CHAPTER

6

Semiconductor Devices

Most diodes are essentially pir junctions fabricated by forming a contact between 4
p-iype and an p-type semiconductor. The junction possesses rectifying properties in
that & current in one direction can flow quite easily whereas in the other direction it is
limited by a leakage current that is generally very small. A transistor is a three-terminal
solid-state device in which a current flowing between two electrodes is controlled by
the voltage between the third and one of the other terminals. Transistors are capable of
providing current and voltage gains thereby enabling weak signals to be amplified.
Transistors can also be used as switches just like electromagnetic relays. Indeed, the
whole microcomputer industry is based on transistor switches, The majority of the tran-
sistors in microelectronics are of essentially two types: bipolar junction transistors
(BJTs) and field effect transistors (FETs). The appreciation of the underlying princi-
ples of the pr junction is essential to understanding the operation of not only the bipo-
lar tramsistor but also a variety of related devices. The central fundamental concept is
the minority carrier injection as purported by William Shockley in his explanations
of the transistor operation. Field effect transistors operate on a totally different princi-

 ple than BJTs. Their characteristics arise from the effect of the applied field on a con-
ducting channel between two terminals. The last two decades have seen enormous ad-
vances and developments in optoelectronic and photonic devices which we now take
for granted, the best examples being light emitting diodes (LEDs), semiconductor
lasers, photodetectors, and solar cells. Nearly all these devices are based on pa junc-
tion principles. The present chapter takes the semiconductor concepts developed in
Chapter 5 to device level applications, from the basic pn junction to heterojunction
laser diodes.
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6.1 IDEAL pn JUNCTION

4.1.1 No ApPLIED Bias: OrEN CIRCUIT

Consider what happens when one side of a sample of 5i is doped n-type and the other
p-type, as shown in Figore 6.1a. 'We assume that there is an abrupt discontinuity
between the p- and r-regions, which we call the metallurgical junction and label as
M in Figure 6.1a, where the fixed (immobile) ionized donors and the free electrons (in
the conduction band, CB) in the n-region and fixed ionized acceptors and holes {in the
valence band, VB) in the p-region are also shown.

Due to the hole concentration gradient from the p-side, where p = p,.. to the n-side,
where p = pa,, holes diffuse toward the right. Similatly the electron concentration
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Figure 6.1 FProperties of the pn junction,
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gradient drives the electrons by diffusion toward the left. Holes diffusing and entering
the #-side recombine with the electrons in the n-side near the junction. Similarly, elec-
trons diffusing and entering the p-side recombine with holes in the p-side near the
junction, The junction region consequently becomes depleted of free carriers in com-
parisen with the bulk p- and #-regions far away from the junction. Note that we must,
under equilibrium conditions (e.g., no applied bias or photoexcitation), have prn = n’
everywhere. Electrons leaving the n-side near the junction M leave behind exposed
positively charged donor ions, say As™, of concentration ;. Similarly, holes leaving
the p-region near M expose negatively charged acceptor ions, say B, of concentration
N,. There is therefore a space charge layer (SCL) around M. Figure 6.1b shows the
depletion region, or the space charge layer, around M, whereas Figure 6.1¢ illustrates
the hole and electron concentration profiles in which the vertical concentration scale is
logarithmic. The depletion region is also called the transition region.

It is clear that there is an internal electric field £, from positive ions o negative
ions, that is, in the —x direction, that tries to drift the holes back into the p-region and
electrons back into the r-region. This field drives the holes in the opposite direction
to their diffusion. As shown in Figure 6.1b, £, imposes a drift force on holes in the
—x direction, whereas the hole diffusion flux is in the +x direction. A similar situa-
tion also applies for electrons with the electric field attempting to drift the electrons
against diffusion from the n-region to the p-region. It is apparent that as more and
more holes diffuse toward the right, and electrons toward the left, the internal field
around M will increase until eventually an “equilibriom™ is reached when the rate of
holes diffusing toward the right is just balanced by holes drfting back to the left, dri-
ven by the field £,. The electron diffusion and drift fluxes will also be balanced in
equilibrinm.

For uniformly doped p- and n-regions, the net space charge density p.(x) across
the semiconductor will be as shown in Figure 6.1d, (Why are the edges rounded?) The
net space charge density p.., is negative and equal to —e N, in the S3CL from x = — W,
o x = 0 (where we take M to be) and then positive and equal to +eN; from x =0
o W.. The total charge on the left-hand side must be equal to that on the nght-hand
side for overall charge neutrality, so

N W, = N,W, [.1]

In Figure 6.1, we arbitrarily assumed that the donor concentration is less than the
acceptor concentration, Ny = ;. From Equation 6.1 this implies that W, = W,; that
is, the depletion region penetrates the n-side, the lightly doped side, more than the
p-side, the heavily doped side. Indeed, if N, 3= N, then the depletion region is almost
entirely on the n-side. We generally indicate heavily doped regions with the plus sign
as 4 superscript, that is, pT,

The electnic field E{x) and the net space charge density pp(x) at a point are
related in electrostatics' by

ﬁ _ Poetlx)
dx £

! This is colled Gavss's law in point form and comes from Gauss's law in elechoshatics, Gouss's low is discussed in
Secllon 7.5
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where £ = g,e, is the permittivity of the medium and e, and &, are the absolute per-
mittivity and relative permittivity of the semiconductor material. We can thus integrate
Paetx) across the diode and thus determine the electric field E(x), that 1s,

1 i
Tix) = —f Preglx) dx [4.21
£ —W,

The variation of the electric field across the pn junction is shown in Figure 6. le. The
negative field means that it is in the —x direction. Note that £(x) reaches a maximum
value £, at the metallurgical junction M.

The potential Wix) at any point x can be found by integrating the electric field since
by definition € = —d V /d x. Taking the potential on the p-side far away from M as zero
{we have no applied voltage), which is an arbitrary reference level, then ¥{x) increases
in the depletion region toward the n-side, as indicated in Figure 6.1f Its functional
form can be determmined by integrating Equaton 6.2, which is, of course, a parabola.
Notice that on the n-side the potential reaches V,, which is called the built-in
potential,

The fact that we are copsidering an abrupt pi junction means that pn4{x) can sim-
ply be described by step functions, as displayed in Figure 6.1d. Using the step form of
Pner(x) in Figure 6.1d in the integration of Equation 6.2 gives the electric field at M as

£ B [

E, = 16.3]
where £ = £,5,. We can integrate the expression for E(x) in Figure 6.le to evaluate
the potential Vix) and thus find V, by putting in x = W,. The graphical representation
of this integration 1s the step from Figure 6. le to f. The result is

. 1 eN NgW?

Vo= —-E,W, = ———Ft— 6.4
. 2707 2e(N, + N 64

where W, = W, + W, is the rtotal width of the depletion region under a zero applied
voltage. If we know W, then W, or W, follows readily from Equation 6.1. Equation 6.4
is a relationship between the built-in voltage V, and the depletion region width W, If
we know V,, we can calculate W,.

The simplest way to relate V, to the doping parameters is to make use of the fact
that in the system consisting of p- and n-type semiconductors joined together, in equi-
librium, Boltzmann statistics? demands that the concentrations ny and n; of carriers at
potential energies £, and £, are related by

fna _ - [_{Ez e Eﬂ]
i kT

where £ = gV, where g is the charge of the carrier. Considering electrons (g = —e),
we see from Figure 6.1g that E = 0 on the p-side far away from M wheren = n,,, and

2 WWe Lse Baltzmann slabistics, that &, HE| & exp|—E/kT], because the concentration of electrans in the conductlon
band, whathar cn the nside ar pside, is never o large that the Pouli exclusion principle becomas important. As
Iong as the carrier concentration in the conduction bond is much smoller thon M., we con use Boltzmann skafistics,
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E = —eV, on the n-side away from M where n = n,. Thus
L ( EV") [6.5a]
ne | P\ TET

This shows that V, depends on n,, and #,, and hence on Ny and N,. The corre-
sponding equation for hole concentrations is clearly

[ H.l
<L exp(—f—) [6.5b]
Fpo kT
Thus, rearranging Equations 6.5a and b we obtain
k f
o —Tln(” ‘:’) o E|n(”]—‘°‘°‘)
£ T 4 Pnn

We can now write p,., and p., in terms of the dopant concentrations inasmuch as
le.. = !.'Irg H.lld.

so ¥V, becomes

kT NNy
V.= —In 5 [6.6]

e iy

Clearly. ¥, has been conveniently related to the dopant and material properties via
Ny, Ny, and r?. The built-in voltage (V,) is the voltage across a pr junction, going
from p- to n-type semiconductor, in an open circuit, It is por the voltage across the
diode, which is made up of V, as well as the contact potentials at the metal-to-
semiconductor junctions at the electrodes. If we add V, and the contact potentials at the
electroded ends, we will find zero.

Once we know the built-in potential from Equation 6.5, we can then calculate the
width of the depletion region from Equation 6.4, namely

141
W.-, = [EE{Nﬁ + Nd'}vo] _."

1671
eN, Ny

Notice that the depletion width W, e V2. This results in the capacitance of the
depletion region being voltage dependent, as we will see in Section 6.3.
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THE BUILT-IN POTENTIALS FOR Ge, 5i, AND GoAs pn JUNCTIONS A pn junction diode has a
concentration of 10" acceptor atoms em™ on the p-side and a concentration of 100" donor
atoms em— on the n-side. What will be the built-in potential for the semiconductor materials
Ge, 51, and GaAs?

SOLUMON

The built-in potential is given by Equation 6.6, which requires the knowledge of the intrin-
sic concentration for each semijconductor. From Chapter 3 we can tabulate the following
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at 300 kK
Semiconductor Eg {e¥') ay fem— ) Vai¥}
Ge T 240 x 10 037
Si 1.1 1.0 101 0,74
GuAs L4 2.1 x 108 121
Using

w=()u(*5)

for Siwith Ny = 107 cm™ Y and &, = 10" cm™, T /e = 00259 Vat 300K, and n; = 1.0 =
10™ em ™, we obtain

(10'73(10")
(1.0 % 1012

The results for all three semiconductors are summarized in the last column of the table in
this example.

V, = (0.0259 V) In :| =0.775 ¥

EXAMPLE 6.2

THE p*n JUNCTION  Consider a ptr junction, which has a heavily doped p-side relative to the
n-side, that i3, %, & N, Since the amount of charge @ on both sides of the metallurgical junc-
tion must be the same (so that the junction is overall neutral)

Q= eN, W, = el W,

it is clear that the depletion region essentially extends into the r-side. According to Equation 6.7,
when &, « N, the width is
[ 2V, ] i
W, =
ey

What i the depletion width for a pn junction Si diode that has been doped with 10'% acceptor
atoms cm? on the p-side and 10" donor atoms e on the n-side?

SOLUTION

To apply the above equation for W, we need the built-in potential, which is
kT .fu'dm,) [{m'“mu“‘)]
V,=|— |1 = (00259 V) In| —————= | =0.835¥
( ¢ ) n( 7 )= M o= 100)2

J‘JI-
Then with Ny = 10 ¢m~, that is, 102 m~3, ¥, = 0.835 V, and &, = 11.9 in the equation
for W,

W, =

[zw,,]'” _ [2(11,9}{3.35 x m-”;m.a:ﬁ}]”’
e N = (1.6 % 10-17) (1022}

=332 x10"m or 0.33 pm
Mearly all of this region (99 percent of it) is on the r-side.
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BUILT-IN YOLTAGE There is a rgorous derivation of the buili-in voltage across & pr junclion,
Inasmuch as in equilibrinm there is no net current through the pr junction, drift of holes due o

the built-in field £{x) must be just balanced by their diffusion due to the concentration gradient

dp/dx. We can thus set the wotal clectron and hole cument densities (drift 4+ diffusion) through

the depletion region to zero, Considering holes alone, from Equation 5.38,

d
Dt (X3 = ep(x)p s Elx) — ey £ =0

The electric field is defined by £ = —4V fdx, 50 substituting we find,
—epppdV —eDydp=10
We can now use the Einstein relation Dy /iy = kT e to gat
—epdV = kT dp=10

We can integrate this equation. According to Figure 6.1, ia the p-side, p = ppe, ¥V =0, and in
the r-side, p = p,,. ¥ = V,, thus,

kT
m.ﬂ.tiﬁ-. V.J:- N _e"rln(f?m:lj — Iﬂ(.ﬂ‘m]‘] =0
e kT (F.w-)
LI
Elving e = piap

which in the =ame ;s Fguation S5.5h and henoce leads o Equation $.6.

| P e 2

6.1.2 ForRWARD B1as: DIFFusioN CURRENT

Consider what happens when a battery is connected across a pn junction 50 that the
positive terminal of the battery is attached to the p-side and the negative tlerm:nai to the
n-side. Suppose that the applied voltage is V. It is apparent that_theﬂnegam'e polarity of
the supply will reduce the potential barrier V, by V, as shown in Figure 624 Th‘e red-
son for this is that the bulk regions outside the depletion width have high conductivities
due o plenty of majority carriers in the bulk, in comparison with the depletion region
in which there are mainly immobile ions. Thus, the applied voltage drops mus‘r.ij.r
across the depletion width W. Consequently, V' directly opposes V; and the putlcnual
barrier against diffusion is reduced to (V, — V), as depicted in Figure 6.2_b. This h‘as
drastic conseguences because the probability that a hole will surmount this potential
barrier and diffuse to the right now becomes proportional to exp[—e(V., — V)/kT]. In
other words, the applied voltage effectively reduces the built-in potential and hem;e the
built-in field, which acts against diffusion. Consequently many holes can now diffuse
across the depletion region and enter the n-side. This results in the injection of excess
minority carriers, holes, into the n-region. Similarly, excess clf:cfmns can now
diffuse toward the p-side and enter this region and thereby become injected mminority



|

482 CHAPTER & = SEMICONDUCTOR DEvICES
I..ug((:'i:lm:::ntmlumj .'JE',;. _E
.-n.'—.'\l:ul'ral RTEgian— il—— we—Meurral r.l-mgi.on—'s-—
p ! Minuce increass
ke |
: i ?‘EM E
i | E.-
T i I Exeess bl
: :ll. p“{ub_.- XCCSE 14 %
Ex 1 i Flobe =
PSRN e 2
dlr'Fut.'iun‘h \"\ L, TSR Fm_,
L. =em====d 5CL |
: - -
+ P
|
-V
fal ik}
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(o) Carrier concantration pn:rfiies. across the davice under forward bios.
1b:| The hole pnrﬂnﬁcﬂ energy with and without an uppliad bias. W is the width of fhe SCL with forward bias.
The hole concentration
p.ll.{{}} = F'm{x"l = ﬂ:l
just outside the depletion region at x°' = 0 (x" 1s measured from W,) is due to the ex-
cess of holes diffusing as a result of the reduction in the built-in potential barrier. This
concentration p,((1) is determined by the probability of surmounting the new potential I
energy barmer e(V, — V'),
eV, — V}]
L = exp| - —— [6.8]
Pel0) = P p[ T
This follows directly from the Boltzmann equation, by virtue of the hole potential
energy rising by e(V, — V) fromx = — W, tox = W, as indicated in Figure 6.2b, and
at the same time the hole concentration falling from pp, to p,(0). By dividing Equa-
tion 6.8 by Equation 6.5b, we obtain the effect of the applied voltage directly, which
shows how the voltage V determines the amount of excess holes diffusing and armiving
at the n-region. Equation 6.8 divided by Equation 6.5b is
Law of the el
[function Pn(0) = Pno €xp (ﬁ) [6.91

which is called the law of the junction. Equation 6.9 is an important equation that we
will use again in dealing with pr junction devices. It describes the effect of the applied
voltage V on the injected minority carrier concentration just outside the depletion
region p,(0). Obvicusly, with no applied voltage, ¥V = 0 and p.(0) = p,,, which is
exactly what we expect,
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Injected holes diffuse in the s-region and eventually recombine with electrons in
this region as there are many electrons in the r-side. Those electrons lost by recombi-
nation are readily replenished by the negative terminal of the battery connected to this
side. The current due to holes diffusing in the n-region can be sustained because more
holes can be supplied by the p-region, which itself can be replenished by the positive
terminal of the battery.

Flectrons are similarly injected from the n-side to the p-side. The electron concen-
tration #;(0) just outside the depletion region at x = — W, is given by the equivalent
of Equation 6.9 for elecirons, that is,

s eV )
nal ‘J—npﬂem(ﬁ [¢.10]

In the p-region, the injected electrons diffuse toward the positive terminal looking
tobe collected. As they diffuse they recombine with some of the many holes in this re-
gion. Those holes lost by recombination can be readily replenished by the positive ter-
minal of the battery connected to this side. The current due to the diffusion of electrons
in the p-side can be maintained by the supply of electrons from the a-side, which itself
can be replenished by the negative terminal of the battery. It is apparent that an electric
current can be maintained through a p# junction under forward bias, and that the cur-
rent flow, surprisingly, seems to be due to the diffusion of minority carriers. There is,
however, some drift of majority carriers as well.

If the lengths of the p- and n-regions are longer than the minority carrier diffusion
lengths, then we will be justified to expect the hole concentration p,(x') on the n-side
to fall exponentially toward the thermal equilibrinm value p,,, that is,

&p”{x“} = Ap,{0) r:}r.p(— E:) [8.11]

where
Ap(x) = palx) — P
is the excess carrier distribution and Ly 15 the hole diffusion length, defined by
Ly = + Dyt in which 1, is the mean hole recombination lifetime (minority carrier
lifedime) in the #-region. We base Equation 6.11 on our experience with the minority
carier injection in Chapter 5.2
The hole diffusion current density Jp .. is therefore

dpylx 'I} dApy (-rh-"

oy————-

Tpete = —e Dy,

=

dx’ dx

i _(eﬂh)ﬁ (0 ex ( x’)
bl = L,ﬁ Pn CAP .Lh

| ¥Thiz is simply the solution of the confinwity squation in the absance of ar electric fiald, which is discussed in
Chapter 5, Equotien &.11 is idenfical ke Equalion 5 48,

that is,
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anywhere in the device is constant, w1
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due to the diffusion of minoriky —W. W
COrmess. r n

Although this equation shows that the hole diffesion current depends on location, the
total current at any location 1s the sum of hole and electron contmbutions, which is inde-
pendent of x, as indicated in Fipure 6.3, The decrease in the minority carrier diffusion
current with x' is made up by the increase in the current due to the drift of the majority car-
riers, as schematically shown in Figure 6.3. The field in the neutral region is not totally
zero but a small value, just sufficient to drift the huge number of majonty camiers there.

At 2" = 0, just outside the depletion region, the hole diffusion current is

el
I hote = (L—H) Ap, ()
h

We can now wnse the law of the junction to substitute for Ap,(0) in terms of the
applied voltape V. Writing

v
Apn(0) = pu(0) = Py = P [E‘P(E_T) 2 1]

and substituting in Jp poe, we get

tovae= (2522) [ew(7) -1
IFhate = T P KT

Thermal equilibrium hole concentration p,, is related to the donor concentration by

bl
n; n;
Fro = Moy Ny

e (Do)
L T PleT

There is a similar expression for the electron diffusion current density Jp .. in the
p-region. We will assume (guite reasonably) that the electron and hole curents do not
change across the depletion region because, in general, the width of this region is nammow
(reality is not guite like the schematic sketches in Figures 6.2 and 6.3). The electron

Thus,
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current at x = — W, is the same as that at x = W,.. The total current density is then sim-
ply given by Jp nole + b e1ec, that is,

= : i N o
(Lan' + L., n;|exp iT 1
eV
J=JU — | -1 B
m[exp(kr) :| [46.121

This is the familiar diode equation with

)+ ()
Tl 2
2 [(T,p,Nd T\ T

It is frequently called the Shockley equation. The constant J., depends not only on
the doping, N, and N, but also on the material via n;, Dy, D,, L, and L. It is known
as the reverse saturation current density, as explained below. Writing

ar

¥,
1 _ NN, (_ e_.i)
nr={ Jexp T

where V, = E,/e is the bandgap energy expressed in volts, we can write Equa-
tion 6.12 as

e Dy eD, eVg)][ (e‘.-") ]
= —_ N — — — | =
- (r.,.wd + LBN)[{ LRt “"'( e ML\ ) !

that is,
=4 L:xp(—ﬂ) [Exp(i) - 1:|
kT kT
or
J=0 EKP[%] for % =1 [6.13]
where

el e, )
=| —— N
N (L.&Nd i LN, {efbd

18 & new constant,

The significance of Equation 6,13 is that it reflects the dependence of I-V charactens-
tics on the bandgap (via V), as displayed in Figure 6.4 for the three important sermicon-
ductors, Ge, Si, and GaAs, Notice that the voltage across the pn junction for an appreciable
current of say ~0.1 mA is about 0.2 V for Ge, 0.6 V for 8, and 0.9 V for GaAs.

The diode equation, Equation 6,12, was derived by assuming that the lengths of the
p and n regions outside the depletion region are long in compatison with the diffusion
lengths Ly and L. Suppose that £, is the length of the p-side outside the depletion region
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and £, is that of the n-side outside the depletion region. If £, and £, are shorter than the
diffusion lengths L, and Ly, respectively, then we have what is called a short diode and
consequently the minority carrier distribution profiles fall almost linearly with distance
from the depletion region, as depicted in Figure 6.5. This can be readily proved by solving
the continuity equation, but an intuitive explanation makes it clear, At x* = 0, the minority
carrier concentration is determined by the law of the junction, whereas at the battery termi-
nal there can be no excess carriers as the battery will simply collect these. Since the length
of the neutral region 15 shorter than the diffusion length, there are practically no holes lost
by recombination, and therefore the hole flow is expected to be uniform across £,,. This can
be so only if the driving force for diffusion, the concentration gradient, is linear.
The excess minority carmier gradient is

dApulz’) — [£a10) — Pas)
dx! - £a

The current density Jp hoe due to the injection and diffusion of holes in the n-region
as a result of forward bias is

dAp.(x) lpa(0} — pual
pkie oLk G W kol I o L
dx! e Eu

We can now use the law of the junction

eV
I (0 = Pra BXD (k_T)

Johole = —edy

for pa(0) in the above equation and also obtain a similar equation for electrons diffus-
ing 1 the p-region and then sum the two for the total current J,

Short diode J (eﬂ" 420 )nz[ax (EV) 1] 6.14]
fel [l — F—— = el —_— :
Enh‘d’ E.U'N-I? : p -kT
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It is clear that this expression is identical to that of a long diode, that is, Equa-
tion 6.12, if in the latter we replace the diffusion lengths L, and L, by the lengths ¢, and
£, of the n- and p-regions outside the SCL.

6.1.3 ForwarD B1as: RECOMBINATION AND TOTAL CURRENT

5o far we have assumed that, under a forward bias, the minority carriers diffusing and
recombining in the neutral regions are supplied by the external current. However,
some of the minority carriers will recombine in the depletion region. The external cur-
rent must therefore also supply the carriers lost in the recombination process in the
SCL. Consider for simplicity a symmetrical pn junction as in Figure 6.6 under forward
bias. At the metallutgical junction at the center C, the hole and electron concentrations
are pay and nyy and are equal. We can find the SCL recombination current by consider-
ing electrons recombining in the p-side in W, and holes recombining in the »-side in
W, as shown by the shaded areas ABC and BCD, respectively, in Figure 6.6. Suppose
that the mean hole recombination time in W, is 7, and mean electron recom-
bination time in W), is 1.. The rate at which the electrons in ABC are recombining is
the area ABC (nearly all injecied electrons) divided by 7,. The electrons are replen-
ished by the diode current. Similarly, the rate at which holes in BCD are recombining
is the area BCD divided by t;. Thus, the recombination current density is

eABC  eBCD
+
1:} Th

We can evaluate the areas ABC and BCD by taking them as triangles, ABC ==
3 Won g, etc., so that

oo —

N eilwpn_u N ea'-‘i-’r".fp,y

fa=]

J-1'=|::||'n

Te Tk
Under steady-state and equilibrium conditions, assuming a nondegenerate sermi-
conductor, we can use Boltzmann statistics (o relate these concentrations to the potential

Log (carrier concentration) Figure &.6 Forwardbicsed pn
b pside—— > e n-side— junction and the injection of carriers
and their recombination in SCL.

: SCL
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energy. At A, the potential is zero and at M itis le(V, — V), s0

Py |: efvp = V:']
=exp| ————
Ppo 2kT

Since V, depends on dopant concentrations and »; as in Equation 6.6 and further
Pro = N, we can simplify this equation to

=N; BEX (QV)
s T

This means that the recombination current for V' = kT /e is given by

gy WP Wn) ( eV )
I i R e =
e 5 (r,, + £ exp BT [6.15]

From a better quantitative analysis, the expression for the recombination current
can be shown to be'

Jwcom = Jop [expleV 2ET) — 1] [6.14]

where J,, is the preexponential constant in Equation 6. 13.

Equation 6.15 is the current that supplies the carriers that recombine in the deple-
tion region. The total current into the diode will supply carriers for minority carrier dif-
fusion in the neutral regions and recombination in the space charge layer, so it will be
the sum of Equations 6.12 and 6.15.

el eV kT
J=dy &xp(ﬁ) + txp(ﬁ) (V = —£~)

This expression is often lumped into a single exponential as

eV kT
J=J,exp V= — [6.17]
nkT £

where J/,, 15 a new constant and g5 is an ideality factor, which iz 1 when the current is
due to minority carrier diffusion in the nentral regions and 2 when it is due to recom-
bination in the space charge layer. Figure 6.7 shows typical expected /-V characteris-
tics of pn junction Ge, Si, and GaAs diodes. At the highest currents, invariably, the
bulk resistances of the neutral regions limit the current {(why?). For Ge diodes, typi-
cally n = | and the overal] =V characteristics are due to minority carrier diffusion. In
the case of GaAs, n = 2 and the current is limited by recombination in the space
charge layer. For i, typically, i changes from 2 to 1 as the current increases, indicat-
ing that both processes play an important role. In the case of heavily doped 5i diodes,
heavy doping leads to short minority carrier recombination times and the current is
controlled by recombination in the space charge layer so that the 5 = 2 region extends
all the way to the onset of bulk resistance limitation,

| *This is generally proved in advanced haxts.
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Figure 6.8 Reversebiased pn junction.
[a) Mincrity carrier profiles and the origin of the revarse current.
||;|+ Hela PE across the {umchion under reverse bios.

6.14 REVERSE Bias

When a pn junction is reverse-biased, as shown in Figure 6.8a, the apphicd vollage, as
before, drops mainly across the depletion region, that is, the space charge layer (SCL),
which becomes wider, The negative terminal will attract the holes in the p-side to
move away from the SCL, which results in more exposed nepative acceptor ions and
thus & wider SCL. Similarly, the positive terminal will attract electrons away from the
SCL, which exposes more positively charged donors. The depletion width on the n-side
alse widens, The movement of electrons in the n-region toward the positive battery
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terminal cannot be sustained because there is no electron supply to this n-side. The
p-side cannot supply electrons to the n-side because it has almost none. However, there
is a small reverse current due (o two causes,

The applied voltage increases the built-in potential barrier, as depicted in Fig-
ure 6.8b. The electric Feld in the SCL is larger than the built-in intemal field €,. The
small number of holes on the r-side near the SCL become extracted and swept by the
field across the SCL over to the p-side. This small current can be maintained by the dif-
fusion of holes from the n-side bulk to the SCL boundary.

Assume that the reverse bias V, = kT/e = 25 mV¥. The hole concentration
Fal0) just outside the SCL is nearly zero by the law of the junction, Equation 6.9,
whereas the hole concentration in the bulk (or near the negative terminal) is the
equilibrium concentration p,,, which is small. There is therefore a small concen-
tration gradient and hence a small hole diffusion current toward the SCL as shown
in Figure 6.8a. Similarly, there is a small electron diffusion current from bulk p-side
to the SCL. Within the SCL, these carriers are drifted by the field. This minority
carrier diffusion current is essentially the Shockley model. The reverse current is
given by Equation 6,12 with a negative voltage which leads to a diode current
density of —J,, called the reverse saturation current density. The value of J,
depends only on the matenial via n;, g4, i, dopant concentrations, but not on the
voltage (V, > kT fe). Furthermore, as J,, depends on n7, it is strongly temperature
dependent. In some books it is stated that the causes of reverse current are the ther-
mal generation of minonty carriers in the neutral region within a diffusion length
to the SCL, the diffusion of these carriers to the SCL, and their subsequent drift
through the SCL. This description, in essence, is identical to the Shockley model
we just described.

The thermal generation of electron-hole pairs (EHPs) in the SCL, as shown in Fig-
ure 6.8a, can also contribute to the observed reverse current since the intemnal field in
this layer will separate the electron and hole and drift themn toward the neutral regions, |
This drift will result in an external current in addition to the reverse current due to the
diffusion of minorty carmers. The theoretical evaluation of SCL generation current
involves an in-depth knowledge of the charge carrier generation processes via recom-
bination centers, which is discussed in advanced texts. Suppose that 1, is the mean
time to generate an electron-hole pair by virtue of the thermal vibrations of the lat-
tice; 7, is also called the mean thermal generation time, Given 7, the rate of thermal
generation per unit volume must be #, /7, because it takes on average 7, seconds to
create 1; number of EHPs per unit volume. Furthermore, since WA, where A is the
cross-sectional area, 15 the volume of the depletion region, the rate of EHP, or charge
carrier, generation is (AWn;)/ 7. Both holes and electrons dnift in the SCL each con-
tributing equally to the current. The observed current density must be e(Wn,}/1,.
Therefore the reverse current density component due to thermal generation of EHPs
within the SCL should be given by

eWn;
Jeen = [6.18]
Ty

The reverse bias widens the width W of the depletion layer and hence increases

Jgen- The total reverse current density Jyy is the sum of the diffusion and generation
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which is shown schematically in Figure 6.9a. The thermal generation component Jge,
in Equation 6.18 increases with reverse bias V, because the SCL width W increases
with V..

The terms in the reverse current in Equation 6.19 are predominantly controlled
by n? and n;. Their relative importance depends not only on the semiconductor prop-
erties but also on the temperature since n; o exp(—E,/2kT). Figure 6.9b shows the re-
verse current f, in dark in a Ge pn junction (a photodiode) plotted as In(f.,) versus
1/T to highlight the two different processes in Equation 6,19, The measurements in
Figure 6.9b show that above 238 K, I, is controlled by r} because the slope of In(/,)
versus 1/T yields an E; of approximately (.63 eV, close to the expected E; of about
(.66 eV in Ge. Below 238 K, I, is controlled by s; because the slope of In(f,) versus
/T is equivalent to E,/2 of approximately (.33 eV. In this range, the reverse current
is due to EHP generation in the SCL via defects and impurities (recombination
centers).

5 eWn; Total reverse
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EXAMPLE 6.4

FORWARD- AND REVERSE-BIASED 5i DIODE An abrupt 5i p¥a junction dicde has a cross-
sectional area of 1 mm?, an acceptor concentration of 5 x 10" boron atoms cm™ on the
p-side, and a donor concentration of 108 arsenic atoms cm™ on the n-side. The lifetime of
holdes in the r-region is 417 ns, whereas that of electrons in the p-region is 5 ns due 10 a
greater concentration of impurities {recombination centers) on that side. Mean thermal gen-
eration lifetime (7.} is about | ps. The lengths of the p- and #-regions are 5 and 100 microns,

respectively.

a  Caleulate the minerity diffusion lengths and detenmine what type of a diede this 15,

f. What is the built-in potential across the junction?

. What is the current when there is a forward bias of (L6 ¥ across the diode at 27 °C? Assume
that the current is by minority carrer diffusion.

.  Estimate the forward current ac 10K °C when the voliage across the diede remains at (L6 Y,
Assume that the temperature dependence of »; dominates over those of £3, 1, and p.

e What is the reverse cumment when the diode 15 réverse-biased by a voltage ¥, = 5 ¥7

SOLUTION

The general expression for the diffusion length is L = ~/ Dt where [ is the diffusion coefficient
and 7 is the carrier lifetime. {2 is related to the carrier mobility 4 via the Einstein relationship
Dip = kT fe. We therefore need to know g to calculate D and hence L. Electrons diffuse in the
p-region and holes in the n-region, so we need 12, in the presence of N, acceptors and p,, in the
presence of Ny donors. From the drift mobility, ¢ versus dopant concentration in Figure 5.19,
wi'have the following:

With Ne=5x10%em™ = 120om’ Vs
With Ny = 10" cm™ gy = 440 cm? vl st
Thus
D, = M%t = (00250 V(120 em® V7' 57" = 3,10 em? s~

kT
e Mg

= (00259 V(4D em* V7' s7') = 1139 em®s™!

Diffusion lengths are
L, = vD.7, = V1310 em? s )(5 x 10-%5)]

=1.2x10"*cm or 1.2 ym = 5 pm

Ly =+ Dyt = J[(I 1.39 cm? 5= ")(417 »x 10-Y 5)]
=218 x 107% cm or 2018 pm = 100 pm
We therefore have a long diode. The built-in potential is
kT Nde) {(5 = 10" x Iﬂ“’):l
V,=| = | Inl == | = (0.0259 V) In]| = | = (JET7T V/
( ﬂ') 11( .rzf e Vi (1.0 % 101y

To calculate the forward current when ¥ = 0.6 V, we need to evaluate both the diffusion
and recombination components to the curment, It is likely that the diffusion component will
exceed the recombination component al this forward bias {this can be easily verified). Assuming
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that the forward current is due to minority carrier diffusion in neutral regions,

f—f|: (w) |-:|;w (EV} i gL 0.0259 V
= [, | exp = - oo BXP e or ‘_$>—E- {= 00259 V)

2
I.!l:l = A-lrm — ﬂﬁ.ﬁ!z[( De ) + ( D. )] = AF"I‘ Dy
: Ly e":'l‘,; L. .Nn. LNy

a5 N, 3 Ny. In other words, the current is mainly due tao the diffusion of holes in the n-region.
Thus,

whera

_ (001 em®)(16 5 1071 C)(1L.0 x 10 em™)*(11.39 cm® s™')
o (21.8 = 10~* cm¥(10% com—%)

=836 = 107" 4 ar 0.084 pA
Then the diode current is

ia

(0.6 ¥) ]
{0.0259 V)

=09% x10'A  or  0.96mA

We note that when a forward bias of (06 V is applied, the built-in potential is reduced from
0877 Vo 0,256 ¥, which encourages minorily carrier injection, that is, diffusion of holes from
-t n-side and electrons from ri- to p-side. To find the current at 100 *C, first we assume that
Iooond Thenat T = 273 + 100 = 373 K, n; = 1.0 x 10" cm ™" (approximately from n; ver-
sus 1/T graph in Figure 3.16), so0

eV 1o
I Imcxp(ﬁ) = (8.36 = 10 ﬁ}exp[

1
10373 K) = T, (300 K}{"‘—EF;—E]
n,

1.0 x 101
1.0 = 1012

AL 100 °C, the forward current with (0.6 ¥ across the diode is

(0.6 V(300 K)
(0.0259 V{373 K)

z
7= (B.36 = ll]"‘*}( ) =836 = 10774 or 0.836 nA

Vv
o J'mexp(:—T) = (836 x 1071 Mexp[ ] =0.10 A

When a reverse bias of V. is applied, the potential difference across the depletion region
becomes ¥, 4+ Ve and the width W of the depletion region is

i [23{1,1, + V,:.]'-’2 B [E{II.Qj{E.Eﬁ w 101230877 +5}} 2
- eNy o (1.6 % 10-"3 107

= (.88 % 107% m or (.88 pm

The thermal generation current with V=3V is
; eAWn, (1.6 = 1072 OO0 emy(0.88 = 10~ emi(1.0 = 10" em—Ty
AT (10-% 5)

141 » 10—% A or 1.4 nA

This thermal generation current is much greater than the reverse saturation current
I,(= (L084 pA), The reverse cument is therefore dominated by £, and it is 1.4 nA.

493




494
Jii:
C
E
-]
E ---t
i

Figure .10

CHAPTER & + SEMICONDUCTOR DEVICES

6.2 pn JUNCTION BAND DIAGRAM

6.2.1 Oren CIRCUIT

Figure 6.10a shows the energy band diagrams for a p-type and an n-type semicon-
ductor of the same matenal (same E,) when the semiconductors are isolated from each
other. In the p-type material the Fermi level Ex, is &, below the vacuum level and is
close to E,. In the n-type matenial the Fermi level Eg, is &, below the vacuum level
and is close to E.. The separation E. — Ef, determines the electron concentration iy,
in the n-type and Eg, — E, determines the hole concentration py,, in the p-type semi-
conductor under thermal equilibrium conditions.

An important property of the Fermi energy Ep is that in a system in equilibrium,
the Fermi level must be spatially continuous, A difference in Fermi levels AEF is
equivalent to electrical work ¢V, which is either done on the system or extracted from
the system, When the two semiconductors are brought together, as in Figure 6.10b, the
Fermi level must be uniform through the two materials and the junction at M, which
marks the position of the metallurgical junction. Far away from M, in the bulk of the
n-type semmiconductor, we should still have an n-type semiconductor and E; — Ep,
should be the same as before. Similarly, Ep, — E; far away from M inside the p-type
material should also be the same as before. These features are sketched in Figure
6.10b keeping Eg, and Ej, the same through the whole system and, of course, keeping
the bandgap E. — E, the same, Clearly, to draw the energy band diagram, we have to
bend the bands E; and E, around the junction at M because E, on the n-side is close to
Egn whereas on the p-side it is far away from Ep,. How do bands bend and what does
it mean"?

p-type semiconductor n-type semiconductor
CB By
E PN
" R L et mmm e
el EFJ‘" £ Ev 0 - i L'h?n-:rni w BCL Er”
o T I O R4 § 5
VB VB M E

“Bulk " SCL(W) " Buk

(al )

(o} Two isalated b ond nype semiconductars (same material),

(b} A pr junction band diagrom when the twao semiconductors are in contact, The Fermi leval must be uniform in
equilibrium, The metallurgical juncticn is at M. The region around M conlains the spoce charge layer (SCL). On the
reside of M, SCL has the axpased pa-s.ihw_lhr churgal:l donars, whereas on the psil:!e it has the Expnsad neg{:ﬁve|r
charged acceptors,
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As soon as the two semiconductors are brought together to form the junction,
electrons diffuse from the n-side to the p-side and as they do so they deplete the r-side
near the junction. Thus E. must move away from Eg, toward M, which is exactly what
is sketched in Figure 6.10b. Holes diffuse from the p-side to the n-side and the loss of
holes in the p-type material near the junction means that £, moves away from Eg,
toward M, which is also in the figure.

Furthermore, as electrons and holes diffuse toward each other, most of them
recombine and disappear around M, which leads to the formation of a depletion region
or the space charge layer, as we saw in Figore 6.1. The electrostatic potential energy
(PE) of the electron decreases from 0 inside the p-region to —eV, inside the n-region,
a3 shown in Figure 6.1g. The total energy of the electron must therefore decrease going
from the p- to the n-region by an amount eV,. In other words, the electron in the r-side
at £, must overcome a PE barrier to go over to £, in the p-side. This PE barrieris eV,
where V, is the built-in potential that we evaluated in Section 6.1. Band bending
around M therefore accounts not only for the variation of electron and hole concentra-
tons in this region but also for the effect of the built-in potential (and hence the built-in
field as the two are related).

In Figure 6,10b we have also schematically sketched in the positive donor (at £}
and the negative acceptor (at £,) charges in the SCL around M to emphasize that there
are exposed charges near M. These charges are, of course, immobile and, generally,
they are not shown in band diagrams. It should be noted that in the SCL region, marked
a5 W, the Fermi level is close to neither E, nor £, compared with the bulk semicon-
ductor regions. This means that both s and pin this zone are much less than their bulk
values my, and p,.. The metallurgical junction zone has been depleted of carriers
compared with the bulk, Any applied voltage must therefore drop across the SCL.

622 FoORWARD AND REVERSE Bias

The energy band diagram of the pn junction under open circuit conditions is shown
in Figure 6.11a, There is no net current, so the diffusion current of electrons from the
n- to p-side 15 balanced by the electron drift current from the p- to n-side driven by the
built-in field £,. Similar arguments apply to holes. The probability that an electron dif-
fuses from E. in the r-side to E. in the p-side determines the diffusion current density
Jiir. The probability of overcoming the PE barrier is proportional to exp({—eV,/kT ).
Therefore, under zero bias,

Jaig() = Bex (—ﬂ) [6.20]
cliff = P kT a
Joet () = LM + Tip( M =0 [6.21]

where B is a proportionality constant and Jaqa{0) is the current due to the drift of
glectrons by £, Clearly Jiqn (00 = — Sy (0); that is, drift is in the opposite direction to
diffusion.

When the pr junction is forward-biased, the majority of the applied voltage drops
across the depletion region, so the applied voliage is in opposition to the built-in
potential V,,. Figure 6.11b shows the effect of forward bias, which is to reduce the PE
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Figure &.11 Energy bond diagroms For @ pn junction: [a] open circuit, (k) forward bias, [¢) reverse bias
conditions, [d] thermal generation of electran-hele pairs in the depletion region resulls in a small reverse
currant. ’

barrier from eV, to eV, — V). The electrons at E. in the n-side can now readily
overcome the PE barrier and diffuse to the p-side. The diffusing electrons from the
n-side can be replenished easily by the negative terminal of the battery connecied to
this side. Similarly holes can now diffuse from the p- to n-side. The positive terminal
of the battery can replenish those holes diffusing away from the p-side. There is there-
fore a current flow through the junction and around the circuit,

The probability that an eleciron at £, in the n-side overcomes the new PE barrier
and diffuses to E, in the p-side is now proportional to exp[—e(V,, — V)/&T]. The latier
increases enormously even for small forward voltages. The new diffusion current due
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to electrons diffusing from the #- to p-side is

Jag(V) = B “p[_ﬂ’__w]

kT

There is still a drift current due to electrons being drifted by the new field €, — £
(E is the applied field) in the SCL. This drift current now has the value S V). The
net current is the diode current under forward bias

J = Jgg(V) 4+ Jaan( V)

St VY is difficult to evaloate. As a first approximation we can assume that
although ‘£, has decreased to E,, — E, there is, however, an increase in the electron con-
centration in the SCL due to diffusion so that we can approximately take Fioq( V) to re-
main the same as Jazq(0). Thus

Vr.v = V .Vﬂ
I Jan¥) + du® = Bexp| <2 | - mese(52)

v, v
s~ sewo( 57 )|ow(37) -]

We should also add to this the hole contribution, which has a sirmilar form wath a
different constant B. The diode current—voltage relationship then becomes the familiar

diode equation,
= sfon(3) -
T SR

where J, is a temperature-dependent constant.’

When a reverse bias, V = —V,, is applied to the pn junction, the voltage again
drops across the SCL. In this case, however, V; adds to the built-in potential V. so the
FE barrier becomes e(V, + V,), as shown in Figure 6.11c. The field in the SCL at M
increases to E, 4+ E, where E is the applied field.

The diffusion current due to electrons diffusing from E_ in the n-side to E, in the
p-side is now almost negligible because it 15 proportional to exp[—e(V, + Vo &7,
which rapidly becomes very small with V. There is, however, a small reverse current
arising from the drift component. When an electron-hole pair (EHP) is thermally gen-
erated in the SCL, as shown in Figure 6.11d, the field here separates the pair. The elec-
tron falls down the PE hill, down to £, in the n-side to be collected by the battery, Sim-
ilarly the hole falls down its own PE hill (energy increases downward for holes) to
make it to the p-side. The process of falling down a PE hill is the same process as being
driven by a field, in this case by £, + £. Under reverse bias conditions, there is there-
fore a small reverse current that depends on the rate of thermal generation of EHPs in
the SCL. An electron in the p-side that is thermally generated within a diffusion length

Factoring leads to

| % The darivatian is similor 4o thert for the Schatky dicde, but there were more assumptions here
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L, to the SCL can diffuse to the SCL and consequently can become drifted by the field,
that is, roll down the PE hill in Fipure 6.11d. Such minority carrier thermal generation
in neutral regions can also give rise to a small reverse current.

m THE BUILT-IN VOLTAGE V, FROM THE ENERGY BAMND DIAGRAM The cnergy band treatment
allows a simple way to calculate V,. When the junction is formed in Figure 510 from ato b, Egp
and Ey, must shift and line up. Using the energy band diagrams in this figure and semiconduc-
tor equations for r and p, derive an expression for the built-in voltage ¥, in terms of the mate-
rial and doping properties Vg, N, and n;.

SOLUTION

The shift in E, and Eg, to line up is clearly ©, — ®,. the work function difference. Thus the
PE barrier eV, 1s ¢, — ¢, From Figure 6.10, we have

elVﬁ- = ‘Dp - '1:.11 = {Ef - -EFPJ - I:En: -, -EF.IJ
But on the p- and n-sides, the electron concentrations in thermal equilibrium are given by

':Er =, -EF;IJ}

Mpp = I!""'Il.' exXp |:_ kT

[Er - E "
HApn = Ncexp[—T”]

From these equations, we can now substitute for (£, — Eqp) and (E; — Egy) in the expres-
sion for eV, The &, cancel and we obtain

eV, =kTIn ( ”—)

L
Since np, = rzf;’."-'ﬂ and n,, = Ny, we readily obtain the built-in potential v,

- kT NN,
Built-in ) i (“_'_) In[{ )]

voltage i1 & L

6.3 DEPLETION LAYER CAPACITANCE
OF THE pn JUNCTION

It is apparent that the depletion region of a pn junction has positive and negative
charges separated over a distance W similar to a parallel plate capacitor. The stored
charge in the depletion region, however, unlike the case of a parallel plate capacitor,
does not depend linearly on the voltage. It is useful to define an incremental capaci-
tance that relates the incremental charge stored to an incremental voltage change
across the pr junction.

The width of the depletion region is given by

/2
Depletion w o[22+ NV = V)]
region width = eN, Ny

where, for forward bias, V is positive, which reduces V,,, and, for reverse bias, Vis
negative, so V, is increased. We are interested in obtaiming the capacitance of the

[6.22]
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Figura §,12 The depletion region behaves like a copacitor

Ia] The Ehl::rge in the deplerim region depends. on the qpplied voltage just as in o capocitor. A reverse bios examphe
is shown

ib] The incremental capacitence of the depletion m%lun increases with forward bias and decreases with reverse bias. Its
value is kypicolly in the ronge of picoforads par mm? of device area.

depletion region under dynamic conditions, that is, when Vis a function of ime. When
the applied voltage ¥ changes by 4V, to V + dV, then W also changes via Equa-
tion 6.22, and as a result, the amount of charge in the depletion region becomes
2+ d¢, as shown in Figure 6.12a for the reverse bias case, thatis, V = =V, and
dV = —dV, . The depletion layer capacitance C,. is defined by

Definition af
dqQ depletion
Caep = N [6.23] Tvior
capaciionee

where the amount of charge {on any one side of the depletion layer) is
|Q] = eN W, A = eN, W, 4

and W = W, + W, We can therefore substitute for Win Equation .22 in terms of J and
then differentiate it to oblain & @ /dV . The final result for the depletion capacitance is

cA A [ ee(NaNa) :|'*“1 Depletion

gy, T 6.24 -
o W [V, — V2 L 2(N, + Na) [6.241 capucilance

We should note that Ca,, is given by the same expression as that for the parallel
plate capacitor, £ A/ W, but with W being voltage dependent by virue of Equation 6.22.
The Caep — V behavior is sketched in Figure 6.12b. Notice that Cy,, decreases with in-
creasing reverse bias, which is expected since the separation of the charges increases
via W oc (V, + V,)'/2. The capacitance Cg., is present under both forward and reverse
bias conditions,

The voltage dependence of the depletion capacitance is utilized in varactor
diodes (varicaps), which are employed as voliage-dependent capacitors in tning cir-
cuits, A varactor diode is reverse biased to prevent conduction, and its depletion
capacitance is varied by the magnitude of the reverse bias.
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64 DIFFUSION (STORAGE) CAPACITANCE
AND DYNAMIC RESISTANCE

The diffusion or storage capacitance arises under forward bias only. As shown in
Figure 6.2a, when the p™n junction is forward biased, we have stored & positive
charge on the n-side by the continoous injection and diffusion of minority carriers.
Similarly, a negative charge has been stored on the pt-side by electron injection, but
the magnitude of this negative charge is small for the p*r junction. When the
applied voltage is increased from Vo V 4+ 4V, as shown in Figure £.13, then p (0}
changes from p, (0) to p,(0). If d @ is the additional minority carrier charge injected
into the n-side, as a result of a small increase oV in V, then the incremental storage
or diffusion capacitance Cyg is defined as Cyy = o @/dV. At voltage V, the in-
jected positive charge ¢ on the r-side is disappearing by recombination at a rate
¢ /1y, where 1y, is the minority carrier lifetime. The diode current [ is therefore Q /1y,

from which
eV
=1l =1l [E‘:ip(ﬁ) - 1:| [4.25]
Thus,
_ dQ _ Thed rhI{mA}
R 6.2

where we used e/ kT = 1/0.025 at room temperature. Generally the value of the dif-
fusion capacitance, typically in the nanofarads range, far exceeds that of the depletion
layer capacitance.

Suppose that the voltage V across the diode 1s increased by an infinitesimally small
amount £V, as shown in an exaggerated way in Figure 6.14. This gives rise to a small
increase df in the diode current. We define the dynamic or incremental resistance ry
of the diode as VY d L. 50

dv kT 25
= AT el 1toA) 6271

o

Figura .13 Consider the injection of haoles into the SCL 2 Meutral a-region
rsicde during forward bios. ' -
Storoge or diffusion capacitance arises becauvse when the
diode valtage increases from Vio V- dV, more minerity
carriers ore injected and more minarity comier cherge is
stored in the n-region.

. £,10) when VdV
p {0 when V

¥ to Vedy

i
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Figure 6.14 The dynamic resistance of the
diode is defined as dV/dl which is the inverse of
the tangent at |,

The dynamic resistance is therefore the inverse of the slope of the /-V characteris-
tics at a point and hence depends on the current 1. It relates the changes in the diode
current and voltage arising from the diode action alone, by which we mean the mod-
ulation of the rate of minority camier diffusion by the diode voltage, We could have
equivalently defined a dynamic conductance by

dl 1
G = ap ;
From Equations 6.26 and 6.27 we have
ra Cair = T [6.28]

The dynamic resistance ry and diffusion capacitance Cyyr of a diode determine
ils response to small ac signals under forward bias conditions. By smal! we usually
mean voltages smaller than the thermal voltage kT /e or 25 mV at room temperature.
For small ac signals we can simply represent a forward-biased diode as a resistance ry
in parallel with a capacitance Cyg.

——— e
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Dynamic
coduciance

INCREMEMTAL RESISTAMCE AND CAPACITANCE An abrupt 8i p*n junction diode of cross- FRUL TR

sectional area (A) | mm® with an acceptor concentration of 5 = 10" boron atems cm ™ on the
pside and a donor concentration of 10" arsenic atoms cm™" on the r-side is forward-biased to
carry a current of 5 mA. The lifetime of holes in the a-region is 417 ns, whereas that of electrons
in the p-region is 5 ns. What are the small-signal ac resistance, incremental storage, and deple-
tion capacitances of the dinde?

SOLUTICH

This is the same diode we considered in Example 6.4 for which the built-in potential was
0877 V and [, = 0.0836 pA, The current through the diode is 5 A, Thus

eV kT ! 5w 103
f=1 il v ("D (=) = 00250 in{ —> 2}~ 0643V
“'“P(H) = ( . ) (f,.,) ¢ ) "(0.0335 " 10-!1)
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The dynamic diode resistance is given by

B B
F{mA}) 5
The depletion capacitance per unit area with ¥, 5= N, is
Bk [ ee{ N, ¥y) ]U: ~ [ ee N, b
ZKN‘,. + Jll"ld}(ifn- - ¥i 2{1-"'9 = V:]

AtV = 0643 W, with V, = 0877 V. A = 108 m Y, g, = 119, and A = 107% m?, the
above equation gives

Fa

(1.6 % 107" 3(11.9){%.85 x m-”}uuu}]'”
200877 — 0.643)

=60x107'"F  or 600 pF

Cap = m-‘f'[

The incremental diffasion capacitance Cger due o holes injected and stored in the a-region is
tnl(mA) (417 x 10-%)(5)
25 25 a

Clearly the diffusion capacitance (83 nF) that arises during forward bias completely over-
whelms the depletion capacitance (60 pF).

We note that there is also a diffusion capacitance due to electrons injected and stored in the
p-region. However, electron lifetime in the p-region is very shert (here 5 ns), so the value of
this capacitance is much smaller than that due o holes in the g-region, In calculating the diffu-
sion capacitance, we normally consider the minority carriers that have the longest recombina-
tion lifetime, here £, . These are the carriers that take a long time to disappear by recombination
when the bias is suddenly switched off,

8.3 = 107FF or 83 oF

Cain =

6.5 REVERSE BREAKDOWN: AVALANCHE
AND ZENER BREAKDOWN

The reverse voltage across a pa junction cannot be increased without limit. Eventually
the pa junction breaks down either by the Avalanche or Zener breakdown mechanisms,
which lead to large reverse currents, as shown in Figure 6.13. In the V = =V}, region,
the reverse current increases dramatically with the reverse bias, If unlimited, the large

Figure 6.15 Reverse |-V, charocteristics of ¢/ )
o pn junction. lh“’ A
= 1
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reverse current will increase the power dissipated, which in turn raises the temperature
of the device, which leads to a further increase in the reverse current and so on. If the
temperature does not burn out the device, for example, by melting the contacts, then
the breakdown is recoverable. If the current is limited by an external resistance o a
value within the power dissipation specifications, then there is no reason why the
device cannot operate under breakdown conditions.

8.5.1 AVALANCHE BREAKDOWN

As the reverse bias increases, the field in the SCL can become so large that an electron
drifting in this region can gain sufficient kinetic energy to impact on a Si atom and ion-
ize it, or break a $i-8i bond. The phenomenon by which a drifting electron gains suf-
ficient energy from the field to ionize a host crystal atom by bombardment is termed
impact ionization. The accelerated electron must gain at least an energy equal to E,
as impact ionization breaks a 5i-51 bond, which is tantamount to exciting an electron
from the valence band to the conduction band. Thus an additional electron-hole pair is
created by this process. .

Consider what happens when a thermally generated electron just inside the SCLin
the p-side i8 accelerated by the field. The electron accelerates and gains sufficient
energy to collide with a host Si atom and release an EHP by impact ionization, as
depicted in Figure 6.16. It will lose at least E, amount of energy, but it can accelerate
and head for another 1onizing collision further along the depletion region until it
reaches the neutral n-region, The EHPs generated by impact ionization themselves can
now be accelerated by the field and will themselves give rise to further EHPs by ion-
izing collisions and so on, leading to an avalanche effect. One initial carrier can thus
create many carmiers in the SCL through an avalanche of impact ionizations.

It the reverse current in the SCL in the absence of impact ionization is £, then due
to the avalanche of ionizing collisions in the 5CL, the reverse current becomes
M1, where M is the muliplication. It is the net number of camiers generated by
the avalanche effect per carrier in the SCL. Impact ionization depends strongly on the
glectric field. Small increases in the reverse bias can lead to dramatic increases in the

Figure &.16  Avalanche breakdown
by impact ionization,

TI=MI
(i3

- W—

' Depletion region (SCL)

i s

o
v
I
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multiplication process. Typically

1
M= [6.29]

i)
Vor

where V. is the reverse bias, ¥, is the breakdown voltage, and n is an index in the
range 3 to 5. Itis clear that the reverse current M7, increases sharply with ¥, near Vi,
as depicted in Figure 6.15. Indeed, the voltage across a diode under reverse breakdown
remains around V. for very large current varialions (several orders of magnitude). If
the reverse current under breakdown 1s limited by an appropriate external resistor R, as
shown in Figure 6.17, 1o prevent destructive power dissipation in the diode, then the
voltage across the diode remains approximately at Vi Thus, as long as V, = V., the
diode clamps the voltage between A and B to approximately V. The reverse current in
the circuit is then (V, — Wy ) /R,

Since the electric field in the SCL depends on the width of the depletion region W,
which in turn depends on the doping parameters, Vi, also depends on the doping, as
discussed in Example 6.7,

6.5.2 ZENER BREAKDOWN

Heavily doped pn junctions have narrow depletion widths, which lead to large electric
fields within this region. When a reverse bias is applied to a pn junction, the energy
band diagram of the n-side can be viewed as being lowered with respect to the p-side,
as depicted in Figure 6.18. For a sufficient reverse bias (typically less than 10V), E.

P te—SCL—s

E-:' —_lr
CE
eV +V)
E (]
EFF “““““ Tunneling,
v E
------------- S
A v B
? o ? I=(V, -V, )R -
- i
B 1 , |
R P i Tunseling ®
VsV : -
1 . - —
—Afr 'I
¥ Y.

Figure 6.17 [f the reverse breakdown current when

Vi == Wy, is limited by an external resistance R to prevent
destructive power dissipation, then the diode con be used
1o clamp the vollage batween A and 8 te remain
appraximately Y.

Figurs 6.18 Zener breckdown invalves slecirons
tunneling from the VB of pside to the CB of nside when
the reverse bias reduces E. 1o line up with £,
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Figura 6.19 The breakdown field Ey, in the

depletion layer for the onset of reverse breokdown
100 versus doping concentration My in the lightly doped

regicn in a ane-sided (p*n or pnt) abrupt pn

Avalanche | Tunneling Avalanche and tunneling mechanisms are

0~ ™ ™1

Nd {.:;111'3-} separated by the armow.

SCMIRCE: Data extrached from M. See and G. Gibbons,

gt
i 10”107 10" Solid State Electronics, 9, no. B31. 1966,

on the n-side may be lowered to be below £, on the p-side, This means that electrons
at the top of the VB in the p-side are now at the same energy level as the empty states
in the CB in the n-side. As the separation between the VB and CB narrows, shown as
¢t (= W), the electrons easily tunnel from the VB in the p-side to the CB in the n-side,
which leads to a corrent. This process is called the Zener effect. As there are many
electrons in the VB and many empty states in the CB, the tunneling current can be sub-
stantial. The reverse voltage V., which starts the tunneling corrent and hence the Zener
breakdown, is clearly that which lowers E. on the n-side to be below £, on the p-side
and thereby gives a separation that encourages tunneling. In nonquantum mechanical
terms, one may intuitively view the Zener effect as the strong electric field in the
depletion region ripping out some of those electrons in the 5i-5i bonds and thereby
releasing them for conduction.

Figure 6.19 shows the dependence of the breakdown field £y, in the depletion
reaion for the onset of avalanche or Zener breakdown in a one-sided (p*n or pn™*)
gbrupt junction on the dopant concentration Ny in the lightly doped side. At high
fields, the tunneling becomes the dominant reverse breakdown mechanism.

AVALAMCHE BREAKDOWM Consider a uniformly doped abrupt p*s junction (&, = &)

reverse blascd by V = — V.

a. What is the rclationship between the depletion width W and the polential difference
(v, + V) across W7

b, If avalanche breakdown occurs when the maximum field in the depletion region £, reaches
the breakdown field £y, show that the breakdown voltage Vi, (3 V) 15 then given by

gEL
Vig = ——
2eNy
¢ An abrupt 8i p*a junction has boron doping of 10" cm on the p-side and phosphorus
doping of 10" cm™* on the r-side. The dependence of the avalanche breakdown field on
the impurity concentration is shown in Figure 6.19.
1. What iz the reverse breakdown voltage of this 5i diode?
2. Calculate the reverse breakdown voltage when the phosphorus doping is increased to
10" em2,

EXAMPLE 6.7
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SOLUTION

One cun assume that all the applied reverse bias drops across the depletion layer so that the
new voltage across Wis mow V¥, + V.. We have to integrate dT/dx = pog /e as belore acrosy
W to find the maximum field. The most important fact to remember here is that the pa junc-
tion cquations relating W, £, V., V., N, and so on remain the same but with Vv, replaced
with ¥, 4+ ¥, since the applicd reverse bias of V, increases ¥, to ¥, 4+ V.. Then ftom Equa-
tion 6.4,

wr o 220+ VNG + NZY) 26V + V)
€ eNg

gince N, 3 AN, The maximum field that corresponds to the breakdown field Ty, 1s given by
2V, + V)

= W
Thus, from these two equations we can climinate W and obtain V,, = V, as
i
Vie = EEn
Zﬁ'Nl.g

Given N, 3 Ni we have a p¥n junction with N, = 10'% em~*, The depletion region
extends inw the p-region, so the maximum field actally occurs in the s-region. Here the
breakdown field £, depends on the doping level as given in the graph of the critical field
at breakdown Ty, versus doping concentration &, in Figure 6.19. Taking By = 40 V/ipm
of 4.0x 10° Vem™ at M, = 10" em~* and using the above equation for Vi, we get
V, =S3V.

When Ny = 107 em =", £, from the graph is about 6 » 10° ¥ em™!, which leads w
Vie =118 V.

6.6 BIPOLAR TRANSISTOR (BJT)

6.6.1 Common Base (CB) nc CHARACTERISTICS

As an example, we will consider the prp bipolar junction transistor (BJT) whose basic
structure is shown in Figure 6.20a. The prp transistor has three differently doped
semiconductor regions. These regions of different doping occur within the same single
crystal by the variation of acceptor and donor concentrations resulting from the fabri-
cation process, The most heavily doped p-region (p*) is called the emitter. In contact
with this region is the lightly doped n-region, which is called the base. The next region
15 the p-type doped collector. The base region has the most narrow width for reasons
discussed below. Although the three repions in Figure 6.20a have identical cross-
sectional areas, in practice, due to the fabrication process, the cross-sectional area
increases from the emitter to the collector and the collector region has an extended
width. For simplicity, we will assume that the cross-sectional ares is uniform, as in
Figure 6.204.

The pap BIT connected as shown in Figure 6.20b is said to be operating under
normal and active conditions, which means that the base—emitter (BE) junction is for-
ward biased and the base—collector (BC) junction is reverse biased. The circuit in



6.6 Bworar TransisTor (B]T)

Input
oz E I et circuit
pinl| »p //J I
'l ] [ !
/ . 1\.\ l‘\'\._ Il I
Emitter Basc Collector Vé.ﬂ Vt‘ﬂ
[a] fe)
e = E B c
| B T
i 0o -
| Blecron || fmoage o 1o
; I s | Bitsion | 17 TR gy
i 1Mok dalfusivn | grify ! —
| . f B
: 1o | !
i i : Recomhbizabon | i
‘I E i El.erEw-s "':'-—‘;I'.ujf:ﬁgecumm
f +
&
VEH I 1 I 1 ] I V':_-n 1 7
+]° +1 - i
() id)
Figure &.20

[a] A schematic illugtration of the pnp bipolar fransistor with three differently doped regions,
(k] The pne bipelor operated under narmal ond ogtive conditions,

<] The CB configuration with input and cutput circuits identified,

[d] The llustration of varicus current componeants under normal and acfive conditions.

Figure 6.20b, in which the base 15 commeon to both the collector and emitter bias voll-
ages, is known as the common base (CB) configuration.® Figure 6.20c¢ shows the CB
transistor circuit with the BJT represented by its circuit symbol, The arrow identifies
the emitter junction and points in the direction of current flow when the EB junction
is forward biased. Figure 6.20¢ also identifies the emitter circuit, where Vig is con-
nected, as the input circuit, The collector circuit, where Vg 15 connected, 15 the out-
put circuit.

The base—emitter junction is simply called the emitter junction and the base-
collector junction is called the eollector junction, As the emitter is heavily doped, the
base—emitter depletion region Weg extends almost entirely into the base, Generally, the
base and collector regions have comparable doping, so the base—collector depletion
region Wpe extends to both sides. The width of the neutral base region outside the
depletion regions is labeled as Wg. All these parameters are shown and defined in
Figure 6.20b.

| # 8 should not ba corfused with the conduction bond abbreviation.



508

CHAPTER & « SEMICONDUCTOR DXEVICES

We should note that all the applied voltages drop across the depletion widths. The
applied collector-base voltage Vg reverse biases the BC junction and hence incrcases
the field in the depletion region at the collector junction.

Since the EB junction is forward-biased, minority camriers are then injected into
the emnitter and base exactly as they are in the forward-biased diode. Holes are injected
into the base and electrons into the emitter, as depicted in Figure 6.20d. Hole injection
into the base, however, far exceeds the clectron injection into the emitler because the
emitter is heavily doped. We can then assurne that the emiller current is almost entirely
due to holes injected from the emitter into the base, Thus, when forward biased, the
emitter “emits,” that is, injects holes into the base,

Injected holes into the base must diffuse toward the collector junction because
there is a hole concentration gradient in the base. Hole concentration p{ Wjy) just out-
side the depletion region at the collector junction is negligibly small because the in-
creased field sweeps nearly all the holes here across the junction into the collector (the
collector junction is reverse biased),

The hole concentration p,(0) in the base just outside the emitter junction de-
pletion region is given by the law of the junction. Measuring x from this point (Fig-
ure 6.20b),

E‘VEg.)
n = R [&.30]
iy =p MP( kT

whereays at the eollector end, x = Wp, pa(Wg) = 0.

If no holes are lost by recombination in the base, then all the injected holes difluse
to the collector junction. There is no field in the base to drift the holes, Their motion is
by diffusion. When they reach the collector junction, they are quickly swept across into
the collector by the internal field £ in Wee. It is apparent that all the injected holes
from the emitter become collected by the collector. The collector current is then the
same as the emitter current. The only difference is that the emitter current flows across
a smaller voltage difference Vep, whereas the collector current flows through a larger
voltape difference Vi-g. This means a ner gain in power from the emitter circuit to the
collector circuit,

Since the current in the base is by diffusion, to evaluate the emitter and collec-
tor currents we must know the hole concentration gradient at x = 0 and x = Wy
and therefore we must know the hole concentration profile p,(x) across the base.”
In the first instunce, we can approximate the p, (x) profile in the base as a straight
line from p.(0) 10 p,(Wp) = 0, as shown in Figure 6.20b. This is only true in the
absence of any recombination in the base as in the short diode case. The emitter cur-
rent is then

a0}
Wy

d
Ip = —ed D,,(ﬂ) — eAD,
x=0

X

¥ The echial concentralion profile con be caleulated by salving the slendy-stats continulty equallon, which con be
townd in more odvoncad kexts



&.8 BirovLar Traxsisror (BJT)

We can substitute for p (0) from Equation 6.30 to obtain

eA D P eVe
Ig = it cxp( FH) [6.31]
Wy kT

It is apparent that [ is determined by Vg, the forward bias applied across the EB
junction, and the base width Wg. In the absence of recombination, the collector current
is the same as the emitter current, { = fg. The control of the collector current f- in
the output {collector) circuit by Vgg in the input (emitter) circuit is what constitutes the
transistor action. The common base circuit has a power gain becavse [ in the out-
put in Figure 6.20c flows around a larger voltage difference Viop compared with [ in
the input, which flows across Vig (about 0.6 V).

The ratio of the collector current f to the emitter current f is defined as the CB
current gain or carrent transfer ratio o of the transistor,

o= 16.32]

o [y

Typically, ¢ is less than unity, in the range 0.99-0.999, due to two reasons. First 15
the limitation due to the emitter injection efficiency. When the 8£ junction is forward-
biased, holes are injected from the emitter into the base. giving an emitter current
Izihile, and electrons are injected from the base into the emitter, giving an emitter cur-
80t {Eyelectrony - 1He total emitter current is, therefore,

fe = femoky + fEietectront

Only the holes injected into the base are wseful in giving a collector current because
only they can reach the collector. The emitter injection efficiency is defined as

i 1
Ehok) = [6.33]

y = =
I.E(hnl:] + jE[:lqtl:n.m_] 1+ fEIfl:kl:l'l'l:mj
I 5 (ot

Consequently, the collector current, which depends on Tghyy only, is less than the
emitter current. We would like p to be as close to unity as possible; Tepoe 3 Letelocmon) -
¥ can be readily calculated for the lforward-biased pr junction current equations as
shown in Example 6.9.

Secondly, a small number of the diffusing holes in the narrow base inevitably be-
come lost by recombination with the large number of electrons present in this region
as depicted in Figure 6.20d. Thus, a fraction of /g 15 lost in the base due to recom-
bination, which further reduces the collector current. We define the base transport
factor o 35

fe _ fo
fehenen ¥ig

[56.34]

&7

If the emitter were a perfect injector, g = Igpmoie. then the current gain o would
be . If 75 is the hole (minonty carrier) lifetime in the base, then 1/, is the proba-
bility per unit time that a hole will recombine and disappear. We also know that in
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time ¢, a particle diffuses a distance x, given by £ = /2D where D is the diffusion
coefficient. The time r; it takes for a hole to diffuse across Wy is then given by

Wl
Ty = ik A

= [6.35]
20,

This diffusion time is called the transit time of the minority carriers across the base.
The probability of recombination in time 1, is then r, /t;. The probability of not
recombining and therefore ditfusing across is (1 — 1, /7). Since Tegowe represents the
holes entering the base per unit time, Jgpag(] — /1) represents the number of
holes leaving the base per unit time (without recombining) which is the collector
current /. Substituting for Tc and Trque in Equation 6.34 gives the base transport
factor e,
s b7 o 0 16.36]
frzhule; Tk

Using Equations 6.32, 6.34, and 6.36 we can find the total CB current gain o:

a=ary = (I—E)y [4.371
Tk

The recombination of holes with electrons in the base means that the base must be
replenished with electrons, which are supplied by the external battery in the form of a
small base current [y, as shown in Figure 6.20d. In addition, the base current also has
to supply the electrons injected from the base into the emitter, that is, feeecwon. and
shown as electron diffusion in the emitter in Figure 6.20d. The number of holes enter-
ing the base per unit time is represented by fepo.. and the nomber recombining per
unit time is then Jgpow (T /Te). Thus, I is

T T
g = (I_r) !E{hm.c:u + T ielecmony = }"t_rIE + (1l =yl 16.38)
h k

which further simplifies to /g — I; the difference between the emitter current and the
collector current is the base current. (This is exactly what we expect from Kirchoff's
current law.)

The ratio of the collector current to the base current is defined as the current gain
# of the transistor.® By using Equations 6.32, 6.37, and 6.38, we can relate # to :
I _ % ¥

'ﬂ=_

g l-—-ua T

[5.38]

The base—collector junction in Figure 6.20b is reverse biased, which leads to a leak-
age current into the collector terminal even in the absence of an emitter current, This
leakage current is due to thermally generated electron—hole pairs in the depletion region
Wge being drifted by the internal field, as schematically illustrated in Figure 6,204,

9 is @ useful paramater when the fransissar is vsed in what is colled the commen emitter {CE) configuration, in
which the input current is made ke flow inte the base af the transistor, and the collechor current s made 1o Row in
ihe aulput clrculk.
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J'C {mA)
W R [p=3mA
L2 —
—————— Ip=2mA
e — fp=1mA
. % 2 Figure 6,21 [DC -V
: : | BT v characteristics of the pnp bipslar
i 1 : “HCE  transistor [exaggerated o
5 10 Lo (] highlight various effects).

Suppose that we open circuit the emitter (f; = 0), Then the collector current is simply
the leakage current, denoted by Jcz0. The base current is then — Fege (flowing out from
the base terminal). In the presence of an emitter current [ g, we have

fe =alg + fopg 16.40)
fg=(1—o)lg— Icpn [6.41]

Equanons 6.40 and 6.41 give the collector and base currents in terms of the input
current [, which in turn depends on Vgg. They only hold when the collector junction
is reverse biased and the emitter junction is forward biased, which is defined as the
active region of the BIT. It should be emphasized that what constitutes the transistor
action is the control of /g, and hence /-, by Veg.

The dc characteristics of the CB-connected BIT as in Figure 6.20b are normally
represented by plotting the collector current - as a function of Vg for various fixed
values of the emitter current. A typical example of such de characteristics for a pnp
transistor 15 illustrated in Figure 6.21. The following characteristics are apparent, The
collecior currenl when fp = 0 is the CB junction leakoge current gz, typically a frac-
tion of a microampere. As long as the collector is negatively biased with respect to the
base, the CB junction is reverse biased and the collector current is given by
e = wlg + I-pp, which is close to the emitter current when {5 & frgo. When the
polarity of Vqp is changed, the CB junction becomes forward biased. The collector
junction is then like a forward biased diode and the collector current is the difference
between the forward biased CB junction current and the forward biased EB junction
current. As they are in opposite directions, they subtract.

We note that Jr increases slightly with the magnitude of Vg even when /5 is
constant. In our treatinent - did not directly depend on Vg, which simply reverse biased
the collector junction to collect the diffusing holes. In our discussions we assumed that
the base width Wy does not depend on the applied voltages. This is only approximately
true. Suppose that we increase the reverse bias Vi (for example, from —5 to —10 V).
Then the base—collector depletion width Wy, also increases, as schematically depicted
in Figure 6.22, Consequently the base width Wy gets slightly narrower, which leads toa
slightly shorter base transit ime r,. The base transport factor er in Equation 6.36 and
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Figura .22 The Early effect. 1.'.,‘ i i

When tha BC revarse bios increases, the "\ : i

depletion width W increases 1o Whe, W1 !
which reducas the bose width W3 to Wh 5 i 3 x

As pa[0) is constant [constant Ve, the Wﬂ' i W i

minority corrier concentration gradient ' i

becomes steaper ond the callectar current, ||— = —

I incregsas, g BC

hence o are then slightly larger, which leads to a small increase in I The modulation
of the base width Wy by Vi is not very strong, which means that the slopes of the
T — Vg lines at a fixed f are very small in Figure 6.21. The base width modulation
by Vi is called the Early effect.

A pnp TRANSISTOR Consider a prip 5i BIT that has the following properties. The emitter re-
gion mean acceplor doping is 2 x 10" em™®, the base region mean Jonor doping i
I x 10" ¢cm™?, and the collector region mean acceptor doping is 1 = 10 em=?, The hole
drift mobility in the base is 400 cm® ¥~' 5=, and the electron drift mobility in the emitter is
200 em® ¥ ! 57!, The transistor emitter and base neutral region widths are about 2 um cach
when the transistor is under normal operating conditions, that is, when the EB junction is
forward-biased and the BC junction is reverse-biased. The effective cross-sectional area of the
deviee is 002 mm?. The hole lifetime in the base is approximately 400 ns. Assume that the
emitter has 100 percent injection efficiency, ¥ = 1. Calculate the CB current transfer ratio e
and the current gain #. What is the emitter-base voltage if the emitter current is 1 mA?

SOLUTION
The hole drift mobility g, = 400 cm® ¥-' 57! {minority carriers in the base ). From the Einstein
relationship we can easily find the diffusion coefficient of holes,

D, (E) fei = (0.0259 V{400 em® V' 57" = 1036 cm® 57"
4

The minority carrier transit time 1, across the base is

Wi (2% 10°%cm)?
=t e 193 x 107" 1.93
"7 2D, T 20036cm? s ) e " .
The base transport factor and hence the CB current gain is
7, 193 = 10775
i ) s OO | 118
P Ty 400 % 1077 3
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The current ain 8 of the transistor 1s

o 0.99517
= = = 262
A I - 1 — 0.99517

The eminter current is due o holes diffusing in the base (¥ = 1),

el
fg = T CKP(k—;ﬂ)

where
cADY By, eADyR?
fgo = =
W Ny Wy
_ (e x 107 13 C‘J{U 02 * 1072 em® (10,36 cm = 'M1.0 » 10" em~¥)?
= (1 % 10 em-3)(2 % 10~ cm}
=165 =100"aA
Thus,

kT Ie | 1077 A
Vip = — In{ — | = (00259 V) In| —————— | = 0.64 ¥
& E@ 1.66 = 10-" A

The major assumption is ¢ = 1, which is generally not true, as shown in Example 6.9. The
actual ¢ and hence B will be smaller due to less than 100 percent emitter injection. Note also
that Wy is the newlral region width, that is, the tegion of base outside the depletion regions. 1t is
not difficult to caleolate the depletion layer widths within the base, which are about 0.2 pm on
the emitter side and roughly abouwt 0.7 pm on the collector side, so that the total base width june-
tion to junction is 2 + 0.2 + 0.7 = 2.9 ym,

The transit time of minority carriers across the base is 7,. If the input signal changes be-
fore the minority carriers have diffused across the base, then the collector current cannot re-
spond to the changes in the input, Thus, il the [requency of the input signal 15 greater than
I/z;, the minority carriers will not have time 1o transit the base and the collector current will
remain unmodulated by the input signal. One can set the upper frequency limit at ~ 1/t
which is 518 MHe.

EMITTER INJECTION EFFICIENCY 4 EXAMPLE 6.9

i, Consider a prp transistor with the parameters as defined in Figure §.20) Show that the
injection efficiency of the emitter, defined as

Emitter current due to minority carriers injected into the base

Total emitter current
is given by
I
Gty e
W We e
. How would you modify the CB current gain « to include the cmitter injection cfficiency?

Calenlate the emitter injection efficiency [or the pap transistor in Example 6.8, which has
an aceeptor doping of 2 = 10" em™? in the emitter, donor doping of 1 x 10" em= in the
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base, emitter and base newtral region widths of 2 pm, and a minorty camer lifetime of
400 ng in the base. What are its o and 8 taking into account the emitter injection efficieney?

SOLUTION

When the BE junction is forward biased, holes are injected into the base, giving an emitter cur-
rent {gpog. and electrons are injected into the emitter, giving an emitter curment £ ggpergn; . THe
total emitter current is therefore

fe = Igihe) + IEickcrran;

Only the holes injected into the base are useful in giving a collector current because only
they can reach the collector. Injection efficiency is defined us

5 Fetnotey -8 1
;I-.'lhnltj + I.E(tlc‘::n'ﬂn] 14 JE[B}F-'I.WII_'
fl“.l:lll'\rc:l

But, provided that W, and Wy are shorter than minonty carrier diffusion lengths,

e AD eyt (H&-k) 2AD, amiteryn (gvh.,,)
ex - eXp
Ny Wp kT N, W kT

LE ey = and 1B ebectromy =

When we substitute into the definition of 3 and use £ = pkT /e, we obtain
|
NJ Wﬂ Meumitr)
N Woe bt

}l’=
1+

The hole component of the eminer current is given as yfe. OF this, a fraction o =
{1 — /1y ) will give a collector current. Thus, the emitter-to-collector current transfer rato e,
taking into aceount the emitter injection efficiency, is

(-%)
o = pry --r—
[

In the emitter, Nmieer = 2 3 107 cm™ and poppeminen = 200 em® V1574 and in the

base, Nipwe =1 % 10" cm™? and ppgpey = 400 cm?® ¥~' 57!, The emitter injection effi-
ciency is

1
- = [1.0975]
2 {1 % 10%)(2)(200)

(2 = 10 2)400)

The transit ime 7, = W3/20, = 1.93 = 10~75 (a5 before), so the overall « is

1.93 x 107° )
o = 0.99751 (I - W) = (L0260
and the overall g is
o
= = 135.8
P (1 — )

The same transistor with 100 percent emdtter injection in Example 6.8 had a g of 206, It

is clear that the emitter injection efficiency 3 and the base transport factor ar have compara- |
ble impacts in controlling the overall gain in the example. We neglected the recombination of |
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electrons and holes in the EB depletion region. In fact, if we were 1o also consider this recom-
bination component of the emitter current, f ppq, would have to be even smaller compared with
the total {z, which would make ¥ and hence § even lower.

8]

hY

6.6.2 CoMMON BASE AMPLIFIER

According to Equation 6.31 the emitter current depends exponentially on Via,
EVER
I = I [45.42]
aisid “P( kT )

It is therefore apparent that small changes in Vi lead to large changes in [y, Since
fo 7= Ip, we see that small variations in Vey canse large changes in I in the collector
circuit. This can be fruitfully used to obtain voltage amplification as shown in Fig-
ure 6.23. The battery Ve, through Re, provides a reverse has for the base—collector
junction. The dc voltage Ve forward biases the EB junction, which means that it pro-
vides a de current {g. The input signal is the ac voltage v, applied in series with the de
bins voltage Ver to the EB junction. The applied signal v, modulates the total voltape
Vep across the EB junction and hence, by virtue of Equation 6.30, modulates the
injected hole concentration g, (0} up and down about the de value determined by Vi
as depicted in Figure 6.23. This variation in p,{0) alters the concentration gradient and
therefore gives rise to a change in Iy, and hence a nearly identical change in 7. The
change in the collector current can be converted to a voltage change by using a resistor
R in the collector circuit as shown in Figure 6.23. However, the output 15 commonly
taken between the collector, and the base and this voltage Vi 15

Ves = — Voo + Rele

8
+ !
P Bl
T+ i ‘ I+i, D“t”:;
Input i i *
7 E i 3: ¢
50 (%) | &
i i . = Fch}
oC
VEE‘ -l- ——
]

Figure §.23 A pnrp fransistor sperated in the octive region in the common base
omplifier configunation.

The applied {input] signal v modulates the dc valioge ocross the EB junclion and
hence modulates the injected hole concentration up and down about the de value
gl The salid line shews palx) when snly the de bias Ve is present. The dashed lines
show how pofx] is modulated up ond down by the signal wa, superimposed on Ve,
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Increasing the emitter—base voltage Veg (by increasing v, ) increases I, which
increases Vg, Since we are interested in ac signals, that voltage variation across CB is
tapped out through a de blocking capacitor in Figure 6.23,

For simplicity we will assume that changes § Vg and 31, in the de values of Vieg
and [y are small, which means that §Vgy and 8fg can be related by differentiating
Equation 6.42. We are hence tacitly assuming an operation under small signals. Further,
we will take the changes to represent the ac signal magnitudes, v, = §Vig, §. = 81§,
i.= 8 2= 81 = [, v = 6Vea.

The output signal voltage v, corresponds to the change in Vg,

vep = 8Ven = Re 8l = Re-dlg
The variation in the emitter current 47, depends on the variation § Ve in Ve,
which can be determined by differentiating Equation 6.42,
S.II;. £
Ve kT
By definition, §Vey is the input signal v, The change 87 in I is the input signal
current {i.) flowing into the emitter as a result of §Ves. Therefore the guantity
8 Vg /81 g represents an input resistance r. seen by the source v,y.

£

EVen kT 25
T, = = — = [6.43]
3!5 efg fglma)
The output signal is then
U,
vy = Re 81p = Re—=
e
so the voltage amplification is
v R
Ap= === [6.44]
Uph fe

To obtain a voltage zain we obviously need Ry = r,, which is invariably the case by the
appropriate choice of i, hence r,, and K. For example, when the BIT is biased so
that /¢ is 10 mA and r, is 2.5 £2, and if By is chosen to be 50 £2, then the gain is 20.

EXAMPLE 6.10

A COMMOM BASE AMPLIFIER Consider a prp S BJT that has been connected as in Figure 6.23.
The BIT has a # = 135 and has been biased to operate with a 5 maA collector current. What is the
small-signal input resistance? What is the required R that will provide a voltage gain of 207 What
i5 the base current? What should be the Vi in Figure 6.237 Suppose Vo = —6 'V, what is the
largest swing in the output voltage Vi in Figure 6.23 as the input signal is increased and de-
creased about the bias point Vg, taken as (L65 V7

SOLUTION

The emitter and collector currents are approximately the same, From Bquation 6.43,

25 23
T e (mA) 5

=55

Fe
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The voltage gain Ay from Equation 6.44 is

R(; Re
dy = — A= —
5 Fo o 582

sita gain of 20 requires £ = 100 12,

Base current fy = -’_c = 3. 1h
& 135

There s a de voltage across R given by foRe = (00005 A 1008 =05V, Vi hasto
provide the latter voltage across £ and also a sufficient voltage to keep the BC junction reverse
biased at all times under normal operation. Let us set Voo = —6 V. Thus, in the absence of any
input signal Ve, Vos isselto —6 YV + 0.5V = 5.5 ¥, As we increase the signal v, Vee and
hence /- increase until the point € becomes nearly zero,” that is, ¥ey = 0, which occurs when
I 1s maximum at fro,, = |Vee |/ Be or 60 mA. As v, decreases, so docs Ve and hence f-.
Eventually f- will simply becorme zero, and point © will be at —6 'V, 50 Veg = Vi Thus, Vg
can only swing from —5.5 V to 0 V (for increasing input until fr = feng), or from 5.5 w0 - 6

W (for decreasing input until fp = O).

= 0.037 mA ar 37 A
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663 CommonN EMITTER (CE) pC CHARACTERISTICS

An apn bipolar transistor when connected in the common emitter (CE) configuration
has the emitter common Lo both the input and output circuits, as shown in Figure 6.24a.
The dc voltage Vap forward biases the BE junction and thereby injects electrons as
minorily carriers into the base. These electrons diffuse to the collector junction where
the field T sweeps them into the collector to constitute the collector current /. Vag
controls the current f and hence {5 and 1. The advantage of the CE configuration is
that the imput current is the current flowing between the ac source and the base, which
is the base current f. This current is much smaller than the emitter current by about a
factor of #. The output current is the current flowing between Vg and the collector,
which is /-, In the CE configuration, the de voltage Vi must be greater than Vg to
reverse bias the collector junction and collect the diffusing electrons in the base.

The dc characteristics of the BIT in the CE configuration are normally given as /¢
versus Viop for various values of fixed base currents Iy, as shown in Figure 6.24b. The
characteristics can be readily understood by Equations 6.40 and 6.41. We should
note thal, in practice, we are essentially adjusting Ve to obtain the desired /5 because,
by Equation 6.41,

fg =11 —ells — Icpo

and I depends on Vag via Equation 6.42.
Increasing /g requires increasing Vg, which increases I Using Equations 6.40
and 6.41, we can oblain f- in terms of [y alone,

|
fe = Bl —
fa ﬁﬂ"'{l_a} O

| ¥ vericus saturation elfects are ignored in this approximate discussion,



518 CHAPTER & » SipicoNnpucTOR DEYICES
"t‘ ¥y Cutput I-{mA)
h —
4 — fﬂ 3
S B e 0.03 mA
E It = I
F Eleciron
B diffusion x -— 0.02 mA
s - CF. Vg | TS S e
L) —
Input — I L |p————— 0.01 mA
” +£ —
v
BE T E l 1]
T T T » VE‘E
v/, | 0 5 10 Yepg
fal b

Figure 6.24

(e} An npn transistor cperated in the aclive region in the common ermiter configuration. The Input current is the currant thest
Hows betwesen Ve and the base which is fa.
(bh OC =V characteristics of the rpn bipclar transistor in the CE configurafion. [Exaggerated to highlight varicus sffects )

Active region
collector
cHFrent

or
Ic = Bly+ Icso [6.45]
where
Iepp = o, Blcgo
(1 —a)

is the leakage current into the collector when the base is open circuited. This is much
larger in the CE circuit than in the CB configuration.

Even when Tg is kept constant, /- still exhibits a small increase with Ve, which,
according to Equation 6.45, indicates an increase in the current gain § with Ve, This
is due to the Early effect or modulation of the base width by Ve, shown in Figore 6,23,
Increasing Ve increases Veog, which increases Wae, reduces Wg, and hence shortens
;. The resulting effect is a larger g (= 15 /7).

When Ve is less than Vg, the collector junction becomes forward biased and
Equation 6.45 is not valid. The collector current is then the difference between forward
currents of emitter and collector junctions. The transistor operating in this region is
said to be saturated.

6.64 Low-FREQUENCY SMALL-SIGNAL MODEL

The spa bipolar transistor in the CE (common emitter) amplifier configuration is
shown in Figure 6.25. The input circuit has a dc bias Vg to forward bias the
base—emitter (BE) junction and the output circuit has a de voltage Ve (larger than
Vaz ) to reverse bias the base—collector (BC) junction through a collector resistor 8.
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Qutput

Figura §.25 An npn ransister operated

in the active region in the common emitter
amplifier configuration.

The applied signal v modulates the

dc voltoge across the BE junction and hence
medulates the injected electron coancentrafion
up and down about the de value ng0]. The
solid line shows m[x) when onby the de bins Vg
is present. The dashed line shows how ma[x] is
meodulated up by o positive small signal vi.
superimposed on Yag.

The actual reverse bias voltage across the BC junction is Vg — Vg, where Vg is
Vee = Vee — IcRe

Aninput signal in the form of a small ac signal vy, s applied in senes with the bias
voltage Vga and modulates the voltage Vpe across the BE junction about its de value
Vgs. The varying voltage across the BE modulates ny((}) up and down about its dc
value, which leads to a varying emitter current and hence to an almost identically vary-
ing collector current in the output circuit. The variation in the collector current is con-
verted to an output voltage signal by the collector resistance K. Note that increasing
Vgg increases /-, which leads to a decrease in Vig. Thus, the output voltage is 1807 out
of phase with the input voltage.

Since the BE junction is forward-biased, the relationship between [ and Vgr is
exponential,

eV Emiitter
fg = Ippexp (E_;F) [&.464] current and
¥ric

where Jrq is a constant. We can differentiate this expression to relate small variations
in Iy and Ve as in the presence of small signals superimposed on de values. For small
signals, we have vy, = §Vgg, Iy = 81y, i, = 8¢, i. = §1p. Then from Equation 6.45
we see that 0y = B 81y, 501, = Bi,. Since o = 1,1, = i,

What is the advantage of the CE circuit over the common base (CB) configuration?
First, the input current is the base current, which is about a factor of 8 smaller than the
emitter current. The ac input resistance of the CE circuit is therefore a factor of 8
higher than that of the CB circuit. This means that the amplifier does not load the ac
source; the input resistance of the amplifier is much greater than the internal (or output)
resistance of the ac source at the input. The small-signal input resistance ry, is

tpe Vg w g VeE _ HgkT g25 Input

Ty A b.47 4
L2 b dfg # dig elp fr(mA) 9421 resistance

where we differentiated Equation 6.46.
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The output ac signal v, develops across the CE and is tapped out through a ca-
pacitor. Since Vg = Voo — IR, as I increases, Vg decreases. Thus,

Vep = 'EVE'E = —Rc JSIE' = —R(_'I!c
The voltage amplification is
vee —Rele  —Reff  Rele(mA)

Ay =—= — =
Vi Thell Fle 25

[&.48]

which is the same as that in the CB configuration. However, in the CE configuration
the output to inpul current ratio i/ i, = f, whereas this is almost unity in the CB con-
figuration. Consequently, the CE configuration provides a greater power amplifica-
tion, which is the second advantage of the CE circuit.

The input signal ve. gives rise to an output current i, This input voltage to out-
put current conversion is defined in a parameter called the mutual conductance, or
transconductance, g,,.

i. _ 8lp _ Ilg(mA) 1

== = [6.49]
Vi 'EVHE 25 Fa

U =

The voltage amplification of the CE amplifier is then
A Y = _QMRL_ fﬁ.Eﬂl

We generally find it convenient to use a small-signal equivalent circuit for the
low-frequency behavior of a BIT in the CE configuration. Between the base and
emitter, the applied ac source voltage v, sees only an input resistance of ry,, as
shown in Figure 6.26. To underline the importance of the transistor input resistance,
the output (or the internal) resistance R, of the ac source is also shown. In the out-
put circuit there is a voltage-controlled current source i, which generates a current
of g, vs. The current i, passes through the load (or collector) resistance R across
which the voltage signal develops. As we are only interested in ac signals, the bat-
teries are taken as a short-circuit path for the ac current, which means that the in-
ternal resistances of the batteries are taken as zern. This model, of course, is valid
only under normal and active operating conditions and small signals about de val-
ues, and at low frequencies,

Figure 5,26 Low-freguancy smalksignal AC source  Small-signal equivalent circuit Load :
simplified aquivalent circuit of the bipalar transistor ; o e o TS S i A L B S e H

in the CE configuraticn with o load resistor B- in

the collector circuit,
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Ledt: The First commercied 51 ransister from Texas Instrumants [1954). Righl— The First Fransisiar poclwl radio {1954],
IF bad Four Ge npn ransistors.

| SOURCE: Courtesy of Texm Inabuments,

The bipolar transistor general de current equation I = 87z, where § =~ 1, /1, i3a
material-dependent constant, implies that the ac small-signal collector current is

5.[.-_“ = ﬂ ﬁfﬂ or L_- = ﬂf_b

Thus the CE dc and a¢ small-signal current gains are the same. This iz a reason-
able approximation in the low-frequency range, typically at frequencies below /1, [t
is useful to have a relationship between 8, g, and ry.. Using Equations 6.47 and 6.49,
we have
A ar low
B = GuTte 651 frequencies
In transistor data books, the de current gain I/ is denoted as hrg whereas the
small-signal ac current gain /i, is denoted as hs;. Except at high frequencies,
Bre = hpg.

CE LOW-FREQUENCY SMALL SIGNAL EQUIVALENT CIRCUIT Consider a BIT with a § of 100, JLE8 SVRRN
used in a CE amplifier in which the collactor current is 2.5 mA and £ is 1 k2_ If the ac source

has an rms voltage of 1 mV and an outpat resistance 8, of 50 £2, what is the rms output voltage?

What is the input and output power and the overall power amplification?

SOLUTION

As the collector carrent is 2.5 mA., the input resistance and the transconduclance are
£25  (100){25)

Fra = = = 1000 £
Io(mA) 75
and
I-(mA) 2.5
- = —=01AN
8= "33 25
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The magnitude of the voltage gain of the BJT small-signal equivalent circuit is

Ay =22 _ g Rc = (0.1)(1000) = 100
[
When the ac source is connected (o the & and E terminals (Figure 6.26), the input resistance
#ye Of the BIT loads the ac source, 50 vy, actoss BE is
Fle 1000 22

e TN oo g o IBRUE, o o
ety - U™ e 00 .

The output voltage (rms) is, therelore,
Upe = Ap g = 100952 mV) = 93.2 mY

The loading effect makes the outpul less that 100 m¥. To reduce the loading of the ac
source, we noed to increase ry,. ie., reduce the collector current, but that also reduces the gain. So
1o keep the gain the same, we need (o reduce - and increase R, However, B cannot be increascd
indefinitely becanse R itself is loaded by the inpur of the next stage and, in addition, thers is an
incremiental resistance berween the collector and emitter terminals (typically ~ 100 k2} that
shunts By (nol shown in Figure 6.26).

The powet amplification of the CE BIT itself is

Ap = % _ BAy = (100)(100) = 10,000
Tptne
The inpul power into the BE terminals is
vl {0.952 x 1070 V)2

P =iy = = = =906 x107"W  or 0906 0W
Fhe 1000 £2

The output power is
Pow = PaApr = (9.06 x 107 ")(10,000) = 9.06 x 107" W or 9,06 uW

6.7 JUNCTION FIELD EFFECT TRANSISTOR (JFET)

67.1 GENERAL PRINCIPLES

The basic structure of the junction field effect transistor (JFET) with an p-type channel
{n-channel) is depicted in Figure 6.27a. An n-type semiconductor slab is provided with
comtacts at its ends to pass cuwrrent through it. These terminals are called source (5)
and drain (D). Two of the opposite faces of the r-type sermiconductor are heavily
p-type doped to some small depth so that an r-type channel is formed between the
source and drain terminals, as shown in Figure 6.274. The two p™ regions dre normally
electrically connected and are called the gate (7). As the gate is heavily doped, the de-
pletion layers extend almost enlirely into the n-channel, as shown in Figure 6.27. For
simplicity we will assume that the two gate regions are identical (both g™ type) and that
the doping in the r-type semiconductor is uniform. We will define the n-channel] to be
the region of conducting r-type material contained between the two depletion layers,

The basic and idealized symmetric structure in Fipure 6.27a is uwseful in
explaining the principle of operation as discussed later but does not truly represent
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Basic structure

Source o o Drmn
h)
P [ ——
[repletion Depletion ___F — i
G rEgicn regions ===
Cross section I { LM,
n-channel- T 7 LML L
L |
¥ o—
; [b)
Channel < il
thickness e
G
Circuit symbaol >_‘I_I—I'_<, Figure 6.27
for n-channel FET 2 o g : ;
g b a) The basic struchsre of the junction field effeck transistor |IFET) with an
nchannel. The we B! regions are electrically connected and form the gee,
=) [b] A simplified sketch of the cross section of o more practical nchannel JFET,

the structure of a typical practical device. A simplified schematic sketch of the cross
section of a more practical device {(as, for example, fabricated by the planar technol-
ogy) is shown in Figure 6.27b where it is apparent that the two gate regions do not
have identical doping and that, except for one of the gates, all contacts are on one
surface.

We first consider the behavior of the JFET with the pute and source shorted
{Vgs = 0), as shown in Figure 6.28a. The resistance between S and D is essentially
the resistance of the conducting n-channel between A and B, Rp. When a positive
voltage is applied to D with respect to § (Vs = (), then a current flows from D to
§, which is called the drain current /5. There is a voltage drop along the channel,
between A and B, as indicated in Figure 6.28a. The voltage in the n-channel is zero
at A and Vpg at 8. As the voltage along the n-channel is positive, the p™n junctions
between the gates and the p-channel become progressively more reverse-biased
from A to B. Consequently the depletion layers extend more into the channel and
thereby decrease the thickness of the conducting channel from A to B.

Increasing Vs increases the widths of the depletion layers, which penetrate more
into the channel and hence result in more channel narrowing toward the drain. The re-
sistance of the n-channe] R,y therefore increases with Vs, The drain current therefore
does not increase linearly with Vpg but falls below it because

_ Vos

i 208
Ras
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[a] The gate and source are shorted {Vigz = O] and Vog is small.

[] Vos hos increosed fo a value thar allows the rwo depletion layers 1o just fouch, when Yo = ¥ |_ 5V and
the pon junction vollage at the drain end, Vop= ~Vos= -Ve= -5 V.

[€] ¥osis large (¥os = Vi, so a short length of the channel is pinched off,

V=0
VG':T =-2¥
;VGS ¥
V_.=-3%
Figure 6.29 Typical fp versus T |a ’; &
Vg characteristics of a JFET for 12

various fixed gate vollages Vas.

and R, increases with Vg, Thus [ versus Vg exhibits a sublinear behavior, as shown
in the Vg = 5 W region in Figure 6.29.

As Vpg increases further, the depletion layers extend more into the channel and
eventually, when Vg = Ve (= 5 V), the two depletion layers around B meet at point P
at the drain end of the channel, as depicted in Figure 6.28b. The channel is then said to
be “pinched oft™ by the two depletion layers. The voltage Vi is called the pinch-off
voltage. It is equal to the magnitude of reverse bias needed across the p*a junctions to
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fe
Pinched-off channal
I = 10 mA
—
0
Figura .30 The pinched-off
channel ond conduction for
VD.T > 5 v VDE = II:'IIII [= 5 "I'IL

make them just touch at the drain end. Since the actual bias voltage across the p™n
Junctions at the drain end (B) is Vizp, the pinch-off occurs whenever

Von = —Vpe [6.52]

In the present case, gate to source is shorted, Vg = 0, s0 Vi = — Vg and pinch-
off occurs when Vs = Vp (5 V). The drain current from pinch-off onwards, as shown
in Figure 6.29, does not increase significantly with Vpg for reasons given below.
Beyond Vig = Vp, there is a short pinched-off channel of length £,,,.

The pinched-off channel is a reverse-biased depletion region that separaies the
drain from the r-channel, as depicied in Figure 6.30. There 1% a very strong clectric
field & in this pinched-off region in the £ to § direction. This field 15 the vector sum of
the fields from positive donors to negative acceptors in the depletion regions of the
channel and the gate on the drain side. Electrons in the n-channel drift toward P, and
when they arrive at P, they are swept across the pinched-off channel by . This process
is similar to minority carriers in the base of a BIT reaching the collector junction de-
pletion region, where the internal field there sweeps them across the depletion layer
into the collector. Consequently the drain current is actually determined by the resis-
tance of the conducting n-channel over Ly, from 4 to P in Figure 6.30 and not by the
pinched-off channel.

As Vpg increases, most of the additional voltage simply drops across £,, as this
region is depleted of carriers and hence highly resistive, Point P, where the depletion
layers first meet, moves slightly toward A, thereby slightly reducing the channel length
Le. Point P must still be at a potential Vp because it is this potential that just makes
the depletion layvers touch. Thus the voltage drop across Ly, temains as Ve, Beyond
pinch-off then

¥
In= it
Rap
Since Kap 15 detenmined by L, wWhich decreaszes shgntly with ¥ pos, 1p noreases
slightly with Vg In many cases, fp is conveniently taken to be saturated at a value fpgy
for Vg = Ve, Typical I versus Vpy behavior is shown in Figure 6.29.

(Vpy = Vp)

Pinch-nff
cradition
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Figura 5.31

[a} The JFET with a negafive Vgs
voltoge has o namower pchannel
at the star,

(bl Compered o the Vas = O case,
the some ¥gs gives less I as the
channel is norrower.

[c} The channel is pinched off ot
Yoz = 3 Y sooner than the ¥as =0
case, where itwas Vos= 5V, Ie)

We now consider what happens when a negative voltage, say Vgs = —2 V. is ap-
plied to the gate with respect to the source, as shown in Figure 6.31a with Vg = 0. The
pn junctions are now reverse-biased from the start, the channel is narrower, and the
channel resistance is now larger than in the Vigg = 0 case. The drain current that flows
when a small Vpcis applied, as in Figure 6.31b, is now smaller than in the Vigg = O case
as apparent in Figure 6.29. The pt# junctions are now progressively more reverse-
biased from V3¢ at the source end to Vop = Vor — Vps at the drain end. We therefore
need a smaller Vg (= 3 V) to pinch off the channel, as shown in Figure 6.31c. When
Vos = 3V, the G to D voltage Vigp across the ptn junctions at the drain end is —5 V|
which is — Vg, so the channel becomes pinched off. Bevond pinch-off, f;; is nearly sat-
urated just as in the Vg = 0 case, but its magnitude is obviously smaller as the thick-
ness of the channel at A is smaller; compare Figures 6.28 and 6.31. In the presence of
Vs, the pinch-off occurs at Vpg = Vg, and from Equation 6.52.

Viosisay = Ve + Vas [6.53]

where Vgyg is a negative voltage (reducing Ve). Beyond pinch-off when Vo = Vg,
the point P where the channel is just pinched still remains at potential Vpgiesy. given
by Equation 6.53.

For Vs = Vipsgan, fo becomes nearly saturated at a value denoted as I, which is
indicated in Figure 6.29. When G and § are shorted (Vige = (), Ipgis called fis5 (which
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stands for Ips with shorted gate to source). Beyond pinch-off, with negative Vgs, Ingis

Vs Ve 4 Vs
Rap(Vis)  Rap(Vis)

where R p (Vis) is the effective resistance of the conducting a-channel from A to P
(Figure 6.31b}, which depends on the channel thickness and hence on Vgs. The resis-
tance increases with more negative gate voltage as this increases the reverse bias
across the pa junctions, which leads to the narowing of the channel. For example,
when Vgz = —4 V, the channel thickness at A becomes narrower than in the case with
Vios = —2 ¥, thereby increasing the resistance, R ap, of the conducting channel and
therefore decreasing fpg. Further, there is also a reduction in the drain current by virtue
of Vg decreasing with negative Vigs, as apparent in Equation 6.54. Figure 6.29
shows the effect of the gate voltage on the Ty versus Vs behavior, The two effects, that
from Vpspeay and that from R4p (Vgs) in Equation 6.54, lead to Ipy almost decreasing
parabolically with — Vs,

When the gate voltage 15 such that Vg = — Vi (= —5 V) with the source and drain
shorted (Vg = (), then the two depletion layers touch over the entire channel length
and the whole channel is closed, as illustrated in Figore 6,32, The channel is said to be
off. The only drain current that flows when a Vg 1s applied is due to the thermally gen-
erated carriers in the depletion layers. This current is very small,

Figure 6.29 summarizes the full I versus Vg characteristics of the n-channel
JFET at various gate voltages Vg It is apparent that Jiy5 is relatively independent of
Vps and that it is controlled by the gate voltage Vis, as expected by Equation 6.54.
This is analogous to the BIT in which the collector current J- is controlled by the
base-emitter bias voltage Ve, Figure 6.33a shows the dependence of I;;5 on the gate
voltage Vi The transistor action is the control of the drain current Fpg, in the
drain—source (putput) circuit by the voltage Vs in the gate-source (input circuit), as
shown in Figure 6.33b. This control 15 only possible if Vps = Vst When Vg = — 1V,
the drain current is nearly zero because the channel has been totally pinched off, This
gate—source voltage 15 denoted by Vs 25 the drain curtent has been switched off,
Furthermore, we should note that as Vg reverse biases the pta junction, the current
into the gate Iz 15 the reverse leakage current of these junctions, Tt is usually very small,
In some JFET:, I is as low as a fraction of 4 nanoampere. We should also note that the
circuit symbol for the JFET, as shown in Figure 6.27a, has an arrow to identify the gate
and the pnr junction direction.

Ip = Ipg = Vs > Yosim 1b.54}

V=3V Figure 6.32 ‘When Ve = =35 ¥, the deplefion lovers
G clozs the whole channel from the start, at Voe = O
As Vi is increased, there is o very small drain current,

which is the small reverse leakoge current due o thermal
generation of carriers in the depletion loyers,
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I {:ILA}
— 10
—a
— &
Figure 6.33 B
la) Typical Ips versus Vs characteristics of o [ 4
JFEL L
(b} The de cireult whare Vs in the gale—source — 0
circuit linpul] confrals the drain current Jpg in 0
the drain—source {output] circuit in which Vs is
kept constant and large (Vs = V. tal (b]

Is there a convenient relationship between Ipg and Vigs? If we calculate the effec-
tive resistance R 4p of the p-channel between A and P, we can obtain its dependence on
the channel thickness, and thus on the widths of the depletion layers and hence on Vgs.
We can then find Jpg from Equation 6.54. It tums out that a simple parabolic depen-
dence seems to represent the data reasonably well,

2
Beyond Vs ) ]
: Tos = Ipss| 1 — 6.55
pinch-off R DSSI: ( Vasiom o

where [ps5 is the drain current when Vigg = 0 (Figore 6.33) and Vg, is defined as
— Vg, that is, that gate—source voltage that just pinches off the channel. The pinch-off
voltage Ve here is a positive quantity because it was introduced through Vosian. Viesiom
however is negative, —Vp. We should note two important facts about the JFET. Its
name originates from the effect that modulating the electric field in the reverse-biased
depletion lavers (by changing Vizs) varies the depletion layer penetration into the chan-
nel and hence the resistance of the channel. The transistor action hence can be thought
of as being based on a field effect. Since there is a p*n junction between the gate and
the channel, the name has become JFET. This junction in reverse bias provides the iso-
lation between the gate and channel.

Secondly, the region beyvond pinch-off, where Equations 6.54 and 6.55 hold, is
commonly called the current saturation region, as well as constant current region
and pentode region. The term saturation should not be confused with similar terms
used for saturation effects in bipolar transistors. A saturated BJIT cannot be used as an
amplifier, but JFETs are invariably used as amplifiers in the saturated cutrent region.

6.7.2 JFET AMPLIFIER

The transistor action in the JFET 15 the control of fis by Vi, as shown in Figure 6.33.
The input circuit is therefore the gate—source circuit containing Vs and the output cir-
cuit is the drain-source circuit in which the drain current fpg flows, The JFET 1s almost
never used with the pra junction between the gate and channel forward-biased (Viog = ()
as this would lead to a very large gate current and near shorting of the gate (o source
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o} Comman source |C5} ac amplifier wsing o JFET.
b} Explanation of how o is modulated by the signal vy, in series with the de bias vollage Vs,

vollage. With Ve limited to negative voltages, the maximum current in the output cir-
cuit can only be Ipgg, as shown in Figure 6,.33a, The maximum input voltage Vs should
therefore give an Iy less than foss.

Figure 6,34a shows a simplified illustration of a typical JFET voltage amplifier. As
the source is common to both the input and output circuits, this is called a common
source (CS) amplifier. The input signal is the ac source v, comnected in series with a
negative de bias voltage Vg of —1.5 V in the GF circuit. First we will find out what
happens when there is no ac signal in the circuit (v,, = 0). The d¢ supply (—1.5 V)in
the input provides a negative de voltage to the gate and therefore gives a de current Ipg
in the output circuit (less than Ipgs). Figure 6.34b shows that when Vg = —1.5 V, point
Q on the Ipg versus Vigg characteristics gives Ipg = 4.9 mA, Point @, which determines
the de operation, is called the quiescent point.

The ac source v, 15 connected in series with the negative de bias voltage Vigs,
It therefore modulates Vs up and down about —1.5 V with time, as shown in Fig-
ure 6.34b, Suppose that v, varies sinusoidally between —0.5 V and +0.5 V. Then, as
shown in Figure 6.34b when v, is —0.5 V (point A), Vg5 = —2.0 ¥V and the drain cur-
rent is given by point A on the fpy—Vy curve and is about 3.6 mA. When v, is +0.5V
{point B), then Vs = —1.0 ¥V and the drain current is given by point B on the Ips—Vs
curve and is about 6.4 mA. The input varation from —0.5 V to +{L.5 V has thus been
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Toble 6.1 "n"nHr.:ge and current in the common sowrce amplifier of Figure &.34a

s ¥ox Ins Fa Vay Yoliage
{¥) Y} (mA) {mA) Vpg=Vop — IpsBn ¥ (iain Comment
1+ —1.5 4.5 1 K2 13 de conditions. poiot )
—.5 =241 1.6 -13 0.8 2.0 —5.2 Paine 4
0.5 - 1.0 6.4 +1.5 52 =34 —6 Poio &

| MOTE: Vog = 18V ond Rp= 2000 2,

converled (o a drain current variation from 3.6 mA to 6.4 mA as indicated in Fig-
ure 6.34b. We could have just as easily calculated the drain current from Equation 6.55.
Table 6.1 summarizes what happens to the drain current as the ac input voltage is var-
ied about zero.

The change in the drain current with respect to its de value is the output signal cur-
rent denoted as iy Thus at A,

fg= 36—-49=—1.3mA
and at 8.
Iy =04 —-49=15mA

The variation in the cutput current is not quite symmetric as that in the input signal u,,
because the [V relationship, Equation 6.55, is not linear.

The drain current variations in the DS circuit are converted to voltage variations
by the resistance Ry The voltage across DS is

Vs = Vpp — fpg Ri [6.56]

where Vi, 1s the bias battery voltage in the DS eircuit. Thus, variations in g result in
variations in Ve that are in the opposite direction or 1830° out of phase. The ac output volt-
age between Drand § is tapped out through a capacitor C, ag shown in Figure 6.34a, The
capacitor Csimply blocks the de. Suppose that £, = 20008 and Vpp = 18 V, then using
Equation 6.56 we can caleulate the de value of Vg and also the minimom and maximum
values of ¥y, a8 shown in Table 6.1,

It is apparent that as v, varies from —0.5V, at A, to +0.53 V, aL B, V55 varies from
10.8 V to 5.2 ¥, respectively. The change in Vg with respect to de is what constitutes
the cutput signal v, as only the ac is tapped out. From Equation 6.56, the change in
Vs 18 related to the change in {5 by

Vg = — Eﬂl:d [6.57]
Thus the output, vy, changes from —3.0V to 2.6 V. The peak-to-peak voltage ampli-
fication is
AVps  Uaigkep  —3V = (2.6V)

— = = —5.6
AVis  Vpgkepy 05V — (=05 V)

Avipkepk) =
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The negative sign represents the fact that the output and input voltages are out of
phase by 180°, This can also be seen from Table 6.1 where a negative v, results in &
positive vy Even though the ac input signal v,; is symmetric about zero, 0.3 V, the
ac output signal vy is not symmetnc, which is due to the fpg versus Vg curve being
nonlinear, and thus varies between —3.0V and 2.6 V., If we were to calculate the volt-
age amplification for the most negative input signal, we would find —5.2, whereas for
the most positive input signal, it would be —6. The peak-to-peak voltage amplification,
which was —3.6, represents a mean gain taking both negative and positive input sig-
nals imto account,

The amplification can of course be increased by increasing R , but we must main-
tain Vg at all times above Vpgisy (beyond pinch-off) to ensure that the drain current
Ipg in the output circuit is only controlled by Vg in the input circuit.

When the signals are small about dc values, we can use differentials to repre-
sent small signals. For example, vy = §Vgs, iy = §ips, Vg = §Vps, and so on. The
variation dfps due to §Vgs about the dc value may be vsed to define a mutwal
transconductance g, (sometimes denoted as gy, ) for the JFET,

_ d fp,g i 51’55 i_d

- d VGS 3 Vr,'ls f.i'_.‘-‘s

This transconductance can be found by differentiating Equation 6.55,

_dlps _ 2pss [I _ ( Vs )] _ _ 2lipssips]'” 16,581
" dVgs Visiom Veasiam Vesm
The output signal current is
iy =0, Vs
so using Equation 6.57, the small-signal voltage amplification is

2 -K t

AV=E=M=—_§I'“R” [4.59]
Vg Ugr

Equation 6.39 15 only valid under small-signal conditions in which the variations
about the dc values are small compared with the dc values themselves. The negative
sign indicates that vy, and vy, are 180" out of phase.

an

Drefinttion of
JFET trans-
comductonee

JFET trans-
conductance

Srmall-signal
voltage goin

THE JFET AMPLIFIER Consider the a-channel JFET common source amplifier shown in Fig-
ure 6.344. The JFET has an fngs of 10 mA and a pinch-off voltage Ve of 5V as in Figure 6.34b.
Suppose that the gate de bias voltage supply Vs = — 1.5 ¥, the drain circuit supply Voo = 18V,
and Ry, = 2000 £2. What is the voltage amplification for small signals? How does this compare
with the peak-to-peak amplification of —5.6 found for an input signal that had a peak-to-peak
valpeof 1 ¥ 7

SOUUTION

We first calculate the operating conditions at the bias point with no ac signals. This commesponds
o point {2 in Figure 6.34b. The de bias voltage Vg across the gate w source is —1.5 V. The

EXAMPLE 6.12
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resulting de drain current fps can be calculated from Equation 6.55 with Viggee = —Ve= —5W:

2z 2
f s [1 & (ﬁn = (10 m;[l = (j)] =49 mA
Vi siom -5

The transconductance at this de current (at ) is given by Equation 6.58,

2lpssips)® 2710 x 1071 (49 x 10-]'2
__ {{pszips) I [(10 = 4.9 > | =28 x 1077 AV
Viarm =3

m

The voltage amplification of small signals about point @ is
Av = —goBp = —(2.8 x 1071)(2000) = —56
This mrns oot to he the same as the peak-to-peak voltage amplification we calculated in
Table &.1. When the input ac signal v, varies between —0.5 and +0.5 V, a5 in Table 6.1, the out-

put signal is not symmetric, It varies between —3 V oand 2.8 Y, 50 the voltage gain depends on
the input signal. The amplifier is then said to exhibit nonlinearity.

68 METAL-OXIDE-SEMICONDUCTOR FIELD EFFECT
TRANSISTOR (MOSFET)

6.8.1 FIELD EFFECT AND INVERSION

The metal-oxide-semiconductor field effect transistor is based on the effect of a field
penetrating into a semiconductor. Its operation can be understood by first considering
a parallel plate capacitor with metal electrodes and a vacuum as insulation in between,
as shown in Figure 6.35a. When a voltage V is applied between the plates, charges 40
and —Q (where @ = CV) appear on the plates and there is an electric field given by
= V/L. The origins of these charges are the conduction electrons for —Q and
exposed positively charged metal ioms for +@. Metallic bonding is based on all the
valence electrons forming a sea of conduction electrons and permeating the space
between metal ions that are fixed at crystal lattice sites. Since the electrons are mobile,
they are readily displaced by the field. Thus in the lower plate £ displaces some of the
comduction electrons to the surface to form —@. In the top plate £ displaces some
electrons from the surface into the bulk Lo expose positively charged metal ions to
form 4.

Suppose that the plate area is 1 cm?® and spacing is 0.1 pm and that we apply 2 V
across it The capacitance C is 8.85 nF and the magnitude of charge @ on each plate
is 1.77 »x 107¥ C, which corresponds to 1.1 x 10" electrons. A typical metal such as
copper has something like 1.9 x 101 atoms per cm? on the surface. Thus, there will
be that number of positive metal ions and electrons on the surface (assuming one
conduction electron per atom), The charges + @ and — 0 can therefore be penerated by
the electrons and metal ions at the surface alone. For example, if one in every 1.7 x
W electrons on the surface moves ane atomic spacing (~0.3 nm) into the bulk, then
the surface will have a charge of + () due to exposed positive metal ions. It is clear that,
for all practical purposes, the electric field does not penetrate into the metal and termi-
nates at the metal surface.,
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The same is not true when one of the electrodes 15 a semiconductor, as shown in
Figure 6.35b where the structure now is of the metal-insulator-semiconductor type.
Suppose that we replace the lower metal in Figure 6.33a with a p-type semiconductor
with an acceptor concentration of 10'* ecm™?. The number of acceptor atoms on the sur-
face'"is 1 x 10*" cm—2. We may assume that at room temperature all the acceptors are
ionized and thus negatively charged. It is immediately apparent that we do not have
a sufficient number of negative acceptors at the surface o generate the charge —Q.
We must therefore also expose negative acceptors in the bulk, which means that
the field must penetrate into the semiconductor. Holes in the surface region of the
semiconductor become repelled toward the bulk and thereby expose more negative
acceptors. We can estimate the width W into which the field penetrates since the total
negative charge exposed eA WA, must be (. We find that W is of the order of 1 gm,
which is something like 4000 atomic layers. Our conclusion is that the field penetrates
into a semiconductor by an amount that depends on the doping concentration,

The penetrating field into the semiconductor drifts away most of the holes in this
region and thereby exposes negatively charged acceptors to make up the charge — (2,
The region into which the field penetrates has lost holes and is therefore depleted of
its equilibrium concentration of holes. We refer to this region as a depletion layer. As
long as p = n even though p < N, this still has p-type characteristics as holes are in
the majority.

If the voltage increases further, —Q also increases, as the [ield becomes stronger
and penetrates more into the semiconductor but eventually it becomes more difficult to
make up the charge —Q by simply extending the depletion layer width Winto the bulk,
It becomes possible (and more favorable) to attract conduction electrons into the de-
pletion layer and form a thin electron layer of width W, near the surface. The charge
—{2 15 now made up of the fixed negative charge of acceptors in W, and of conduction
electrons in W, as shown in Figure 6.35¢. Further increases in the voltage do not
change the width W, of the depletion layer but simply increase the electron concentra-
tion in W,,. Where do these electrons come from as the sermiconductor is doped p-type?
Some are attracted into the depletion layer from the bulk, where they were minonty
carriers. But most are thermally generated by the breaking of $i-Si bonds (i.e., across
the bandgap) in the depleted layer. Thermal generation in the depletion laver generates
electron-hole pairs that become separated by the field. The holes are then drifted by
the field into the bulk and the electrons toward the surface. Recombination of the ther-
mally generated electrons and holes with other carmers is greatly reduced because the
depletion layer has so few carriers. Since the electron concentration in the electron
laver exceeds the hole concentration and this layer is within a normally p-type semi-
conductor, we call this an inversion layer,

It is now apparent that increasing the field in the metal-insulator-semiconductor de-
vice first creates a depletion layer and then an inversion layer at the surface when the
voltage exceeds some threshold value Vi, . This is the basic principle of the field effect
device. As long as V = Vi, any increase in the field and hence — @ leads to more electrons
in the inversion layer, whereas the width of the depletion layer W, and hence the quantity

| " Surface concentration of alams (akems per unit oreal can be found from e = (el
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of fixed negative charge remain constant. The insulator between the metal and the semi-
conductor, that is, a vacuom in Figure 6.335, is typically 5i0; in many devices,

682 EnHaNceMeNT MOSFET

Figure 6.36 shows the basic structure of an enhancement n-channel MOSFET device
(NMOSFET). A metal-insulator-semiconductor structare is formed between a p-type
Si substrate and an aluminum electrode, which is called the gate (G). The insulator is
the Si0; oxide grown during fabrication. There are two #' doped regions at the ends
of the MOS device that form the source (57 and drain (£2). A metal contact is also made
o the p-type 51 substrate (or the bulk), which in many devices is connected to the
source terminal as shown in Figure 6.36, Further, many MOSFETs have a degenerately
doped polyerystalline 8i material ag the gate that serves the same function as the metal
electrode,

With no voltage applied to the gate, § to D is an nTpat structure that is always
reverse-biased whatever the polarity of the source o drain voltage. However, if the
substrate (bulk) is connected o the source, a negative Vg will forward bias the atp
junction between the drain and the substrate. As the n-channel MOSFET device is not
normally used with a negative Vg, we will not consider this polarity.

When 4 positive voltage less than V), 18 applied to the gate, Vg = Vi, as shown
in Figure 6.37a, the p-type semiconductor under the gate develops a depletion layer as
a result of the expulsion of holes into the bulk, just as in Figure 6.35b, Since § and D
are isolated by a low-conductivity p-doped region that has a depletion layer from S to
D, no current can flow for any positive Vpg.

With Vps = 0, as soon as Vgs 15 increased beyvond the threshold voltage Vi, an
n-channel inversion layer is formed within the depletion layer under the gate and im-
mediately below the surface, as shown in Figure 6.37b, This n-channel links the two
n' regions of source and drain. We then have a continuous n-type material with elec-
trons as mobile carriers between the source and drain. When a small Vyy is applied, a
drain current [ flows that is limited by the resistance of the n-channel R....:

Vos

In= [6.60]
? Rn =ch

Thus, /p initially increases with Vg almost linearly, as shown in Figore 6.37h,
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The voltage variation along the channel is from zero at A (source end) o Vi at B
(drain end). The gate to the n-channel voltage is then Viggat A and Ve = Vigy — Vg at B.
Thus point A depends only on Ve and remains undisturbed by Vg As Vpy increases, the
voltage at 8 (Ve ) decreases and thereby causes less inversion, This means that the chan-
nel gets narrower from A to B and its resistance R, increases with Vi, I versus Vigy
then falls increasingly below the f;; oo Vi line, Eventually when the gate to p-channel
voltage at 8 decreases to just below Wy, the inversion layer at B disappears and a deple-
tion layer is exposed, as illustrated in Figure 6.37c. The n-channel becomes pinched off at
this point £. This occurs when Vi = Vg, satisfying

Voo = Vas — Vosen = Vi [6.61]

It s apparent that the whole process of the narrowing of the n-channel and its
eventual pinch-off is similar to the operation of the n-channel JFET. When the drift-
g electrons in the n-channel reach P, the large electric field within the very nar-
row depletion layer at P sweeps the electrons across into the n™ drain. The current
15 limited by the supply of electrons from the n-channel to the depletion layer at P,
which means that it 15 limited by the effective resistance of the n-channel betweean
Aand P.

When Vg exceeds Vpgogy. the additional Vpg drops mainly across the highly
resistive depletion layer at P, which extends slightly to P toward A, as shown in
Figure 6,37d. At P, the gate to channel voltage must still be just Vy, as this is the volt-
age required to just pinch off the channel and just eliminate inversion. The widening of
the depletion layer (from B to ') at the drain end with Vpg, however, is small com-
pared with the channel length AB. The resistance of the channel from A to P does not
change significantly with increasing Vps, which means that the drain current is then
nearly saturated at Ing,

Vo sany

fp = Ipy = Vs = Vs [6.62]

AP n=ch

AS Vipgpean depends on Vs, so does fug. The overall g versus Vipg characteristics
for various fixed gate voltages Vg of a typical enhancement MOSFET is shown in
Figure 6.38a. It can be seen that there is only a slight increase in fpg with Vg beyond
Vigsay The fog versus Vg when Vg > Vi characteristics are shown in Fig-
ure 6.38b. It is apparent that as long as Vpg > Vige. the saturated drain current fpy in
the source—drain (or output) circuit is almost totally conirolled by the gate voltage Vg
in the source—pate {or input) circwit, This is what constitutes the MOSFET action. Vari-
ations in Vg then lead to varations in the drain current 54 (Just as in the JFET), which
forms the basis of the MOSFET amplifier. The term enfiancement refers to the fact that
a gate voltage excecding V), 18 required to enbance 4 conducting channel between the
source and drain. This contrasts with the JFET where the pate voltage depletes the
channel and decreases the draim curment.

The experimental relationship between fny and Vi (when Vig > Vo) has been
found to be best described by a parabolic eguation similar to that lor the JFET, except
that now Vg enhances the channel when Vg = Vi 50 fpg exists only when Vigg = Vg,

Ing = K(Vgy — V)? [6.63]
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where K is a constant. For an ideal MOSFET, it can be expressed as
_ AT
2Lty

where g, is the electron drift mobility in the channel, L and Z are the length and width
of the gate controlling the channel, and & and ¢, are the permittivity (,.&,) and thick-
ness of the oxide insulation under the gate. According to Equation 6.63, fpg is
independent of Vis. The shallow slopes of the /p versus Vpg lines bevond Vpgea in
Figure 6.38a can be accounted for by writing Equation 6.63 as

Tps = K(Vgs = V)2 (1 + AVpg) [6.64]

where . is a constant that is typically 0.01 V-1, If we extend the Ips versus Vpg lines,
they intersect the — Vps axis at 1/, which is called the Early voltage. It should be
apparent that Jngs, which is Ipg with the gate and source shorted (Vizs = 0), is zero and
is not a useful quantity in describing the behavior of the enhancement MOSFET.

EXAMPLE 6.13

THE ENHAMNCEMENT MMOSFET A particular enhancement NMOS transistor has a gate with a
width (Z) of 50 pem, length (L) of 10 wm, and $i0; thickness of 450 A, The relative permittiv-
ity of Si0; is 3.9. The p-type bulk is doped with 10'% acceptors cm ™. Its threshold voltage is
4 V. Estimate the drain current when Vgy = 8 ¥V and Ve = 200V, given A = 0.01. Due to the
sirong scattering of elecirons near the crystal surface assume that the electron drift mobility ..
in the channel is half the drift mobility in the bulk.

SCLUTION
Since ¥py > Vi, we can assume that the drain current is saturated and we can vse the fps versus
Vs relationship in Bquation 6.64,

Ips = K (Vgs = Va) (1 + AVps)

where i

T ALk,
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The electron mobility in the bulk when A, = 10" cm~ is 1300 em? V! s~ (Chapier 5).
Thus
_ Zisg _ {50 x 107%) (§ % 1300 x 107%) (3.9 x 8.85 x 10~"%) — 000015
2L, 2010 = 10-8y (450 s 10~
When Vg = 8 W and Vps = 20V, with & = 0001, we have

Ipg = 0.000125(8 — 421 + (0.01)(20)] =0.0024 A or 24mA
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683 THRESHOLD VOLTAGE

The threshold voltage is an important parameter in MOSFET devices. Its control in
device fabnication is therefore essential. Figure 6.3% shows an idealized MOS struc-
ture where all the electric field lines from the metal pass through the oxide and pene-
trate the p-type semiconductor. The charge —( is made up of fixed negative acceptors
in a surface region of W, and of conduction electrons in the inversion layer at the sur-
face, as shown in Figure 6.3%. The voltage drop across the MOS structure, however,

Metal x T
oL ]
{2 I = 5 o] #f,Dmd;c +0
i Inversion
e 1 — layer
Vo)  — e
I i / ]
SR R T [ e e e
IO R N f] ]'Q
p-semiconductor f /
" Depletion o
| cagion Charge density
{a}
B & & & F 6
o
B Qo
— 1 —— i -
Vv, — T ™ gf
- - it Figura $.3%9
e a & € g |a] The threshald volioge and the idaal MOC'S structure.
o . [&] In practice, there are several charges in the oxide and at the
axide-semiconductor interface that affect the threshold voltage:
] Clni = mobile ionic charge |e.g., MNat], Gy = rapped oxide
4

charge, Gy = fixed oxide charge, and & = chorgs frapped at

L] the imerface.
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is not uniform. As the field penetrates the semiconductor, there is a voltage drop Ve,
across the field penetration region of the semiconductor by virtue of £ = —dV /dx, as
shown in Figure 6.39. The field terminates on both electrons in the inversion layer and
acceptots in W, so within the semiconductor £ is not uniform and therefore the volt-
age drop is not constant. But the field in the oxide is uniform, as we assumed there were
no charges inside the oxide. The voltage drop across the oxide is constant and is Vi, as
shown in Figure 6.39a. As the applied voltage is V), we must have V. + V,, = V. The
actual voltage drop V.. across the semiconductor determines the condition for inver—
sion. We can show this as follows, If the acceptor doping concentration is 10'® cm

then the Fermi level Er in the bulk of the p-type semiconductor must be 0.347 eV
below Eg; inintrinsic 5i. To make the surface n-type we need to shift Eg at the surface
Lo gojust above E ;. Thus we need to shift Ex from bulk to surface by at least 0.347 eV,
We have to bend the energy band by 0.347 eV at the surface. Since the voltage drop
across the semiconductor is V., and the corresponding electrostatic PE change is eV,
this must be 0.347 eV or V. = 0.347 V. The gate voltage for the start of inversion will
then be Vi, + 0.347 V. By inversion, however, we generally infer that the electron con-
centration at the surface is comparable to the hole concentration in the bulk. This
means that we actually have to shift £y above Eg; by another 0.347 eV, so the gate
threshold voltage Wy, muost be Vo, + 0,694 W,

In practice there are a number of other important effects that must be considered in
evaluating the threshold voltage. Invariably there are charges both within the oxide and at
the oxide-sermiconductor interface that alter the field penetration into the semiconductor
and hence the threshold voltage needed at the pate to canse inversion. Some of these are
depicted in Figure 6.39b and can be qualitatively summarized as follows.

There may be some mohile ions within the 810, such as alkaline ions (Nat, K1),
which are denoted as € in Figure 6.39%b. These may be introduced unintentionally, for
example, during cleaning and etching processes in the fabrication. In addition there
may be various trapped (immobile) charges within the oxide @, due to strucmral
defects, for example, an interstitial $i1. Frequently these oxide trapped charges are cre-
ated as 4 result of radiation damage (irradiation by X-rays or ather high-gnergy beams).
They can be reduced by annealing the device.

A significant number of fixed positive charges () exist in the oxide region close
to the interface. They are believed to originate from the nonstoichiometry of the oxide
near the oxide—semiconductor interface. They are generally attributed to positively
charged Si~ ions. During the oxidation process, a 8i atom is removed from the Si sur-
face to react with the oxygen diffusing in through the oxide. When the oxidabon
process is stopped suddenly, there are unfulfilled Si ions in this region, Q depends on
the crystal orientation and on the oxidation and annealing processes, The sermiconduc-
tor to oxide interface itself is a sudden change in the structure from crystalline 51 to
amorphous oxide, The semiconductor surface itself will have various defects, as dis-
cussed in Chapter 1. There is some inevitable mismatch between the two structures at
the interface, and consequently there are broken bonds, dangling bonds, point defects
such as vacancies and Si", and other defects at this interface that trap charges (e.g.,
holes). All these interface charges are represented as (4, in Figure 6.39b. @, depends
not only on the crystal orientation but also on the chemical composition of the inter-
face. Both J¢ and J;; overall represent a positive charge that effectvely reduces the
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gate voltage needed for inversion. They are smaller for the (100) surface than the (111)
surface, so {100) is the preferred surface for the 81 MOS device.

In addition to various charges in the oxide and at the interface shown in Figure 6.39b,
there will also be a voltage difference, denoted as Veg, between the semiconductor
surface and the metal surface, even in the absence of an applied volitage. Vep arises
from the work function difference between the metal and the p-type semiconductor, as
discussed in Chapter 4. The metal work function is generally smaller than the semi-
conductor work function, which means that the semiconductor surface will have an ac-
cumulation of electrons and the metal surface will have positive charges {exposed
metal ions), The gate voltage needed for inversion will therefore also depend on Vgg.
Since Vg is normally positive and { and ¢, are also positive, there may already be
an inversion layer formed at the semiconductor surface even without a positive gate
voltage. The fabrication of an enhancement MOSFET then requires special fabrication
procedures, such as ion implantation, to obtain a positive and predictable ¥y,

The simplest way to control the threshold gate voltage i to provide a separate
electrode to the bulk of an enhancement MOSFET, as shown in Figure 6.36, and to
apply a bias voltage to the bulk with respect to the source to obtain the desired V),
between the gate and source. This technigue has the disadvantage of requinmg an ad-
ditional bias supply for the bulk and also adjusting the bulk to source voltage almost
individually for each MOSFET.

684 Ton IMPLANTED MOS TRANSISTORS AND POLY-51 GATES

The most accurate method of controlling the threshold voltage is by ion implantation, as
the nuntber of ions that are implanted into a device and their location can be closely con-
trolled. Furthermore, ion implantation can also provide a self-alignment of the edges of
the gate electrode with the source and drain regions. In the case of an n-channel
enhancement MOSFET, it is generally desirable to keep the p-tvpe doping in the bulk
low to avoid small Vg for reverse breakdown between the drain and the bulk (see Fig-
ure 6,36). Consequently, the surface, in practice, already has an inversion layer (without
any pate voltage) due 1o varioos fixed positive charges residing in the oxide and at the
interface, as shown in Figure 6.39b (positive O¢ and Oy and Vgg). It then becomes
necessary to implant the surface region under the gate with boron acceptors to remove
the electrons and restore this region to a p-tvpe behavior,

The ion implantation process is carried out in a vacuum where the required impurity
ions are generated and then accelerated toward the device. The energy of the arriving
ions and hence their penetration into the device can be readily controlled. Typically,
the device is implanted with B acceptors under the gate oxide, as shown in Figure 6.40.
The distribution of implanted acceptors as a function of distance into the device from
the surface of the oxide is also shown in the figure. The position of the peak depends
om the energy of the ions and hence on the accelerating voltage. The peak of the con-
centration of implanted acceptors is made to occur just below the surface of the
semicondoctor. Since ion implantation involves the impact of energetic ions with the
crystal structure, it results in the inevitable generation of various defects within the im-
planted region. The defects are almost totally eliminated by annealing the device at an
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Figure 640 Schematic illustration of jan —
implantation for the contral of V. :

Figure &.41
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elevated temperature, Annealing also broadens the acceptor implanted region as a re-
sult of increased diffusion of implanted acceptors.

Ion implantation also bas the advantage of providing self-alignment of the drain
and source with the edges of the gate electrode. In a MOS transistor, it is important that
the gate electrode extends all the way from the source to the drain regions so that the
channel formed under the gate can link the two regions; otherwise, an incomplete
channel will be formed. To avoid the possibility of forming an incomplete channel, it
is necessary to allow for some overlap, as shown in Figure 6.4 1 a, between the gate and
source and drain regions because of various tolerances and variations involved in the
fabrication of a MOSFET by conventional masking and diffusional techniques. The
overlap, however, results in additional capacitances between the gate and source and
the gate and drain and adversely affects the high-frequency (or wansient) response
of the device. It is therefore desirable to align the edges of the gate electrode with
the source and drain regions. Suppose that the gate electrode is made narrower so that
it does not extend all the way between the source and drain regions, as shown in Fig-
ure 6.41b, If the device is now ion implanted with donors, then donor ions passing
through the thin oxide will extend the " regions up to the edges of the gate and
thereby align the drain and source with the edges of the gate. The thick metal gate is
practically impervious to the arriving donor ions.

Ancther method of controlling Vy, is to use silicon instead of Al for the gate elec-
trode. This technique is called silicon gate technology. Typically, the silicon for the
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(o} Pely-5i iz deposited onto the oxide, and the areas cutside the gate dimensions are etched away.

(b} The poky-5i gate acts as a mask during ion implantation of donars 1o form the 7 source and drain regions,
[c] & simplified schematic sketch of the final poly-3i MOS ransistar,

gate is vacuum deposited {e.g., by chemical vapor deposition using silane gas) onto the
oxide, as shown in Figure 6.42. As the oxide is noncrystalline, the Si gate is polyerys-
talline (rather than a single crystal) and is therefore called a poly-5i gate. Normally it
is heavily doped to ensure that it has sufficiently low resistivity 1o avoid RC time con-
stant limitations in charging and discharging the gate capacitance during transient or ac
operations. The advantage of the poly-5i gate is that its work function depends on the
doping (type and concentration) and can be controlled so that Veg and henee ¥y, can
also be controlled. There are also additional advantages in using the poly-5Si gate. For
example, it can be raised to high lemperatures (Al melts at 660 “C), It can be used as a
mask over the gate region of the semiconductor during the formation of the source and
drain regions, If ion implantation i used 1o deposit donors into the semiconductor, then
the n™ source and drain regions are self-aligned with the poly-51 gate, as shown in
Figure 6.42.

69 LIGHT EMITTING DIODES (LED)
49.1 LED PrRINCIPLES

A light emitting diode (LED) is essentially a pi junction diede typically made from a
direct bandgap semiconductor, for example, Gaas, in which the electron-hole pair
(EHP) recombination results in the emission of a photon. The emitted photon ensrgy
kv is approximately equal to the bandgap energy E,. Figure 6.43a shows the energy
band diagram of an unbiased pa™ junction device in which the n-side is more heavily
doped than the p-side. The Fermi level £ is uniform through the device, which is a
requiremnent of equilibrium with no applied bias, The depletion region extends mainly
into the p-side. There is a PE barrier ¢V, from E. on the n-side to £, on the p-side
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where V, is the built-in voltage. The PE barrier ¢V, prevents the diffusion of electrons
from the n-side to the p-side.

When a forward bias V' is applied, the built-in potential ¥, is reduced to ¥, — ¥,
which then allows the electrons from the nt-side to diffuse, that is, become injected,
into the p-side as depicted in Figure 6.43b, The hole injection component from g into
the n*-side is much smaller than the electron injection component from the at-side o
the p-side. The recombination of injected electrons in the depletion region and within
a volume extending over the electron diffusion length L, in the p-side leads to photon
emission. The phenomenon of light emission from the EHP recombination as a result
of minority carier injection is called injection electroluminescence. Due o the sta-
tistical nature of the recombination process between electrons and holes, the emitted
photons are in random directions; they result from spontaneous emission processes.
The LED structure has to be such that the emitted photons can escape the device with-
out being reabsorbed by the semiconductor material, This means the p-side has to be
sutficiently narrow or we have (o use heterostructure devices as discussed below,

One very simple LED structure is shown in Figure 6.44. First & doped semi-
conductor layer is grown on & suitable substrate (GaAs or GaP). The growth is done
epitaxially; that is, the crystal of the new layer is grown to follow the structure of the
subsirate crystal, The substrate 15 essentially a sutficient]y thick crystal that serves asa
mechanical support for the pp junction device (the doped layers) and can be of dif-
ferent erystal, The prt junction is formed by growing another epitaxial layer but doped
p-type. Those photons that are emitted toward the r-side become either ahsorbed or
reflected back at the substrate interface depending on the substrate thickness and the
exact structure of the LED, If the epitaxial laver and the substrate crystals have different
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crystal lattice parameters, then there is a lattice mismatch between the two crystal struc-
tures. This causes lattice strain in the LED layer and hence leads to crystal defects. Such
crystal defects encourage radiationless EHP recombinations. That is, a defect acts as a
recombination center. Such defects are reduced by lattice matching the LED epitaxial
layer to the substrate crystal. It is therefore important to lattice match the LED layer to
the substrate crystal. For example, one of the AlGaAs alloys is a direct bandgap semi-
conductor that has a bandgap in the red-emission region. It can be grown on GaAs sub-
strates with excellent lattice mateh which results in high-efficiency LED devices,

There are various direct bandgap semiconductor materials that can be readily
doped to make commercial pn junction LEDs which ermit radiation in the red and
infrared range of wavelengths. An important class of commercial semiconductor ma-
terials that covers the visible spectrum is the I11-V ternary alloys based on alloying
(GaAs and GaP and denoted as GaAs;_,P,. In this compound, As and P atoms from
Group V are distributed randomly at normal As sites in the GaAs crystal structure,
When y < .45, the alloy GaAs, ., P, is a direct bandgap semiconductor and hence the
EHP recombination process is direct as depicted in Figure 6.45a. The rate of recombi-
nation is directly proportional to the product of electron and hole concenirations. The
emitted wavelengths range from about 630 nm, red, for y = 0.43 (GaAsyssPpas) to
870 nm for ¥y = 0 (GaAs).

GaAs 4P, alloys (which include GaP) with y = 0.45 are indirect bandgap
semiconductors. The EHP recombination processes occur through recombination cen-
ters and involve lattice vibrations rather than photon emission. However, if we add

Figure &.45
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Table 6.2 Selected LED semiconductor materials

Semiconductor Active Layer  Structure Dorl L {nm) Neternnt 15 b Comments
(iaAs DH (1] 709X 10 Infrared (TR
Al Gy e As (0 = x o= 040 H L 40570 3-20 Eed w IR
Inp— Gag As Py DH L 1—1.6y prm =14 LEDs in communications
(s 220k, 0 = & < 1AT)
Tigp g ily Gag s o T H o 590-630 =1 Amber. green, red; gh
lumincus intensity
InCiaM/Gal quantiim well ow 1] 43053 520 Blue 1o preen
Guds) Py (= 045) HI L 630870 =1 Fed to IR
Ciads Py {p = (45) Hl I Sa-T0H) =1 Red, orange, vellow
(N ar Zn, O doping)
=i HI 1 460471 0z Bloe. low efficiency
CiuP (£n) HI | TG 2-3 Red
GaP (N HI I hlin < | Crean

NG‘TF Optical communication chanrels are at 850 nm (local retwork| and ot 1.3 ard 1.55 um [leng dissanca).
= direcl band xp I = indirect bq:lrr:la-up Burarrl 15 I:,-p'u:ul and may yory sul:ul\:lnlin“\l,r d:pending an the -.'.IE\ricE
=5I‘fl.'ch.ll'El EH = double haterostruciure, H] = homcjunchion, GIW = quanhum

isoelectronic impurities such as nitrogen (in the same Group ¥V as P) into the
sermiconductor crystal, then some of these N atoms substitute for P atoms, Since N and
P have the same valency, N atoms substituting for P atoms form the same number of
bonds and do not act as donors or acceptors, The electronic cores of N and P, however,
are ditferent. The positive nucleus of N is less shielded by electrons compared with
that of the P atom, This means that a conduction electron in the neighborhood of a N
atom will be attracted and may become captured at this site. N atoms therefore intro-
duce localized energy levels, or electron traps, Ew near the conduction band (CB) edge
as depicted in Figure 6.45b, When a conduction electron is captured at £y, it can at-
tract a hole (in the valence band) in its vicinity by Coulombic attraction and eventually

recombine with it directly and emit a photon. The emitted photon energy is only

slightly less than £, as Ey is typically close to £,. As the recombination process
depends on N doping, it is not as efficient as direct recombination, Thus, the efficiency
of LEDs from N doped indirect bandgap GaAs,_,P, semiconductors is less than those
from direct bandgap semiconductors. Nitrogen doped indirect bandgap GaAs,_ P,
alloys are widely used in inexpensive green, yellow, and orange LEDs,

The external efficiency feyema of an LED quantifies the efficiency of conversion of
electric energy into an emitted external optical energy. [t incorporates the internal effi-
ciency of the radiative recombination process and the subsequent efficiency of photon
extraction from the device. The input of electric power into an LED is simply the diode cur-
rent and diode voltage product ( V). If Py, is the optical power emitted by the device, then

Mexternal = ﬂu:(np‘tmﬂl} % 100%: [6.65]
v
and some typical values are listed in Table 6.2. For indirect bandgap semiconductors,
Nexternal 878 generally less than | percent, whereas for direct bandgap semiconductors
with the right device structure, fexmat €20 be substantial.
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492 HETEROJUNCTION HIGH-INTENSITY LEDS

A pn junction between two differently doped semiconductors that are of the same
material, that is, the same bandgap E, is called a homojunction. A junction between
two different bandgap semiconductors is called a heterojunction. A semiconductor
device structure that has junctions between different bandgap materials is called a
heterostructure device.

LED constructions for increasing the intensity of the output light make onse of the
double heterostructure. Figure 6.46a shows a double-heterostruciure (DH) device
based on two junctions between different semiconductor materials with different
bandgaps. In this case the semiconductors are AlGaAs with £, ~= 2 eV and GaAs with
E, = 1.4 e¥. The double heterostructure in Figure 6.46a has ann p heterojunction be-
tween n*-AlGaAs and p-GaAs. There is another heterojunction between p-GaAs and
p-AlGaAs, The p-GaAs region. is a thin laver, typically a fraction of a micron, and it
is lightly doped.

nt P P Figure 6.46
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The simplified energy band diagram for the whole device in the ahsence of an ap-
plied voltage is shown in Figure 6.46h, The Fermi level E is continuous throughout
the whole structure, There is a potential energy barrier eV, for electrons in the CB of
nt-AlGaAs against diffusion into p-GaAs. There is a bandgap change at the junction
between p-GaAs and p-AlGaAs which results in a step change AE, in E. between the
two conduction bands of p-GaAs and p-AlGaAs. This AE, is effectively a potential
energy barrier that prevents any electrons in the CB in p-GaAs passing to the CB of
p-AlGaAs. (There is also a step change A E, in E,, but this is small and is not shown.)

When a forward bias is applied, most of this voltage drops between the n™-
AlGaAs and p-GaAs and reduces the potential energy barrier eV, just as in the nor-
mal pa junction, This allows electrons in the CB of n*-AlGaAs to be injected into
p-GaAs as shown in Figure 6.46c, These electrons, however, are confined to the CB of
p-GaAs since there is a bammier AE, between p-GaAs and p-AlGaAs. The wide
bandgap AlGaAs layers therefore act as confining layers that restrict injected elec-
trons to the p-GaAs layer. The recombination of injected electrons and the holes

“already present in this p-GaAs layer results in spontanecus photon emission. Since the

bandgap £, of AlGaAs is greater than GaAs, the emitted photons do not get reab-
sorbed as they escape the active region and can reach the surface of the device as de-
picted in Figure 6.46d, Since light is also not absorbed in p-AlGaAs, it can be reflected
to increase the light output,

6.9.3 LED CHARACTERISTICS

The energy of an emitted photon from an LED is not simply equal to the bandgap en-
ergy £, because electrons in the conduction band are distibuted in energy and so are
the holes in the valence band (VB). Figure 6.47a and b illustrate the energy band dia-
gram and the energy distributions of electrons and holes in the CB and VB, respec-
tively. The electron concentration as a function of energy in the CB is given by
AEVf(E) where g{E) is the density of states and f{E) is the Fermi—Dirac function
(probability of finding an electron in a state with energy E). The product giEVA(E)
represents the electron concentration per unit energy or the concentration in energy
and is plotted along the horizontal axis in Figure 6.47b. There is a similar energy dis-
tribution for holes in the VB.

The electron concentration in the CB as a function of energy is asymmetrical and
has a peak at lsz above E.. The energy spread of these electrons is typically ~2kT
from E. as shown in Figure 6.47b. The hole concentration is similarly spread from
E, in the valence band. Recall the rate of direct recombination is proportional to both
the electron and hole concentrations at the energies involved. The transition which is
identified as 1 in Figure 6.47a involves the direct recombination of an electron at E,
and a hole at E,. But the carrier concentrations near the band edges are very small
and hence this type of recombination does not occur frequently. The relative intensity
of light at this photon enetgy kv; is small as shown in Figure 6.47¢. The transitions
that involve the largest electron and hole concentrations occur most frequently. For
example, the transition 2 in Figure 6.47a has the maximom probability as both elec-
tron and hole concentrations are largest at these energies as shown in Figure 6.47h.
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|z] Energy bond diogram with possible recombination paths.

{k) Energy distribution of elecirons in the CB and haolas in the VB. The highest electron concantation is é.k]' above E..

ic] The relative light intensity 0s a funclion of photon energy bosed an [b).
{d) Ralative intansity os o funclion of wovelength in the owtput spectrum based on (b) and [g].

The relative intensity of light corresponding to this transition energy k1 is then max-
imum, or close to maximum, as indicated in Figure 6.47¢."" The transitions marked as
3 in Figure 6.47a that emit relatively high energy photons k15 involve energetic elec-
trons and holes whose concentrations are small as apparent in Figure 6.47b, Thus, the
light intensity at these relatively high photon energies is small. The fall in light inten-
sity with photon energy is shown in Figure 6.47c. The relative light intensity versus
photon energy characteristic of the output spectrum is shown in Figure 6.47¢ and rep-
resents an important LED characteristic, Given the spectrum in Figure 6.47c we can
also obtain the relative light intensity versus wavelength characteristic as shown in
Figure 6.47d since A = ¢/v. The linewidth of the output spectrum, Av or Al 1s de-
fined as the width berween half-intensity points as shown in Figure 6.47c and d.

The wavelength for the peak intensity and the linewidth A of the emitted spec-
trum are obviously related to the energy distributions of the electrons and holes in the
conduction and valence bands and therefore to the density of states in these bands. The
photon energy for the peak emission is ronghly £, 4+ £T inasmuch as it corresponds to
peak-to-peak transitions in the energy distributions of the electrons and holes in Figure
6.47b. The linewidth A{#v) of the output radiation between the half intensity points is
approximately 34T as shown in Figure 6.47c. It is relatively straightforward to calcu-
fate the corresponding spectral linewidth A in terms of wavelength as explained in
Example 6.14.

! The inbensity is nal Arcessarily maximum when both the eleckon and hele concentrations ore meedmum, bt it will
b close.

D
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[a] A typical cutput spectrum from o red GaAsP LED,
(b} Typical sutput light power versus forward current,
[e} Typical i-V characteristics of a red LED. The ternon veltage is around 1.5 W,

The output spectrum, or the relative intensity versus wavelength characteristics,
from an LED depends not only on the semiconductor material but also on the structure
of the pn juncton diode, including the dopant concentration levels. The spectrum in
Figure 6.47d represents an idealized spectrum without including the effects of heavy
doping on the energy bands and the reabsorption of some of the photons.

Typical characteristics of a red LED {655 nm), as an example, are shown in Fig-
ure 6.48a to ¢. The output spectrum in Figure 6.48a exhibits less asymmetry than the
idealized spectrum in Figure 6.47d. The width of the spectrum is about 24 nm, which
corresponds o a width of about 2.7 T in the energy distribution of the emitted photons.
As the LED current increases so does the injected minority carrier concentration, and
thus the rate of recombination and hence the output light intensity. The increase in the
output light power is not however linear with the LED current as apparent in Figure
6.48b. At high current levels, a strong injection of minority carriers leads to the recom-
bination time depending on the injected carrier concentration and hence on the current
itself; this leads to a nonlinear recombination rate with current. Typical curreni—voltage
characteristics are shown in Figure 6.48c where it can be seen that the turn-on, or
cut-in, voltage is ahout 1.5 ¥ from which point the current increases very steeply with
voltage. The tarm-on voltage depends on the semiconductor and generally increases with
the energy bandgap E,. For example, typically, for a blue LED it is about 3.5-4.5 ¥,
for a yellow LED it is about 2 W, and for a GaAs infrared LED it is around 1 V.

EXAMPLE 6.14

LED speceral
limewidh

SPECTRAL LINEWIDTH OF LEDS Wi know that a spread in the output wavelengths is related o
a spread in the emifted photon energies as depicted in Figure .47, The emitted photon energy
Epp = fhcfh and the spread in the photon energies A Ey = Adke) % 34T between the half-
imtensity points as shown in Figure 6.47¢. Show that the comesponding linewidth A2 between
the half-intensity points in the output spectram is

3T

Al =22 [4.668]
ho
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What is the spectral linewidth of an optical communications LED operating ai 1550 nm and at
00 K?

SOLUTION

First consider the relativnship between the photon frequency v and A,

Iy he
A B e == e
U hu

in which kv is the photon energy, We can differentiate this,
di he At

dihvy  (hwR | he

The negative sign implies that increasing the photon energy decreases the wavelength, We are
only interested in changes or spreads; thus AA/ACRY) == |dA fd(hv)],

a2 a2
Al = = AfRV) = —3
= (Rv) = kT

where we vsed A(hv) = 3ET, and obtained Equation 6.66. We can substitete A = 1550 nm and
T = 300 K to calculate the linewidth of the 1550 nm LED:

(138 = 10~ 300
(6626 x 107*3(3 = 10%)

=150x10"m o 150mm

The spectral linewidth of an LED ootput is dus to the spread in the photon energies, which is
fundamentally about 3% T, The only option for decreasing A at & given wavelength is to reduce
the temperamre. The output spectrum of a laser, on the other hand, has a much narrower
linewidth. A single-mode laser can have an output linewidth less than 1 nm.

3T
Ak = A‘h— = (1550 = 107%)*
[

6.10 SOLAR CELLS

6.10.1 PrHOTOVOLTAIC DEVICE PRINCIPLES

A simplified schematic diagram of a typical solar cell is shown in Figure 6.49. Con-
sider a pr junction with a very narmow and more heavily doped s-region. The illumi-
nation is through the thin n-side. The depletion region (W) or the space charge layer
(SCL) extends pnmanly inte the p-side. There is a built-in field £, in this depletion
layer. The electrodes attached to the r-side must allow illumination to enter the device
and at the same time result in a small series resistance. They are deposited on the
n-side to form an aray of finger electrodes on the surface as depicted in Figure 6.50.
A thin antireflection coating on the surface (not shown in the figure) reduces reflec-
tions and allows more light to enter the device.

As the n-side is very narrow, most of the photons are absorbed within the deple-
tion region (W) and within the neutral p-side (£,) and photogenerate EHPs in these
regions, EHPs photogenerated in the depletion region are immediately separated by
the built-in field £, which drifts them apart. The electron drifis and reaches the neutral
n' -side whereupon it makes this region negative by an amount of charge —e. Similarly,
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of o solar cell reduce the series resistance,

the hole drifts and reaches the neutral p-side and thereby makes this side positive. Con-
sequently an open circuit voltage develops between the terminals of the device with
the p-side positive with respect to the n-side. If an external load is connected, then the
excess electron in the #-side can travel around the external circuit, do work, and reach
the p-side to recombine with the excess hole there. It is important to realize that with-
out the internal field £, 1t is not possible to drift apart the photogenerated EHPs and
accumulate excess electrons on the #-side and excess holes on the p-side.

The EHPs photogenerated by long-wavelength photons that are absorbed in the
neutral p-side ditfuse around in this region as there is no electric field. If the recombi-
nation lifetime of the electron is ., it diffuses a mean distance L, = 20,1, where 13,
is its diffusion coefficient in the p-side. Those electrons within a distance £, to the de-
pletion region can readily diffuse and reach this region whereupon they become drifted
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by T, to the n-side as shown in Figure 6.49, Consequently only those EHPs photogen-
erated within the minority carrier diffusion length L, to the depletion layer can
contribute to the photovoltaic effect. Again the importance of the built-in field £, is
apparent. Once an electron diffuses to the depletion region, it is swept over to the
n-side by T, to give an additional negative charge there. Holes left behind in the p-side
contribute a net positive charge to this region. Those photogenerated EHPs further
away from the depletion region than L, are lost by recombination. It is therefore im-
portant to have the minonty carrier diffusion length L, be as long as possible. This is
the reason for choosing this side of a 5i pn junction to be p-type which makes
electrons the minority carriers; the electron diffusion length in 5i is longer than the
hole diffusion length. The same ideas also apply to EHPs photogenerated by short-
wavelength photons absorbed in the n-side. Those holes photogenerated within a dif-
fusion length L, can reach the depletion layer and become swept across to the p-side.
The photogeneration of EHPs that contributes to the photovoltaic effect therefore
oecurs in @ volume covening Ly + W 4+ L. If the terminals of the device are shorted,
as in Figure 6.51, then the excess electron in the n-side can flow through the external
circuit to neutralize the excess hole in the p-side. This current due to the flow of the
photogenerated carriers is called the photocurrent.

Under a steady-state operation, there can be no net current through an open circuir
solar cell. This means the photocurrent inside the device due to the flow of photogen-
erated carriers must be exactly balanced by a flow of carriers in the opposite direction.
The latter carriers are minority carriers that become injected by the appearance of the
photovoltaic voltage across the pa junction as in a normal diode. This is not shown in
Figure 6.49.

EHPs photogenerated by energetic photons absorbed in the n-side near the surface
region or outside the diffusion length L, to the depletion layer are lost by recombina-
tion as the lifetime in the r-side is generally very short (due to heavy doping). The
n-side is therefore made very thin, typically less than 0.2 pm, Indeed, the length £, of

1 Figure 6.51 FPhotogensrated corriers

The variation in the photogenerated EHP
concentration with distance is also shown
whese & is the absarplion coefficient ot the
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the n-side may be shorter than the hole diffusion length L,. The EHPs photogenerated
very near the surface of the n-side, however, disappear by recombination due to vari-
ous surface defects acting as recombination centers as discussed below.

At long wavelengths, around 1-1.2 um, the absorption coefficient @ of 5i is small
and the absorption depth (1 /e ) is typically greater than 100 pm. To capture these long-
wavelength photons, we therefore need a thick p-side and at the same time a long mi-
nonty carrier diffusion length £.. Typically the p-side is 200-500 pm and L, tends to
be shorler than this,

Crystalline silicon has a bandgap of 1.1 eV which corresponds to a threshold
wavelength of 1.1 pm. The incident energy in the wavelength region greater than
1.1 pm is then wasted; this is not a negligible amount (~25 percent). The worst part
of the efficiency limitation however comes from the high-energy photons becoming
absorbed near the crystal surface and being lost by recombination in the surface re-
gion. Crystal surfaces and interfaces contain a high concentration of recombination
centers which facilitate the recombination of photogenerated EHPs near the surface.
Losses due to EHP recombinations near or at the surface can be as high as 40 percent.
These combined effects bring the efficiency down to about 45 percent. In addition,
the antireflection coating is not perfect, which reduces the total collected photons by
a factor of about 0.8-0.9. When we also include the limitations of the photovoltaic
action itself {discussed below), the upper limit to a photovoltaic device that uses a
single crystal of Si is about 24-26 percent at room temperature.,

Consider an ideal pr junction photovoltaie device connected to a resistive load
R as shown in Figure 6.52a. Note that [ and V' in the figure define the convention for
the direction of positive current and positive voltage. If the load is a short circuit,
then the only current in the circuit is that generated by the mncident light. This is the
photocurrent fy, shown in Figure 6.52b which depends on the number of EHPs photo-
generated within the volume enclosing the depletion region (W)} and the diffusion
lengths to the depletion region (Figure 6.51). The greater is the light intensity, the

I I I
I fxuz_ph fzf‘;—fi.,h

—
.'phl

Pl P ==,
fp— i
v V=0 v

d
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/\/

R R
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Figure 6.52

(o} The salar cell cannected to an external load B and the convention for the definitions of positive valtoge and

posifive current.
i} The solar cell in short eireuit. The current 13 the phetoeurrant fy.
le] The sclar cell driving an external load R There is o voltoge V and currant {in the it
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higher is the photogeneration rate and the larger is fp. If I' is the light intensity, then
the short circuit current is

fiz= —f[_-,h =—KT [6.67]

where K is a constant that depends on the particular device. The photocurrent does not
depend on the voltage across the pn junction because there is always some mnternal
field to drift the photogenerated EHF. We exclude the secondary effect of the voltage
modulating the width of the depletion region. The photocurrent Iy, therefore flows
even when there is not a voltage across the device.

If R is not a short circuit, then a positive voltage V' appears across the pa junction as
a result of the current passing through it as shown in Figure 6.52¢. This voltage reduces
the built-in potential of the pa junction and hence leads to minority carmier injection and
diffusion just as it would in a normal diode. Thus, in addition to Iy, there is also a forward
diode current f; in the circuit as shown in Figure 6.52c which arises from the voltage de-
veloped across R. Since [ is due to the normal pa junction behavior, it is given by the

dicde characteristics,
eV
IL,=1T1 —1 =1
¢ "[“P(nkr) ]

where I, is the “reverse saturation current” and 1 is the ideality factor (p = 1 — 2). Inan
open circuit, the net current is zero. This means that the photocurrent fiy, develops just
enough photovoltaic voltage V.. to generate a diode current [; = Ty,

Thus the total current through the solar cell, as shown in Figure 6.52¢, is

eV
F=-=1I I — -1
o+ [EXF(:\}.{:T) } [6.68]

The overall -V characteristics of a typical 5i solar cell are shown in Figure 6.53.
It can be seen that it corresponds to the normal dark characteristics being shifted down

Figure 5.53 Typical I-V characteristics of I (ma)

a 5i solar cell. 100 % %‘
The short circuit current is [y and the open

circuit voltage is Vi, The 1=V curves for s

positive current require an external bias .
volioge. Photovelicic operation is always in
the negative current region,

G L] ] 1
T w02 03
_Iph _Iph
T =40 W m—2
~100 J’ o
I =300 Wm=2
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{a} When o solor cell drives o bood B, £ has the some voliage a3 the solar cell but the current through it is in the

opposite directian o the canvanton that current flaws from high o low potential.

{b| The currant I and veliuge V' in the circuit of {a) con be found from o lood line construction. Foint £ is the

operating paint [I', ¥'). Tha load line is for £ = 3 2.

by the photocurrent Iy, which depends on the light intensity I. The open circuit out-
put voltage V., of the solar cell is given by the point where the -V curve cuts the
V axis (f = 0), It iz apparent that although it depends on the light intensity, its value
ypically lies in the range 0.5=0.7 V.

Equation 6,68 gives the /=V characteristics of the solar cell. When the solar cell is
connected to a load as in Figure 6.54a, the load has the same voltage as the solar cell and
carries the same current. But the current { through R is now in the opposite direction to
the convention that corrent flows from high to low potential. Thus, as shown in Fig-
ure 6544,

I'= 7 [6.69]

The actual current I' and voltage V' in the circuit must satisfy both the /=V char-
acteristics of the solar cell, Equation 6.68, and that of the load, Equation 6.69, We can
find 7' and V' by solving these two equations simultaneously or using a graphical
solution. 7' and V' in the solar cell circuil are most easily found by using a load line
construction, The J-V characteristics of the load in Equation 6.69 iz a straight line
with a negative slope —1 /R, This is called the load line and is shown in Figure 6.54b
along with the -V characteristics of the solar cell under a given intensity of illumina-
tion. The load line cuts the solar cell characteristic at P where the load and the solar
cell have the same current and voltage 7' and V', Point P therefore satisfies both
Equations 6.68 and 6.69 and thus represenis the operating point of the circuit.

The power delivered to the load is P, = I' V', which is the area of the rectangle
bound by the f and V axes and the dashed lines shown in Figure 6.54b, Maximum
power is delivered to the load when this rectangular area is maximized (by changing R
or the intensity of illumination), when J' = [, and V' = V,,. Since the maximum

The toeud line
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possible current is [, and the maximum possible voltage is V., I, V.. represents the
desirable goal in power delivery for a given solar cell. Therefore it makes sense to
compate the maximum power output [, V,, with f,.¥,.. The fill factor FF, which 5 a
figure of merit for the solar cell, is defined as

£ Vin
IeVee

FF = l&.70]

The FF is a measure of the closeness of the solar cell /~V curve (o the rectangular
shape (the ideal shape). It is clearly advantageous to have the FF as close to unity as
possible, but the exponential pn junction properties prevent this. Typically FF values
are in the range 70-85 percent and depend on the device matenial and structure,

EXAMPLE 6.15

A SOLAR CELL DRIVING A RESISTIVE LOAD Consider the solar cell in Figure 6.54 that is
driving a load of 3 22, This cell has an area of 3 em = 3 cm and is illuminated with light of
intensity 700 W m—*. Find the current and woltage in the circuit. Find the power delivered to the
load, the efficieney of the solar cell in this cireuit, and the fill factor of the solar cell,

SOLUTION

The F-V characteristic of the load in Figure 6.54a, is the load line in Equation 6.6%; that is,
f = —=V¥/(382). The line is drawn in Figure 6.54b with a slope 1/(3 22). Tt cuts the F =V charac-
teristics of the solar cell at £ = 157 mA and V' = 0,475 ¥ as apparent in Figure 6.54b, which
are the current and voltage, respectively, in the photovoltaic circuit of Figure 6,544, The power
delivered to the load is

Pae = 'V = (157 x 107°)(0.475 V) = 00746 W or  T4.6mW
The input of sunlight power is

P, = {Light intensity)(Surface area) = (700 W m~)(0.03 m)* = 0.63 W
The efficiency is

(0.0746 W)

B
Htmeatiaie = (1009 ) ——= = ( 100% ) =11.8%

£y (0,63 W)
This will increase if the load is adjusted (o extract the maximum power [rom the solar cell,
but the increase will be small as the rectangular area 7'V’ in Figure 6.54b is already quite close
to the maximum,
The fill factor can also be calculated since point £ in Figure 6.54b 15 close o the optimum
operation, maximum output power, in which the rectangular area 'V is maximum:

InVo £V (157 mAN0.475 V)

FF = : =
LeVoo  LaVe {178 mAH(0.58 V)

= 0722 or T2%

. i ———

EXAMPLE 6.16

OPEN CIRCUIT VOLTAGE AND ILLUMINATION A solar cell under an illumination of 500 W m=*
has a short circuit current £, of 150 mA and an open circuit output voltage V. of (L.530°V. What
are the short circuil current and open cireuit voltage when the light intensity 13 doubled? Assume
n = .5, a typical value for various $i pr junctions.



&.10 SoLAR CELLS

SCLUTION
The general { -V characteristic under illumination iz given by Equation 6.68, Setting I = 0 for

Up’:ﬂﬁjﬂ;uﬂ.
7h + n| Exp KT

Assuming that V. = nkT /e, rearranging the above equation we can find V.,

kT ( )
yois A8
e i

The photocurrent iy, depends on the light intensity T via [y, = KT, where K 1s a constant.
Thus, at a given temperature, the change in V. is

kT dona kT
ot = B0 () B 2)
£ fpm & I

The short circuit current is the photocurrent, so al double the intensity this is

figm fm( ;) = (150 mA)(2) = 300 mA

Assuming n = 1.5, the new open circuit voltage is

nkT .T
Voer = Voo + — Iy T = (.5330 ¥V 4 (15000261 In(2) = 05357 V
& 1

This is a 5 percent increase compared with the 106 percent increase in illumination and the qhoﬂ
circult curment.
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$10.2 SERIES AND SHUNT RESISTANCE

Practical solar cells can deviate substantially from the ideal pn junction solar cell be-
havior depicted in Figure 6.53 due to a number of reasons. Consider an illuminated pn
junction dnving a load resistance R; and assume that photogeneration takes place in
the depletion region. As shown in Figure 6.55, the photogenerated electrons have to
traverse a surface semiconductor region to reach the nearest finger electrode. All these
electron paths in the n-layer surface region to finger electrodes introduce an effective
series resistance R into the photovoltaic circuit. If the finger electrodes are thin, then
the resistance of the electrodes themselves will further increase R,. There is also a se-
rics resistance due to the neutral p-region, but this is generally small compared with
the resistance of the electron paths to the finger electrodes.

Figure 6.56a shows the equivalent circuit of an ideal pn junction solar cell. The
photogeneration process 15 represented by a constant current generator Iy, which gen-
erates 4 current that 15 proportional to the light intensity. The flow of photogenerated
carriers across the junction gives rise to a photovoltaic voltage difference V' across the
junction, and this voltage leads to the normal diode current /; = ,[expleV/ikT) — 1].
This diode current fy 15 represented by an ideal prt junction diode in the circuit as
shown 1n Figure 6.56a. As apparent, [ and /; are in opposite directions ([, is “op”
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Figure §.55 Series and shunt
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-

Ideal solar cell Load

Figure 6.56 The equivalent cireuit of a solar cell.
[a] ldaal pn junction soler call.
(b Parallel and series resistances R, and R,

and J; is “down™), s0 in an open circuit the pholovoltaic voltage is such that Ty, and /,
have the same magnitude and cancel each other. By convention, positive current 7 al
the output terminal is normally taken to flow into the terminal and is given by Equa-
tion 6.68. {In reality, of course, the solar cell current is negative, as in Figure 6.53,
which represents a current that is flowing out into the load.)

Figure 6.56b shows the equivalent circuil of a more practical solar cell. The serles
resistance R, in Figure 6.56b gives rise to a voltage drop and therefore prevents the
ideal photovoltaic voltage from developing al the output between A and B when a
current is drawn. A fraction {usually small) of the photogenerated carriers can also
flow through the crystal surfaces (edges of the device) or through grain boundaries in
polycrystalline devices instead of flowing though the external load Ry . These effects
that prevent photogenerated carriers from flowing in the external circuit can be repre-
sented by an effective internal shunt or parallel resistance R, that diverts the pho-
tocurrent away from the load R, . Typically R, is less important than R, in overall
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Figura 6.57 The series resistance broodens
the ¥ curve and reduces the moximum

ovailable prowar and hance the avarall Erm-:iemcy
of the solor cell,

h ‘Ir The example is o 5i sclor cell with & = 1.5 and
lom= 3 % ¥~ %mA, llumination is such that the
I {mA) phatacurrent Ly, = 10 mA.

device behavior, unless the device is highly polycrystalline and the current component
flowing through grain boundaries is not negligible,

The series resistance K, can significantly deteriorate the solar cell performance
as illustrated in Figure 6.57 where R, = 0 is the best solar cell case, It is apparent that
the available maximum output power decreases with the series resistance which
therefore reduces the cell efficiency, Notice also that when £; is sufficiently large, it
limits the short circuit current. Similarly, low shunt resistance values, due to exten-
sive defects in the material, also reduce the efficiency. The difference is that although
R, does not affect the open circuit voltage Vo, low K, leads to a reduced V..

6,103 SoLAR CELL MATERIALS, DEVICES, AND EFFICIENCIES

Most solar cells uge erystalline silicon because silicon-based semiconductor fabrication
is now a mature technology that enables cost-effective devices to be manufactured.
Typical Si-based solar cell efficiencies range from about 18 percent for polverystalline
to 22-24 percent in high-efficiency single-crystal devices that have special structures
to absorb as many of the incident photons as possible. Solar cells fabricated by making
a pn junction in the same crystal are called homojunctions. The best Si homojunction
solar cell efficiencies are about 24 percent for expensive single-crystal passivated
emitter rear locally diffused (PERL) cells.'* The PERL and similar cells have a tex-
tured surface that is an array of “inverted pyramids” etched into the surface (o capture
as much of the incoming light as possible as depicted in Figure 6.58. Normal reflec-
tions from a flat crystal surface lead to a loss of light, whereas reflections inside the
pyramid allow a second or even a third chance for absorption. Further, after refraction,
photons would be entering the semiconductor at oblique angles which means that they
will be absorbed in the useful photogeneration volume, that 1s, within the electron dif-
fusion length of the depletion laver as shown in Figure 6.58.

I | 12 Much of the pleneening werk Far high-efliciancy PERL salor cells was done by Markin Green and coworkers ol the
i Undvarsity of Mew South Wales.
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Figure 8,58 An inverted pyramid rexsured
surface substantially reduces reflection losses and
increases obsorphion probobilify in the devics,

Table 6.3 Typical
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Table 6.3 summarizes some typical characteristics of various solar cells. GaAs and
Si solar cells have comparable efficiencies though theoretically GaAs with a higher
bandgap is supposed to have a better efficiency. The largest factors reducing the effi-
ciency of a 5i solar cell are the unabsorbed photons with Ay < E, and short wavelength
photons absorbed near the surface. Both these factors are improved if tandem cell
structures or heterojunctions are nsed,

There are a number of HI-V semiconductor alloys that can be prepared with differ-
ent bandgaps but with the same lattice constant. Heterojunctions (junctions between dif-
ferent materials) from these semiconductors have negligible interface defects. AlGaas
has a wider bandgap than GaAs and would allow most solar photons to pass through. If
we use a thin AlGaAs layer on a GaAs pn junction, as shown in Figure 6,59, then this
layer passivates the surface defects normally present in a homojunction GaAs cell. The
AlGaAs window layer therefore overcomes the surface recombination limitation and
improves the cell efficiency (such cells have efficiencies of about 24 percent).

characteristics of various sclar cells at room temperature vnder &M 1.5 illumination of 1000 W m

Semiconductor E, (eV) Vo (¥ Jo imA em™ H) IF 0 (%) Comments

5i, single crystal 1.1 0507 43 0708 16-24 Bingle crystal, PERL

5i, polyerystalline 1.1 0.5-0.65 Ik 0708 1219

Amurphous 5i:Ge:IT (lm 813 Amorphous fiim with tandem
struclure, convenient large-
arca tabricution

Guds, single crvstal 142 .02 TH (.85 2425

aAlAsiGaAs, tandem 103 .9 {186t 245 Different bandgap materials in
tandem increases absorplion
efficiency

GalpP/Gass, tandem 25 L4 {156 25U Differer bandgap materials in
tandem incresses absorplion
efficiency

CidTe, thin film 1.5 .24 26 .75 15-16

InF, simgle crysial 1.34 (147 29 .55 -2

CulnSe; Lo 12-13

MEOTE: &M 1.5 refars to o salor illumination of "Alr Mass 1.5," which represants solar radiotion Falling oo the Earth's surfece with o tonl
intansity |or imadiance] of 1000 W m £ AMI.5 is widsly used For comparing salor cells,
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Figure 6.59 AlGaAs window layer on Gals
passivates the surface siotes and thereby increoses Figure 6,80 A hetesojunction solar cell betwesn fwa
the photegeneration efficiency. different bandgop semiconductors {Gads and AlGabs).

Heterojunctions between different bandgap III-V semiconductors that are lat-
tice matched offer the potential of developing high-efficiency solar cells. The sim-
plest single heterojunction example, shown in Figure 6.60, consists of a pn junction
using a wider bandgap n-AlGaAs with p-GaAs. Energetic photons (hv = 2 eV) are
absorbed in AlGaAs, whereas those with energies less than 2 eV but greater than
1.4 eV are absorbed in the GaAs layer. In more sophisticated cells, the bandgap
of AlGaAs 15 graded slowly from the surface by varying the composition of the
AlGaAs layer.

Tandem or cascaded cells use two or more cells in tandem ot in cascade to in-
crease the absorbed photons from the incident light as illustrated in Figure 6.61. The
first cell is made from a wider bandgap (£, ) material and only absorbs photons with
hv = Egy. The second cell with bandgap E; absorbs photons that pass the first cell
and have v = kK. The whole structure can be grown within a single crystal by using
lattice-matched crystalline layers leading to a monolithic tandem cell. If, in addition,
light concentrators are also used, the efficiency can be further increased. For exam-
ple. a GaAs—GaSh tandem cell operating under a 100-sun condition, that is, 100 times
that of ordinary sunlight, have exhibited an efficiency of about 34 percent. Tandem
cells have been used in thin-film a-5i:H (hydrogenated amorphous 5i) pin (p-type,
intrinsic, and r-type structure) solar cells to obtain efficiencies up to about 12 percent.
These tandem cells have a-51:H and a-5i:Ge:H cells and are easily fabricated in large
areas.

Figura 661 A tandem cell.

Cell 1 has o wider bandgap and absorbs energetic
photons with he = £y Cell 2 absorbs photons that
pass through cell 1 and have hu = Egz

¥ T

" %‘;ﬁ
v

"o PR

Cell 1 (E.) Cell 2 (E,, {Eﬂ}
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ADDITIONAL TOPICS
6.11 pin DIODES, PHOTODIODES, AND SOLAR CELLS

The pin 5i diode is a device that has a structure with three disoinet layers: a heavily
doped thin p™-type layer, a relatively thick intrinsic (7-5i) layer, and a heavily doped
thin r*-type layer, as shown in Figure 6.62a. For simplicity we will assume that the
i-layer is wruly intrinsic, or at least doped so lightly compared with p™ and n™ layers that
it behaves almost as if intrinsic. The intrinsic layer is much wider than the p* and n™
regions, typically 5-50 gem depending on the particular application. When the structure
is first formed, holes diffuse from the p*-side and electrons from the nt-side into the {-
Si layer where they recombine and disappear. This leaves behind a thin layer of exposed
negatively charged acceptor ions in the pt-side and a thin layer of exposed positively
charged donor ions in the 7 -side as shown in Figure 6.22b. The two charges are sepa-
rated by the i-5i layer of thickness W, There 15 a uniform built-in field £, in the {-5i
layer from the exposed positive ions to the exposed negative ions as illustrated in Fig-
ure 6.22¢. (Since there is no net space charge in the i-layer, from dE/dx = p/e.e, =0,
the field must be uniform.) In contrast, the built-in feld in the depletion layer of a pa
junction is not uniform. With no applied bias, the equilibrium is maintained by the built-
in field £, which prevents further diffusion of majority carriers from the p* and n ™ lay-
ers into the 7-51 layer. A hole that manapes to diffuse from the p*-side into the i-layer
is drifted back by E,, s0 the net current is zero. As in the pn junction, there is also a
built-in potential ¥, from the edge of the pT-side depletion region to the edge of the n™-
side depletion region. V, (like E,) provides a potential barrier against further net diffu-
sion of holes and electrons into the { -layer and maintains the equilibrium in the open cir-
cuit (net current being zero) as in the pr junction. It is apparent from Figure 6.62¢ that,
in the absence of an applied voltage, £, = V,/ W.

One of the distinct advantages of pin diodes is that the depletion layer capacitance
is very small and independent of the voltage. The separation of two very thin layers of
negative and positive charges by a fixed distance, width W of the i-5i layer, is the same
as that in 4 parallel plate capacitor, The junction or depletion layer capacitance of
the pin diode is simply given by

g8 A
W

where A is the cross-sectional area and £, is the permittivity of the semiconductor
(Si), respectively. Further, since the width W of the {-5i layer is fixed by the structure,
the junction capacitance does not depend on the applied voltage in contrast to that of
the pn junction. Cyep is typically of the order of a picofarad in fast pin photodiodes, so
with a 50 £2 resistor, the RCa., lime constant is about 50 ps.

When a reverse bias voltage V, is applied across the pin device, it drops almost en-
tirely across the width of the i-$i layer. The depletion layer widths of the thin sheets of
acceptor and donor charges in the p™ and nt sides are negligible compared with W.
The reverse bias V, increases the built-in voltage to V, 4 V, as shown in Figure 6.624d.
The field ‘E in the i -5i layer is still uniform and increases to

v, V.

E=F,+ — = — V.2V [6.71]
o B (v, = V,)

[6.70]
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| I & ' {b) The net spoce charge density acrass the phatedicde,
- b+ {c) The builsin field across the diode.
v, {d) The pin phatedisde in photodetection is reversebiased.

Since the width of the 7 -layer in a pin device is rypically much larger than the depletion
layer width in an ordinary pr junction, the pin devices usually have higher breakdown
voltages, which makes them useful where high breakdown voltages are required.

In pin photodetectors, the pin structure is designed so that photon abzorption occurs
primarily over the /-5i layer. The photogenerated electron-hole pairs (EHPs) in the
i-Si layer are then separated by the field £ and drifted toward the »* and p* sides,
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respectively, as illustrated in Figure 6.62d. While the photogenerated carriers are drifting
through the {-Si layer, they give rise to an external photocurrent which is easily detected as
a voltage across a small sampling resistor £ in Figure 6.62d (or detected by a current-to-
voltage converter). The response time of the pin photodiode js determined by the transit
times of the photogenerated carriers across the width W of the i-5i layer. Increasing W al-
lows more photons to be absorbed, which increases the output signal per input light inten-
sity, but it slows down the speed of response because carrier transit times become longer.

The simple pn junction photodiode has two major drawbacks. Its junction or de-
pletion layer capacitance is not sufficiently small to allow photodetection at high mod-
alatiar Sequenciar Thiv dr ae RO time ronstant limitation. Secondly. its depletion
layer is al most a few microns, This means that at long wavelengths where the pene-
tration depth is greater than the depletion layer width, the majority of photons are ab-
sorbed outside the depletion layer where there is no field to separate the EHPs and drift
them. The photodetector efficiency is correspondingly low at these long wavelengths,
These problems are substantially reduced in the pin photodiode.!” The pin photo-
voltaic devices, such as a-Si:H solar cells, are designed to have the photogeneration
occur in the i-layer as in the case of photodetectors. Obviously, there is no external ap-
plied bias, and the built-in field £, separates the EHPs and drives the photocurrent.

6.12 SEMICONDUCTOR OPTICAL AMPLIFIERS
AND LASERS

All practical semiconductor laser diodes are double heterostructures (DH) whose
energy band diagrams are similar to the LED diagram in Figure 6.46. The energy
band diagram of a forward biased DH laser diode is shown in Figure 6.63a and b,

llgn the First semican
continuoushy at reem

| 137The pin photedioda was imvantad by J. Mishizawa and his resaarch group In Japan in 1950,

———— et
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In this case the semiconductors are AlGaAs with E, = 2 eV and GaAs with £, =~
1.4 eV. The p-GaAs region is a thin layer. typically 0.1-0.2 um, and constitutes
the active layer in which stimulated emissions take place. Both p-GaAs and
p-AlGaAs are heavily p-type doped and are degenerate with the Fermi level £¢, in
the valence band. When a sufficiently large forward bias is applied, £, of n-AlGaAs
moves very close to the E, of p-GaAs which leads to a large injection of electrons
in the CB of n-AlGaAs into p-GaAs as shown in Figure 6.63b. In fact, with a
sufficient large forward bias, E, of AlGaAs can be moved above the E, of GaAs,
which causes an enormous electron injection from n-AlGaAs into the CB of
p-GaAs. These injected electrons. however, are confined to the CB of p-Gads
since there is a barrier A E, between p-GaAs and p-AlGaAs due to the change in
the bandgap.

The p-GaAs layer is degenerately doped. Thus, the top of its valence band (VB}
is full of holes, or it has all the electronic states empty above the Fermi level £z,

le)) A double heherastucture dioda has twa
junctions which are between two different

Holes in VB = empty states bandgop semiconductors [GaAs and AlGaAs),
o ik} Simplified energy band diogram under a large
forward bios, Lasing recambination takes plase in
the pGaks layer, the ochve layer.
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ic) The density of sioles and energy distribution of
- electrans and holes in the conduction and valence
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Figure 8,64 Semiconductor losers have an optical covity fo build up the required electromagnetic oscillations.

In this example, one end of the cavity hos o Bragg distribubed reflector, a reflection grating, that reflects anly certain
wavelangths back inte the cavity.

in this layer. The large forward bias injects a very large concentration of electrons
from n-AlGaAs into the conduction band of p-GaAs. Consequently, as shown in
Figure 6.63¢c, there is a large concentration of electrons in the CB and totally empty
states ai the top of the VB, which means that there is a population inversion. An in-
coming photon with an energy Ay, just above E, can stimulate a conduction electron
in the p-GaAs layer to fall down from the CB to the ¥B and emit a photon by stimu-
lated emixsion as depicted in Figure 6.63c. Such a transition is a photon-stimulated
electron-hole recombination, or a lasing recombination. Thus, an avalanche of stimu-
lated emissions in the active layer provides an optical amplification of photons with
hu, in this layer. The amplification depends on the extent of population inversion and
hence on the diode forward carrent. The device operates as a semiconductor optical
amplifier which amplifies an optical signal that is passed through the active layer.
There is a threshold current below which there iz no stimulated emission and no
optical amplification.

To construct a8 semiconductor laser with a self-sustained lasing emission we
have to incorporate the active layer into an opticaf cavity just as in the case of the
HelNe laser in Chapter 3. The optical cavity with reflecting ends, reflects the coher-
ent photons back and forward and encourages their constructive interference within
the cavity as depicted in Figure 6.64. This leads to a buildup of high-energy electro-
magnetic oscillations in the cavity. Some of this electromagnetic energy in the
cavity is tapped out as output radiation by having one end of the cavity as partially
reflecting. For example, one type of optical cavity, as shown in Figure 6.64, has a
special reflector, called a Bragg distributed reflector (BDR), at one end to reflect
only certain wavelengths back into the cavity.”* A BDR is a periodic corrugated

14 Partial reflactions of weves from the corrugotiens in the DBR can interfere consiructively ond constitiie o reflected
wive anly for certain wavelengths, called Bragg wavelengths, that ore related o tha pariadicity of the corrugetiens,
A DEBR octs lika o reflection grofing in opfics.,
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structure, like a reflection grating, etched in a semiconductor that reflects only certain
wavelengths that are related to the corrugation periodicity. This Bragg reflector has a
corrugation periodicity such that it reflects only one desirable wavelength that falls
within the optical gain of the active region. This wavelength selective reflection leads
to only one possible electromagnetic radiation mode existing in the cavity, which
leads to a very narrow output spectrum: a single-mocde owlput, that is, only one peak
in the output spectrum shown in Figure 3.43. Semiconductor lasers that operate with
only one mode in the radiation output are called single-mode or single-frequency
lasers; the spectral linewidth of a single-mode laser output is typically ~0.1 nm,
which should be compared with an LED spectral width of 150 nm operating at 2 1550 nm
emission.

The double heterostructure has further advantages. Wider bandgap semiconduc-
tors generally have lower refractive indices, which means AlGaAs has a lower refrac-
tive index than that of GaAs. The change in the refractive index defines an optical
dielectric waveguide that confines the photons to the active region of the optical cav-
ity and thereby reduces photon losses and increases the photon concentration. This in-
crease in the photon concentration increases the rate of stimulated emissions and the
efficiency of the laser.

To achieve the necessary stimulated emissions from a laser diode and build up
the necessary optical oscillations in the cavity {lo overcome all the optical losses) the
current must exceed a certain threshold current iy as shown in Figure 6.65a.
The optical power output at a current f is then very roughly proportional to 7 — Iy,
There is still some weak optical power output below fy, but this is simply due to
spontaneous recombinations of injected electrons and holes in the active layer; the
laser diode behaves like a “poor” LED below Iy,. The output light from an LED
however increases almost in proportion o the diode current. Figure 6.65b compares
the output spectrum from the two devices. Remember that the output light from the
laser diode is coherent radiation, whereas thal from an LED is a stream of incoher-
ent pholons.
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DEFINING TERMS

Accumulation occurs when an applicd voliage (o the
gate (or melal electrode) of a MOS device causes the
semiconductor under the oxide to have a greater num-
ber of majority carriers than the equilibrium value, Ma-
Jority carriers have been accumulated at the surface of
the semiconductar under the oxide,

Active device is a device that exhibits gain {current or
voltage, or both) and has a directional eleceronic fupe-
tion. Transistors are active devices, whereas resistors,
capacitors, und inductors are passive devices,

Antireflection coating reduces light reflection from a
surface.

Avalanche breakdown is the enommous increase in
the reverse current in a pw junction when the applied
reverse field is sufficiently high to cause the generation
of electron-hole pairs by impact ionization in the space
charge layer.

Base width modulation {the Early effect) is the
medulation of the buse width by the voltage appearing
aeross the base—collector junction. An increase in the
base to collector voltage increases the collector junc-
tion depletion layer width, which results in the narrow-
ing of the base widih,

Bipolar junction transistor {BJT} is a transistor
whose normal operation is based on the injection of
carriers from the emitler into the base region, where
they become minority carriers, and their subsequent
diffusion to the collector, where they give rise to a col-
lector current. The voltage between the base and the
emitter controls the collector current,

Built-in field is the intemal electric field in the deple-
tion region of & pn junction that is maximum at the
metallurgical junction. It is due to exposed negative
acceptors on the p-side and positive donors on the
n-side of the junclion.

Built-in voltage (V,) is the voltage across a pn junc-
tion, going from a p- to u-type semiconductor, in an
apen circuit.

Channel is the conducting strip between the source
and drain regions of a MOSFET,

Chip is a piece (or a volume) of a semiconductor crys-
tal that contains many integrated active and passive
components to implement a ¢ircuit.

Collector junction is the metallurgical junction
between the base and the collector of a bipolar
Iransistor.



Critical electric field is the field in the space charge
{or depletion) region at reverse breakdown (avalanche
or Zener).

Depletion layver (or space charge layer, SCL) is a
region around the metallurgical junction where recoimbd-
nation of electrons and holes has depleted this region
of its large number of equilibrium majorty cartiers,
Depletion (space charge) layer capacitance is the in-
cremental capacitance (J @ /d V') due to the change in the
exposed dopant charges in the depletion fayer as a resuli
of the change in the voltage across the fw junction.

Diffusion is the flow of particles of a given species
from high- to low-concentration regions by virtue of
their random thermal motions.

Diffuston {storage) capacitance is the pr junction ca-
pacitance due (o the diffusion and somge of minonty
carriers in the neutral regions when a forwarnd bias s
applied,

Dynamic (incremental) resistance ry of a diode is
the change in the voltage across the diode per unit
change in the current through the diode ry = Va7 11
i5 the low-frequency ac resistance of the diode. Sy-
namic conductance g, is the reciprocal dvnamic resis-
tamce: g, = 1/ry.

Emitter junction is the metallurgical junction between
the emitter and the base.

Enhancement MOSFET is a MOSFET device that
needs a gate (0 source vollage above the threshold violt-
age to form a conducling channel between the soutce
and the drain. In the absence of a gate voltage, there is
ng conduction between the source and drain, In its
usual mode of operation, the gate voltage enhances the
conductance of the source 1 drain inversion layer and
increases the drain current.,

Epitaxial layer is a thin layer of crystal that has been
arown on the surface of another crystal which is usu-
ally a substrate, a mechanical support for the new crys-
tal layer. The atoms of the new layer bond to follow the
crystal pattern of the substrate, so the crystal structure
of the epitaxial layer iz matched with the cryatal strue-
ture of the substrate.

External gquantum efTiciency is the optical power
emitted from a hight emitting device per unil electrc
INpUt powWeL.
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Field effect transistor (FET) is a transistor whose
normal operation is based on controlling the conduc-
tance of a channel between two electrodes by the
application of an external field. The effect of the
applied field is to contral the corrent flow, The cuor-
rent is due to majority carrier drift from the source
to the drain and is controlled by the voltage applied to
the gate.

Fill factar (FF)is a figure of merit for a solar cell that
represgnts, as a percentage, the maximum power I,V
available to an external load as a fraction of the ideal
theoretical power determined by the product of the
short circuit current f. and the open circuit voltage
Voo :FF = {1, W /{2 W)

Forward bias is the application of an external voltage
to a pa junction such that the positive terminal is con-
nected to the p-side and the negative to the r-side. The
applied voltage reduces the built-in potential.

Heterojunction is a junction between different semi-
conductor materials, for example, between GaAs and
AlGaAs ternary alloy. There may or may not be a change
in the doping,

Homaojunction is a junction betwesn differently doped
regions of the same semiconducting material, for ex-
ample, a gt junction in the same silicon crystal; there is
no change in the bandgap energy E,

Impact innizatinn is the process by which a high
electric field accelerates a free charge cartier (electeon
in the CH), which then impacts with a 5i-5i hond 1o
generate a free electrom—hole pair. The impact excites
an electron from £, to E..

Integrated circuit (1C) is a chip of a semiconductor
crystal in which many active and passive components
have been minaurized and integraled ogether to form
a sophisticated circwil,

Inversion ocours when an applied vollage (o the gate
{or metal electrode) of a MOS device cavses the
semmiconductor under the oxide (o develop a comnducting
layer (or a channel) at the surface of the semiconduetor.
The conducting laver has opposite polarty carmers 1o
the bulk semicenductor and hence 15 termed an inver-
sion layer,

lon implantation is a process that 15 wsed (0 bombard
4 sample in 4 vacuum with ions of a given species of
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atom. First the dopant atoms are ionized in a vacuum
and then accelerated by applying voltage differences
to impinge on a sample o be doped. The sample is
grounded to neutralize the implanted ions.

Isoelectronic impurity atom has the same valency as
the host atom.

Law of the junction relates the injected minority car-
rier concentration just outside the depletion layer to the
applied voltage. For holes in the r-side, it is

0 ( eV )
£l = fhyg BX] E
P P p iT
where p(0) is the hole concentration just outside the
depletion layer.

Linewidth is the width of the inlensity versus wave-
length specirum, wsually between the hall-intensity
points, emitted from a light emitting device.

Long diode is a pn junction with neutral regions
fonger than the minority carmer diffusion lengths.

Metallorgical junction is where there is an effective
junction between the p-type and a-type deped re-
gions in the crystal. It is where the doner and aceeptor
conventrations are equal or where there is 8 transition
from n- (o p-type doping.
Metal-oxide-semiconductor transistor (MOST) is
a Meld effect mansistor in which the conductance
between the source and drain is controlled by the volt-
age supplied to the gate electrode, which is insulated
from the channel by an oxide layer,

Minority carcier injection is the flow of electrons
into the p-side and holes into the #-side of a pr junction
when a voltage is applied to reduce the built-in voltage
across the junction.

MOS is short for a metal-insulator-semiconductor
structure in which the insulator is (ypically silicon
oxide. It can also be a different type of dielectric; for
example, it can be the nittide SialN4.

NMOS is an enhancement type nchannel MOSFET.

Passive device or component is & device that cxhibils
no gain and no directional function. Resistors, capaci-
tors, and inductors are passive components,
Photocurrent is the currenl generated by a light-
recelving device when it 15 1lluminated.

SemicosnucTor DEVICES

Pinch-off voltage is the gate 10 source voltage needad
to just pinch off the conducting channe] between the
spurce and dramm with no Source to drain voliage
applied. It is also the source to drain voltage that jus
pinches off the channel when the gale and source are
shorted, Bevond pinch-ofT, the drain current 15 almost
constant and controlled by Vs .

PMOS s an enhancement type p-channe] MOSFET,

Poly-Si gate is short for a polycrystalline and highly
doped Si gate.

Recomhination corrent flows under forward bias o
replenish the carriers recombining in the space charge
(depletion) layer, Typically, it is described by 7 =
I, ,lexpieVi2kT) — 1].

Reverse hias is the application of an external voltage
to 2 pa junction such that the positive terminal is con-
nected to the p-zide and the negative to the p-side. The
applied voltage increases the built-in potential.

Reverse saturation current is the reverse current that
would flow in a reverse-biased ideal pa junction ohey-
ing the Shockley equation.

Shockley diode equation relates the diode current to
the diode voltage through I = f[expleV/kT) - 1. It
is based on the injection and diffusion of injected
minority carriers by the application of a forward hias.
Short diode is a pr junction in which the neutral
regions are shorter than the minority carrer diffusion
lengths.

Small-signal equivalent circuit of a transistor re-
places the tramsistor with an equivalent circuit that
consists of resistances, capacitances, and dependent
sources (current or voltage). The equivalent circuit rep-
resents the mansistor behavior under small-signal ac
conditions. The batteries are replaced with short cir-
cuits {or their internal resistances ). Small signals imply
small variations about de values.

Substrate is a single mechanical support that carries
active and passive devices. For example. in integrated
circuit technology, typically, many integrated circuits
are fabricated on a single silicon crystal wafer that
serves as the substrate,

Thermal generation current is the current that flows in
a reverse-biased pr junction as a result of the thermal



generation of electron-hole pairs in the depletion layer
that become separaled and swept across by the built-in
field.

Threshold voltage is the galc voltage needed to
establish a conducting channel between the source
and drain of an enhancement MOST (metal-oxide-
semiconductor transistor),

Transistor is a three-terminal solid-stale device in
which a current flowing between two electrodes is con-
trolled by the voltage between the third and one of the
other terminals or by a current flowing into the third
terminal,

Turn-on, or cut-in, yoltage of a diode is the voltage
beyond which there is a substantial increasc in the
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current. The turn-on voltage of a 5i diode is about
0.6 V whereas it iz about 1 V for 2 GaAs LED. The
lwm-on voltage of a pn junction dicde depends on
the bandgap of the semiconductor and the device
struclure.

Zener breakdown is the enormous increase in the re-
verse current in a pa junction when the applied voltage
is sufficient to cause the tunneling of electrons from
the valence band in the p-side to the conduction band
in the r-side. Zener breakdown occurs in pre junctions
that are heavily doped on both sides so that the deple-
tion layer width is narmow.

6.1 The pa junction Consider an abrupt 5i pet junction that has 10" acceptors cm™" on the p-side and
10" donors on the a-side. The minarity carrier recombination times are t, = 490 ns for electrons in the
peside and 74 = 2.5 ns for holes in the m-side. The cross-sectivnal urea is 1 mm®. Assuming u long diode,
calculute the current § through the diode at room temperature when the voltage Vacrogs it 15 (.6 W, What
are VI and the incremental cesistance (ry) of the diode and why are they different?

6.2

The 8i pn junction  Consider a long pn junction diode with an acceptor doping &, of 1'% em =7 on the

f-side and donor concentration of Ny on the s-side. The diode is forward-biased and has a voltuge of
0.6 W across i The diode cross-sectional area is 1 mm®. The minority carier recombination time T de-
pends on the dopant concentration .l"-'d,,pu[:m‘-"j through the following approximate relation

5% 10-7

f=
(142 = 10717 Ny

g Suppose that Ny = 10" em ¥, Then the depletion laver extends essentially into the #-side and we
haveé to consider minority carrier recombination time Ty in this region. Caloulate the diffusion and
recodnbination contributions o the wal diode curent, Whiat 13 vour comclusion”

b Supposs that Ny = Ny = 1008 em~?, Then W extends equally to both sides and, Turther, 7 = 1.
Culbeolate the diffusion and recombinetion contributions to the diode current. What is your con-

clugipn?

4.3 Jundtion capacitance of & pr junction

The capacitance (€] of a reverse-hiased abrupt Si p*a junc-

tion has been measured as a function of the reverse bias voltage Ve as listed in Tabbe 6.4, The gt junc-
tion cross-sectional area is 500 pm > 500 wm. By plotting 1,0 versus v, obtain the built-in potential
V., and the donor concentration A in the n-region. What is ;7

Table 4.4 Copacilance at various values of reverse bias (V)

V. (V) i 3 3 5
[N {]JF} A83 LT 2.4 213

1] 15 n
15.6 129 .3
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6.4

6.5

b.4

.7

‘6.8

Temperature dependence of diode properties
4. Consider the reverse current in & pr junction, Show that

F e - ( Ep ) ir

Trey nkf /T
where § = 2 for 5i and GaAs, in which thermal penetation in the depletion layer dominates the re-
verse curment, end 57 = 1 for Ge, in which the reverse current is due to minority carrier diffusion to
the depletion layer. Tt is assumed that E; > ET ai room temperature, Order the semiconduciors Ge,
51, und Gass according 10 the sensitivity of the reverse current to temperature.

b Consider u (furword-bissed pa junction currying & constant cument I Show that the change in the
voltage across the pe junction perunit change in the temperature i3 given by

=)

dr r
where WV = £, /e is the energy gap expressed in volts. Calcolate typica) values for 4V /dT for
Ge, 5i, and GaAs assuming that, typically, ¥ = 0.2 'V for Ge, 0.6 V [or 51, and 0.9 'V for GaAs,

What is your conclosion? Can one assume that, typically, dV/d¥ = =2 mV “C~' for thess
diodes?

Avalanche breakdown  Consider a 5i p*a junction diods that is required to have un avalanche break-
down voltage of 25 ¥, Given the breakdown field Ty in Figure 6.19, what shoold he the donor doping
concentration 't

Dwsign of apa junction dinde  Design an abrupt 5i ge junction that has a reverss hreakdown voltage
of 100% and provides a current of 10 mA when the voltage aceass it is 0.6 'V, Assume that, if Nepar 18
in cm ¥, the minorily carder recombination tme is given by
= 5w 1077
T+ 2 % 1077 Naopani}

Mention any assumplions made.

Minority carrfer profiles (the hyperbolic functions) Consider 4 pep BIT under oormal operating
conditions in which the EB junction 15 forward-biased and the BC junction is reverse-biased. The field
in the neniral base region outside the depletion layers can be assumed o be negligibly small. The confi-
nuity equation for holes pJdx) in the n-tvpe base region is

e _ ;
D‘J.d—f;”- L [6.74]
x T |

|
whera pdx) is the hole concenteation at & from just outside the depletion region and p.. and o 21:&|I:b¢
equilibrium hole concentration and hole recombination Lifetime in the hase.

4. What are the boundary conditions at x = ('and x = Wga, just outside the collector region depletion
layer? {Consider the Jaw of the junction_}

b Show that the following expression for py(x) is a solution of the continuity equation

v sinh(—w'l_x) mnh(Li)
s el . TN S *
rrarx]—pm[ew(”) I] : (WB) [6.72]
sinhj ——
Ly
where V = Veg and Ly = I Th

o b W
sinhf —
La
v, Show that Equation 6.72 satisfies the boundary condilions,

The prp hipolar transistor  Consider a pap transistor in a commen base configuration and wnder
normal operating conditions. The eminer—base junction is forward-biased and the base—collector
Junction is reverse-hiased. The emitter, base, and collector dopant concentrations are Ny gy Nag.

I——
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and Ny, respectively, where Nyppy 3 Nyim = Moy, For simplicity, assume uniform doping in all
the regions, The base and eminer widths ure W and W, respectively, both much shorter than the mi-
nority carrer diffusion lengths, Ly, and L, The minarity carrier lifetime in the base is the hols cecom-
bination time 1. The minotity cartier mohility in the base and emiter are denoted by wy, and g, re-
spoctively.

il

The minority carmrier concentration protile in the hase can he represented by Equation 6.72,
Assuming that the emitter injection efficiency is unity show thar

s Wi
eA Dy m[h(L—E) v
A/ E,P(Gj)

W

ad Dyn? cmh(—ﬁ)
1 ffﬂ == L'l" e&p(iﬂi)

) Ly Macg) k
Wg
3. o =sech] —
( Ly )

T Wi
4 fe= = where T = i is the hase transic time,

r: 2D|7|

Consider the totul emitier current Jp through the EB junction, which has diffusion and recambina-
tion components as follows:

Ve el
g = Ipim :xp(%) + I i) :xp(ﬁ)

Cnly the hole component of the diffusion corrent {first term) can contribute to the collector
current. Show that when Nocey 2 Nypmy, the emiter injection efficiency y is given by

T e eVien el
y = [l + 8P|~
TEisu T

How does y < 1 modify the expressions dorived in part (2)7 What is vour conclusion (cod-
sider small and large emitter currents, or Vea = 04 and 0.7 Y17

8.9 Charscteristics of an npn 5i BJT  Consider an idealized silicon mpa bipolar transistor with the peog-
erties in Tahle 6.5, Assume uniform doping in each region, The emitier and base widths are between
metallurgical junctions {nol neutral regions). The cross-sectional area 15 100 pm % 100 wm. The tran-
sistor is biased to operate in the normal active mode. The base—emitter forward bias voltage is 0.6 V and
the reverse hias hasc—collector voltage is 18 V.

Table 4.5 Propeartias of an npn BIT

Hole Electron
Emitter Emifter Lifetine Base Lifetinme Collevtor
Width Doping in Emitter  Width Base Doping in Base Maping
I} pm 1w 10" em—? 10 s 3 pm | = Il}'ﬁcm‘] 20HF ns 1 = Il:]"“l:m‘-"
.  Calculate the depletion layer width extending from the collectar into the hase and also from the
emitter into the base. What iz the width of the neatral base regioa?
b Caleulate o and hence 8 for this rransisior, assuming unity emitter injection efficiency. How do

wid 8 change with Veg?
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"6.10

Handpap
RAFTRWE

Randgagr
RUFTOWIE

Macs avdion law
with bendgap
ROFFGWIAE

4.1

¢, What 13 the emitter injection efficiency and what are of and 5, taking into account thet the emitter
injection effliciency is oot unity?

d.  What ure the emitter, collector, and hase currents?

e, What is the collector current when Vg = 19V but ¥eg = (06 V7 What is the incremental collec-
tor cutput resistance defined as AVeg SATST

Bandgap nurrowing and emitter injection effiviency  Heavy doping in semiconductors lesds to wdhat
is called bandgap nareowing which is an effective narnwing of the handgap E,. If A Ep i5 the reduc-
tien in the bandgap, then for an »-type semicondocior, according v Lunyon and Tuft (19793,

152
AE (meY) = 22.5 {%:] :

where n {in con 7 ) is the concentration of majority carriers which is equal to the dopant concentration it
they are all ionized (for example, at room temperamire}. The new effective ininsic concentration s
due 1o the reduced bundgap is given by

» E, - AE 1 AE
nhe = NN, eap[—{—n-,r——*]] = n:rexp(-ﬁ;'—)

where #; is the intrinsic concentration in the absence of emitter bandgap narrowing.
The equilibrivm electron and hole concentrutions na, aod pag. respectively, obey

Hno P = ”rggl'f

where #y, = Ny since neary all donors would be ionized at room remperature.

Consider a Si apre bipolar transistor operatiog under oommal active conditions with the base—emitter
forwund biased, and the basc—collector reverse biased. The transistor has namow emitter and base
regions. The emitter neutral region widih Wy is | um, and the donor doping is 10" em™3, The widih
Wy of the neuteal buse region is 1 pm, and the aceeptor doping is 1097 cm™. Assume that Wg and W
are less than the minority carrier diffusion lengths in the emitter and the hase.

@.  Ohbiain un expression for the emitter injection efficiency taking into account the emitter bandgap
narrowring effect ahowve.
b, Calculate the emitter injection efficiency with and without the emitter baondgap narrowing,

¢, Calcolate the common emitter corrent gain § with and without the emicter bandgap narrowing
effect given a perfect base transpoct fuctor (er = L)
|
The IFET pinch-off voltage Consider the symmetric n-channel JFET shown in Figure 6.56. The
width of each depletion region extending imo the n-chuonel is W The thickness, or depth, of the chun-
nel, defined between, the two metallurgical junctions, is 2o Assuming an abrupt pe junction and
Vpg = {1, show that when the gate to source voltage is —Vp the channel is pinched off where

at eN g
L "

Figure 8.66 A symmetric JFET. Depletion

region

| I [
Source 1 _.J Drearini

A= " " nchdnel "7 2

Channel I - I l
thickness P+; L
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where ¥, is the buili-in polential between p¥n junction und &, is the donor concentration of the
channel.

Calculate the pinch-off voltage of 3 JFET that has an accepior concenteation of 10 cm™? in the p*
gate, a channel donor doping of 10 con™3, and o channel thickness (depth) 2a of 2 pm.

The JFET Consider an s-channel JFET that has a symimeteie ptn gate—channel strocture as shown in
Figures 6.27a and 6.66, Let L be the gate length, £ the gate width, und 2a the chanpel thickoess. The
pinch-off voltage 15 given by Question 6.11. The drain saturation current gy is the drain corrent when
¥igs = (0. This neeurs when Vo = Viospay = Ve (Figure 6.29), 50 Tpsr = Ve G, where G 05 the
conducrance of the chanoel between the soorce und the pinched-ofl point (Figure 6303, Taking into ac-
count the shape of the chunnel at pinch-off, if 3 is about one-third of the conductance of the free or
unmodulated (receangular) channel, show thag

. [l {Eueﬂd}{lﬂ}l]

3 L

A particular a-chanoel JFET with a symmetric p*n gute—channe] sirvetuee has o pioch-off voltagre
of 3.9V and an Jngy of 5.5 maA. I the gute and chunnel dopant concentrations are N, = 10" em ¥ and
Ny =101 cm—?, respectively, find the channel thickness 2a and Z/L_TF L = 10 pm, what is Z7 What
is the gate—source capacitance when the JFET has no voltage supplies connecied wit?

The JFET smplifier Consider an n-channel JFET that has a pinch-off voltage (Vo) of 5V and

foge = HrmA, It §s nsed i a common souree configuration as in Figure 6,348 in which the pate (o

source bias voltuge [ Vgy) is — 1.5 V. Suppose that Vpp =25V,

o IF o small-signel vellage gain of 10 is peeded, what should be the drain resistance (Kp)? What is
Vg !

& Ifan acsipnal of 3 ¥ peak-to-peuk is applied to the gate in series with the de bias voltage, what will
he the a¢ outpat voltage peak-to-peak? What is the voltage gain for positive and negative input sig-
nals? What is your conclusion?

The enhancement NMOSFET amplifier Consider un #-channel 31 enhancement BMOS transis-

tor that has a gate width (Z) of 150 wm, channel length (L) of 10 wm, and oxide thickness {(5,;) of

300 A, The channel has pe = 700cm? ¥~ls™! and the threshold voltage (Vi) 5 2V (6, = 3.9 for

Si0s).

a.  Calculate the drain current when Yos = 5 Y and Vs = 5 Y und assuming A = 0.01.

&, What i5'the small-signzl voltage gain if the NMOSFET (s coanected us a common source amplifier,
as shown s Figure 6,67, with a drain registance 8, of 2.2 k22, the gate hiagsed at 3V with respect to

Figure &.67 MNMOSFET amplifier.
Output

signal

*‘I

&

7T
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‘6815

6.14

d,

source (Wog = 5 Viand Vpp b5 such that Ve = 5 VY What 15 Ve ® What will happen if the Jeaim
supply is smaller?

Estimate the most positive and negative input signal voltages that can be amplified if Vop is fxed
al the above valee in part (&)

What factors will leod w0 o higher volioge amplificution?

Ultimate limits to device performance

4a.

Cansider the speed of operation of an n-channel FET-type device. The time required for an eleciron

1o gransit from the snarce to the drain is 5 = Ljvg, where L is the channe] length and vy is the drift

velogity, This reansit time can be shortened by shorteniog L and increasing 1y, As the Tigld increase,

the drift velocity eventually saturates at about vy = 10F m =™ when the field io the channel 1

equal to T, = 10 ¥V m~"_ A shor r, requires a field that is at least £,

I, What is the ¢hapge in the PE of an electrom when it fraverses the channel length L from source
10 deadn if the vodtage diffecence is Vs 7

2. This energy must be preater thao the eoecgy due o thermal Nuctuations, which is of the order
of £T . (therwise, electrons would be brought in and out of the druin dee to thermal fuctoe-
tions, Given the minimum field and Vg, what is the minimum channel length and hence the
minimuem teansit timeT

Hezenberg's vncertainty principle relates Use energy and the Gme duration in which that energy is

possessed through a relationship of the form (Chapter 3) AE At > &, Given that during the transit

of the gbectron from the snurce fo the drain its energy changes by eVps, what is the shartest transit

time T satisfving Heiseaberg's uncertainty principle? How does i compare with your caleulation i

part {2}t

How does electron tunneling limit the thickness of the gate oxide wnd the channel length in a

MOSFET? What would be typical distances for funneling to he effective? (Consider Exam-

ple 3100

Energy distribution of electrons in the conduction band of a semiconductor and LED emission
specirnm

=Y

Consider the enecgy distribution of electrons rp{E) in the condoction hand (CB). Assuming
that the density of stale Ga(F) o (F — E'Y? and using Boltémann sttistics f(E} =
expl—(E — Ef)/&T], show that the energy distribution of the electrons in the CH cun be
Wwiten us

nplx) = Cx'? expl—4%)

where ¥ = (E — E.) kT is electron energy in terms of &7 messured from £, and £ is 8 temper-
ature-dependent copstant (independent of £},

Setting arhitearily C = 1, plot a, versus x. Where is the maximum, and what is the full width at
hulf maximom (FWHM), ie., between holl maiimem points?

Show thet the average electron energy o the CB is ik'.l". by using the defimition of the averge,

=
[ xny dx

=
Jnyd=
@

Tavernge =

where the integration is from £ = 0 (E:) 0 say x = 10 {far away from E; where ry — 0. You
nesd to use & numerical integration.

Show that the muximum in the enerpy disitibution is at x = { 0F Al Bz = %J(T above E,.
Consider the recombinution of electirons and holes in GaAs, The recombination lovolves the
emission of a photon, Given that both electron and hole concentrations have energy distribo-
tions in the conduciion and valence bands, respectively, sketch schematically the expected light
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mtensity emitted from electron and bole cecombinations against the photon energy, What iz
wour conclusion?

$.17  LED vutput speetrum  Given thut the width of the relative light intensity between hall-intensity points
versus photon energy spectrum of an LED is typically ~3kT, what 5 the linewidth A3 in the outpul spec-
tram in terms of the peak emission wavelengeh? Caleulate the spectral linewidth & of the output radiation
from u green LED eroitting at 570 nm an 300 K.

618  LED output wavelength variations  Show that the change in the emitted wavelength & with temper-
ature T'from an LED 15 approximutely given by

Be o BE ARy
ar E;-'- dr
where E, is the bumlgup, Consider @ GaAs LED. The bumdgap of GaAs at 300 K 15 1.42 ¢¥ which

changes (decreases) with temperature a8 o £, /8T = —4.5 = 107° eV K7'. What is the change in the
enitted wavelength if the temperatore change is [0 °CT

6.19  Linewidth of direct recomhbination LEDs Experiments carricd out on various direct handgap semi-
conductor LEDs give the outpul speciral linewidih (between holf-intensity poinis) listed in Table 6.6,
Since wavelenpth A = he/ Ey,. where £y = v is the photon energy. we know that the spread in the
wavelength is related to a spread in the photon enecgy,

he
Al — AF
H rh
E

Suppose that we write g = feof/h mnd AEy = Afhv) = nkT where n 15 a numerical constant.

Show that,
; LED oulrut
kT
Al = nﬁ—lz speciruim
E {iRewidih

and by appeopriately plotting the data in Table 6.6 find .

Toble 6.6 Linewidth A% between halfpaints in the cutput specirum (intensity versus wavalangth)
of GaAs and AlGads LEDs

BN

. Peak wavelength of emission 2 {mm}
65 810 820 80 950 1150 1270 1500
Ad 2 {nm) a2 in 40 50 55 e 110 150

Material (direct £y)  AlGaAs  AlGaAs  AlGadAs  Gads Gads  InGaAsP  InGassP  InGaAsP

6.20  AlGaAs LED emitter  An AlGaAs LED emitter for use in a local oprical fiher network has the outpat
spectrum shown in Figure 6,58, Tt s designed [or peak emission at 820 om ac 25 °C,

a.  What iz the lnewndh AA between hall power points at temperatures —40 °C, 23 °C, and 83 °CY
Liiven these three temperatures, plot Al and 7 (in K) und find the empiticsl relutionship between
AL and T. How does this compare with Adkv) = 2.3&T to 3kT7

b, Why does the peak emission wavelengih increase with ternperature’?
What is the handgap of AlCGaAs in this LED?
d, The bandgap £y of the termary alloys Al (- o As follows the empinical expression

o

EpleV) = 1,424 + 1.266x — 0,266
What s the composition of the AlGaAs in this LED?
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Relative spectral output power

Figure 6.68 The cutput spectrum from on AlGaAs 04 ' ’ i ' SR

740 &) 340 B30 900

LER,
Values are normaolized to peak emission at 25 “C. Wavelength {nm)
&.21 Solar cell driving & load
a A Siszolarcell of area 2.5 ¢m X 2.3 om is connecied (o drive o load & as in Figuee 6.544, I has the
I=¥ characrecistics in Figure 6.53, Suppose that te load 15 2 £ and it is used under o lipht intensity
of B0 W m™2. What are the curment and voltage in the curcuit? What is the power delivered ta the
load? What is the efficiency of the solar cell in this eircuit?
b What should the foad be o obtain maxinm power transfer from the solar cell to the load ot
800W m~? illumination? Wht is this losd ut 500 W m =27
¢ Consider using o number of such solar cells tw drive o culculwtor that needs a minimum of 3 % and
draws 50 mA at 3-4 V.1t is Ld,ﬁ used at a light intensicy of about 400 W n— % How many solar cells
would you nead and how would you connect them?
x
6.22  Open circuit voltage A solar ¢el] unider an lumination of 1000 W m~ has a short cireuit carrent fe
of 50 mA uml an open circuit outpot voltage ¥, of 0.65 V. What are the short cirewit current and open
circoit volteges when the light intensity is halved?
6.23  Maximum power from asolar cell  Suppose that the power delivered by a solarcell, P = T'V iz max-

imum when I = Iy and V = V. Suppose (hat we define normadized voltage and current for maxiomam
PLWET as

Ve . I

= — and i=—

n¥r Iy
where 1 is the ideality factor, Ve = kT /¢ is called the thermal woltage (0,026 'V at 300 K, and
Iie = — I Suppose that vee = Voo /{n ¥ 5 the normalized open circvit voltuge, Under illumination
with the solar cell delivering power with ¥ = nly,

v
=IV=|- — | ¥
P=1¥ [ fph + L’“P(:rﬁ-)]

Ome can differentiate P = TV with respect 1o V', set it 10 zero for maximum power, and find expressions
for fw and Vi for maxioum power, Ooe can then use the open circuit conditon (f = ) wo relate V. 1o
iy. Show that maximum power ocouns when

U=t = I 4 1) and i= | —exp[—i{ve —vi]
Crnsider a solar cell with § = 1.5, Vo = b6V, and fn = 35 mA, with an area of | cm?, Find { and o,

wind hence the current L, and vollage ¥y for maximum power, {(Nole: Solve the ficst equation numeri-
cally or graphically to find v = 12.76.) What is the 6l fuctor?
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QuisTions anD PROBLEMS

Serles reslstance  The series resistance causes a voltage drop when a corrent is drawn from a salar cell.
By convention, the positive curreot is takeo (o flow into the device, (I calculations vield a negative
value, it means that, physically, the cument is fiowing out, which is the sotual case under illumination. }
If Vis the actual voltage across the solar cell output (accessed by the user), then the voltage across the
dicde s ¥ — FR,. The solar cell equation becomes

eV — m;})
nkl"

Plot § versus ¥ for o 8i solar cell that bias 7 = 1.5 and [ = 3 = 107 mA, for an illumination such that

Tgn = 10 mA for &, = 0. 20 and 50 2. What is your conclusion?

I=—ln+is= —J'Fh+l'.¢e:~:p(

Shunl cesistance  Coosider the shuot resistance Ry of o solar cell, Wheoever there is a voltage ¥ at the
terminals of the solar cell, the shunt resistance draws g corrent ¥/ 8. Thos, the total current as seen at
the terminals (and flowing in by sonvention) is

¥ v ¥
f=—Ipb+fJ+R—=—fp]1+f,mp(E—)+—=U
]

nkT Ry
Plot T versus V for a polyervstalline Si solar cell that has g = 1.5 and f, = 3 = 107% mA, for an illu-
minution sech that fy, = 10 oA, Use 8, = oo 1000, 100 2, What is your conclusion?

Series connected solar cells  Consider twio identical solar cells connected in series. There arc (wor Ry
in sedes and two pr junctions i series, If 1 is the wetal current through the devices, then the voliage
across one e junction is ¥y = %['I--r — {(2E,)] =0 that the corent { flowing into the combined solar

cells is
R Ay nxp[i_zl::r?] [, n(%)
where Vi = £T /e s the thermul voltage. Rearranging, for two cells in seres,
i ¥ = 2nVr In (L-;IE{—') + 2K 0
o

whereas for one cell.
P
¥ =quln(-Tﬂlj+H,:
fal

Supposc that the cells have the properties [, = 25 = 10 S ma, 7= 1.5 &, = 204, and boeth are sub-
jected to the same illwmination so that Iph = 10 mA. Plot the individual f—V characteristics and the § -V
churacteriztics of the two cells in series. Find the maximum power that can he deliverad by one cell and
two cells in series. Find the comresponding voltage and current ot the maximum power point.

A solar cell used in Eskimo Point  The ioteasity of lighs arriving at a poing on Earth, where the solar
latitude is o can be upproximated by the Meinel and Meinel equation:

T = L3530t g -2

where cosec o = | /(sinw), The solar latitede o is the angle berween the sun’s rays and the horizon.
Around Sepiember 23 and March 22, the sun's rays amive pacidle] to the plane of the equator, What is
the maximum power available tor o photovoltaic device panel of area | m® if its efficiency of conver-
sion 15 10 percent?

A manufacturer’s churaclerizution fests on a particular 5i pri junction solar cell ae 27 “C specifies
an open circuit ontpot voltage of 1,45 ¥ und & short circwil corrent of 400 mA when illominated directly
with i Yight of ntensity | kW m~=, The fill factor for the solar cell is 0.93, This solar cell is 1o be used
in & portable equipnient application near Bskimo Point (Canada) st a geographical latmde (¢} of 637
Calculate the open circuit cutput voltage and the miximum avadlable power when the solar cell is used
u noon oo September 23 when the temperature is arcund — 10 *C. What is the masimum corrent this
solar cell can supply to un electronic equipiment? What is your conclusion? (Note: o + ¢ = m/2)
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