (@ et
0
AqD.P,
Atx =0, 1, = 25T (v
Lo
AgD,n
Similarly, I, (0) = %(eww -1 ()
AqD, P,
T (0) = ZL (@ i
0

(@ Copyright MRDE ERSYH www.madeeasypuincations.org)
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Dividing equation (i) by equation (ii) gives

2

Vi by 5

I, Dby L, TN, L,
I, L, Dm0
T Hn NA

1,0 _ qup NaLyy _oplyy

Inp (©) abn ND Lp Cp Lp

[www.madeeasypuincations.org

MRDE ERSYH

© Copyrighg




Bipolar Junction Transistor

m Objective Solutions]

[ 10. {0
EN @
EN @
EN o
[ 14. {0
BBl Gso2s)
[ 16. JERZE)

m Objective Solutions ]

Ell 56
EN o
BN o
N o
(5. {0
(6. N0
2l ©
(3. G
(0. [C)

‘uorssiwiad usiiMm 8y} INoylIM Woy Aue Ui pasi|iin 1o paonpolidal 8q Aew %00q siu} jo Led oN 1yjled maN ‘suoieolignd ASY3 IAVIA 0} Jelew joelgns 3ybuAdod @

[@ Copyright mMRDE ERSYH www.madeeasypuincations.orgD




20 Electronics Engineering @ Electronics Devices & Circuits MBDE ERSYH

m Conventional Solutions]
Solution: 1

(i) Withincrease in base width, the recombination in base region will increase and therefore base current
increases and collector current decreases so 8 = 1/I; decreases.

(ii) As carrier (minority) life time in base region increase the number of recombinations in base region
decreases and more and more carries reach to collector, therefore I; decreases and I, increases and
as aresult B = I /Igincreases.

(i) With increase in temperature, minority carrier life time increases in base region and this tend to increase
B while on the otherhand due to increase in temperature, transit time t, increases which tend to decrease
B, but the effect of increasing lifetime with temperature dominate so p increases with temperature.

(iv) With increase in collector current, § will remain same, as collector current will increase when base
current increases, as base current is controlling current on which collector current depends.

(v) As collector voltage increases, p effective base width decreases, so recombination in base region
decreases due to this 7 decreases and I, increases and therefore = 1 /I increases.

Solution: 2

e As we know that the width (W) of the depletion region of a diode or a p-n junction increases with the
magnitude of the reverse biasing voltage. In the active region, emitter junction is F.B. but the collector
junction is R.B. then in the figure below we can see that the barrier width at J_is negligible compared
with the space-charge region width (W) at J,. As the R.B. voltage increases, the transition region
penetrates deeper into the collector and base. Since the doping in the base is ordinarily larger than that
of the collector, so the penetration of the depletion region into the base is much smaller than into the
collector. If the metallurgical base width is ‘W' then the effective electrical base width is W, ;= Wy— W.

e This modulation (small change) of the effective base-width by altering the collector voltage is popularity
known as “Early effect”. This effect is also known as the “Base width modulation”.

Space charge

/—> layer
V [
T il
Voo Vel
Base —
| Vegl \ | Vgl
£8 Emitter Collector 0
Fig. (a)
Je Wg w
— (The potential variation through
Wpg a p-n-p transistor).
Pn
| — Small R.B. — (The injected minority-carrier
L RB charge density within the base).
Fig. (b) | _+— Large R.B.
W, *
B WB
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¢ The lowering the value of W’  with increasing reverse bias collector voltage has the following main
consequences:

= Thereisless chances for recombination with in the base region. Hence ‘o’ increases with increasing the
value of [V gl.

= The concentration gradient of minority carriers p,, is increased within the base as shown in figure (b)
above. Note that, p, = 0 at the edge of the base-collector depletion layer.

= Forextremely large collector-junction R.B. voltage the effective base width of the transistor i.e. W’zymay
be reduced to zero, which results a voltage breakdown in the transistor and this phenomena is called
the Punch-through or Reach-through.

= Due to early-effect the transit time is reduced and so the switching-time is reduced and hence transistor
becomes faster.

Solution: 3
We know the relation,
[Power transmitted] x [Thermal resistance] = [Temperature difference]
Let, P, = Power radiated by collector
Tj = Junction temperature
G, = Ambient temperature
0, = Thermal resistance between the junction and the air
At steady state
= cheJA=[Tj—TA]
To prevent thermal runaway, the right hand side of the equation must be greater than the left hand side
during any variation of junction temperature.
POu<T, =T,
differentiate with respect to Tj
oP,

0 1
JAaTj <

LA
aT/ BJA
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m Conventional Solutions]

T\/szo TVGS>VTO
| Oxide |

Source Channel Drain
n+ n+
Depletion Region
1
1

Solution: 1

l—l]_‘

VD S

<
-
o
n-----

= Cross-sectional view of an n-channel transistor, operating in linear region.

Gradual Channel Approximation: In the above diagram, I, (current flowing in the channel from drain to

source) under the applied drain voltage V5. We assume channel is formed already by applying

Vs> Vo (threshold voltage) we first define a co-ordinate system with x direction being perpendicular to

the substrate and yis along the channel

= Let V (y) be channel voltage with respect to source (which is grounded). We assume V., independent
of y and thus constant (this is assumption not strictly true) we also assume Ey is dominant an E, this
will allow us to write

V(y=0) = V,=0 ()

Vc(y =L) = Vgs(VD) (1)
Vpg = Vp—Vs=Vy-0= V]
The channel is completed inverted from y = 0to y = Las V4 > V;,and so electron flow from source to drain
under electric field Ey(>> E,).
Let Q) = ~Cy(Vigs— Vd¥) = Vo)
Q(y) the amount of inversion charge stored in an elemental length dy of channel at a voltage V (y) above
source.
Next diagram show exclusively the channel or inversion charge layer of the previous diagram.
y= 0 y= L
i<— Channel Length :

J Draln end

W (channel width)

Inversion Layer (Channel)
Let dR (incremental resistance) in the channel for constant mobility (u,) of inversion layer
dy

dR = ——————— [negative sign is to adjst negative Q(y)]
Wu,Qi(y) !
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u, actually depends on the concentration of carrier and so the above assumption is for simplifying the
solution. We further assume that current density is uniform across the length of the channel from y = 0 to
y=Lie. I5isindependent of y.
Applying ohm’s law for the element dy of the channel
1
av. = Ip-dg=——--"L——.dy ... (i)
P W,Qu(y)

(i) Canbeintegrated from y = 0to y = L using boundary condition of equation (i) and equation (ii)

Vhs

L
Wy, [ Q. = [Ip-dy
0 0

L
I is independent of y so jID-dy =1, L
0

Vbs
= ID'L = -Wu, f Q,(y)dV,
0
Q) = ~CoVas= Vi) - Vi)
Vbs
= Ip-L = -Wpn(=Cp,) | (Vias = Voly) = Vi )dVs

0

Vbs Vbs
= Wy, Coy| [ Vas=Vio)dV, [ =V.(y)dy,
0 0

V2
In = Wy, C,, |:(VGS — Vi) = Vps = LS}

2
at saturation (Vgg=Vy) = Vg
= Ig = Saturation drain current
I = an Cox (VGS — VT0)2
s~ L 2
= 9, = Saturationtransconductance = ol _ Wity Co (Vas = Vro)
Vs L
Solution: 2
We know the expression for threshold voltage is
Q Q .
Vy = Qms—cf —C—d+20F (i)

ox ox

(a) AQ_ .= Q- Q, = Metal semiconductor work function difference.

Q. and Q are difference of Fermi-level and vacuum level in metal and semiconductor respectively.
Since Fermi-level is a function of doping. So Q, . depends on doping of the substrate.

(b) Qj = Sum total of oxide trapped charges and the charge at oxide-semiconductor interface.

(c) Q= Total depletion charge
Q, for p-substrate. n-channel device is negative = -2, le €, EsN, Qp,
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OFp - Fermi-potential of p-type substrate = len(%J
n.
J
N, = Acceptor doping concentration
€ . = Relative permittivity of substrate

Q, for nis a similar manner = 2,/e €,&; N;QF,

Qg Fermi-potential on n-substrate = —kTm(%]

nj
N, = Doron concentration in substrate

OFD, Qg are function of doping level SU.
= Qs astrong function of doping.

(d) Qragain the Fermi-potential, a function of doping concentration.

eO er

(e) C,, = Oxide capacitance = ;

ox

€, = Relative permittivity of oxide

t.. = Oxide thickness
So examining all right hand side of equation (i) we observe that V;.can be controlled by suitably controlling the
doping concentration of the substrate and also by varying the oxide thickness. In many application interface
charge is deliberately introduced to alter the threshold voltage of a MOS-device (specially depletion mode
device).

PART-2
A short channel device is one in which the length of the channel (L) is of the same order of the depletion
width at source/drain junction

V,=0 TVG<VT

— L —
~.1

Depletion edges
P-substrate

Figure-1
Sub-threshold leakage current in MOS due to DIBL

In long channel MOSFET, when V< V;, source is unable to inject electron in the channel due to high
source-channel depletion barrier. This sub-threshold source-channel barrier is high enough to stop any
leakage current. But in short channel device. The influence of drain electric field is very strong at source
junction. This influence leads to reduction in the barrier voltage at source junction and thus electron enter
the channel and drain at drain end.

The effect is a subthreshold leakage current and the phenomena is called (DIBL) Drain Induced Barrier
Lowering.
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Then, one more phenomena which is most important in effecting the device performance in Short Channel
Devices is Velocity Saturation.

The velocity of carriers in a semiconductor (SC) depends on electric field and doping level and it becomes
constant beyond a certain electric field called critical electric field (E_) as shown in the diagram below,
whereas itincrease as

E
v.(velocity) = U”—L__ [Variation of carrier velocity with applied electric field (E)]
1+ —
Ec
0
el v(saturated value)
2 i 10" ms
8 |
2 |
N i
éE (E) electric field (V/m)
Figure-2: Velocity-Saturaton Effect
b, = Mobility of electron
E = Applied electric field
Let Vg = Drainto source voltage

E_is typically between v toﬂ.
um  um
In long channel -MOS say L = 0.25 pm

V;
= Weneed V,s=2Volts to get £ = %S: 0,225\;/Lm B 3_F\T/1> ¢

V,
In short channel L is much smaller than 0.25 um and hence E = % >> E, for very small voltage and

hence velocity saturation is easily seen to occur.

The velocity saturation has pronounced effect on the operation of MOS transistor having short channel.
Drain Current: From the continuity requirement of the velocity saturation diagram in Figure-2.

, - _kE
S
1+ E/Eg|e_ E
Hn Ec 2‘/5
Drain current expression in presence of velocity saturation becomes
w VA
Io = “—”coq{(ves ~ViWos —%}
14+ /os.
LE,
V
Where symbols have their usual meaning, % is average field in the channel
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w Ve
= Hp COX T{(Vgs _VT)VDS --Ls

e

Q
|

Let T oKWY = KKV is1
1+ v
LE,
Velocity saturation is minimum and as V¢ increases beyond (E. - L), velocity saturation effect take over.
For short channel devices K(V) is less than 1 and hence current I, decreases due to velocity saturation.

Also the Vg required for a device = (E, - 1), for saturation to occur.

So Vpssar; forlong channel > Vpssar, for short channel effect of velocity saturation of device characteristic.

alp \ 0

2 Vps
€ b Long channel device
Q 1
g VGS1 E E)ID 0

| >
£ V | Vps
g GS2 L Short channel device

' : Vs (Drain to source voltage)
Vbs sar, Vbs sar,
Vs, = Vs,

Here we observe that short channel saturation current is linearly dependent of V¢

= dp 4 (unlike long channel where Olp _ Oj

= Outputimpedance of short channel MOS device reduce due to velocity saturation.
Solution: 3

The n-channel enhancement MOSFET operates in the triode region when V4 is greater than V,and the drain
voltage is lower than the gate by at least V, volts. In the triode region,

. , © 1
ip= K Z[(VGS —Vz) Vps _EVD28:|

Ip

Saturation region

Output characteristics of n-channel MOSFET
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The n-channel enhancement MOSFET operates in the saturation region when V¢ is greater than 'V and the
drain voltage does not, fall below the gate voltage by more than ‘V; volts.

. 1, ©
ip= =K ,—(Vss - V)

2 L
I,(mA) Ip(mA)
14 Vas(V) 0 Vi Ves (V)
Transfer characteristic of p-channel MOSFET Transfer characteristics of n-channel MOSFET

Transfer characteristic shows that there will be no current until and unless

Vg2 Vi for (n-MOS) and V<V, for (p-MOS)

Solution: 4
(i) Pinch-off voltage V,:
Itis the minimum V¢ voltage where drain current 7, will be saturated,

V, = ZqVy (p-channel) @
ZEOE, Maximum drain current
Vgs= 0V
Ipss[7TTTT 2= i
Vp = @ (n-channel) |
2e0g, i
where ais half-channel height. E Vps
Drain characteristics of JFET at V;o=0V VP pinctroff

(i) Transconductance g,
dlp
I = Vs
Transfer characteristic equation of JFET
2
V
.= 1 _2Gs
D DSS|: A }
Differentiating with respectto Vg,

gm = — = = 1——
Vs Ve Ve
Maximum trans-conductance is,
21
90 = ~ VDSS [Ves=0V]
P

Amplification factor p :
AVDS _ AVDS AID
AVgs Alp AVgs
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AV, . .
—Ds _ r, (acdrainresistance)
Alp
Al
—L_ = g_ (Transconductance)
M = gm rd
(iii) g, =4mS
u = 840
Solution: 5
. w
i 2l =24
0 7]
(i) I, = 1.152mA
(iii) W = 24.48 um
L =1.02um
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