Chapter 2 Basic Physics of Semiconductors

» 2.1 Semiconductor materials and their properties

» 2.2 PN-junction

» 2.3 Reverse Breakdown



Semiconductor & PN Junction

» To deal with the analysis and design of circuits, a good understanding of
devices is essential.

» In this chapter, we begin with the concept of semiconductors and study the
movement of charge (i.e., the flow of current) in them. - R

» Next, we deal with the “PN junction,” which also serves as diode, and
formulate its behavior. PN w T T

» Our ultimate goal is to represent the device by a circuit model (consisting of
resistors, voltage or current sources, capacitors, etc.), so that a circuit using
such a device can be analyzed easily.

» Semiconductor devices serve as heart of microelectronics.
» PN junction is the most fundamental semiconductor device.

Semiconductors PN Junction
® Charge Carriers ® Structure
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Charge Carriers in Semiconductor

» To understand PN junction’s IV characteristics, a logical thought process as
follows:

> O @ ©)
Charge Carriers Modification of Transport of
in Solids Carrier Densities Carriers

e Crystal Structure I:> ¢ |ntrinsic Semiconductors I:> e Diffusion
e Bandgap Energy e Extrinsic Semiconductors ® Drift
® Holes ® Doping

» First, identify charge carriers in solids and formulate their role in current flow;

» Second, examine means of modifying the density of charge carriers to create
desired current flow properties;

» Third, we determine current flow mechanisms.

» These steps naturally lead to the computation of the current/voltage (1/V)
characteristics of actual diodes in the next section.



Periodic Table

» This abridged table contains elements with three to five valence electrons, with

Silicon (Si) being the most important. bR
» Crystalline semiconductor (IV) and compound semiconductor (ll1-V, 1I-VI]) are
commonly used in semiconductor industry. L2 e L Y
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Silicon

» Si has four valence electrons. Therefore, it can form covalent bonds with four
of its neighbors. L4t
Valence electrons: electrons in the outermost shell

Covalent bond: valence electrons are shared between atoms

» When temperature goes up, electrons in the covalent bond can become free.
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Electron-Hole Pair Interaction

» At OK, no bonds are broken, Si is an insulator.

» As temperature increases, a bond can break, releasing a valence electron and
leaving a broken bond (hole). Current can flow. TF. AT

» With free electrons breaking off covalent bonds, holes are generated.

» Holes can be filled by absorbing other free electrons, so effectively there is a
flow of charge carriers.
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Concept of Energy Band

» E, : the max energy of valence band oA
» E: the min energy of conduction band
» E, : the energy required to break the covalent bond
— bandgap energy, = E,, - E;
* E, of the insulators is in range of 3-6 eV.
* E, of the semiconductor is on the order of 1 eV

» Forbidden bandgap

— No electron exist within this region
> EleCtron gaining energy Copyright © The McGraw-Hill Companies, Inc, Permission required for reproduction or display.
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Free Electron Density at a Given Temperature

» E,, or bandgap energy determines how much effort is needed to break off an
electron from its covalent bond. For silicon, E,=1.12eV; 1eV =1.6 x 10°

» There exists an exponential relationship between the free-electron density, n,
the number of electronics per unit volume, and bandgap energy.

n.=52x10"T%? exp — % electrons /cm’
2kT

n (T =300°K)=1.08x10"electrons /cm’
n(T =600°K)=1.54x10" electrons /cm”

where k= 1.38 x 1023 J/K, the Boltzmann constant

» Insulators display a high E; for example, 2.5 eV for diamond. Conductors, on
the other hand, have a small Eg. Finally, semiconductors exhibit a moderate Eg,
typically ranging from 1 eV to 1.5 eV.

» Silicon has 5 x 10?2 atoms/cm?3, hence, only one in 5 x 10'? atoms benefit from
a free electron at room temperature.



Intrinsic Semiconductor

» The “pure” silicon is an “intrinsic semiconductor,” suffering from a very high
resistance. IR R

» In an intrinsic semiconductor, the electron density, n (= n;), is equal to the hole
density, p. Thus, np =n;?

> It is possible to modify the resistivity of silicon by replacing some of the atoms
in the crystal with atoms of another material.

» The controlled addition of an “impurity” to an intrinsic semiconductor is called
“doping,” and the impurity itself a “dopant.”  #7 - et

» After doped, the equation np = n? still holds, where n and p respectively denote
the electron and hole densities in the extrinsic (doped) semiconductor.

Example 2.2: The above result seems quite strange. How can np remain constant while
we add more donor atoms and increase n?

Solution: The equation reveals that p must fall below its intrinsic level as more n-type
dopants are added to the crystal. This occurs because many of the new electrons donated
by the dopant “recombine” with the holes that were created in the intrinsic material.

Why can we not say that n + p should remain constant? s



Doping

» Pure Si can be doped with other elements to change its electrical properties.

» For example, if Si is doped with P (phosphorous), then it has more electrons, or
becomes type N (electron). P is called donor.

» If Si is doped with B (boron), then it has more holes, or becomes type P (hole).

B is called acceptor.
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Example 2.3

A piece of crystalline silicon 1s doped uniformly with phosphorus atoms. The doping
density is 101 atoms/cm?. Determine the electron and hole densities in this material at the
room temperature.

Solution

The addition of 10!¢ P atoms introduces the same number of free electrons per cubic
centimeter. Since this electron density exceeds that calculated in Example 2.1 by six
orders of magnitude, we can assume

n = 101° electrons/cm?3
It follows from (2.2) and (2.5) that

p=n?/n=1.17x 10* holes/cm?

1 V4 N GV 4 LA

Note that the hole density has dropped below the intrinsic level by six orders of
magnitude. Thus, if a voltage 1s applied across this piece of silicon, the resulting current
predominantly consists of electrons.

Exercise At what doping level does the hole density drop by three orders of magnitude?

11



Electron and Hole Densities

» The product of electron and hole densities is ALWAYS equal to the
square of intrinsic electron density regardless of doping levels.

2
np = n,

s+ Majonty Carrlers: P = N,

b B 3 n’ if doped with N, (» n,)
“EFT Minority Carriers: n~—
NA
Majority Carriers: n= N,
S . ’ if doped with N, (» n,)
Minority Carriers : p =~ ke D
ND

Since typical doping densities fall in the range of 10'° to 108 atoms/cm?,
the above expressions are quite accurate.
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Summary of Charge Carriers
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» Charge particles will move in semiconductor, which results electric current.
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First Charge Transportation Mechanism: Drift

» Charge particles move due to an electric field is called drift.
» Charge particles will move at a velocity that is proportional to the electric field.

E
—
N\ R v, =p, E
- - —
[ Ve =4, E

> U is called the mobility, usually expressed as cm?/(V-s)

> Insilicon, the mobility of electrons is 4, = 1350 cm*/(V"s), and hole has y, = 480
cm?/(V-s)



Drift and Diffusion Currents

» Two basic processes cause electrons and holes to move in semiconductor.

» Drift: &4
— Cause by electric field (E)
— E produces a force that acts on free electrons and holes.
» Diffusion: #i4t
— Cause by variations in the concentration (concentration gradients)

* Nonhomogeneous doping distribution : Gradients
* Injection of a quantity of electrons or holes into a region.

15



Example 2.5

A uniform piece of n-type of silicon that i1s 1 um long senses a voltage of 1 V. Determine
the velocity of the electrons.

Solution

Since the material 1s uniform, we have £ = V/L, where L 1s the length. Thus, £ = 10000

V/em and hence v = u £ =1.35 x 107 cm/s. In other words, electrons take (1 um)/(1.35 x
107 cm/s) = 7.4 ps to cross the 1-um length.

16



Current Flow: General Case

» Electric current is calculated as the amount of charge in v meters that passes
thru a cross-section if the charge travels with a velocity of v m/s.

o =E1 g t=t;+1s
=z N =

+II— +‘I/I—
v, 1

W and h are the dimension of the semiconductor bar,
n 1s the carrier density,
and ¢ is the charge of an electron equal to ¢ = 1.6 x 10-1° C

17



Current Flow: Drift

» Since velocity is equal to uE, drift characteristic is obtained by substituting v
with xE in the general current equation.

» Since A = W-h is the cross section area of the bar
» And, the current density is J = I/A, therefore

J,=u,E-n-q
Also,
J,=u,E-p-q

» Thus the total current density consists of both electrons and holes.

Joo =M, E-n-q+pu,E-p-q=q(u,n+pu,p)E

18



Example 2.6

In an experiment, it is desired to obtain equal electron and hole drift currents. How should
the carrier densities be chosen?

Solution

We must impose  u,n=u, p,

and hence " _H» .
P H,

We also recall that np = n?. Thus, p= ,,u “n. n= /&”i-
ll'lp lLln

For example, in silicon, y, /i, = 1350/480 = 2.81, yielding
p=1.68n, and n=0.596 n,

Since p and n are of the same order as n,, equal electron and hole drift currents can occur
for only a very lightly doped material. This confirms our earlier notion of majority carriers
in semiconductors having typical doping levels of 101°- 108 atoms/cm?.

Sy T
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Total drift current density

» The semiconductor contains both electron and hole
— J=enu E tepp = (eny,+ epp)E=cE=E/p

» ois the conductivity of semiconductor in (Q-cm)-’
— The conductivity is related to the concentration of the electronic and hole.

» pis the resistivity of the semiconductor in (Q2-cm)

— A linear relationship between current and voltage and is one form of ohm's
law.

20



Example

» Consider silicon at T=300 K doped with As atoms at a concentration of N, =

8x10%cm. Assume mobility values are 1, = 1350cm?/V-s and u, = 480cm?/V-s
. Assume the applied electric field is 100 V/cm.

» Solution
— The electron concentration is

n=N,=8x10"cm™
— The hole concentration is

2 10 V2
> (1.08x10")

N, 8§x10"

—1.46x10%cm

21



Because of the difference in magnitudes between the two concentrations, the
conductivity is given by

o=eun+eu,p=eln

Or
o =(1.6x10" (1350 J8x 10" )=1.73(Q — cm ) '

The drift current density is then

J=0F =(1.73)100)=173 4/ cm”

22



Velocity Saturation

> A topic treated in more advanced courses is velocity saturation. % & 4 v

» In reality, velocity does not increase linearly with electric field. It will eventually
saturate to a critical value.

_ M
v A H 1+ bE
L y = /fo
sat ,
- y = :uo E
£ HoE
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Second Charge Transportation Mechanism: Diffusion

» Charge particles move from a region of high concentration to a region of low
concentration, analogous to an every day example of an ink droplet in water.

» This is a statistical phenomenon related to kinetic theory.
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Current Flow: Diffusion

» Diffusion current is proportional to the gradient of charge (dn/dx) along the
direction of current flow. CACR A e

» D is a proportionality factor called the “diffusion constant’” and expressed in
cm?/s. For example, in intrinsic silicon, D, = 34 cm?/s (for electrons), and D, =
12 cm?/s (for holes).

> Its total current density consists of both electrons and holes.

]=Aandn
dx
J,=q ,ldn
dx
dp
Jp__qudx
Jo =40, "D, %)
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Example 2.9 & 2.10

Consider the scenario depicted in Fig. 2.11 again. Suppose the electron concentration 1s
equal to N at x = 0 and falls linearly to zero at x = L (Fig. 2.13). Determine the diffusion

current. N Zal
Solution I N Injection > X Sa
Wehave J =¢D,— =-¢gD, -—. —
dx L 0 L X

The current is constant along the x-axis; 1.€., all of the electrons entering the material at
successfully reach the point at x = L. While obvious, this observation prepares us for the
next example.

Repeat the above example but assume an exponential gradient (Fig. 2.14):

n(x)=N eXp;—x, where L, is a constant. N
. d
Solution Injection I::>>
We have dn _—gDN __—x — -
J,=qD, — = —exXp—. 0 L x
dx L, L,
Interestingly, the current is not constant along the x-axis. That is, some electrons vanish

while traveling from x = 0 to the right. What happens to these electrons? Does this
example violate the law of conservation of charge?

26



Einstein's Relation

» While the underlying physics behind drift and diffusion currents are totally
different, Einstein’s relation provides a mysterious link between the two.

D kT
u

Note that kT/g~=26 mV at T =300 K.

» The charge transport mechanisms

Drift Current Diffusion Current
E
——
- .

A a AN e .
dn
Jh=q U, E Jn=anE

Jo=4d Hp J . =-qD 9ap

27



PN Junction (Diode)

» When N-type and P-type dopants are introduced side-by-side in a
semiconductor, a PN junction or a diode is formed.

» The p and n sides are called the “anode” and the “cathode,” respectively.

_ 5 & I
— o | BT Praaisg
/ ' Cathode Anode
Si Si Si Si
N\ 7_ N\ 7
P B
7N % N
Si Si Si Si

(a) (b)

» In order to understand the operation of a diode, it is necessary to study its three
operation regions: equilibrium, reverse bias, and forward bias.

PN Junction PN Junction PN Junction
in Equilibrium Under Reverse Bias Under Forward Bias

® Depletion Region IZ:> ® Junction Capacitance IZ:> * |/V Characteristics
® Built=in Potential 28



Current Flow Across Junction: Diffusion

» Because each side of the junction contains an excess of holes or electrons
compared with the other side, there exists a large concentration gradient.
Therefore, a diffusion current flows across the junction from each side.

n P
Majority : Majority
Carriers i Carriers
Minﬂlrityﬂ- ~—_ Minn.rity
Carriers ' Carriers

n, : Concentration of electrons
on n side

P, : Concentration of holes
on n side

Pp: Concentration of holes
on p side

n,: Concentration of electrons
on p side
29



Example 2.11

A junction employs the following doping levels: N, = 10! cm= and N, =5 x 10> cm?.
Determine the hole and electron concentrations on the two sides.

Solution:

From Egs. (2.11) and (2.12), we express the concentrations of holes and electrons on the p
side respectively as:

p,~N,=10'"cm?,

n,=n?/N,=(1.08 x 10" cm>)*10'* cm> = 1.17 x 10* cm™.
Similarly, the concentrations on the n side are given by

n,~Np=5x 10" cm?,

p,=n*Ny=(1.08 x 10'°cm=3)?/5 x 101> cm= = 2.3 x 10* cm™.

Note that the majority carrier concentration on each side 1s many orders of magnitude
higher than the minority carrier concentration on either side.

30



Depletion Region

» As free electrons and holes diffuse across the junction, a region of fixed ions is
left behind. This region is known as the “depletion region.” = < %

» The junction is suddenly formed at t = 0, and the diffusion currents continue to
expose more ions as time progresses. Consequently, the immediate vicinity of
the junction is depleted of free carriers and hence called the “depletion region.”

» What stops the diffusion currents?

t=0 t=1t, t=co
n p n p n p
I RSO _:_:_:_g§g+:+:+:+ _:_:_“gg gg} +
I B T @i T LT - -Te®i00hT. o
- - - =TT e T s R ~ Ay ®®®©++++
————‘—:+++++ - - - —-®D:O+ + + + ———@@@@+++
F 4 :\ / \ e
ree ree -
Electrons Holes Positive Negative Dgple:tlon
Donor Acceptor egion

lons lons
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Current Flow Across Junction: Drift

» The fixed ions in depletion region create an electric field that results in a drift
current.

» The field tends to force positive charge flow from left to right whereas the
concentration gradients necessitate the flow of holes from right to left.

» The junction reaches equilibrium once the electric field is strong enough to
completely stop the diffusion currents.

n _E-... P Copyright @ The McGraw-Hill Companies, Inc. Per
TTTIO®i00M L, 7
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Example 2.12

In the junction shown in Fig. 2.21, the depletion region has a width of 5 on the n side and
a on the p side. Sketch the electric field as a function of x.

Solution

Beginning at x < -b, we note that the absence of net charge yields £ = 0. At x > -b, each
positive donor ion contributes to the electric field, i.e., the magnitude of £ rises as x
approaches zero. As we pass x = 0, the negative acceptor atoms begin to contribute
negatively to the field, i.e., £ falls. At x = a, the negative and positive charge exactly

cancel each other and E = 0. £

n — P
i OICHO [ i
T T m®®:00+ + *,
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Current Flow Across Junction: Equilibrium

» At equilibrium, the drift current flowing in one direction cancels out the diffusion
current flowing in the opposite direction, creating a net current of zero.

|]drift,p |:|]dl'ff,p |

|]driﬁ,n |:|]dzﬁ,n |

» The figure shows the charge profile of the PN junction.

n p
' G Po
P, np n,=Npandp, =N,
—— .
X1 X2 X

where p, and p, are the hole concentrations at x, and x,, respectively.
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Built-in Potential

» Because of the electric field across the junction, E = -dV/dx, there exists a built-

In potential, V. Its derivation is shown above.

PSRBT R

dp dV dp
E=-¢D,~ = —yup—=-D L
qu,PE =—=4D, — - Hyp— b
Xy de p
u,[dv =D, Lo px,)-V(x,)=—LIntr
" oy Z Hy Py
> Replace D,/u, with kT/q. And p, = N, p, = n2N,, N B 4 6 &
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Example 2.13 & 2.14

A silicon pn junction employs N, =2 x 10 cm™ and N, =4 x 10'® cm™. Determine the
built-in potential at room temperature (7 = 300 K).

Solution
Recall from Example 2.1 that n(7 =300 K) = 1.08 x 10'° cm3. Thus,

(2x10")x (4x10")
(1.08x10")?

V,=(26mV)In ~ 768mV.

The built-in potential equation reveals that V, is a weak function of the doping levels. How
much does V, change if N, or N, 1s increased by one order of magnitude?

Solution

We can write

10N, - N N,-N
-V, In—5—" —y 1n10 ~60mV(atT =300K).

n.

I I

AV, =V, In

PRk B A 401015 > V8 8 4060mV > A 3/1/10 N



Diode In Reverse Bias

» When the N-type region of a diode is connected to a higher potential than the
P-type region, the diode is under reverse bias, which results in wider depletion

region and larger built-in electric field across the junction.
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Reverse Biased Diode’s Application: Voltage-
Dependent Capacitor

» The PN junction can be viewed as a capacitor. TRITPIT T F

» By varying Vg, the depletion width changes, changing its capacitance value;
therefore, the PN junction is actually a voltage-dependent capacitor.
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Voltage-Dependent Capacitance

» The equations that describe the voltage-dependent capacitance are shown.
> ltis also called varactor diodes. % % &
» C; decreases as |Vg| increases.

C
A S c ="
1+-£
VO

C‘ — gsiq NAND 1

’ ;-,-R 70 2 N,+N,V,

where € represents the dielectric constant of silicon and is equal to
€.€,=11.7x8.85x 10" F/cm
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Example 2.15

A pn junction is doped with N, =2 x 10! cm= and N, =9 x 10'> cm™. Determine the
capacitance of the device with V', =0and V,=1V.

Solution
NAND

2
n.

1

=0.73V.

We first obtain the built-in potential: V,=V,In

Thus, for Vy=0and ¢ = 1.6 x 10" C, we have

CjO:\/gSiq NN ; =2.65x10"F/cm”.

C,= 0.265fF/um?,
where 1 fF (femtofarad) = 10-° F,
For V,=1V, Cjo

j:
1+Q
Vo

=0.172fF/um”.
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Voltage-Controlled Oscillator (VCO)

e Lo 4.1 1 o8

TREHRERT R
» A very important application of a reverse-biased PN junction is VCO, in which an
LC tank is used in an oscillator.

» By changing V, we can change C, which also changes the oscillation frequency.

Oscillator

41



Example 2.16

A cellphone incorporates a 2-GHz oscillator whose frequency is defined by the resonance
frequency of an LC tank. If the tank capacitance is realized as the pn junction of Example
2.15, calculate the change in the oscillation frequency while the reverse voltage goes from
0 to 2 V. Assume the circuit operates at 2 GHz at a reverse voltage of 0 V, and the
junction area is 2000 pm?.

Solution

Recall from basic circuit theory that the tank “resonates” if the impedances of the inductor
and the capacitor are equal and opposite: jLw,,, = -(jCw,,,)'. Thus, the resonance

frequency is equal to ... = 1/(2nVLC). At Ve=0,C;=0.265 fF/ um?, yielding a total

res

device capacitance of C; ,(V=0) = (0.265 {F/um?) x (2000 pm?*) = 530 {F.

Setting /. to 2 GHz, we obtain L = 11.9 nH.

Ubblll&‘/res VU Lw I 111 X J

C,
(V,=2V)=—L—x2000um*> =274 {F

/ 2
1+ —
0.73

Using this value along with L = 11.9 nH, we have f,

res

If V, goes to 2V, C

Jtot

(V=2)=2.79 GHz.

An oscillator whose frequency can be varied by an external voltage (7 in this case) 1s
called a “voltage-controlled oscillator” and used extensively in cellphones,
microprocessors, personal computers, etc. 42



Diode in Forward Bias

» When the N-type region of a diode is at a lower potential than the P-type region,
the diode is in forward bias. g %

» The external voltage, V., tends to create a field directed from the p side toward
the n side—opposite to the built-in field that was developed to stop the diffusion
currents.

» The depletion width is shortened and the built-in electric field decreased.

+
-+
+|7
+
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Minority Carrier Profile in Forward Bias

» Under forward bias, minority carriers in each region increase due to the
lowering of built-in field/potential.

» Therefore, diffusion currents increase to supply these minority carriers.

» Inequilibrium, p = _Pre  andin forward bias P, = I;/P’f 7
exp exp 0 F
VT VT
V, = 2l In £
q P ? P

» We expect p, . to be much higher than p, ,, (it can be proved that p, ;= p, . = N,).

» In other words, the minority carrier concentration on the p side rises rapidly
with the forward bias voltage while the majority carrier concentration remains
relatively constant. This statement applies to the n side as well.



Diffusion Current in Forward Bias

» As the junction goes from equilibrium to forward bias, n, and p, increase
dramatically, leading to a proportional change in the diffusion currents.

» We can express the change in the hole concentration on the n side as:

p p N V
Ap = — — p.f __fre A_(exp—L-1).
pn pn,f pn,e VE)_VF V;) K)( pVT )
exp exp—  €Xp—-
VT VT VT
» Similarly, for the electron concentration on the p side:
N V
An, ~ DV (exp - —1)
0 VT
exp
VT
» The total increased diffusion current is proportional to:
I o NAV (exp Ve _ 1)+ NDV (exp Ve _ 1)
exp .~ & exp > &

T T
45



IV Characteristic of Diode

» The current characteristic of diode can be proved that

Vi
I =1.(exp Z—F —)=1(" -1)
! D F o ke e T
where 1. =4qn, (N L N L ) is called the “reverse saturation current”

and A is the cross section area of the device; L, and L, are electron and hole
“diffusion lengths,” respectively, typically in the range of tens of micrometers.

Example 2.17: Determine [ for the junction of Example 2.13 at 7= 300K if 4 = 100pm?,

L,=20pm,andL,=30 pm.

Solution: Using ¢ = 1.6 x 107 C, n; = 1.08 x 10'° electrons/cm’, D, = 34 cm*/s, and D, =

12 cm?/s, we have I¢=1.77 x 10-17 A.

Since /g 1s extremely small, the exponential term in Eq. (2.98) must assume very large
values so as to yield a useful amount (e.g., 1 mA) for 7, ,.
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Minority Charge Gradient

Electron Hole Electron Hole
Flow Flow Flow Flow
n \ / p n \ / P
Np.f : __E+ ; Pp.f : i E I ; '
I _ n I L NG
Pn,f ps—f
—|t -+
| |
Ve Ve

(a) (b)

» Minority charge profile should not be constant along the x-axis, as Fig. (a)

shows; otherwise, there is no concentration gradient and no diffusion current.

» Recombination of the minority carriers with the majority carriers accounts for
the dropping of minority carriers as they go deep into the P or N region, as

shown in Fig. (b).
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Forward Bias Condition: Summary

» In forward bias, there are large diffusion currents of minority carriers through
the junction.

» However, as we go deep into the P and N regions, recombination currents from
the majority carriers dominate.

» These two currents add up to a constant value.
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|V Characteristic of PN Junction

» The current and voltage relationship of a PN junction is exponential in forward
bias region, and relatively constant in reverse bias region.

;
I, =1,(exp > =)

T
where I and V, denote the diode current and voltage, respectively.

» As expected, V=0 yields /I, = 0.

» As V, becomes positive and exceeds several V;, the exponential term grows
rapidly and I, =I5 exp(V,/ V7). We hereafter assume in the forward bias region.

> If V5 <0 and |Vj| reaches several V, then I~ I

> |g is called the “reverse saturation current,” Reyerse Forward
typically small, and can be regarded as --—--‘-- .
“leakage” current Ip
V,
T ~ 15 exp ?D

49



Parallel PN Junctions

» Since junction currents are proportional to the junction’s cross-section area.
Two PN junctions put in parallel are effectively one PN junction with twice the
cross-section area, and hence twice the current.

A

Y 24

—i = - »— |:>

Example 2.18: Each junction in Fig. 2.32 employs the doping levels described in
Example 2.13. Determine the forward bias current of the composite device for V', = 300
mV and 800 mV at 7= 300 K.

Solution: From Example 2.17, I, = 1.77 x 10-!7 A for each junction. Thus, the total

current is equal to
! Iy, (V,=300mV)=21[ (exp% —1) =3.63pA.

T

Similarly, for V;, =800 mV: 1, (V,=800mV) =816 pA 50



Example 2.19

A diode operates in the forward bias region with a typical current level [i.e., I, = [
exp(V/Vy) 1. Suppose we wish to increase the current by a factor of 10. How much
change in V, 1s required?

Solution:
Let us first express the diode voltage as a function of its current:

/
V,=V,In-+.

S
We define /, = 10/, and seek the corresponding voltage, V,;:
10/ 1
= =V 24V 10—y, 4, nlo0.

S S

V,, =V;In

Thus, the diode voltage must rise by V', 1n10 = 60 mV (at 300 K) to accommodate a
tenfold increase in the current. We say the device exhibits a 60-mV/decade characteristic,
meaning V, changes by 60 mV for a decade (tenfold) change in /,,. More generally, an n-
fold change in [, translates to a change of V', Inn in V),
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Constant-Voltage Diode Model

» With typical current levels and areas, V, falls in the range of 700 - 800 mV.

» We often approximate the forward bias voltage by a constant value of 800 mV,
Vb on» (like an ideal battery), considering the device fully off if Vi, <800 mV.

» Diode operates as an open circuit if V<V, , and a constant voltage source of
Vpon if Vptends to exceed V.

ID‘ VD < VD,DH
s — oo
VD > I"'I:l,:::n +
= - =
Voon Vb Vo o

(a) (b)



Example 2.21

Consider the circuit of Fig. 2.34. Calculate /, for V,=3 V and V,= 1 V using (a) an
exponential model with /g = 10-1° A and (b) a constant-voltage model with V, ,, = 800 mV.

Solution:
(a) Noting that [, = I, we have V,=I1,R,+ V), and V= V,In(l,/I)

This equation must be solved by iteration: we guess a value for V,,, compute the
corresponding /, from I R, =V - V}, determine the new value of V, from V, = V, In(l,/[)
and 1terate. Let us guess V', =750 mV and hence

I'x
—

V.-V, 3V-0.75V _
= = =2.25mA. + §R1=1 kQ

- A e w(S L
Thus, - DY W

1

Vo=V, ne —799mv.

S
With this new value of V,, we can obtain a more accurate value for /,:

3V -0.799V

I
* 1k

=2.201mA.
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Example 2.21 (cntd)

We note that the value of /, rapidly converges. Following the same procedure for V, = 1
V, we have

1V-0.75V
I, = =0.25mA
* 1kQ ’

which yields V', =0.742 V and hence /,,= 0.258 mA.

(b) A constant-voltage model readily gives
[y=22mA for V,=3V

[y,=02mA for V, =1V

The value of I, incurs some error, but it is obtained with much less computational effort
than that in part (a).
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Reverse Breakdown

» When a large reverse bias voltage is applied, breakdown occurs and an

enormous current flows through the diode. ok A
» Zener breakdown is a result of the large electric °
field inside the depletion region that breaks
electrons or holes off their covalent bonds. Vep _
» Avalanche breakdown is a result of electrons Vb
or holes colliding with the fixed ions inside the Breakdown
depletion region.
n _E..... P n —E-- P
Si //Sié N :: *_é_e_
—I Si g i e g e I_ _I Y — Ee_ - e I_
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Temperature Effect

» For a given current, V,, decreases as T increases.
— Isand V;are function of temperature
— For Sidiodes, V, increases approximately 2 mV/°C.
— Igis a function of n,, which in turn is dependent on T.

— Theoretically, /5 doubles for every 5 °C increase in temperature.

— Realistically, doubles for 10 °C rise, including the V; influence
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