2.2.7 Volt - Ampere Characteristics

Equation 2.47 I;=1,[e"V1—1]| Eq.2.47

indicates the junction current g,) related to the biased voltage (v). A
positive value of (I Lmeans that the current flows from P to N sides and the
diode is in forward bias. Also it is known that the constant () in Eq.2.53

I=1,|e""VT —1]  Eq.2.53

is equal 1 for germanium and equal 2 for silicon and (V;) is the thermal
voltage and is given by:

_T
Vi ="/11600  E4-2.55

At room temperature V; = 0.026 V. When V is positive and larger than V;,
Eq.2.47 will be:

Ij =1,e"?/"r  Eq.2.56

The junction current increased with voltage biased, and when the diode is
reverse biased, Eq.2.47 will be:

Ij=1p =IR=1S Eq.2.57



Understanding the Value of built —in voltage

Vi
vp=1/ Eq.2.55 Vp=1/ Eq.2.55
T 11600 q. 2 T 11600 q. 4
At room temperature At room temperature ( 27 °C)
V. =0.026 V. =
0.026 = /11400 27 o0
T=11600 x 0.026 = 301.6 °K r 11600

301.6 — 273 = 28.6 °C Vi =0.02586
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Form of Eq.2.47; figure (2-19), the reverse current is constant
independent of V,, forward and reverse current is shown in figure
(2.19b), the dashed portion of curve indicates, at reverse voltage
(V,), at this voltage large reverse current flow and the diode to be in

breakdown mode




Difference in V - | characteristics y y
. . . . r |
for Si, Ge is shown in figure (2- | |
. _: = I,?

20), dete.rmme the cut-in, offset, ‘ A - o
break point or threshold voltage <\ LJI ] N
(Vy) below which forward current v
is very small, less than 1% of its
maximum value). The reverse >f¢® N = 2for Si the current

_ " o increases as e'/2VT for the initial
Saturatlon current 1a) Ge IS IN the bias and then increased as eV/VT.
range of microamperes and the This initial dependence of
reverse saturation current in Si is current on voltage accounts for

. : the delay in the rise of Si device
in the range of nano amperes. characteristics.

Fig. (2 - 21) Equivalent Circuit for a Diode



2.2.8 Diode Resistance

Resistance R is defined as the ratio between voltage V and
current 1. At any point on the |-V characteristics of the
diode, R is equal to the reciprocal of the slope of a line
joining the operating point to the origin. In the
specification sheet maximum V, required to a given I. and

also V, for a given I is indicated, for example,

V=0.8V at I, = 10 ma gives R = 80 ()

V=50V at |, = 0.1 pa gives R =500 MQ

In the non-ohm devices, the resistance drop depends upon
the operating current, and in fact we have two possible

resistances to consider.



One is the DC resistance; the other is the dynamic or small
signal resistance (ac resistance). And useful equivalent
circuit for the diode is shown in figure (2-21). The resistor R,
and R represent the bulk resistance of the structure, the
junction voltage is given by:

V; =V =1I(R,+ R,)(2.58)
The over all resistance of the junction is,

|4 |4
R = = 1,] - R, + R,(2.59)
|4
R; = 1,] R, + R,
Or Rr =Ry + R, + R,(2.60)

The Dc resistance of the combinationis R;. =R - (R,,+ R,)
6



Dc resistance of ideal part of diode, (r,.) determined graphically as
shown in fig. (2.22) or it can be calculated from:

V
g = I_f -~ (2.61)
J

Vi
qV;
IS exp ﬁ — 1]
Dynamic resistance (r,) an important parameter and it is equal,
av
= —(2.62

Dynamic resistance r, is not constant depends upon the voltage
and we find that the dynamic conductance for PN ideal diode is

given by:

%
1 al Ie/mvr I+ 1,
g= —= — = — (2.63)
R aVv 77VT UVT




R .. Ideal Diode with ohmic

For reverse bias, where V/nV,<<1, IdeaDiode S e
conductance g = 1/R will be very small | '
and dynamic resistance r is very large.
For forward bias, where V/nV;>> 1, | >>
|, and dynamic resistance r is given by:
nVT Fig. (2 - 22) Slopes and points which must

Ta (2 64‘) be selected to obtain the four distinct

resistances for ideal and real diode

Ve Loss=

Ac resistance r,. of ideal diode determined from figure (2-22) as
slope of C.C at the operating points or determined analytically as
follows. It is convenient to calculate ac conductance (g, ),

'qV] !
KT

I; = Isexp 1




dl V /Slo e at

J q v pe &
— = I ex 2.65 O |

Jac = qv, = kTP KT (265 |y Operating

- N/

q 1
Jae = ﬁ(1, + I;) = —(2.66)

rac
Ac resistance of real diode is then,
Ry = Toc+ R, + R,(2.67)
KT/ 1 V, V.
p <,S n ,]> + Rn + Rp(2.68) g 2~ 24) Diode I-V

At room temperature, value of R,, TLinear Approximation

R, =

25
= hm(2.69
rac IS _I_ I] 0 m( )



Note that in some cases the ohmic series resistance will be
important and in other is not. At very high current the
forward ideal diode resistance becomes negligible compared
with the series resistance. Since the series resistance in the
real diode C.C becomes ohmic at high currents.

2.2.9 Calculation of hole and electron currents

current in the junction depend upon physical properties of
the junction, properties of the crystal, density of impurities,
impurity distribution, and many other factors.

When junction reverse biased, current of electrons from n-
region to p-region is essentially zero. Also at the p-side of
the transition region, the electron density must be almost
zero, since electrons arriving at the point are swept down
the potential hill.

10



There is a density of electrons
in p-side of junction going
from equilibrium value far
from junction, to zero, at edge
of transition region. A similar
situation is for holes in the n-
side of the junction. This is
shown in figure (2 - 25). The
forward direction is shown as
well. It is observed that large
number of electrons from the
n-side enriches the majority
carrier density on the p-side.

Transition region

Fig. (2 - 25) Carriers densities on the two
sides of the transition region, the p-side

IS more doped than n-side

11



Density gradient is now in the opposite direction, and
electron flow to the right. Density gradient within crystal
near the junction are very important because there is no
electric field in the crystal body itself and current is almost
by diffusion due to density gradient. Let us consider the
minority electron current in the p-side. Differential
equation describes the density gradient of electrons in the

p-side in the steady state is (i.e., the continuity equation).
dn n,—n 1dI
p p — "po np
— = 2.70
dt n q dx ( )
Where, (n,) is electron density as function of (x) as shown

in figure (2-26). )




Since field strength € is negligible, we have

n-type p-type
only to consider diffusion current, g .
a Direction of forward current <——
o — «— Ny (0)=ny, exp qV, /KT
In steady state flow of current, we have =
. D 4/DIO(X)
dn,/ dt = 0, then from equation (2.70) and %) y |
. e
(2.71), we find, = [0 = ===
n
_ Mp—Nyo dznp a : _~ 'po
~ + D, T =0(2.72) : : ——
From eq. (2.72) Ly
d’n,, 2 dznp Fig. (2 - 26) Electron concentration
np(x) = Mpo + DTy dx?2 = Mpolyn 7 dx?2 in the p-side decreases with
Where, L, = /D, T, andsince n is increasing distance

constant, then,
2
d ("p — "pO)
dx? 13

n,(x) —n,, = L



General solution of equation is,

X X
n,(x) —n,, = Aexp (— L_) + Bexp (— L_) (2.73)

n n
Where, A, and B are two constants which determined from the boundary

conditions, n (x) = n , at x = infinity, consequently B = 0 because n, would
go to infinity for x - infinity n (0)=n  exp qV,/KT atx=0,
which gives

qV;

_ _ qav;
A= npoexpﬁ—npo = Ny, expﬁ—

Then the solution to this equation is,
qV] —X
n,(x) = n,,| exp — 1 |exp . + 1,,(2.74)
The carriers diffuse down, decreasing density gradient, and on the average
they move a distance (L) before recombining.



From Eq. (2.73) we see that the density of electrons in the
p-type material depend upon the number being injected
across the junction. This number is controlled by the bias
voltage (V,). As we move away from the junction the density
of electrons becomes that of the steady state equilibrium
denﬁity in the p-material (n,,). From Eq. (2.71) and (2.74),
we have,

D,n V; —X
I, (x) = _ 2 po (exph—1> expL—(2.75)

L, KT .
Thenatx=0
annpo qu
I,,(0) = L (exp T 1) (2.76)

The negative sign is due to the negative sigh of the
concentration gradient dn/dx.

15



If we treated the holes in the n-side in a

similar manner, we obtain,
qupno qu
Ipn(O) = Lp (ex ﬁ -1 (2 77)

The junction current |, is given by,
I; = 1,,(0) + 1,,(0)(2.78)

qu:po + CID;?:M] (expcll(—l;] - 1) (2.79)
We now have an expression for the junction
current in terms of the physical properties
of the bulk material which makes up the

device.

I]:

D
1,n(0) = l’fjp"o (2.80)
D p

n
I,,,(0) = thasa/iah il (2.81)

L,

n-type p-type
Large total current
<—

/ IpMCarriers

Majority Carriers Strongly doped p-type

< Weekly doped n-type

Minority C : Min‘c%ity Carriers

Forward Bias

Small total current
——— >

H I :
Minority Carrie_rs/;>

not well suppressed i
Majority Carriers

Nwell suppressed

Majoriiyj(;arriers

H n H

Reverse Bias

Fig. (2 - 27), relative magnitude of the current near the
junction. Notice that only excess currents are shown, thus in
forward direction it is majority carriers which carry current,
and in reverse direction it is minority carriers which carry
current, level of current in transition region is controlled by

amount of doping and suppression of the two carriers type.
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Thus, we have the desired currents in terms of measurable

properties. It is usually more convent to have these currents in
form of life time.

UsingL, = /DT, , L,= ,/D,t, ,we obtain,

n
I, =q Fno L,+ —L,|(2.82)
Tp In

The reverse saturation current increases directly with the minority
carrier density. The minority carrier density increases with
temperature exponentially. Hence the connection between the
reverse bias saturation current is explained. Equation (2.80) may
be rewritten in term of more useful parameters as follows. If the

donor and acceptors are completely ionized, we have,

PnoNMno = niz » PpoNpo = n%(2-83) =



Ppo = Npandn,, = Np(2.84)

2 2
Then, Do = ;—andn = Z"

D A
And I, = qn%[ % - NA] (2.85)

The x- dependent current equatlons tell us that current is carried
by holes at some points in junction and by electrons at other
points. This variation is shown in figure (2-27). The last equation
(2.85) may be used to calculate reverse bias saturation current if
doping or resistivity of each side of junction is known It is
important for the transistor later, to say something about the ratio

of electrons and holes currents. From eq. (2.75) and (2.76) , it
follows that,

18



In _ Onlolpo (5 ge)
Ip D anno

Since, we have that D, /D pn/p.p (Einstein Equation)

I_n anp Nyo _ O-an (2 87)

Ip P'p npno O-an
Apart from the ratio L /L, which is of the order of unity, the
ration of electron current to hole current is determined by
the conductivity (o,) of the n-region over the conductivity
(o, ) of the p-region. Thus, if the conductivity (o) of the n-
reglon is 100 times as Iarge as that of the p-region, the
current across the junction is carried for 99% by electrons

and for 1% by holes. Typical values for (L) and (L, are of
the order of 103 mm.
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2.2.10 Temperature Dependence of PN Junction

We deduce that, ol/ot = 0.08% /°C for Si, 0.11%/°C for Ge, also
we have found that the reverse saturation current increases by
7%/°C for Ge, Si. We conclude that the reverse saturation current
double it self-every 10°C rise in temperature. The much larger
value of the reverse saturation current for Ge than for Si, and
since the temperature dependence is the same for both materials,
then the elevated temperature in Ge devices will develop an
excessive large reverse saturation current, where for Si, reverse
saturation current will be quite modest. For more clarification, an
increase in temperature from room temperature to 90 °C increases
the reverse saturation current for Ge to hundreds of
microamperes, in Si it rises to tenth of microamperes

20



2.2.11. Space Charge or Transition Capacitance

In reverse bias, the majority carrier’s moves away
from the junction, and the thickness of depletion
layer is increased, such phenomena has capacitance
effect.

Cr=[>o| Eq.2.39

0 Q is the increase in charge caused by 0V in a time 0,
results current,

= Cr— Eq.2.40
T 3V q

C; is an important parameter must be considered
where an analysis of electrical circuit is required,
especially if the diode has an abrupt junction. Figure
(2-28) shows the charge density as function of

. . . . Fig. (2 - 28) Charge density as
distance for abrupt junction. Since the net charge function of distance

must he zero at no hias then: 21



Cr = 00 _ AN ox Eq.2.45
= gy 1774 Gyl FT
From Eq.2.43,
00 _ ¢ Eq.2.46
0V  gxN, 1.2
€A
and CTT Eq.2.47

Figure (2-29) equivalent circuit for P-N
diode resistance. Depletion layer of the pn
junction exhibits the behavior of a
capacitance having the same geometry and
dielectric constant, as can be shown in
figure (2-30) .

Fig. (2 — 29) Diode Equivalent Circuit
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Clarification for depletion layer extension in

the too sides of p-n junction
P-Side F n - Side

N.t " + + + +
A X Xn
- - - - + + + +

Force one xits Arm one = Force two x its Arm two

N, X = Ny X

! 1

qgN, aN;

23



If N << N, then X >>X, for simplicity, we neglect X, and the
relatlonshlp between potentlal and charge density is’ given by
Poisson’s equation.

0°V qN,

Ax2 €
At € = -0V/0X= 0 at X=0, so V=0 at X=0, by integration Poisson’s
Equation above, we get

where € = €, €,

gN 4x*
V = Eqg.2.42
2 € 1

At X=X, =X, and V =V, so:
Vg = aXmN Eq.2.43

2 €
And if A is the area of the junction,

Q =qNyxy Eq.2.44
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