Chapter 7
Bipolar Junction Transistors

OBJECTIVES

1. Analyze BJT band diogroms and understond current gain, base
transpart factor, and emitter injection efficiency.

2. Discuss the Ebers Moll coupled diode model, equivalent circuits, cutoft,
scluralion, and aclive regions

3. Develop the Gummel-Poon charge confrol model for second-arder
effects—eorly effect, high-level injection

4. Study HBTs and other advanced BJTs

We begin this chapter with a qualitative discussion of charge transport in a
bipolar junction transistor (BJT), to establish a sound physical understand-
ing of its operation, Then we shall investigate carefully the charge distribu-
tions in the trapsistor and relate the three terminal currents to the physical
characteristics of the device. Our aim is to gain a solid understanding of the
current flow and control of the transistor and to discover the most important
secondary effects that influence its operation, We shall discuss the properties
of the transistor with proper biasing [or amplification and then consider the
effacts of more general biasing, as encountered in switching cireuits.

In this chapter we shall use the p-n-p transistor for most illustrations,
The main advantage of the p-n-p for discussing transistor action is that hole
flow and current are in the same direction. This makes the various mecha-
nisms of charge transport somewhat easier to visualize in a preliminary ex-
planation, Once these basic ideas are established for the p-n-p device, it is
simple o relate them Lo the more widely used transistor, the n-p-n.

7.1 The bipolar transistor is basically a simple device, and this section is devot-
FUNDAMENTALS  ed to a simple and largely qualitative view of BJT operation. We will deal with
OF BJT  the details of these transistors in following sections, but first we must define
OPERATION  some lerms and gain physical understanding of how carriers are transpori-
ed through the device. Then we can discuss how the current through two ter-
minals can be controlled by small changes in the current at a third terminal,
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Tet us hepin the discussion of hipolar transistors by considering the
reverse-biased p-n junction diode of Fig. 7-1. According to the theory of
Chapter 5. the reverse saturation current through this diode depends on the
rate al which minority carriers are generated in the neighborhaod of the
junction. We found. for example. that the reverse current due to holes being
swept from n Lo pas essentiolly independent of the size of the junction € field
and hence is independent of the reverse bias. The reason given was that the
hole current depends on how often minority holes are gencraled by EHP
creation within a diffusion length of the junctiion—not upon how fast o par-
ticular hole is swept across the depletion laver by the field. Asa result, it is
possible to increase the reverse current through the diode by increasing Lhe
rate of EHP generation (Fig, 7-1b). One convenient method [or accom-
plishing this is optical excitation of EHPs with light (hv > E,),as in Section
4.3, With steady photoexcitation the reverse current will still be essentially in-
dependent of bias voltage, und if the dark saturation currenl is negligible,
the reverse currént is directly proportional o the optical generation rate g,

The example of external control of current through a junction hy opti-
cal generalion raises an interesting guestion: Is it possible to inject minority
carriers in to the neighborhood of the junction electrically instead of optical-
Iy? 1f so, we could control the junction reverse current simply by varving the
rate of minority carrier injection. For example, let us consider a hypothetical
hole infection device as in Fig, 7-1¢, If we can inject holes at & predetermined
rate into the n side of the junction, the effect on the junction current will re-
semble the effects of optical generation. The current from n to p will depend
on the hole injection rate and will be essentially independent of the bias volt-
age. There are several obvious advantages (o such external control of a cur-
rent; for example, the current through the reverse- btaﬁﬂdjunﬂmn would vary
very little if the load resistor R; were changed, $ince the magnitude of the
junction voltage is relatively unimportant. Therefore, such an drrangement
should be a goad approximation 1o a controllable constant current source.

A convenient hole injection device is a forward-biased p'-n junction.
Accarding 10 Section 5,3.2. the current in such a junction s due primarily to
holes injected from the p* region into the n material. If we make the n side
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Figure 7-2
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of the forward-biased junection the same as the n side of the reverse-biased
junction, the p*-n-p structure of Fig. 7-2 results, With this configuration, in-
jection of holes from the p*-n junction into the center n region supplies the
minority carrier holes to participate in the reverse current through the n-p
junction. Of course. it 1s important that the injected holes do not recombine
in the n region before they can diffuse to the depletion layer of the reverse-
hiased junction. Thus we must make the n region narrow compared with a
hole diffusion length.

The structure we have described is a p-n-p bipolar junction transistor.
The forward-biased junction which injects holes into the center n region is
called the emirter junction, and the reverse-biased junction which collects the
injected Holes is called the collecror junction. The p* region, which serves as
the source of injected holes, is called the ermritter, and the p region into which
the holes are sweplt by the reverse-biased junction is called the collector. The
center n region is called the base, for reasons which will become clear in Sec-
tion 7.3, when we discuss the historical development of transistor fabrication,
The biasing arrangement in Fig. 7-2 is called the conumon base configuration,
gince the base electrode B is common 1o the emitter and collector circuits,

To have a good p-n-p transistor, we would prefer that almost all the
holes injected by the emitter into the base be collected. Thus the n-type base
region should be narrow, and the hole lifetime 7, should be long. This re-
quirement is summed up by specifying W, < L, where W, is the length of the
netral n material of the base (measured between the depletion regions of the
emitter and collector junciions), aund L, is the diffusion length for holes in
the base (Dp-rp]m. With this requirement satisfied, an average huole injected at
the enutter junction will diffuse to the depletion region of the collector junc-
tion without recombination in the base. A second requirement is that the cur-
rent /; crossing the emitter junction should be composed almost entirely of
holes injected into the base, rather than electrons crossing {from base to emit-
ter. This requirement is satisfied by doping the base region lightly compared
with the emitter. so that the p-n emitter junction of Fig. 7-2 results.
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It is clear that current /; flows into the emitter of a properly biased
p-n-p transistor and that /. flows out at the eollector, since the direction of
hole flow is from emitter to collector. However, the base current f; requires
a bit more thought. In a good (ransistor the base current will be very small
since [; 15 essentially hole current. and the eollected hole current [ is almost
equal to [ There must be some base current, however, due to requirements
of electron flow into the n-type base region (Fig. 7-3). We can account for [},
physically by three dominant mechanisms:

(a; There must be some recombination of injected holes with electrons
in the base, even with W, < L. The electrons lost to recombination
must be resupphed through the base contact,

Some electrons will be injected from n to p in the forward-biased
emitter junction, even if the emitter is heavily doped compared to
the base. These electrons must also be supplied by /4,
(c) Some electrons are swept into the base at the reverse-biased collec-
tor junction due to thermal generation in the collector. This small
current reduces I; by supplying electrons to the base.

(h)

The dominant sources of base current are (a) recambination m the base
and (b) injection into the emitter region. Bath of these effects can be preat-
ly reduced by device design, as we shall see. In a well-designed transistor, /,,
will be a very small fraction (perhaps one-hundredth) of /..

In an n-p-n transistor the three current directions are reversed, since
electrons flow from emitter to collector and holes must be supplied to the
base. The physical mechanisms for operation of the n-p-n can be understood
simply by reversing the roles of electrons and holes in the p-n-p discussion,
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7.2 In this section we shall discuss rather simply the various factors involved in
AMPLIFICATION  transistor amplification. Basically. the transistor is useful in amplifiers be-
WITH BJTS  cause the currenls at the emitter and collector are controllable by the rela-
tively small base current. The essential mechanisms are easy to understand
if various secondary effects are neglected. We shall use total current (d-¢
plus a-c) in this discussion, with the understanding that the simple analysis
dpplies only to d-¢ and to small-signal a-c at low [requencies. We can relate
the terminal currents of the transistor iz, /g, and ie by several important fac-
tors. In this introduction we shall neglect the saturation current at the col-
lector (Fig. 7-3, component 3) and such effects as recombination in the
transition regions. Under these assumptions, the collector current is made up
entirely of those holes injected at (he emitter which are not lost to recom-
bination in the base. Thus i¢ is proportional to the hole component of the
emiller current iy,

f( = _HIIL'F c?_ ] j'l

The proportionality factor & is simply the fraction of injected holes which
make it across the base to the collector: 8 1s called the base rransport factor.
The tolal emitter current i is made up of the hole component i, and the elec-
tron component i, due to electrons injected from base to emitter (compo-
nent 5 in Fig. 7-3), The emiter injection efficiency v is

(7-2)

For an efficient transistor we wounld like B and +y to be very near unity;
that is. the emitier current should be due mostly 10 holes (v = 1), and most
of the injected holes should eventually participate in the collector current
(B = 1). The relation between the collector and emutter currents is

ic Bigp

= == =y (7-3)
ig  dgn gy v

The product By is defined as the factor w. called the current transfer ratio,
which represents the emitler-to-collector current amplification. There (s no
real amphification between these currents, since o is smaller than unity, On the
other hand, the relation between i- and i is more promising for amplification.

Tn accounting for the base current, we must include the rates at which
electrons are lost from the base by injection across the emitter junction (ig,)
and the rale of electron recombingtion with holes in the base, In each case,
the lost electrons must be resupplied through the base curvent iy, 1f the frac-
tion of injected hioles making it across the base without recombination is B,
then it follows that (1 — B) is the fraction recombining in the base. Thus the
base current is

fﬁ- = l“r_.-ﬂ + (T - B)igp {?—"‘H
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naglecting the collector saturation current. The relation between the collec-
tor and base currents is found from Eqs. (7-1) and (7-4):

fe Btgyp _ _ Blislliey + Lgy)] (7-5)
Iy I, + “ - Bli:Ep 3, BEIEJJUEM ¥ jE_ﬂJI i

' B

i . £ =g (7-6)

iy 1—-By 1-o

The factor B relating the collector current 1o the base current is the base-to-
collector current amplification factor." Since a is near unity, it is clear that §
can be larpe for a good transistor, and the collector current is large compared
with the base current.

It remains to be shown that the collector current i can be controlled by
variations in the small current /5. In the discussion to this point. we have in-
dicated control of ii- by the emitter current iz, with the base current charac-
terized as a small side effect. In fact, we can show from space charge neutrality
arguments that i, can indeed be used to determine the magnitode of i Let
us consider the transistor of Fig. 7-4, in which iz is determined by a biasing
circuit. For simplicity, we shall assume unity emitter injection efficiency and
negligible collector saturation current. Since the n-type base region is elec-
trostatically neutral between the two transition regions, the presence of ex-
cess holes in transit from emitter 1o collector calls for compensating excess

2 i /"’{_\ L 500 £1 = 1045
=== E
: E, \ r= 0.1 s
i p PR ) =WV g o g
- ERN Y2 iy i
50 k) — Neglettiia v
(2] r b o o
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= 5V \\.;'?.I__q- Iy = 30 k01 DR
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T 2 wlso colled the common-base current goin; & s alss colled (e common-emitier curranf gain.
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electrons from the base contact. However, there is an important difference in
the times which electrons and holes spend in the base. The average excess
hole spends a time T, defined as the rransit fime from emitter to collectar.
Since the base width W, is made small compared with L, this transil time s
much less than the average hole lifetime 7, in the base.? On the other hand,
an average excess electron supplied from the base contact spends 7, seconds
m the base supplying space charge neutrality during the lifetime of an aver-
age excess hole. While the average electron waits 7, seconds for recombina-
tion, many individual holes canenter and leave the base region, each with an
average transit time 7. In particular, for each electron entering from the base
contact, 7./, holes can pass from emitier to collector while maintaining space
charge neutrality. Thus the ratio of collector current Lo base current is simply

.-——[-’-—_— s

for y = 1 and negligible collector saturation current.

If the electron supply to the base (i;) is restricted, the traffic of holes
from emitter to base is correspondingly reduced. This ean be argued simply
by supposing that the haole injection does continue despite the restriction on
electrons from the hase contact. The result would be a net buildup of posi-
tive charge in the base and a loss of forward bias (and therefore a loss of
hole injection) at the emnitter junction. Clearly, the supply of electrons through
1y van be used to raise or lower the hole flow from emitier to collectar,

The hase current is controlled independently in Fig, 7-4. This is called
a cammon-emifiter circuit, since the emiller electrode 18 commeon to the base
and collector circuits. The emilter junction i§ clearly forward biased by the
battery in the base circuit. The voltage drop in the forward-biased emitter
junetion 15 small, however, so that almost all of the voliage from collector to
emitter appears across the reverse-biased collector junction. Since vag is
smal [or the forward-biased junction, we can neglect it and approximate Lhe
base current as S VS0 k0 = 0.1 mA. If 7, = 10 ps.and 1, = 0.1 ps, B for the tran-
sistor 1§ 100 and the collector current £ 1s 10mA. It is impartant to note that
i, is determined by B and the base current, rather than by the battery and re-
sistor in the collector circuit (as long as these are of reasonable values to
maintain a reverse-hiased collector junction). In this example 5V of the col-
lector circuit battery voltage appears across the SO0 () resistor, and 5 V serves
to reverse bias the collector junction,

Thiy elifterance bstwasn cvetage hole lifetime vefare recombination v oed fhe avsrags time o hola
spands in fransif across tha bose |vf moy be confusing af firit. How can the liluima ba lerger thon the lime
a haly oetually spends i trafsif The onswer depends en the facl thot hales are indistnguishable 0 the re-
combinaton kinetics, Think of an analogy with @ shaoting gollery, in which & gowd marksman firas slowly
al o line of quickly maving ducks, Althaugh many individual ducks make [ azess the Firleg lina withaut
being hil, the lifstime of on ovarage duck within the liring line is detarmined by fhe time batwean shols.
Wiz can spoak of the lifstime of an avermge duck becausa they are ementially indistingulshabls, Similarly,
the rate of rmcombination in ke bose [and thersbar iy depends on the avarags lifetime v and the disiibu-
tion f the indistinguishable hales in the base region
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If a small a-c current iy is superimposed on the steady state hase cur-
rent of Fig. 7-4a, a corresponding a-c current i, appears in the collector cir-
cuit. The time-varying porlion of the collector current will be 7, multiplied by
the factor [3, and current gain results.

We have neglected a1 number of importan! properties of the transistor
in this introductory discussion, and many of these properties will be treated
in detail below. We have established, however, the fundamental basis of op-
eration for the bipolar transistor and have indicated in a simphified way how
it ean be used Lo produce current gain in an electronic eirenit,

{a) Show that Eq. (7-7) is valid from arguments of the steady state  EXAMPLE 7-1
replacement of stored charge. Assume thatr, = 1,

(b) Whatis the steady state charge O, = O, due to exeess electrons and
holes in the neutral base region for the transistor of Fig. 7-47

(a) In steady state there are excess electrons and holes in the hase, The ~ SOLUTION
charge in the zlectron distribution @, is replaced every. 7 secands.
Thus {5 = O,/7,. The charge in the hale distribution 0, is collected

every «, seconds. and i, = O,/7. Forspace charge nett trﬂhly O =
and

S p— T —

(b:’ Qn = Qr = ‘-c’l'g = 'EBTF = 10‘“ =

The first transistor invented by Bardeen and Brattain in 1947 was the poiir 7.3
contact transistor. In this device two sharp metal wires, or “cat’s whiskers,”  BJT FABRICATION
formed an “emitter” of carriers and & “collector” of carriers. These wires were
simply pressed ontoa slab of Ge which provided a “base” or mechanical sup:
port, through which the injected carriers flowed, This basic invention rapid-
ly led to the BIT, in which charge injection und collection was achieved using
two p-n junctions in ¢lose proximity Lo cach other. The p-n junctions in BI'Ts
can be formed in a variety of ways using thermal diffusion, but modern de-
vices are generally made using ion mmplantation (Section 5.1.4).

Let us review a simplified version of how to make a double polysilicon,
sell-aligned n-p-n §i BJT. This is the most commonly used, slate-of-the-art tech-
nigue for making BITS for use in an [C. Use of n-p-n transistors is more pop-
ular than p-n-p devices because of the higher mobility of electrons compared
to holes. The process steps are shown in cross-sectional view in Fig. 7-5. A
pype Sisubstrate is oxidized, windows are defined using photolithography and
ciched in the oxade. Using the photoresist and oxide as an implant mask, a
donor with very small diffusivity 1o 81, such as As or Sh, is implanted into (he
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open window to form a highly conduclive n® layer (Fig. 7-5a). Subseguently,
the photoresist and the oxide are removed, and & lightly doped n-type epi-
taxial layer is grown. During this high temperature growth. the implanted n°
layer diffuses only slightly towards the surface and becomes a conductive
buried collector (also called a sub-collector). The n* sub-collector laver guar-
antees a low collector series reswstance when it is connected subsequently to
the collector ochmic contaet, sometimes through the use af an optional,
masked deep n* “sinker” implant or diffusion only in the collector contaot re-
@on (Fig. 7-5c). The lightly doped n-type collector region above the n* sub-
collector in the part of the BIT where the base and emitter are formed
ensures a high base-collector reverse breakdown voltage. (Tt turns out that
wherever the sub-collector is formed, and subsequenily the epitaxial layer is
grown on top, there is a notch or slep in the subsirate surface. This noleh is
not explicitly shown in Iig, 7-5a. This notch is very useful as a marker of the
location of the sub-collectors because subsequently. we have (o align the
LOCOS isolation mask with respect to the sub-collector.)

For integrated circuits involving not just discrate BITS, but many inter-
connected transistors, there are issues involving electrical isolation of adja-
cent BJTS in order to ensure that there is no electrica) cross-talk between
them. As descnibed in Section 6.4.1, such isolation can be achieved by LOCOS
to form field or isolation oxides after a B channoel stop implant (Fig. 7-5b). An-
ather isolation scheme that is particularly well smited for high-density bipo-
lar circuits involves the formation of shallow trenches by RIE, backfilled with
oxide and polysilicon (Section 9.3.1). ln this process a nitride layer is pat-
terned and used as an etch mask for an anisotropic eteh of the silicon to form
the trench. Using reactive ion etching, a narrow trench about I wm deep can
be formed with very straight sidewalls. Oxidation inside the trench forms an
insulating layer, and the wrench is then filled with oxide by Low-Pressure
Chemical Vapor Deposition (LPCVD).

A polysilicon layer is deposited by LPCVD, and doped heavily p~ with B
gither during deposition or subsequently by ion implantation. An oxide layer is
deposited nexl by LPCVD. Using photolithography with the base/emitter mask,
a window is etched in the polysilicon/oxide stack by RIE (Fig. 7-5c). A heavily
doped “extrinsic” p* base is formed by diffusion of B from the doped polysili-
con layer into the substrate 1n order to provide a low-resistance, high-speed base
ohmic contact. An oxide layer is then deposited by LPCVD, which has the ef-
fect of closing up the base window that was etched previously and B is implanted
nto this window (Fig, 7-5d). This base implant forms a more lightly p doped
“intrinsic” base through which most of the current flows from the emitter to the
collector. The more heavily doped extrinsic base forms a collar around the m-
trinsic hase. and serves to reduce the hase series resistance, It is eritical that the
base be enclosed well within the collector because otherwise it would be short-
ed to the p substrate. Finally, another LPCVD oxide layer is deposited to close
up the base window further, and the oxide is etched all the way to the Si subsirate
by RIE, leaving oxide spacers on the sidewalls. Heavily n™ doped (typically with
As) polysilicon is then deposited on the substrate, patterned and etched
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forming polvsilicon emitier (polyemitter) and colleclor contacts, as shown in
Fig. 7-5¢. (The use of twe LPCVD polysilicon layers explains why this process
is referred to as the double-polysilicon process.) Arsenic from the polysilicon is
diffused into the substrate to form the o™ emitter region nested within the base
in a self-afigned manner. as well as the n* collector contaet. Self alipnment refers
to the fact that a separate lithography step is not required to form the n* emil-
ter region. We cleverly made use of the oxide sidewall spacers to ensure that
the n' emitter region lies within the intrinsic p-type base. This is critical because
otherwise the emitter gets shorted to the collector; we also want a gap between
the n™ ermitter and the p* extrinsic base, because otherwise the ermitter-base junc-
tion capacitance becomes oo high. In the vertical direction, the difference be-
tween the emitter-hase junction and the base-collector junction determines the
base width. This is made very narrow in high gain, high speed BJTx,

Finally, an oxide layer is deposited by CVI), windows are etched in it
corresponding fo the eomtter (E), base (B}, and collector (C) contacis and a
suitable contact metal such us Al 1s sputier deposiled to form the shmic con-
tacts. The Al is patterned photolithographically using the interconnect mask.
and etched using RIE, The many ICs that are made simultanzously on the
water are then separated into mdividual dies by sawing, mouonted on suit-
ahle packapes, and the various contacts are wire bonded to the external leads
of the package.

7.4 In this section we examine the operation of a BJT in more detail. We begin
MINORITY  our analysis by applying the techniques of previous chapiers to the prablem
CARRIER  of hole injection into a narrow n-type base region. The mathematics is very
DISTRIBUTIONS  similar to that used in the problem of the narrow base diode (Prob. 5.35),
AND TERMINAL  Basically, we assume holes are injected into the base at the forward-biased
CURRENTS emitter, and these holes diffuse to the collector junction. The first step is 1o
solyve for the exceds hole distribution in the base, and the second step 15 1
evaluate the emitter and collector currents ({5, /¢) from the gradient of the
linle distribution on each side of the base. Then the base current (1) can be
found from a current summation or from a charge control analysis of re-

combination in the base.
We shall at first simplify the calculations by making several assumptions:

1. Holes diffuse from emitter to collector; drift i1s negligible in the
base region.

2. The emitter current is made up entirely of holes; the emitter injection
efficiency isy = 1.

3. The collsetor saturation currént is negligible.

4. The active part of the base and the two junctions are of uniform cross-
sectional area A current flow in the base 18 essenhally one-dimensional
from emitter to collector,

3. All currents and voltages are steady state.
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In later sections we shalil consider the implications of imperfect injec-
tion efficiency, drift due to nonuniform doping in the base, structural effecis
such as different areas for the emitter and collector junctions, and capaci-
tance and transit time effects in a-c operation.

7A4.1 Solution of the Diffusion Equation in the Base Region

Since the injected holes are assumed to flow from emitter to collector hy dif-
fusion, we can evaluate the currents crossing the two junctions by techniques
used in Chapter 5. Neglecting recombination in the twa depletion regions,
the hole current entering the base at the emitter junction is the current [,
and the hole current leaving the base at the collector is I If we can solve for
the distribution of excess holes in the base region, it is simple to evaluate the
gradient of the distribution at the two ends of the base 1o find the currents. We
shall consider the simplified geometry of Fig. 7-6a, in which the base width is
W, between the two depletion regions, and the uniform cross-sectional area
is A. In equilibrium, the Fermi level is {lat, and the band diagram cdrresponds
to that for two back-to-back p-n junctions. But, for a forward-hiased emitter
and a reverse-biased collector (normal active mode), the Fermi level splits up
into quasi-Fermi levels, as shown in Fig. 7-6b. The barrier al the emitter-base
junction is reduced by the forward bias, and that at the collector-base junction
is increased by the reverse bias. The excess hole concentration at the edge of
the emitter depletion region Ap; and the corresponding concentration on the
collector side of the base Ap are found from Eq. (5-29);

"'-.'FE = pﬂ(eq'lr'uﬂi'i‘ — l} (7-8a)
Ape = pafe? T - 1) (7-8h)
If the emitter junetion is strongly forward biased (Vg = kTy) and the

collector junction is strongly reverse biased (V. <€ 0), these excess concen-
trations simplify 1o

Apg = pyeft ekt (7-9a)
Ape = —Pn (7-9h)

We can solve for the excess hole concentration as a function of dis-
tance in the base 8p(x,} by using the proper boundary conditions in the dif-
fusion equation, Eq. (4-34b):

Fop(x,) _ 8pls,)

{(7-10)

dx; I
The solution of this equation is
p(x,) = Cye™'tr + Crem /b {7-11)

where L, is the diffusion length of holes in the base region. Unlike the sim-
ple pl’ﬂblﬂﬂl af injection into a long n region, we cannot eliminate one of the
constants by assuming the excess holes disappear for large x,. In fact, since
W, < L, in a properly designed transistor, most of the injected holes reach
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Figure 7-6
[a) Simplified
pn-p fransistor
geometry used in
the calculations;
(b} @ povp transis
tor ot equilibrium
[flat Fermi level)
and with normal
cctive bias. The j
quasi-Fermi levels Apg Apr
are seporalad by | |
the applied volt 0 Ws
age fimes q (&)

Normal
Active Mode

(bl

the collector at W,. The solution is very similar to that of the narrow base
digde problem. In this case the appropriate boundary conditions are

8p(x, =0) = C, +C; = Apg (7-12a)
§plx, = W) = Ce"Vi + Cee™t = Apy {7-12h)
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Solving for the parameters C, and C, we obtain

Ape — Apge Wb
R (7-13a)
Apge®vt —Ape .
Cz = E'l'f‘.aff-, _E" wﬂf“*-p (?“‘I _\b}

These parameters applied to Eg. (7-11) give the full expression for the ex-
¢ess hole distribution in the base region. For example, if we assume that the
collector junction is strongly reverse biased [Eq. (7-9h)] and the equilibrium
hole concentration p,, is negligible compared with the injected concentra-
tion Ap g, the excess hole distribution simplifies to

eWirlup=xyly — o= Wiiljp®afly

8plxn) = Apr— g

o (for Ape. =10) (7-14)
The various terms in Eq. (7-14) are sketched in Fig. 7-74, and the corre-
sponding excess hole distribution in the base region is demonstrated for a
moderate value of W/L,. Note that dp(x,) varies almost linearly between
the emitter and collector junction depletion regions. As we shall see, the shight
deviation from linearity of the distribution indicates the small value of I,
caused bv recombination in the base region.

The minority carrier electron concentrations in the emitter and collec-
tor corresponding Lo a forward-biased emitter and reverse-biased collector
are shown in Fig. 7-7b, Here, the excess eleclron concentralion in the p* emit-
ter is shown to decay exponentially to zero, corresponding to a long diode. This
is because, at high emitter doping levels, the minority carrier electron diffusion
length is often shorter than the thin emitter region. Otherwise, the narrow
diode expressions must be used in the emitter region. For polyemitter struc-
tures, the carrier concentration profile is more complicated, as discussed later.
The exact form of i, and the emitter injection efficiency will therefare de-
pend on these details,

7.4,2 Evaluation of the Terminal Currerits

Having solved for the excess hole distribution in the base region, we can
evaluare the emitter and collector currents from the gradient of the hole con-
centration al each depletion region edge. From Eq. (4-22b) we have

18 ox,.
I ) = —qAD, 2P )

¥ (7-15)

This expression evaluated at x, = 0 gives the hole component of the emit-
ter current,

D
Igy = Ly = 0) = gATHC, ~ ) (7-16)
F
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ure 7-7 Apg=>>

o] i it 8p(za) sty
terms in Eq.
(7-14), illustmlir?g Bp(x,) = My Bpge™e — M,y Apg et/le My Apye—sally
the linearity of the e
hole distribution in MaApge=ily
the bose regic;ln. MyApg

In this

example, M, = "ty

Wi/l = 1/2. L7 WL = =l dpg

(b} Electron

distributions in the
emitterand 4 _ g WL, Maape
collectar.

Emitter Colledtor
i B
field TN
g+ i,
g
_______ e | n, + bn
g -
E-B space B-C spuce
charge region charge region

(b)

Similarly, if we neglect the electrons crossing from collecior to base in the col-
lectar reverse saturation current. /- is made up entirely of holes entering the
collector depletion region from the base. Evaluating Eq. (7-15) at x, = W), we
have the collector current

D,

Ie= I x, = W) =gA
) I“P

(Cse™ ¥l — CieMih) (7-17

When the parameters Cy and C, are substituted from Egs. (7-13), the emit-
ter and collector currents take a form that is most casily written in terms of
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hyperbalic funetions:

D[ Apgle™ts + e Wuls) — 2Apc

Ig,= AE: eWilly — o Will,
D-P Wy, Wb)

=q — i — 7-18

{5y ‘IALP A pg cinh Z, Apecsch L, ( a)

D
Iec= QAJ{&,DE l:hi'li*i — Apectoh -W—'i) (7-18b)

L, T Z,

Now we can obtain the value of [y by a current summation, noting that the
sum of the base and collector currents leaving the device must equal the
emitter current entering. If [ = I, fory =1,

LF ( Lb L.&)]
= Jaiw = — + —_— - —E
Ig=1p—Is=qA y[(.ﬁpg Apg)| ctnh ) csch \
’EP “’5]
=gA—|(Apr + A anh —— 7-19
Ip=4q [P{[ PE Pelt 2[‘; ( )

By using the techniques of Chapter 5 we have evaluated the three ter-
minal currents of the transistor in terms of the material parameters, the base
width. and the excess concentrations Ap g and Ap.. Furthermore, since these
excess concentrations are related in a straightforward way Lo the emitter and
collector junciion bias voltages by Eq. (7-8), it should be simple to evaluate
the transistor performance under various biasing conditions. It is important
to note here that Egs. (7-18) and (7-19) are not restricted to the case of the
usual transistor biasing. For example, Ap. may be -p, for a strongly reverse-
biased collector, or it may be a significant positive number if the collector is
positively biased. The generality of these equations will be used in Section 7.5
in considering the application of transistors to switching circuits,

(a) Find the expression for the current { for the transistor connection  EXAMPLE 7-2
shown ify = 1.

(b) How doesthe current | divide between the base lead and the col-
lector lead?

i SOLUTION
(a) Since ¥z =0,Eq. (7-8b) gives Apg = 0.Thus from Eq. (7-18a),
_ 44D,
I""F'

W

Ip=1 Foug

Apgctnh
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_gAD, Wy
LIRS
 qAD, . W,

Iy = T _ﬁgsl!,_ﬂ_ii!h__up

where I and I are the components in the collector lead and base lead,
respectively. Note that these results are analogous to those of Probs. 5.35
and 5.36 for the narrow base diode. :

7.4.3 Approximations of the Terminal Currents

The general equations of the previous section can be simplified for the case
of normal transistor biasing, and such simplification allows us to gain insight
into the current flow. For example, if the collector is reverse biased, Ap-= —p,,
from Eq. (7-9b), Furthermore, if the equilibrium hole concentration p,, is
small (Fig, 7-8a), we can neglect the terms involving Ap.. For y = 1, the ter-
mina4l currents reduce to those of Example 7-2:

D, W
Ip = qA-—'E Apgcinh e

v
o L, (7-20a)

p

.'l‘.pF
Figure 7-8
Approximate ex-
cess hole distribu-
lions in the base:
|a) forward-
biosed emitter,
reverse-biased col- )
lector; (b) rangu- 0 X
lar distribution for R
Veg = 0 or for
negligible p,. @ (&)
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D

Ir= qA—"' Apgcsch Ws (7-20b)
LP LF
B, W,

lg= qAL—ﬁpElanh oL, {7-20c)

Series expansions of the hyperbolic functions are given in Table 7-1. For
small values of W,/L,, we can neglect terms above the first arder of the ar-
gument, It is clear from this table and Eq, (7-20) that /.- is only slightly small-
er than g, as expected. The firsi-order approximation of tanh y is simply y,
so that the base current is

W, gAW,Apg

)
p Ezz. 27 U=21)

D
Iy gA—"

P

The same approximale expression for the base current is found from the dif-
ference in the first-order approximations to [ and [~

.IB=.|rE—lr{'

'Dp 1 wh.}L,r!) ( 1 “:"""LF)} _
= qA-L - = 722
iqA f-pﬁpa[(wa/f-rp #+ 3 WiL, 6 (7-22)

= "?AI)FWF:&FE - qAW,,Apﬁ
2L3 27,

This expression for §y accounts for recombination in the base region.
‘We must include injection into the emitter in many BJT devices, as discussed
in Section 7.4.4.

If recombination in the base dominates the base current, f3 can be ob-
tained from the charge control model, assuming an essentially straighi-line
hole distribution in the base (Fig. 7-8b). Since the hole distribution diagram
appears as a triangle in this approximation, we have

Q, = qA Ap:W, (7-23)

Table 7-1  Exponsions of several parlinent hyparbalic lunclions.

¥4
¥ syt
iy =1 ——= 4= -
cacin I
1,2 ¥
cinh vy = ; 3 45~
=
[
uclty-i—§+%-
3
TiiT:I]‘I_)’—y ?1-
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If we consider that this stored charge must be replaced every 7, seconds and

relate the recombination rate to the rate at which electrons are supplied by
the base current, [ hecomes

% = gAW A pg

jr [
4 Tp 27,

(7-24)

which is the same as that found in Egs, (7-21) and (7-22).

Since we have neglected the collector saturation current and have as-
sumed vy = | in these approximations, the difference between I-and /- is ac-
counted for by the requirements of recombination in the base In Eq. (7-24)
we have a clear demonstration that the base current is reduced [or small W,
and large 7, We can increase 7, by using light doping in the base region,
which of course also improves the emitter injection efficiency.

The straight-line approximation of the excess hole distribution (Fig. 7-8)
is fairly accurate in caleulating the base current. On the other hand, it does not
give avalid picture of [z and .. Il the distribution were perfectly straight, the
slope would be the same at each end of the base region, This would imply zero
base current, which is not the case. There must be some “droop™ o the distrib-
ution, as in the more accurate curve of Fig. 7-7, This slight deviation from lin-
earily givesa steeper slope at v, = 0 than al ¥, = W, and the value of I js larger
than J. by the amounnt /. The reason we can use the straight-line appraxima-
tion in the charge control calculation of base current is that the ares under the
hole distribution curve is essentially the same in the two cases.

7.4.4 Current Transfer Ratio

The value of 7; caleulated thus far in this section is more properly designat-
ed I, since we have assumed that y = 1 (the emitter current due entirely to
hole injection). Actually, thére is always some electron injeclion across the
forward-biased emitter junction in a real transistor, and this effect is impos-
tant in caleulating the corrent transfer ratio. As shown in Example 7-3, the
emitter injection efficiency of a p-o-p transistor can be writien i terms of the
emitter and base properties:

Lon Wh—l" y {] " Wn, _i',j]"
Ly

v [1 + Liput tanh L’,} (7-25})
In this equation we use superseripts to indicate which side of the emitter-base
junction is referred to. For example, L} is the hole diffusion length in the
n-type base region and pf is the electron mobility in the p-type emitter re-
gion, In an n-p-n the superscripts and subscripts would be changed along
with the majority carrier symbols. Using Eq. (7-20a) for 1, and Eq. (7-20b)
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for I, the base transport factor B is
_ csch W,/L
a5 A 7= sechﬂ (7-26)
!bp ctnh W,/L L,

and the current transfer ratio a is the product of B and vy as in Eq. (7-3).
Extend Eq. (7-208) to include the cffects of nonunity emitter injection  EXAMPLE 7-3

efﬂmemy (v < 1). Derive Eq. (7-25) for y. Assume that the emiter re-
gion is long compared with an electron diffusion length.

Equation (7-20a) is actually /. SOLUTION
ADI
Ign = LA L 11,68 T for Vg > kT1g

Thus, the total emitter current is

3 W,
I.E.' = IEF + Iﬁn = qA[ Ln b € hE? it -EE p]fquik?
I % 2
i —1 W
?z_f_f{”i@s] - 7% gmm_:
IE !.Ep _L_E L

Thitg oh S uis MPage dE-Eymld
"Pn Pp Dj I-L;'

Lonaif W, 3
s 81 B wtanh—
Lipghy Ly

Since we have assumed that the emitter is long compared with the elec-
tron diffusion length in the emitter, the long-diode expressmn applies to
I On the other hand, for a very narrow emitter width W,, L,? would be
replaced by W, corresponding to the narrow-diode expression.

The expressions derived in Section 7.4 describe the terminal currents of the 7.5
transistor, if the device geomeltry and other factors are consistent with the as- GENERALIZED
sumptions. Real transistors may deviate from these approximations, as we shall ~ BIASING

see in Section 7.7. The collector and emitter junctions may differ in area, satu-

ration current, and other parameters, so that the proper description of the ler-

minal currents may be more complicated than Eqs. (7-18) and (7-19) sugzest.

For example, if the roles of emiller and collector are reversed, these equations

Petitioner Runergy USA Inc., Ex. 1030, p. 355



356 Chapler 7

predict that the behavior of the transistor is symmetrical. Real transistors, on the
other hand, are generally not symmetrical hetween emitter and collector. This
is a particularly importani consideration when the iransistor is not biased in
the usual way, We have discussed normal biasing (sometimes called the normal
active mode), in which the emitter junction is forward biased and the collector
is reverse biased. In some applications, particularly in switching, this normal bi-
asing rule is violated. In these cases it is important to account for the differ-
ences in injection and collection properties of the two junctions. In this section
we shall develop a generalized approach which aceounts for transistor opera-
tion in terms of a coupled-diode model, valid for all combinations of emitter and
collector bias. This model involves four measurable parameters that can he re-
luted to the geometry and material properties of the device. Using this model
in conjunction with the charge control approach, we can describe the physical
operation of a transistor in switching circuits and in other applications.

7.5.1 The Coupled-Diode Model

1f the collector junction of a transistor is forward biased, we cannot neglect

Ap; instead, we must use 4 more general hole distribution in the base re-

gion. Figure 7-9a illustrates a situation in which the emitter and collector

junctions are both forward biased, so that Apgand Ap-are positive numbers.

We can handle this situation with Egs. (7-18) and (7-19) Lor the symmetrical

transistor. [1 is interesting to note that these equations can be considered as

linear superpositions of the effects of injection by each junction. For exam-

ple, the straight line hole distribution of Fig. 7-9a can be broken into the two

Figure 7-9  components of Figs, 7-9b and 7-9¢. One component (Fig, 7-9b) accounts for
Evaluation of o the holes injected by the emitter and collected by the collector. We can call
hole distribution in  the resulting currents (7 and I ) the normael mode components, since they
lerms of compo-  are due to injection from emitter to collector. The component of the hole dis-
nents due to nor-  tribution illustrated by Fig. 7-9¢ results in currents I and I, which describe

mal Ezd inrarlad injection in the inverted mode of injection from collector to emitter.? Of
mades: (o) @

proximate
distribution in the sp sp &p
base with emittar
and collector junc-  Ap,;
lions farward
biased; |b) com-
penan! due fo in-
jection and
callectian in the
narmal mode; {c]
component due io
the inverted
mode {n) (i) {e)

1‘5'J"'l"

—t - -~ e

“‘fﬂ, X 0 Wp,. I

(L]

Hare the words emiflar and collaciar reler to physical ragions of the deviee rather than 1o the luinctions of
injeciion apd co'lection of hales.
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course, these inverted components will be negative, since they account for
hole flow opposite 1o our original definitions of [ and [

For the symmetrical transistor, these various components are described
by Egs. (7-18). Defining a = (¢AD,/L,) ctnh (Wy/L,) and b= (gAD,/L,) csch
(Wy/l.,), we have

Tew = alApe and Igy = bApy withAp. =0  (7-27a)
IEJ’ = ‘“bﬁpc a-nd J'r:; = _ﬂﬂpg Wiﬂl A’P.E =0 {?—2?i1j
The four components are combined by linear superposition in Eq. (7-18):

Ty =1Tgn + Iy = alpe — bAp,

= Ale?rT — 1) — BlesVolk! — 1) (7-28n)
leg = ley + Iy =bApg — alpy
= BlemalT — 1) — AetVeuikT — 1) (7-28b)

where A = qp, and B = hp,.

We can see from these equations that a linear superposition of the
normal and inverted components does give the result we derived previous-
ly for the symmetrical transistor, To be more general, however, we must re-
late the four components of current by factors which allow for asymmetry
in the two junctions. For example, (he emitter current in the normal mode
can be written

Ten = Teg(e?™ T — 1), Ape =0 (7-29)

where { g 15 the magnitude of the emifter saturation current in the normal mode,
Since we specify Ap= 0 in this mode, we mmply that Vi =0in Eq.(7-8b). Thus
we shall consider [ to be The magnitude of the emitter saturation current with
the collecior junetion short eircuited. Similarly, the collector current in the in-
veried mode 18

IL'l = _'If_'_ﬁ{f_ﬂrr'mllkr == 1). "IipE = ﬂ (7_3{]:'

where ;. is the magnitude of the collector saturation current with ¥ = 0.
As before, the minus sign associated with I, simply means that in the in-
verted mode holes are injected opposite to the defined direction of 7.

The corresponding collected currents for each mode of operation can
he written by dafining a new o for each case:

Tew = oyl py = onl ol e? ™ — 1) {(7-31a)
Ige = il = —apl (e’ — 1) (7-31b)
where ay and o, are the ratios of collected current to injected current in each

mode. We notice that in the inverted mode the injected current is /-, and the
collected current is /g
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Figure 7-10

An equivalent cir-
cuit synthesizing
the Ebers—Moll
equations.

The total current can again be obtained by superposition of the com-
ponents:

Fp = Iy + Iy = (oo™ — 1) — apl e — 1) | (7-322)
Te = Icy + Iy = eplefe® ™ — 1) — Igy(e™* — 1) | (7-32b)

These relations were derived by 1. I. Ebers and I L. Moll and are re-
ferred to as the Ebers-Moll equations.®* While the general form is the same
as Egs. {7-28) for the symmeltrical (ransistor, these equations allow for
variations in [y, /g, oy, @nd oy due to asymmetry between the junciions. Al-
though we shall not prove it here, it is possible to show by reciprocity argu-
ments that

anles = ailes (7-33)

even for nonsymmetrical transistors.

An interesting feature of the Ebers-Moll equations is that I and [
are described by terms resembling diode relations (/y and I, plus terms
which pravide coupling between the properties of the emitter and collector
(I, and Iry). This coupled-diode property is illustrated by the equivalent cir-
cuit of Fig. 7-10. In this figure we take advantage of Eq. (7-8) ta write the
Ebers-Moll equations in the form

A A I
I = Iy~ aylos—t = “E(Apy — aybps)  (7-34n)
Pn Pn Px

f e ol aplgy =
ES T NLES R
1 = _< :>‘ —
E c
O 9 —Qa
——p —_—
“lE fl_
___®_J K
Ape
af’(’.‘ ‘;pf l J.:_—ﬁE’
L

A A
r,--u—uﬁ,uﬁTi*E +{1—u,)fmf

4). i Ebers and . L Moll, “Large-Signal Behavier of Junction Transisters,” Proceedings of the IRE 42,

pp. 1761-72 (Decamber 1954). In the origihal poper and In many fexts, the terminal currents ore all de-
fined as fowing into the fransistor. This introducas minus signs into the axprasslons far I and iy a3 wa have
developed them ham,
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Ape . Ape les
Ie- = ﬂ-m’m% = frs% = ;&{“.’ﬁFE — Ape)  (7-34b)

1t is often useful to relate the terminal currents to each other as well as
to the saturation currents. We can elimmate the saturation current from the
coupling term in each part of Eq. (7-32). For example, by multiplying Eq. (7-32a)
by ay and subtracting the resulting expression from Eq, (7-32b), we have

Ie = aple = (1 — aney)lesle? e T — 1) (7-35)
Similarly, the emitter current can be written in terms of the collector current:
Iy = oyl + (1 — ayay) Lps(e7 e — 1) (7-36)

The terms (1 - apoe) [ and (1 - ey ) p5 can be abbreviated as [ and [z,
respectively, where I is the magnitude of the collector saturation current
with the emitter junction open (I = 0), and [z is the magnitude of the emit-
ter saturation current with the collector open. The Ebers-Moll equations
then become

Ig=alde + Iggle™™ = 1) (7-37a)

[I': 5 CI.NIE - !Col:£l'rnw’kr e 1:] {?-S?b]

and the equivalent circuit is shown in Fig. 7-11a. In this form the equations
describe both the emitter and collector currents in terms of a simple diode

}FU{'JH'F'““#-LT_ ‘} '-'.vf}:

IgpleeAT—1) fe
le=uplg~ Ico
B Figure 7-11
N Equivalent circuits
(a) ! ‘ I of the transistor in
terms of the lermi-
nal currents and
} li=0 the open<circult
T - soturation cur-
Ico ~¥ea rents: (g} synthesis
of Eqs. [7-37); (b)
(t) equivalent circuit
with normal bios-
ing; {o) collector
characteristics
with normal
biasing.

fferﬂ'rr"-%?' mNif._
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EXAMPLE 7-4

characteristic plus a current geperator propottional to the other eurrent. For
example, under normal biasing the equivalent circuit reduces to the form
shown in Fip. 7-11b. The collector current is ey times the emitter current plus
the collector saturation current, as expected. The resulting collector charac-
teristics of the transistor appear as a series of reverse-biased diode curves, dis-
placed by increments proportional to the emitter current (Fig. 7-11c).

A symmetrical p"-n-p’ bipolar tra.ns_istor has the foliuwmg properties:

A =107 cm? N, = 10" N; = 308 em3
Wy =1pm T, = 0.1 ps Tp = 10 s
B, = 200 s = 1300 e’/ Vs
= 700 Py = 450

(a) Calculate the saturation current fgg = [y

(b) With Ve = 0.3 Vand Voy = —40 V, caleulate the base current Iy,
assuming perfect emitter injection efficiency.

(¢) Calculate the base transport factor B, emitter injection efficiency v
and amplification [actor B, assuming that the emilter region is long
compared with L,.

SOLUTION

In the base,
e = niln, = (1.5 109%101° = 2.25 X 10°
D, = 450(0.0259) = 11.66. L, = (11.66 % 107°)"* = 1.08 x 1072
WiL, = 107%1.08 % 107% = 9.26 % 107
Ies = Icsy = qA(D/L,)p, ctoh(Wy/L,)
= (1.6 X 107)(107")(11.66/1.08 x 107%)
(2.25 x 10°) ctnh 9.26 % 107
=42 x 107 A
Bps = pue® =T Apg =0
Apg =225 X 10° x (03005 — 24 5 1010
In= qA(Dy/L,)Apg tanh(Wy/2L )

ar

Iy =-—%‘ = g AW A pef2r, = 19 X 1072 A

Petitioner Runergy USA Inc., Ex. 1030, p. 360



Bipaolar Junclion Transistors

In the emitter,
D, = 700(0.0259) = 1813
L, = (1813 x 10°7)1% = 135 x 1073

ADE
gy = 1 Fonpet et
Ly
ADS W,
Ig, = <! = ppf Euﬂ:*—*e"; Vel kT
Ly Ly

I i =1
I'.Eﬂ it IEp I.Ep
DELER; Wy ny _ nf
DyILY p? i

: i ; Ex i5
- = [] | 1813 x 1.08 X 107 x 10

b |
11.66 X 1.35 % 107 X 117 2nh 926X 107 ] S&

W, .
B = sech—> = sech 926 X 107> = 0.99996

'{'P
o = By = (0.99885)(0.99996) = 0.9988
o 0.9988
£es i —a_u.omz_sn

7.5.2 Charge Control Analysis

The charge control approach is useful in analyzing the transistor lerminal
currents, particularly in a-c applications. Considerations of transit time ef-
fects and charge storage are revealed easily by this method. Following the
techniques of the previous seclion, we can separate an arbitrary excess hole
distribution in the base into the normal and inverted distributions of Fig. 7-9. The
charee stored in the normal distribution will be called @), and the charge
under the inverted distribution will be called @,. Then we can evaluate the
cirrents for the normal and inveried modes in terms of these stored charges.
For example, the collected current in the normal mode -y is simply the
charge Oy, divided by the mean time required for this charge to be collect-
&d. This time is the transit time for the normal mode 7,. On the other hand,
the emitter currént must support not only the rate of charge collection by the
collector but also the recombination rate in the base Qylt,y. Here we use a
subscript N with the transit time and lifetime m the normal mode in contrast
to the inverted mode, to allow for possible asymmetries due to imbalance in
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the transistor structure. With these definitions, the normal components of
current become

N
Ien = 2—1 Ign = —  Kod (7-38a)
TN 'IN TpN
Similarly. the inverted components are
Qy O O
Igp=——5 k= =hE (7-38h)
B Ty o T Tpl

where the J subscripts on the stored charge and on the transit and recombi-
nation times designate the inverted mode. Combining these equations as in
Eg. (7-32) we have the terminal currents for general biasing:

! 9
= ou £+ w) 2 (7-308]
Oy ( 1 )
fo==N (7-39h
€ o Oy T:.r ot / )

It is not difficult to show that these equations correspond to the Ebers-Moll
relations [Eqg. (7-34)], where

ToN TF‘J
oy = ————, iy =————
N T’N + TPN 4 Tiy -+ TPJ
i 1 I 1
Igs = rm(— + —)1 Ieg = ‘?f(_ + '—) (7-40)
TN TpN Ty Tpl
Apg Ape
QN - qN p" E Qf *?J' P._n

The base current in the normal mode supports recombination, and the
base-1o-collector current amplification factor By takes the form predicted
by Eq. (7-7):

On fey  Tpn
gy ==, By =—"=-— 7-41
BN ‘T_ai\' By Ign TN ( }
This expression for B, is also obtained from aw/(1 - ay). Similarly, /5,18 Qrn
and the total base current is

G
lg=ldgy + 1z = (7-42
g=1dgy t g = "pN Tpr )
This expression for the base current is substantiated by {; — I from Eq. (7-39).
_ The effects of time dependence of slored charge can be included in
these equations by the methods introduced in Section 5.5.1. We can include
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the proper dependencies by adding a rate of change of stored charge to each
of the injection currents 7z, and I

. 1 1 Q;  d0Oy
o W (L IR [P 7 L 7-43;

tg Q Tiw ‘TFN) T dt { ”
O ( 1 1 ) dg,

joos XN DR, P (7-43b
€ TIN Q 'T'-[ Tﬁf df ]

d i
jy=Qr O 4O | 4O, (7-43c)
TeN  Tal dr dt

We shall return to these equations in Section 7.8, when we discuss the use of
transistors at high frequencies,

In a switching operation a transistor is usually contralled in two conduction 7.6
states, which can be referred to loosely as the “on” state and the “off"state.  SWITCHING
Ideally, a switch should appear as a short circuit when turned on and an open
eireuit when turned off. Furthermore, it is desirable to switch the device from
one state to the other with no lost time in between. Transistors do nof fit this
ideal description of a switch, but they can serve as a useful approximation in
practical electronic eircuits. The two states of a {ransistor in switching can be
seen o the simple common-emitter example of Fig. 7-12. In ths figure the
collector eurrent i is controlled by the base current i over most of the
family of characteristic curves. The load line specifies the locus of allowable
(i¢. - vez) points for the circuit, in analogy with Fip. 6-2. If {,, is such that the
operating point lies somewhere between the lwo end points of the load line
(Fig. 7-12b), the transistor operates in the normal active mode. That is, the
emitter junction is forward biased and the collector is reverse biased, with a
reasonable value of iz flowing out of the base. On the other hand, if the base cur-
renl is zero or neganve, the point Cis reached at the bottom end of the load line,
and the collector current is negligible. This is the “off state of the transistor, and
the device is said 1o be operating in the cutoff regime. If the base current is pos-
itive and sufficiently large, the device is driven to the saturation regime, marked
§. This is the “on" state of the transistor, in which a large value ol i [lows with
only a very small voltage drop v As we shall see below, the beginning of the
saturation regime corresponds to the loss of reverse bias across the collector
junction. In a typical switching operation the base current swings from positive
to negative, thereby driving the device from saturation Lo cutoff, and vice versa.
In this section we shall explore the nature of conduction in the cutoff and sat-
uration regimes; also we shall investigate the factors affecting the speed with
which the transistor can be switched between the two states.

The various regions of apération of a BJT are illustrated in Fig, 7-12¢.
If the emitter junction 18 forward biased and the collector reverse biased,
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Figure 7-12
Simple swilching
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we have the mormal active mode; the opposite gives us the inverted mode
of operation. If both junctions are reverse biased, we get cutoff, leading to a
very high impedance state of the BIT, if both junctions are forward biased,
we have saturation and a low impedance state;

7.6.1 Cutoff
If the emitter junction is reverse biased in the cutoff regime (nepative i), we
can approximate the excess hole concentrations at the edges of the reverse-
biased emitter and collector junctions as
Ape  Apc
P Pr

= —1 {7-44)

Petitioner Runergy USA Inc., Ex. 1030, p. 364



Bipalor Junction Transistars

which implies p(x,) = 0. The excess hole distribution in the base is approxi-
mately constant al —p,, with some slope Lo the distribution at each edge
to account for the reverse saturation current in the junctions. The base cur-
rent iy can be approximated for a symmetrical transistor on a charge storage
hiasis as -gAp, Wyir,. In this calculation a negative excess hole concentration
corresponds to generation in the same way that a positive distribution indi-
cates recombination. This expression is also obtained by applying Eq. (7-44)
to Eq. (7-19) with an approximation from Table 7-1. Physically, a small sat-
wration current flows from n to p in each reverse-biased junetion, and this cur-
rent 15 supplied by the basc current {7 (which 1s negative when flowing mto
the base of a p-n-p device according (o our definitions), A more generdl eval-
uation of the currents can be obtained from the Ebers-Moll equations by
applying Eq. (7-44) to Eq. (7-34):

EE‘: _Ifs+ﬂ.r!r_-|;= "l] = E!.N)IES E_f—liﬂ-]
f.‘i‘ =-{.E = if.' = —“. = QN}IE& == (1 = ﬂ-f}l,[:j {?-45(}]

If the short-circuit saturation currents f. and [ are small and ey and «;
are both near unity, these currents will be negligible and the cutoff regime will
closely approximate the “off” condition of an ideal switeh, The equivalent
gireuil corresponding 1o Eq. (7-45) is illustrated in Fig. 7-13b.

7.6.2 Saturotion

The saturation regime begins when the reverse bias across the collector junc-
tion is redwced to zero, and it continues as the collector becomes forward bi-
ased. The excess hole distribution in this case is illustrated in Fig. 7-14. The
device is saturated when Ape= 0, and forward bias of the collector junction

fip

(I

P 01 =¥ L
A i

;rl’.,." ]

(a) (b)
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Figure /-14
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(Fig. 7-14b]) leads to apositive Ap,, driving the device further into saturation.
With the load line fixed by the battery and the 5-k(2 resistor in Fig. 7-12, sat-
wration is reached by increasing the base currént iy, We can see how a large
value of iy leads to saturation by applying the reasoning of charge control lo
Fig. 7-14. Since a certain amount of stored charge is required to accommeo-
date a given iy (and vice versa), an increase in iy calls for an increase in the
area under the 8p(x,) distribution.

In Fig. 7-14a the device has just reached saturation, and the collector
junction is no longer reverse biased. The implicalion of this condition for the
circuit of Fig. 7-12 is easy to state. Since the emitter junction is forward bi-
ased and the collector junction has zero bias, very litile voltage drop appears
across the device from collector to emitier. The magnitude of -vpis only a
fraction of a volt. Therefore, almost all of the battery voltage appears across
the resistor, and the collector current is approximately 40 VIS k) =8 mA. As
the device is driven deeper into saturation (Fig. 7-14b). the collector current
stays essentially constant while the base current increases. In this saturation
condition the transistor approximates the “on” state of an ideal switch.

Whereas the degree of “oversaturation” (indicared by the shaded area
in Fig. 7-14b) does not affect the value of i, significantly, it is important in de-
termining the time required to switch the device from one state to the other.
For example, from previous experience we expect the turn-off time (from
saturation to cutoff) to be longer for larger values of stored charge in the
base. We can calculate the various charging and delay times from Eq. (7-43).
Detailed caleulations are somewhat involved, but we can simplify the prob-
lem greatly with approximations of the type used in Chapter 5 for transient
effects in p-n junctions

7.6.3 The Switching Cycle

The various mechanisms of a switching cycle are illustrated in Fig. 7-15. If the
device is originally in the eutoff condition, a step increase of base current to
I causes the hole distribution to increase approximately as illustrated in
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Fig. 7-15b. As in the transient analysis of Chapter 5, we assume for simplic-
ity of calculation that the distribution maintains a simple form in each time
mmterval of the transient. At time ¢, the device enters saturation, and the hole
distribution reaches its final state at 1, As the stored charge in the base Q)
increases, there is an inerease in the callector current i~ The collector current
does not increase beyond its value at the beginning of saturation ,, however.
We can approximate this saturated collector current as I = Eo/R;, where
Eqe is the value of the collector circuit battery and R is the load resistor
(I = B mA for the example of Fig. 7-12). There is an essentially exponen-
tial increase in the collector current while @, rises to itsvalue @, at £,; this rise
time serves as one of the limitations of the transistor in a switching application.
Similarly, when the base current is switched negative (e.g., to the value -Ip),
the stored charge must be withdrawn from the base before cutolf is reached.
While @ is larger than (,. the collector current remains at the value I, fixed
by the battery and resistor, Thus there is a storage delay time 1., after the base
current is switched and before i begins to fall toward zero, After the stored
charge is reduced below (J,, i drops exponentially with the characteristic fall
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Figure 7-16 ic fy — Dulny time wivile junetion
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time, Once the stored charge is withdrawn, the base current cannot be main-
tetined any longer at its large negative value and must decay 1o the small cut-
off value described by Eq. (7-45c).

7.6.4 Specificafions for Switching Transistors

We can determine ¢, and f,; by solving for the ime-dependeni base current.
ig{t), given by an expression similar 1o Eq. (5-47). We must also not neglect
the charging time of the emitter junction capacitance in going from cutoff e
saturaiion. Since the emitter junction is reverse biased in cutoft. it is neces-
sary for the emitter space charge layer to be charged to the forward-bias con-
dition before collector current can flow. Therefore. we should include a defay
time t; a8 in Fig. 7-16 to account for this effect. Typical values of ¢, are given
in the specification information of most switching transistors, along with a rise
tinte t,, defined as the time required for the collectar current to rise from 10
to 90% of its final value. A third specification 18 the fall time t; required for
fe 1o Tall through & similar fraction of its turp-ofl excursion.

7.7 The approach we have taken in analyzing the properties of transistors has in-
OTHER  volved a number of simplifying assumptions. Some of the assumptions must
IMPORTANT  be modified in dealing with practical devices. In this section we investigate
EFFECTS some common deviations from the basic theory and indicate situalions in
which each effect is important. Since the various effects discussed here invalve
modifications of the more straightforward theory, they are ofien labeled “see-
ondary effects” This does not imply that they are vnimportant; in fact, the ef-
fects described in this section can dominate the conduction in (ransistors

under certain conditions of device geometry and eireuit application.

In this section we shall consider the effects of nommiform doping in
the base region of the transistor. In particular, we shall find that graded dop-
ing can lead to a drift component of charpe transport across the base, adding
to the diffusion of carriers from emitter to collector. We shall discuss the ef-
fects of large reverse bias on the collectorjunction, in terms of widening the
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space charge region about the junction and avalanche multiplication. We
shall see that transistor parameters are affected at high current levels by the
degree of injection and by heating effects. We shall consider several structural
cffeots that are important in practical devices, such as asymmetry in the areas
of the emitter and collector junctions, series resistance between the base con-
tact and rthe aetive part of the base region, and nunumfonmly of injection at
the emitter jonction. All these effects are important in understanding the op-

eration of transistors, and proper ¢consideration of their interactions can con-
tribute greatly to the usefulness of practical transistor circuits,

7.7.1 Drifi in the Bose Region

The assumption of uniform doping in the base breaks down for implanted junc-
tion transistors which usually involve an appreciable amount of impurity grad-
ing: for example, the implanted transistor of Fig. 7-5 has a doping profile similar
to that sketched in Fig. 7-17. In this example there is 4 fairly sharp discontinuity
in the doping profile, when the donor concentration in the base repion becomes
smaller than the constant p-type background doping in the collector. Similarly,
the emitter is assumed 10 be a heavily doped (p*) shallow region, providing a sec-
ond rather sharp boundary for the base, Within the base region itself, howev-
er, the net doping concentration (N — N, = N) varies along a profile which
decreases from the emitter edge to the collector edge. The most likely doping dis-
tribution in the base is a portion of a paussian (see Section 5.1.4): however, we
can ¢learly see the effect of an impurity gradient by assuming for simplicity that
N(x,) varies exponentially within the base region (Fig. 7-17b).

One important result of a graded base region is thal a built-in electric
field exists from emitter to collector (for a p-n-p), thereby adding a drift com-
ponent to the transport of holes across the base. We can demonstrate this ef-
fect very simply by considering the required balance of dnft and diffusion in
the base at equilibrium, If the net donor doping of the base is large snough

Figure 7-17
Graded doping in
the base reglon of
a pr-p fransistor:
{a) typical doping
HIE ona

semilog plot; [b)
approximate
exponential distri-

N(Wy) bulion of the

nel donor con-

n centration in the

base regien on a
(a) (h) linear plot.

Dopimg concentralion
(log seale)
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to allow the usual approximation n(x,) = N(x,), the balance of electron drift
and diffusion currents at equilibrium requires

dN
1n(%a) = QAN ()8 (x,) + AD, den (7-46)
L

Therefore. the built-in electric field is

x,) = D, 1 AN (xy) » _ffl 1 dN[:In)
TR Y YD g4 N(x,) dx,

(7-47)

For a doping profile N(x,) that decreases in the positive x,-direction, this
field is positive, directed from emirrer to collector.

For the example of an exponential doping profile, the electric field
£(x,) turns oul to be constant with position in the base. We can represent an
exponential distribution as

N(0)
N(W,)

Taking the derivative of this distribution and substituting in Eq. (7-47), we
obtain the constant field

N(x,) = N0)e " wherea=In (7-48)

0 = E i =0
&(x,) q W, (7-49)
Since this field aids the transport of holes across the base region from
emitter 1o collector, the transit lime 7, is reduced below that of a compara-
ble uniform base transistor. Similarly, electron transport in an n-p-n is aided
by the built-in field in the base. This shortening of the {ransit time can be
very important in high-frequency devices (Section 7.8.2). Another approach
for obtaining a built-in field is to vary the alloy composition x (and therefore
E,) in a base made of an alloy such as 8i,_,Ge, or In,Ga, ., As. We will dis-
cuss this further in Section 7.9.

7.7.2 Base Narrowing

In the discussion of transistors thus far, we have assumed that the effective
base width W, is essentially independent of the bias voltages applied 1o the
collector and emitter junctions. This assumption is not always valid: for ex-
afnple, the p™-n-p* transistor of Fig, 7-18 is affected by the veverse bias ap-
plied to the collector. If the base region is lightly doped, the depletion region
al the reverse-biased collector junction can extend significantly into the
n-type base region. As the collector voltage is increased. the space charge
layer takes up more of the metallurgical width of the base Ly, and as a re-
sult. the effective base width W, is decreased. This effect is variously called
hase nurrowing, base-width modularion, and the Early effeel alter J. M. Early,
who first interpreted it. The effects of base narrowing are apparent in the
collector characteristics for the common-emitter confipuration (Fig, 7-18b).
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Figure 7-18
The effects of base narrowing on the characteristics of a p*n-p” transistor: [q) decrease in the effective
base width as the reverse bias on the collector junction is increased; [b) common-emitier characteristics

showing the increose in [ with increased collector veltage. The black lines in (b) indicate the exropole-
tion of the curves to the Early voltage Va.

The decrease in W, causes B to increase, As a result, the collector current I
inereases with collector voltage rather than staying constant as predicted
from the simple treatment. The slope introduced by the Early effect is al-
most linear with /-, and the common-emitter characteristics extrapolate to
an intersection with the voltage axis at V), called the Early voltage.

For the p™-n-p* device of Fig. 7-18 we can approximate the length { of
the collector junction depletion region in the n material from Eq. (5-23b)
with ¥ replaced by Vi, - Vo and Vi taken to be large and negative:

2eV, 1z
I = (ﬁf‘E) (7-50)
[

If the reverse bias on the collector junction is increased far enough, it
is possible to decrease W), to the extent that the collector depletion region es-
sentially fills the entire base. In this punch-through condition holes are swept
directly from the emitter region to the collector, and transistor action is lost.
Punch-through is a breakdown effect that is generally avoided in circuitl de-
sign, In most cases, however, avalanche breakdown of the collector junction
occurs before punch-through is reached. We shall discuss the etfects of
avalanche multiplication in the following section.

In devices with graded base doping, base narrowing is of less impor-
tance. For example, if the donor concentration in the base region of a p-n-p
increases with position from the collector to the emitter, the intrusion of the
collector space charge region into the base becomes less important with in-
creased bias as more donors are available to accommodate the space charge.
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7.7.3 Avalanche Breakdown

Before punch-through occurs in most (ransistors, avalanche multiplication at the
callector junction becomes important (see Section 5.4.2). As Fig. 7-19 indicates.
the collector current increases sharply at a well-defined breakdown valtage
BV ¢ gys [or the common-base configuration. For the common-smitter case, how-
ever, there is & strong influence of currier multiplication over a fairly broad
range of collector voliage. Furihermore, the breakdown voliage in the com-
mon-emitler case BV o 15 significantly smaller than BV 5, We can under-
stand these effcets by considering breakdown for the condition I =0 in the
commoen-base cuge and for [y = 0 im the common-emitler case, These conditions
are implied by the (7 in the subscriptsof BY . and BV 5. Ineach case the tar-
minal current J-is the current entering the collector depletion region mult-
plied by the factor M. Including multiplication due to impact ionization,
Eq.(7-37b) becomes
= 1 .
le = (mnl g+ TepdM = (apiy + fnﬁl = Vel BV cpol” (7-51)

where for M we have used the empirical expression given in Eq. (5-44).

For the limiting common-base case of Iz = 0 (the lowest curve in Fig.
1-23a), I, is simply M/, and the breakdown voltage is well defined, as in an
isolated junction. The term 8V g, signifies the collector junction breakdown
voltage in common-base with the emitter open. In the common-emitter case
the situation is somewhat more complicated. Setting I, = (), and therefore, /.=
Iy in Eq, (7-51), we have

MT o
I{. = ————————
I = MEIN
We notice that in this case the collector current increases indefinitely when
My approaches unity. By contrast, M must approach infinity in the common-

base case before BV g, is reached. Since ay is close to unity in most tran-
sistors, M need be only slightly larger than unity for Eq. (7-52) 10 approach

(7-52)

Figure 7-19
Avalanche break-
dawr in o
Iransistor: |a) com-
mon-base canfigu-

i ~Vee
ration; (b) BV oy
common-amitter
canfiguration, (b)
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breakdown. Avitlanche muluplication thus dominates the current in a commaon-
emnitter transistor well below the breakdown voltage of the isolated collector
junction. The sustaining voltage [or avalanching in the common-emiller case
BV gr 18 therefore smaller than BV,

We can understand physically why multiplication is sv important in
the common-emilter case by considering the effect of M on the base cur-
rent, When an 1onizing collision occurs in the colle ‘tor junction depletion
region, a secondary hole and electron are created. The primary and sec-
ondary holes are swepl into the collector in & p-n-p. bul the eleciron is
swepl into the base by the junction field. Therefore, the supply of elec-
trons to the base is increased, and from our charge control analysis we
conelude that hole infection at the emitter musl increase Lo maintain space
charge neutrality. This s a regenerative process. in which an increased in-
jection of holes from the emitter causes an increased multiplication cur-
rent @t the collector junction: this in lurn increases the rate at which
secondary electrons are swep! inta the base, calling for more hoke injection.
Because of this regenerative effect, it is easy to understand why the mul-
tiplication factor M need be only slightly greater than unity 1o start the
avalanching process.

7.7.4 Injection Level; Thermal Ebtects

In discussions of transistor characteristics we have assumed that « and 3 are
independent of carrier injection level, Actually, the parameters of a practical
transisior may vary considerably with injection level. which is delermined
by the magnitude of £, or I~ For very low injection, the assumption of neg-
ligible recombination in the junction depletion regions is invalid (see Section
5.6.2).This is particularly important in the case of recombination in the emit-
ter junction, where any recombination tends to degrade the emitter injec-
tion efficiency . Thus we expect that « and ( should decrease for low values
of I, causing the curves of the collector characteristics to be spaced mare
closely for low currents than for higher currents.

As I is increased beyond the low injection level range, o and B increase
but fall off again at very high injection. The primary cause of tus fall-ofl is the
increase of majority carriers at high injection levels (see Section 5.6.1). For ex-
ample, as the concentration of excess holes injected into the base becomes large,
the matching excess electron concentration can become greater than the back-
ground ¢, This base conductivity modulation effect results in a decrease in vy as
more electrons are injectéd across the emitter junction into the emitter region.

Large values of /; may be accompanied by significant power dissipa-
tion in the transistor and therefore heating of the device. In particular, the
product of /i and the collector voltage Ve is.a measure of the power dissi-
pated at the callector junction. This dissipation is due 1o the fact that carri-
ers swept through the collector junction depletion region are given increased
kinetic energy, which in turn is given up to the laftice in scattering collisions,
It is very important that the transistor be operated in'a range such that /, V-
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does not exceed the maximum power rating of the device. In devices de-
signed for high power capability, the transistor is mounted on an efficient
heat sink, so that thermal energy can be transferred away from the junction.
If the temperature of the device is allowed to increase due to power dis-
sipation Or thermal environment, the transistor parameters change. The most
imporlant parameters dependent on lemperature are the carrier lifetimes and
diftusion coefticients. In 8i or Ge devices the lifetime 7, increases with tem-
perature for most cases, due to thermal reexcitation from recombination cen-
ters. This increase in 7, lends to increase 3 for the transistor. On the other hand,
the muability decreases with increasing lemperature in the lattice-scattering,
range, varying approximately as 77 (see Fig. 3-22). Thus from the Einstein re-
lation, we expect D, to decrease as the temperature increases, thereby causing
a drop in {3 due to an increasing transit time 7, Of these competing processes,
the effect of increasing lifetime with temperature usually dominates, and B be-
comes larger as the device 1s heated. It is clear from this effect that thermal
runaway can occur if the circuit is not designed to prevent it. For example, a
large power dissipation in the device can cause an increase in T; this results in
a large P and therefore a large /- for a given base current; the large [ causes
more collector dissipation and the cyvele continues, This type of runaway of the
collector current can result in overheating and destruetion of the device.

7.7.5 Base Resistance and Emitter Crowding

A number of structural effects are important in determining the operation
of a transistor. For example, the emitter and collector areas are considerably
differentin the implanted transistor of Fig. 7-20a. This and most other struc-
tural effects can be dccounted for by differences in wy, &, and other para-
meters in the Ebers-Moll model. Several effects caused by the structural
arrangement of real transistors deserve special attention, however. One of the
most important of these effects is the fact that base current must pass from
the active part of the base region to the base contacis B. Thus, to be accurate,
we should include a resistance ry, in equivalent models for the transistor (o
accoun! for vollage drops which may oceur between B and the aclive part of
the base. Because of ry, it 1s comimon to contact the hase with the metalliza-
tion pattern on both sides of the emitter, as in Fig. 7-20c.

If the Iransistor is designed so that the n-type regions leading from the
base to the contacts are large in cross-sectional area, the base resistance ry
may be negligible. On the other hand, the distributed resistance r; along the
thin base region is almost always important.® Since the width of the base be-
tween emitter and collectar is very narrow, this distributed resistance is usu-
ally quite high. Therefore, a5 base current flows {rom points within the base
region toward each end, a voltage drop ocours along ry,. In this case the for-
ward bias across the emitter-base junction is nol uniform, but instead varies
with position according to the voltage drop in the distributed base resistance.

Mhe distribited resisance r, b2 ofen colled the base sgreoding retisiance
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Figure 7-20
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In particular, the forward bias of the emilter junction is larges! at the corner
of the emitter region near the base contact. We can see that tlus is the case
by considering the simplified example of Fig, 7-20e. Neglecting variations in
the base current along the path from point A to the contact B, the forward
bias of the emitter junction above point A is approximately

Via=Vien — Io(Ran + Bog) (7-53)

Actually; the base carrent is not uniform along the active part of the base region,
and the distributed resistance of the base is more comphicated than we have in-
dicated. But this example does illustrate the point of nonuniform injection.
Whereas the forward bias at A is approximalely described by Eq. (7-53), the
emitter bias voltage at point D is

Viep=Veg — IyRpy {7-54)

which can be significantly closer to the applied voltage V.

Since the forward bias is largest at the edge of the emitter, it follows that
the injection of holes is also greatest there. This effect is called emirter crowd-
ing, and 1t can strongly affect the behavior of the device. The most impor-
tant result of emitter crowding is that high-injection effects deseribed in the
previous section can become dominant locally at the corners of the emitter
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Chapler 7

before the overall emitter current is very large. In transistors designed 1o
handle appreciable current, this is a problem which must be dealt with by
proper structural design. The most effective approach to the problem of emit-
ter crowding is to distribute the emitter current along a relatively large emit-
ter edge, thereby reducing the current density at any one point, Clearly, what
is needad is an emitter region with a large perimeter compared with its area,
A likely geometry to accornplish this is a long thin stripe for the emitter, with
base contacts on each side (Fig. 7-20b and ¢). With this geometry the total
emitier current [ is spread out along a rather long edge on each side of the
stripe. An even betier geomelry is several emitter stripes, connecled elec-
trically by the metallization and separated by interspersing base contacts
(Fig. 7-21). Many such thin enitter and base contact “fingers” can be inter-
laced to provide for handling large current in a power transistor. This is ofien
called very descriptively an inrerdigitated geometay.

7.7.6 Gummel-Poon Model

The Ebers-Moll model runs into problems if a high degree of accuracy is re-
quired for very small BJTs, or where second order effects become important,
The Gummel-Poon maodel, which is 2 charge control model, incorporates
much more physics, We present a simplified version of the model here.

As discussed in Section 7.7.1, for typical graded doping profiles in the
base, there is a built-in electric field that causes drift of minorily carriers in
the same direction they are diffusing fram emitter 10 collector. This forms the
starting point for the derivation of the Gummel-Poon model. As mentioned
in Section 7.7.1, this electric field ads the motion of the minority carriers in
the base, so the current can be written as

dp(x,) ca
lg, = qAp,p(x,)E€ — qAD; T ' {7-33)
&
Buwe contact
el tiun
£ oileetor contagt
Emtier contdct
mctalllzion
{a) (b (€]
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We can replace the electric field in the base in Eyg. (7-35) by the expression
in Eq. {7-47), assuming n(x,) = Ny(x,)

R ik —k'!'ldn)_ dp.
#p = RERpR g ndx, fdx,
-MDP( dn dp)
= - ¥ 7-5¢
el (7-56)

where the Einstein relation is used. We recognize the expression in paren-
thesis as the derivative of the pn product,

_ —gAD, d(pn)

) T-574
B n dx, (7=078)
_"Eﬁ” = d(?”) [7-57h)
4AD,  dx, '

We integrate both sides of Eq. [7-57b) from the emitter-base junction (0) to
the base-collector junction (W,), keeping in mind that the current /g, flow-
ing from the emitter to the collector, is more or less constant in the narrow
base (so that it can be pulled out of the integral).

J-w.' Hd.t,, l-l?r,ar{Pu]
_‘rEP
1] {1

dx, = p(Wpn(W,) — p(0)a(0) (7-58)

gAD, - dx,

Now, as described in Sections 5.2.2 and 5.3.2, the pn product changes from the
eqiilibrium value
pn = n: [7-59u)

to the nonequilibrium expression

Fy—Fy i’;
pn = nle = plekl (7-59h)

where the separation of the Fermi levels is determined by the applied bias
across the junction. Applying this to Eq. 7-58, we get

o Ve
PWIn(W,) = nfe &7 (7-600a)
qv
pl0)n(0) = nje K (7-60h)
Wea Ve
Ig, = W (7-61)
J ndx,
o
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We have assumed a constant hole diffusivity in the base, D, The integral in
the denominator corresponds to the integrated majority carrier charge in the
base, and is known as the base Gummel number, (3. In the normal active
meode of operation, where the collecior-base junclion is reverse biased (Vg
is negative), and the emitter-base junction is forward biased, the emitter hole
current flowing to the collector (Which is the dominant current) becomes

qVin

gAD nfe

Bt
i Op

We can similarly write the base electron current flowing back into the emitter as

(7-62a)

L Wi
qAD e kT

Ip, =
Fr e

where Oy 1s the integrated majority carrier charge in the emitter. known as
the emitter Gummel number. The ¢rux of the Gummel-Poon model is that the
currents are expressed in terms of the net integrated charges in the base and
emitter regions, and can easily handle nonuniform doping. Also, since we
have obtained expressions for /5, and /¢, in terms of Oy and Q. we can write
down BJT parameters such as the enitter injection efficiency v [sée Eq. (7-2)],
in terms of the Gummel numbers.

We can also modify the Gummel-Poon model to handle several second-
order effects such as the Early effect and high-level injection in the base,
simply by writing the expression for the base Gummel number, O, more
precisely as follows:

(7-62h)

WiV eal
Oy = J nlx,)dx, f7-63)

WV 5 )

where we explicitly account for the fact that the infegration limits, the base-
emitter junction (x, = (1) and the base-collector junction (W) are bias de-
pendent. This is, of course, the Early effect (Section 7.7.2).

Furthermore, we see that under high-level injection (Sections 5.6.1 and
7.7.4), the integrated majority carrier charge becomes greater than the inte-
grated base dopant charge:

Wy -,

| x> | Natas, (7-64)
0 n

Clearly, from Eq. (7-61), this will cause the current from the emitter-to-collee-
tor, Ir,, o increase less rapidly with emitter-base voltage al high biases, Based
on what we learned in Section 5.6.1 about high-level injection in a dinde, the
emitter-to-collector current for high-level injection in the base increases as

g¥en

foooc By, ox e BT (7-haa)
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On the other hand, because the emitter doping is typically higher than the
base doping, one does not see high-level injection effects in the emitter, and
the base current injected into the emitter scales as

Flﬁ'
Ig o I, o egl'f_' (7-65b)
Hence, for high Vg,
q¥en
o IC g IkT ~4Yrn

B

g2 o lg!

==K
" g

This result shows that the common-emitter gain decreases at high in-
jection levels due to excess majority carriers i the base.

The Gummel-Poon medel also accounts for generation-recombination
effects in the base-emitter depletion region at low current levels As discussed
in Secfion 5.6.2, such effects are accounted for by the diode ideality factor,
n. Hence the base current injected inte the emitier can be wrillen as

i
16 T, oc EnF (7-673)

On the other hand, the generally large emitter current injected into the base
is not likely to be affected by generation-recombination. Therefore,
ai‘ 1

Iy, xe (7-67b)

Thus. for low Vg or low [, the current gain

; e kr g I _I..
B = o g e TV o 7F) (7-68)
. g okl [

The transistor collector current - and the base currem [z are plotted
on a semilog scale as a function of Vg in Fig, 7-22a. This is referred toas a
Gurmel plot. The current gain [ is shown as a function of I in Fig. 7-22b.
We see the dependence of B on I in the different bias regions, as deseribed
by the Gummel-Poon model. At low injection levels f is degraded by poor
emitter injection efficiency [Eq. (7-68)]. and at high currents B decreases due
to excess majority charge in the base, which degrades -y. It can be shown that
il one neglects the Early effect (Le., we assume an infinite Early voltage) and
the drap of B at high current levels, the Gummel-Poon model simplifies to
the Ebers-Moll model.

Petitioner Runergy USA Inc., Ex. 1030, p. 379



380 Chanler 7

Figure 7-22
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The current gain drops at high collector curtents due Lo yet another mecha-
nism known as the Kirk effect. This involves an effective widening of the neu-
tral base due to modification of the depletion space charge disiribation at the
reverse-biased base-collector junction. This is caused by the buildup of mo-
bile carriers due to increased current flow from the emitter to the collector.
This is illustrated in Fig. 7-23 for a p-n-p BJT. Notice that the polarity of
these mobile charges adds to the fixed donor charges on Lhe base side of the
base-collector depletion region, but subtracts from the fixed acceptor charges
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on the collector side of the junction {Fg. 7-23¢). Therefore, fewer uncom-
pensated donors (and thus & smaller depletion width) are needed to main-
tain the reverse voltage Vi, across this junction. As a result, the neutral base
width increases from W, in Fig. 7-23b to W, in Fig. 7-23c. Also, the depletion
region extends more into the collector side. This 15 tanlamount 10 moving
the base-collector junction deeper into the collector. This leads to an effec-
tive widening of the neutral base region (the Kirk gffect) and to a drop of the
current gain and an increase of the base transit time.

The elestric field profile in the collector depletion region in the pres-
¢nee of uncompensated dopant charges and mobile carriers (due to the cur-
rent flow) is given by Paisson's equation.

d& 1 I J

= | g(Ni — N7) +
2 g dNE— N3] e

(7-AY)

S

i "1151 4 |
| i
s | T S =
. | i ol B
(a) I Pah E| ¥ o
i 1
w it = o 1
- | 5 - 1 e e
e
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o =
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Figure 7-23
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where the mobile carrier charge concentration is given by the last term, and
v, is the drift velocity of the carriers.

The voltage across the reverse-biased collector-base junction, V4, is
telated ta the electric field profile by:

W,
Vg L Edx (7-70)

Assuming that Vi, is fixed, and I increases, the last term in Eq. (7-69) be-
comes more important with respect to the ionized dopant charges, In Pois-
son's equation [Eq. (7-69)], the extra holes injected into the depletion region
have the same effect as if the doping level on the base side were increased
and that on the collector side decreased. Since the integral of this field with
respect to distance is fixed at Vg [Eq. (7-70)], this implies that the depletion
region on the base side collapses.

Although we have chosen 1o illustrate the Kirk effect for a p-n-p BJT, sim-
ilar results are obtained for the n-p-n trangistor. Obviously, the treatment is
identical except for the polarity of the various charges. From a more detailed
analysis, for n-p-n devices with an n' sub-collector, it can be shown that the
base widening can extend at even higher current levels all the way through
the lightly doped collector region ta the heavily doped buried sub-collector.

7.8 Tn this section we discuss the properties of bipolar transistors under high-
FREQUENCY frequency operation. Some of the frequency limitations are junction capac-
LIMITATIONS OF  itance, charging times required when excess carrier distributions are altered.
TRANSISTORS and transit time of carriers across the base region. Our amm here 15 not to at-
tempf a complete analysis of high-frequency operation, but rather to con-
sider the physical basis of the most important etfects. Therefore, we shall
include the dominant capacitances and charging times and discuss the ef-

fects of the tramsit lime on high-frequency devices.

7.8.1 Capocitance and Charging Times

The most obvious frequency limitation of transistors is the presence of junc-
tion capacitance at the emitter and collector junctions. We have considered this
type of capacitance in Chapter 5, and we can include junction capacitors C,
and Cj, in circuit models for the transistor (Fig. 7-24a). If there is some equiy-
alent resistance n, between the base contact and the aclive part of the base re-
gion. we can also include it in the model, along with r. to account for a series
collector resistance.® Clzarly, the combinations of r; with C,.and r, with C,, can
miroduce important time constants into a-c circuit applications of the device,

BSince alemants such as rand 1, 10 Fig. 7-24 are added la the basic lransistor model wo hows previausly
analyzed, It iz most convenisn| to refer here to fhe ferminal vollagas and currents as Vi, 7., ang so on, In
this wiay we can use previeusly derived sapressions invalving the Internal auantiijes (i and v in Eq,
(7—75), for xample]. In most circlits leas the prmes are instend uted for the inlernal quantities, just the
opposlie methed fom thol used here
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Irom Section 5.5.4 we recall that capacitive effects can arise from the
requirements of altering the carrier distributions during time-varying injec-
tion. In a-¢ circuits the transistor is usually biased 1o a certain steady state op-
erating point characterized by the d-¢c quantities Vg, Vep, fo Iy, and I and
then a-c signals are superimposed upon these steady state values We shall call
the a-c lerms Ve, Vie, i, §y. and i Total (a-¢ + d-¢) quantities will be lower-
case with capilalized subseripts.

If a small a-c signal is applied to the emitier p-n junction along with a
d-c level, we can show that

¥
Apg(t) = :’.‘.pg{d-c}(l + ﬂ) (7=7L)

kT

We can relate this time-varying excess hole concentration to the stored charge
in the base region, and then use Eq. (7-43) to determine the resulting cur-
rents. For simplicity we shall assume the device is biased in the normal active
made and use only @ (). Assumming an essentially triangular excess hole dis-
tribution in the base, Eq. (7-23) gives

qvﬂﬁ- e
T J (7-72)

Onlt) = 3qAW,Ap(t) = %qAWhﬁfJE{d—c}[l o+
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The terms outside the brackets constitute the d-c stored charge Iy7,:

o,
0.(1) = .'3—.3,(1 3 %9) (7-73)

Now that we have a simple relation for the time-dependent stored
charge, we can use Eq. (7-43c) to write the total base current as

On(1) | dQy(1)
Tp di

iglr) = (7-744)

As discussed in Section 5.5.4, we must be careful about boundary con-
ditions in determining where the stored charges are extracted or “reclaimed”

in a diode. For the emitter-base dinde in a BJT, we have a “short” diode where

Eg. (5-64) 1s applicable. The result is that only 2/3 of the stored charge is re-
claimed. Hence, we obtain

z i dvfb

H = —q— e 3 ke

iglty = I + HJB”"“’ "3 I{TJBT” i3 (7-740)
The a-¢ component of the base current is

di(!
iy = G, + C’,t,i{—} (7-73)
dt
where
. _ 4 , 2 ¢ _2
G,.= }{'-]-,-,fg and C,.= 5 E?;.Irﬂfp = :—!G,,Tp.

Thus, as in the case of the simple diode, an a-c conductance and capacitance
are associated with the emitter-base junction due to charge storage effects.
From Eq. (7-43b) we have

: Onlr) g
ie(f) = . Blg + Eﬁfﬂnﬂl
. q 3C
fe = Em¥ss Wherepg, = o BI; = 5 Tji (7-76)

The quantity g, is °n a-c ransconduciance, which is evaluated at the
steady state value of collector current /. = Bl We can synthesize Egs. (7-75)
and (7-76) in an equivalent a-c circuit as in Fig. 7-24b. In this equivalent
circuit the voltage vy, used in the calculations appears “inside" the device,
'so that a new applied voltage v, must be used external to r, to refer Lo the
voltage applied between the contacts, and similarly for v_,. This equivalent
model is discussed in detail in most electronic cirouils texts; il is often called
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From Fig. 7-24b it is clear that several charging times are important in
the a-c operation of a transistor; the most important are the time required to
charge the emitter and collector depletion regions and the delay time in al-
tering the charge distribution in the base region. Other delay times includ-
ed in a complete analysis of high-{requency transistors are the transit time
through the collector depletion region and the charpe storage time in the
collector region. 1t all of these are included in a single delay time 7, we can
estimate the upper frequency limit of the device. This is usually defined as the
cutoff frequency for the transistor fiy = {2mv1,) . 1t is possible toshow that f;
represents the frequency at which the a-c amplification for the device
[fla-c) = hy, = di./Ai,] drops to unity.

7.8.2  Transit Time Effects

In high-frequeney transistors the ultimate limitation is often the (ransit tme
across Lhe base. For example, in a p-n-p device the time 7, required for holes
to diffuse from emitler to collector can determine the maximum [requency
of nperation for the device, We can calculate 7, for a transistor with normal
biasing and y = 1 from Eq, (7-20) and the relation § = 5,f7;

csch Wy/L, 2L 2Dg, -+,

Tk W,2L, T Wi W, w

gy VB (7-77)
Y 2Dy
Another instructive way of caleulating 7, Is to consider that the diffus-
ing holes seem to have an average velocity (v(x,)) (actually the individual
hole motion is completely random, as discussed in Section 4.4.1). The hole
current i.(x,) is then given by

inxa) = gApl)v(x, 1) (7-75)
The lransit Ume is
IW“ d"‘ll Jw"qu(xH}_ =¥
= ) e || o =Sty 2=
0 {V('xn.)} i} ‘P[‘r"J

For & tnangular distribution as in Fig, 7-8b, the diffusion current is almast con-
stant at i, = gAD Apg/W), and 7, becomes

_gAApW 2 WY

= = (F-ath)
BT AD Ap/W, 2D

il
as before, The average velocity concept should not be pushed too far in the

case of diffusion, but it does serve to illustrate the point that a delay time
exists between the injection and collection of holes.
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We can estimate the transit time for a typical device by choosing a value
of Wy, say 0.1 wm (1077 em). For Si, a typical number for D, is about 10 em’/s;
then for this transistor 7, = (.5 % 10" & Approximating the upper frequen-
cy limit as (21r) 7!, we can use the transistor (o about 30 GHz. Actually, this
estimalte is too oplimistic because of other delay times. The transir time can
be reduced by making use of field-driven currents in the base. For the im-
planted transistor of Fig. 7-17, the holes drift in the built-in field from emit-
ter to collector over most of the base region. By mmcreasing the doping
gradient in the base, we can reduce the transit time and thereby increase the
maximum frequency of the transistor.

7.8.3 Webster Effect

While the transit time expression [Eq. (7-80)] is valid for low-level injection,
7,8 reduced by up to a factor of 2 under high-level injection. This oceurs be-
cause the majority carrier concentration increases significantly above its equi-
librium value in the base, to match the injected minority carrier concentration.
Singe the minarity carrier concentration decreases from the base-emitrer
junction to the base-collector junction (see Fig. 7-8), so does the majority
carrier conceniration. This tends to create a diffusion of the majority carri-
ers from emitter to base. Such majority carrier diffusion would upset the
drift-diffusion balance required to maintain a quasi-equilibrium distribution
in the base. Therefore, a buill-in electric field develops in the base to create
an opposing majority carrier drift current. The direction of this induced field
then aids the minority carrier rransport from the emitter to the collector, re-
ducing the transit time 1, in Eqg. (7-80),

This is known as the Webster effect. It is interesring to note that this ef-
fect is similar to the drifl field effects in the base region due to nonuniform
base doping (Section 7.7.1). For the Webster effect, the induced field is not
due to nonuniform doping but rather the nonuniform majoerity carrier con-
centration induced by carrier injection.

7.8.4 High-Frequency Transistors

The most obvious generality we can make about the fabrication of high-
frequency transistors is that the physical size of the device must be kept small.
The base width must be narrow to reduce the transit time, and the emitter and
collector areas must be small to reduce junction eapacitance. Unfortunate-
1y, the requirement of small size generally works against the requirements
of power rating for the device: Since we usually require a trade-off between
[requency and power, the dimensions and other design features of the tran-
sistor must be tailored to the specifie circuit requirements. On the other hand,
many of the fabrication techniques useful for power devices can be adapted
to increase the frequency range. For example. the method of interdigitation
(Fig. 7-21) provides a means of increasing the useful emitier edge length
while keeping the overall emitter area to 2 minimum. Therefore, some form
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of interdigitation is generally used in transistors designed for high frequen-
cy and reasonable power requitements,

Another set of parameters that must be considered in the design of & high-
frequency device is the effective resistance associated with each region of the
transistor. Since the emitter, base. and collector resistances affect the various RC
charging times, it is important to keep them to @ minimum. Therefore, the met-
allization patterns contacting the emitter and base regions must not present sig-
nificant series resistance, Furthermore, the semiconductor regions themselves
must be designed to reduce resistance. For example, the series base resistance 7,
of an n-p-n device can be reduced greatly by performing a p* diffusion between
the contact area on the surface and the active part of the base region. Further re-
duction ol base resistance by heavy doping of the base requires the use of a hel-
erojunction (Section 7.9) to maintain y at an acceptable value,

In Si. n-p-n transistors are usually preferred, since the electron mo-
bility and diffusion coefficient are higher than for holes. It is common to
fabricate n-p-n transistors in n-type epitaxial material grown on an n" sub-
strate. The heavily doped substrate provides a low-resistance contact to
the collector region, while mainidining low doping in the epitaxial collec-
tor material to ensure a high breakdown voltage of the collector junction
{eee Section 7.3). It iz important, however, to keep the collectar depletion
region as small as possible to reduce the transit time of carriers drifting
through the collector junction. This can be accomplished by making the
lightly doped collector region narrow so that the depletion region under
bias extends to the n* substrate,

As described in Section 7.3, an n* polysilicon layer is generally deposited
on top of the single-crystal n* emitter. The reason for this can be understood
from Fig, 7-25. If an ohmic contact were formed directly on top of the nar-
row n' emitter, the excess minornity carrier hole concentration profile would
have a steep gradient because the excess minority carrier concentrations are
zero at the ohmic contacts, This leads to a large back-injected base current

8pg
Metal n” poly o silicon p hase
emilter armitler
//’?
/
£
/
i
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Figure 7-25
Excess minority
hole concaniralion
pmﬁ|e in the emit
lar region of on
n-p-n transisior
with and without
the use of poly-
emilters. The carri-
er profile if an
ohmic contact is
formed directly on
the single-crystal
51 emitter is
shown by the
dashed line.
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I, into the emitter and a degraded emitter injection efficiency. The use of a
polysilicon emitter causes the hole concentration profile to have a gentler
slope near the base-emitter junction, thereby leading to an improved v, The
steeper slope of the hole concentration profile in the polysilicon emitter sim-
ply reflects the fact that the grain boundary defects in polysilicon lead to a
shorter diffusion lenpth.

In addition lo the various parameters of the device itself, the transistor
must be packaged properly o avoid parasitic resistance; inductance, or ca-
pacitance at high frequencies. We shall not atlempt to describe the many
technigues for mounting and packaging transistors here, since methods vary
greatly among manufacturers,

7.9 InSection 7.4.4 we saw that the emitter injection efficiency of a bipolar tran-
HETEROQJUNCTION  sistor is limited by the fact that carriers can flow from the base into the emit-
BIPOLAR  terregion, over the emitter junction barrier, which is reduced by the forwarid
TRANSISTORS  bias. According to Eq. (7-25) it is necessary to use lightly doped material for
the base region and heavily doped material Tor the emitter to maintain a
high value of -y and, therefore, o and B. Unfortunately, the requirement of
light base doping results in undesirably high base resistance. This resistance
is particularly noticzable in transistors with very narrow base regions. Fur-
thermore, degenerate doping can led 1o a slight shrinkage of E, in the emit-
ter as the donor states merge with the conduction band, This can decrease the
emitter injection efficiency, Therefore, a more suitable BJT for high frequency
wonld have a heavily doped base and a lightly doped emitter. This is just the
opposite of the tradilional BIT diseussed thus far in this chapler. To accom-
plish such a radically different transistor design, we need some other mech-
anism instead of doping to control the relative amount of injection of
clectrons and holes across the emitter junction.

If transistors are made in materials that allow heterojunctions to be
used, the emitter imjection eificiency can be mereased without strict require-
ments on doping. In Fig. (7-26) an n-p-n transistor made in a single material
(homaojunction) s contrasted with a fieterofunction bipolar transistor (HBT),
i which the emitter is a wider band gap semiconductor. 1t is possible in such
a structure for the barrier lor electron injection {¢V,) to be smaller than the
hole barrier (gV,). Since earrier injection varies exponentially with the bar-
rier height, even a smull difference in these two barriers can make a very
large difference in the transport of electrons and holes acress the emitter
junction. Neglecting differences in carrler mobilities and other effects, we can
approximate the dependence of carrier injection across the emitter as

Ly NE senr
L e 7-81
1, < N (7-81)

In this expression, the ratio of electron current [, to hole current [, crossing
the emitter junction is proportional to the ratio of the doping in the emitter
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Homojunction
avy =gV,

Heterojunction

(B Ve <V,

NE and the hase NZ. In the homojunction BJT this doping ratio is all we
have to work with in designing a useful emitter junction. However, in the
HBT there 1s an additional factor in which the band pap difference AF, be-
tween the wide band gap emitter and the narrow band gap base appears in
an exponential factor. As a result. a relatively small value of AE, in the ex-
panential term can dominate Eq. (7-81). This allows us to choose the dop-
ing terms for lower base resistance and emitter junction capacitance. In
particular, we can choose a heavily doped base to reduce the base resistance
and a lightly doped emitter to reduce junction capacitance.

The heterojunction shown in Fig, 7-26 has a smooth barrier, without
the spike and notch commonly observed for heterojunctions (see Fig, 5-46).
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Figure 7-26
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injecticn ol the
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gV, and the hole
barrier gV, are
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HBT with o wide
band gap emitter,
Ihe electran Bacri-
ar is smaoller than
the hole barrier,
resulting in the
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acroess the amittar
|unctian,
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Figure 7-27 Emitler Base Coll#ctor
S5iGe graded base n p

in a Si n-pn tran
sistar. The builtin
drift field in the
conduclion band
in the base aids
eleciron transport,

Concentration % Ge

N~ '

o

It is possible to smooth oul such discontinuities in the bands by grading the
compaosition of the ternary or quaternary alloy between the two materials
(Fig. 7-27). Clearly, grading out the conduction band spike improves the
electron injection by reducing the barrier that electrons must overcome.
There are some HBT designs, however, thal make use of the spike as a
“launching ramp™ to inject hot electrons into the base.

Materials commonly used in HBTs obviously include the AlGaAs/GaAs
system because of it wide range of lattice-matched composition. In addition,
the InGaAsP system (including Inys;Gag As) grown on InP has become pop-
ular in HBT design. It is also possible to make HBTs using elemental semi-
conductor heterostructures such as Si/8i; . Ge,. In this material system, the
band pap difference AE, between the Si emitter and the narrower band gap
8i;_,Ge, base oveurs primarily in the valence band. As a resull, a rather small
addition of Ge to the base results in higher electron injection efticiency than
is possible in homojunction silicon bipolar transistors,

If the SiGe alloy composition in the base of an n-p-n is varied such that
E, decreases slightly from the emitter side 1o the collector side of the base,
a built-in electric field accelerates electrons through the base region (Fig, 7-27).
The resulting field-aided base transport is a major advantage of the HBT.
Such graded Ge profiles make the structure more manufacturable, because
one does not have o worry about a mismatch between the p-n junction and
the heterojunction.

SUMMARY 7.1 A bipolar junction transistor (BJT) consists of an emitter-base (EB) diode
connected back fo back to & collector-base (CB) diode. In the normal aciive
mode of operation, the EB junction is forward biased such that carriers in-
jected trom the emitter can diffuse across the narrew base and be collected by
the reverse-biased CB junction.
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7.6

7.3

Bipolor Junction Tronsislors

The terminal currents can he determined by solving the drift—diffusion and
continuity equations for a narrow-base diode with suitable boundary condi-
tions, The fraction of the total emirter current that is due to injected earriers
from emitter to base is the enutter injection effictency and 15 made closé to unity
by doping the emitter much higher than the base. Another elegant wiy to in-
crease gmitter imjection efficiency 1s to use o larger band gap emitter than in the
base, as in heterojunction bipolar transistors (HET).

The fraction of the carriers that survives diffusion across the narrow base is
the base rransport factor, which is made close 1o unity by making the base width
narrow compared with the diffusion length. The product of emitter injection ef-
ficiency and base transport [actor gives the current transfer ratio (f-/1¢), from
which one can determing ihe common-emitter current gain (Jo/1;). Active de-
vices yuch os BITs provide power gain.

Fquivalent-cireuit models such as Ebers-Moll treat the BIT as twe coupled
bavk-to-back divdes, in parallel with controlled current sources. These diodes
cin be forward or reverse biased for switching applications, If they are both for-
wiaird biased. the BIT is in a low impedance stale (saturation); if they are both
reverse biased, itis in a high impedance state (cutoff).

A charge control analysis of BITs is possible (as for other devices) in terms of
the integrated carrier concentration in the base. /- is given hy the base charge
divided by the base transit time, while fj 15 the base charge divided by the car-
rier lifetime (for unily emitter injection efficiency).

The Gummet-FPoan charge control model gives the current components in terms
of the inteprated hase and emitter dopant charges (Gummel mumbers). ILis more
accurate and can handle some second-order effects better than Ebers-Moll.

Second-order effects include /- increase due to neutral base narrowing for in-
creasing CB reverse bias (Early effect), carrent gain drop at high /- (Kirk ef-
lect), Jp crowding at the emitter edges due 1o series resistance effects, and BIT
breakdown al high biases,

k)

71

Given the data of Prob. 5.2, plot the doping profiles N, (x) and N {x) lor the fol-
lowing double-diffused transistor: The starting waler is n-type Si with Ny=10" e,
A= 53 10" e boron atoms are deposited on the surfaes, and these atoms are dif-
fused into the wafer at 1100°C for { ke (£ = 3% 10 em¥/see for B in Siat 1100°C),
then the waler is placed in a phosphorus diffusion furmace at 1000°PC for 15 min
(£ =3% 10" emsec for P in Siat 1000°C). Durimg the emitter diffusion, the sur=
face concentration is held constant at 5 x 10%em™. You may assume that the base
doping profile does not change appreciubly during the emitter diffusion, which
takes place al a lower fempermture and fur 4 shorter time. Find the width of the
base region from plots of N,(x) and N,(x). Hint: Use five-evcle semilog paper and
let x vary from zero {o about 1.5 um in $teps that are chosen to be simple multi-

ples of 2V Dy,
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7.2 Skeich the ideal collector charagteristios (i -veg) for the transisior of Fig. 7-4;let
iy vary from zero to 0.2 mA in increments of 0.02 mA, and let -v . vary from
0 to 10V. Draw a load line on the resulting characteristics for the cireuit of Fig.
7-4, and find the steady state value of -V, graphically for [z = 0.1 mA.

7.3 Calcolate and plot the excess hole distribution &p(x,) 1 the base of & p-n-p
transistor from Eq. (7-14), assuming Wi/L, = 0.5, The calculations are simpli-
Tied if the vertical scale is mesasured in units of 5p/Ape and the horizontal scale
i units of x /L, In good \ransistors, W,/ L, is much smaller than 0.5 bowever,
Gplx,) i quite linear even for this rather large hase width,

7.4 Redraw Fig. 7-3foran o'-p-n BIT and explain the various components of cur-
rent flow and current directions for the normal active mode of opération. Draw
the energy band diagram jor equilibrium and this bias condition.

7.5 Assume that a p-n-p transistor 15 doped such that the emitter doping s 10 times
that in Ihe base, the minority carrier mobility in the emitter is one-half that in
the bass, and the base wadth is one-tenth the nunority carrier diffusion length.
The carrier lifetimes are equal. Caleulate & and fi {or this trapsistor.

7.6 (&) In a BIT, we increase the base doping by & factor of 10 and halve the base
width. Calowdate approximarely by what factor the collestar current changes in
the normal active mode, assuminig that everything else stays the same. (b)) Ina
cerfam BIT, the emitter dopimg is 100 times greater than the base doping, the
emiltter width is 0.1 times the base width, and we can assume both base and
emitter widths to be much shorter than the carrier diffusion lengths L jand L.
What is the emitter injection efficiency? What s the base transport factor?
{¢) Suppose L, = L,. Now assuming that both emitter and base are much wider
than the diffusion lengths, what {s the emutter imjection efficiancy and base trans-
pori factor?

7.7 The symmetrical p*-n-p~ transistor of Fig. PT-7 is connected as a diede in the
four eonfigurations shown. Assume that V= kT, Sketch 8p(x, ) in the base re-
pion for each case. Which connection seems most appropriate for use as a

diode? Why?
i [ i B € / .
+.____ :p"‘ 5 o p‘i' ?-_': P*} n P+ !
¥ W
o — )

(&) (h)
g
Vv

Figure P7-7 (¢ {d)

Petitioner Runergy USA Inc., Ex. 1030, p. 392



Bipolar Junclion Tronsistors 393

7.8 Derive Eq. (7-19) from the charge control approach by integrating Eqg. (7-11)
across the base region and applying Eq. (7-13). Now apply the charpe control
approach to the linear distribution in Fig. 7-8b to find the base transport fac-
tor 8. Use Eq). (7-80) for the transit time. Is the result the same as Eq. (7-26)
for small Wy/L,7

7.9 (a) Find the expression for the current f {or the transistor connection of Fig,
P7-Th;compare the result with the narrow-base diode problem (Prob. 5.33).
(b) How does the current 7 divide between the base lead and the collector lzad?
710 For ¢ p-n-p BIT with Ng> N> Np, show the dominant current components,
with proper arrows, for directions in the normal active mode. If g, = 10 mA,
[eq = 100 LA, fep= 9.8 mA, and Je, = 1 pA, calculate the base transport factor,
emitter injection efficiency, common-base current gain, common-ermitter cur-
rent gain, and [z, 1f the minority stored base charge i84.9 X 107" C caleulare

the base transil time and lifetime;

7.1 A p-n-p BIT has emitter {Ng), base (Ng), and collector (N¢) doping of 10
cm~, 10" cm~ and 10'7 cm™, respectively, and a base width of [.5 micron. Cal-
vulate the peak electric field at the CB junction, and the CB depleticn capac-
itanee per unit area for the normal active mode of operation witha Vg =50V.
How much is the neutral base width narrowing at this voltage, ignoring the EB
depletion region? What impact does this have on the outpul characteristics of
the BIT, and what 15 this effect called?

T2 Itis obvious from Eqs. (7-33) and (7-36) that {z; and /-, are the saturation cur-
rents of the emitter and collector junctions, respectively, with the apposite june-
tion tpen circaited.

(1) Show thal this is true from Eq. (7-32),

(h) Find expressions for the following excess concentrations: Ap, with the emit-
ter junction forward biased and the collector open; Apg with the collzctor
junetion forward biased and the emitter open.

{c) Sketch Bplx,) in the base for the two cases of part (b),
7,13 (a) Show that the definitions of Eq. (7-40) are correct: what does gy represent?
(b) Show that Egs. (7-39) correspond to Egs. (7-34), using the definitions of
Eq. (T-40),
7.14 (&) How is it possible that the average time an injected hole spends in transit
aeross the base 7, 18 shorter than the hole lifeume n the base 7,7

(b) Explain why the tum-on translent af a BIT is faster when the device is dyi-
ven into oversaturation.

7.15 Lise Example 5-7 1o design an n-p-n heterojunction bipolar trunsistor with rea-
sonable «y and base resistance.

7.6 The current amplification factor B of & BJT is very sensitive (o the base width
as well as to the ratio of the base doping to the emitter doping. Calculate and
plot @ for a p-n-p BIT with L} = L, for:
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(@) m=p, WyLy=001107;
() W= L5, n,/p,= 001 10 1.
Negleet mobility variations {uh = pf).

717 {a) How much charge (in coulombs) due to excess holes is stared in the base
of the transistor shown in Fig. 7-4 at the d-c bias given?

{b) Why is the base transporl factor B different in the normal and inverted
modes for the transistor shown m Fig, 7-37

7.8 A Si pen-p transistor has the following properties 81 moom temperature:
T = Tp={h1 ps
Dy =D, =10 cm’ls
Ng= 10" em ™ = emitier concentration
Ng = 10/ gm ™ = base concentration
Ne= 10" em™ = gollector concentration
Wy = emitter width =3 um
W= metallurgical base width = 1.5 pm = distance between base-emitter june-
tion and base-collector junciion
A = cross-sectional area = 10" em®
Calculate the nentral base width W, for Vip = Oand Vg =02 V. Repeat for 0.6 V.

7.19 Forthe BIT in Prob. 7.18, calculate the base transport factor and the emitter
injection efficlency for Vigz=02and 06V,

7.20 For the BIT in Prob.7.18, ealeulate o, B, fr, Iy and I for the two values of Vs
What is the base Gummel number in each case?

T.21 A Sip-n-p BIT has the {ollowing parameters at soom temperature,

Emitler Base Collector
N,=5%10%cm™ Ny=10" N, = 10%
w, = 100 ps 7 = 2500 ps Th=2 s
oy = 150 e V-5 ju, = 1500 i, = 1500
o= 100 em¥ V-5 Wy = 400 L =450
Base width W, =0.2 pm

Arga = 107" cm?

Caleulate the f of the transistor from & and v, and using the charge control
medel. Comment on the results.

7.22 For the BIT in Prob. 7.21, calculate the charge stored in the hase when Vi =0
and Vi = 0.7 V. If the base transit time 1s the dominant delay component for
this BIT, what is the f;?

7.23 Assume the transit time for electrons across the base of an n-p-n transistor is
100 ps, and elecirons cross the 1-pm depletion region of the colleetor junction
af their seattering imited velocity. The emitter-base junction charging time is
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30 ps.and the collector capacitance and resistance are (.1 pF and 10 (3, respac-
tively. Find the cutoff frequency fr.

7.24 An n-p-n Si transistor has an emitter doping of 10* donorsfem” and a base dop-
ing of 10" acceptorsicm®. At what forward bias of the emitter junclion does
high-level injection oceur (injected slecirons equal (o the base doping)? Com-
ment on the emitter injection efficiency tor eleatrons

Very useful applets for nnderstanding BJT operation are svailable at  READING LIST
hitp:/fjas.eng.bulfalo.edu/

Bardeen, J., and W, H. Brattain. " The Transistor, a Semiconducior Triode.”
Phys. Rev. 74 (1948), 230.

Muller, R. 5., and T. I. Kamins. Device Elecironics for Integrared Circuits,
New York: Wiley, 1986.

Neamen, D. A, Semiconductor Physics end Devices: Busic Principles. Home-
wood, IL: Irwin, 2003,

Neudeck, G. W. Modular Series on Solid State Devices: Vol. I11. The Bipolar
Junction Transistor. Reading, MA: Addison-Wesley, 1983,

Shockley, W. “The Path to the Coneception of the Junction Transistor.” [EEE
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Sze, 5. M. Physics of Semiconductor Devices New York: Wiley, 1981,

Tonr, Y., and T\ H. Ning. Fundamentals of Modern VLS{ Deyvices. Cambridge:
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Consider the foilowing bipolar junction transistor (BIT) circuit and somewhat ide-
alized transistor characteristics where, in particular, the voltage drop across the for-
ward-biased base-emitier juictieon is assumed to be constant and equal to 1V, for
simplicity.

{a) Whalt is the ([common-emitter) gam 3
{(b) Draw the load line on the transistor characteristics.
(e} What is the collector-¢mitter voltage drop in this circoil within half a violt?

(d) TIf voltage 7, could be changed. what value of ¥ would drive the BIT in this
eircult to the edge of saturation’!

(e) For the given base current of 0,1 mA, consistenl with your answer Lo part
(b}, what is the collector-emitter voltage drop, Vg, in this cireuit within half a
volt?

(N What minimum value of Iy (assuming V7 to be variable) would drive the BIT
transistor into saturation?
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Question 2

The following is a band diagram within an n-p-n bipolar junction transistor (BIT) at
equilibrium. Sketch in the Fermi level as a function of position, Qualitative accuracy
is sufficient.

enzrgy, £

L s N\
/™

n-type n-type

Question 3
Would decreasing the base width of a BIT tncrease, decrease, or leave unchanged the
following, assuming that the device remained unchanged otherwise? (Circle your

choice for each.)
a) the emilter injection efficency y? increase [ unchanged / decrease
b) the base transport factor B? increase | unchanged / decrease
c) the (common-emitter) gain g7 increase [ unchanged / decrease

d) the magninude of the Early voltage V7 ingrease [ unchanged / decrease
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Question 4

Sketch the crass section of an n-pen BIT and point out the dominant eurrent com-
ponents on it showing the correct directions of the various current vectors. If we in-
crease the base doping, qualitatively explain how the various components chanpe.

Question 5

Would decreasing the base doping of the BIT inerease, decrease, or leave sugentially
tnchanged (circle the correct answers):
(1) emiter injecton efficiency 47 increase [ decrease | unchanged
{b) base iransport factor BY increase / decrease / unchanged
(¢) magnitude of the Early voltage V,?  increase [/ decrease / unchanged
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Chapter 8
Optoelectronic Devices

OBJECTIVES

1. Understand solar cells
2. Study photodeteciors such as APDs
3. Shudly incoherent light sources (LEDs) and coherent light sources (lasers)

So far we have primarily concentrated on electronic devices. There is also a
wide variety of very interesting and useful device functions involving the in-
teraction of photons with semiconductors, These devices provide the optical
sources and detectors that allow broadband telecommunications and data
transmission over optieal fibers. This important area of device applications
is called aoptoelectronics. In this chapter we will discuss devices that detect
photons and those that emit phorons. Devices that convert optical energy
into electrical energy include photodiodes and solar cells. Emitters of pho-
tons include incoherent sources such as light-emitting diodes (LEDS) and
coherent sources in the form of lasers.

8.1 In Section4.3.4 we saw thal bulk semiconductor samgples can be used as pho-
PHOTODIODES  toconductors by providing a change in conductivity proportional to an opti-
cal geperation rate, Often, junction devices can be used to improve the speed

of response and sensitivity of deteclors of optical or high-energy radiation.
Two-terminal devices designed to respond to photon absorption are called
photodiodes. Some photodiodes have extremely high sensitivity and response
speed. Since modem electronics often mvolves optical as well as electrical sig-

nals, photodiodes serve important functions as electronie devices. In this sec-

tion, we shall investigate the response of p-n junctions (o optical generation

of EHPs and discuss a few typical photodiode detector structures. We shall also
consider the very important use of junctions as solar cells, which convert ab-

sorbed optical energy into useful electrical power.
398
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8.1.1 Current and Voltage in an llluminated Junction

In Chapter 5 we ideatified the current due to drift of minority carriers across
@ junction as a generation current. In particular, carners generated within the
depletion region W are separated by the junction field, electrons being col-
lected in the n region and holes in the p region. Also, minorily carriers gener-
ated thermally within a diffusion length of each side of the junction diffuse to
the depletion region and are swept to the other side by the electric ficld. If the
junction is uniformly illuminated hy phmm:swnh hv > E,, an added genera-
tion rate g,, (EHP/cm’-s) participates in this current (Fig. 8—1] The number of
holes created per second within a diffusion length of the transition region on
the n side is AL g, Similarly AL g, electrons are generated per second with-
in L, of x,o and AWg,, carriers are generated within W. The resulting current
due to collection of these optically generated carriers by the junction is

Iop = qAgo (L, + Ly + W) (B=1)

If we call the thermally generated current described in Eq. (5-37b) /,, we can
add the optical generation of Eq. (8-1) to find the total reverse current with
illumination, Since this current is directed from n to p, the diode equation
[Eqg. (5-36)] becomes

I= f,h{c"v’ltr - 1) = 7 o
il e Ly vIkT W) (8-2)
I=g :;Pn + :;"p &t = = quup(Lp + L, + W) (o2

Thus the [-V curve is lowered by an amount proportional to the genera-
tion rate (Fig. 8-1c). This equation can be considered in two parts—the
current described by the usval diode equation, and the current due to op-
tical generation.
When the device is short circuited (V = 0), the terms from the diode
equation cancel in Eq. (8-2), as expected. However, there is a short-circuit Figure 8-1
current from n to p equal to /. Thus the /-V characteristics of Fig. 8-1ccross  Opicol genero-
fion of carriers in
>y 2t S a p-n junction:

55 ? ? p) 5 5 |a) absorption of

light by the de-
A D vice; (b current
Rop resulting from

f—r,— i I P generation

L v within o diffusion

—

—fye] &
Wp = B & f o 4 e o
g 4 tien on the n side;
| [ =TAL 80p (e} -V characteris-
# E H>5>E tics of an illumi-
naled junction.
() (1) (e)
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the [-axis at negative values proportional to g... When there is an open cir-
cuit across the device, / =() and the voltage V=V is

Vo = At gl s + 1]

kT Lyt Ly +W 1'
= " il + (R-3a)

4 U(Lyfro)pn + (Lafraimy

For the special case of a symmetrical junction, p, = n, and 7, = 7, We

can rewrite Eq. (6-5) in terms of the thermal generation rate p /1, = g, and
the optical generation rate g, Neglecting generation within W:
kT &

Ing—m for g5 > gy (8-3b)

th

V{J!: q
Actually, the term gy, = p,/7, represents the equdlibrium thermal generation—
recombination rate. As the minarity carrier concentration is increased by op-
tical generation of EHPs, the lifetime T, becomes shorter, and p,/r, becomes
larger (p, is fixed. for a given N, and T)). Therelore, V,, cannot inecrease in-
definitely with increased generation rate; in fact, the limit on ¥, is the equi-
librium contact potential V;, (Fie. 8-2). This result is to be expected since the
contact potential is the maximum forward bias that can appear across a junc-
tion. The appearance of a forward voltage a¢ross an illuminated junction is
known as the photovoltaic effect.

Depending on the intended application, the photodiode of Fig, 8-1 can
be operated in either the third or fourth quarters of its [-V charactenistic. As
Fig. 8-3 illustrates, power is delivered to the device [rom the external circuit
when the current and junction valtage are hoth positive or both negative
(first or third quadrants). In the fourth guadrant, however, the junction volt-
age is positive and the current is negative, In this case power is dehvered from
the junction to the external circuit (notice that in the fourth quadrant the
current flows from the negative side of V to the positive side, as in a battery).

If power is to be extracted from the device, the fourth quadrant is used;
on the other hand, in applications as a photodetector we usually reverse bias
the junction and operate it in the third quadrant. We shall investigate these
applications more closely in the discussion to follow.

E: = —
figure 8-2 —\_L T ey
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For steady state optical excitation, we can write the hole diffusion equa-
tion as:

d*s &p
r- <. oop
p

DF dxz

Assume that a long p'-n diode is uniformly illuminated by an optical
signal, resulting in g, EHP/cm™-s, Calculate the hole diffusion current
I,(x,) and evaluate it at x, = 0. Compare the result with Eq. (8-2) eval-
uated for a p™-n junction.

401

Figure 4-3
Operation of an
iluminated junc
fien in the various
guadrants of its
-V characteristic;
in {a) and [b),
pawer is deliv-
ered 10 the device
by the exiernal
circult; in (¢] the
device delivers

power o the
load.
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. qAD
L = 0) = pu(e™"" = 1) — gAL gy
¢
The last equation correspongds to Eq. (8-2) for n, << p,, except that
the component due to generation on the p side is not included.

£.1.2 Solor Cells

Simee power can be delivered 1o an externial eircuit by an dlluminated junelion,
it is posgible to converl solar energy into electrical energy. If we consider the
fourth quadrant of Tig: 8-3¢, Il appears doubtful that much power can be de-
livered by an individual device, The voltage is restricted to values less than the
contact potential, which in turn is generally less than the band gap voltage E /g,
For 8 the voltage 1. is less than about 1 V. The current generated depends on
the illuminated area, but typically /. 15 in the 10-100 mA range for a junction
with an area of about | cm®. However, if many such devices are used, the re-
sulting power can be significant, In fact, arrays of p=n junction solar cells are
currently used to supply electrical power for many space satellites, Solar cells
can supply power for the electrenic equipment aboard a satellite over a long pe-
riod of time, which is a distinet advantage over batteries. The array of junctions
can be distributed over the surface of the satellite or can be contained in solar
cell “paddles™ attached to the main body of the satellite (Fig. 8-4).

Toutilize a maximum amount of available optical energy, it Is necessary (o
design a solar cell with a large area junction located near the surface of the de-
vice (Fg 8-5). The planar junction is formed hy diffusion or jon implantation,
and the surface is coated with appropriale materials to reduce reflection and to
decrease surface recombination. Many compromises must be made in solar cell
design. In the device shown in Fig. 8-5, {or example, the junction depth d must
be less than L, in the n material to allow holes generated near the surface to dif-
fuse 1o the junction before they recombine; similarly, the thickness of the p re-
gion must be such that electrons generated in this region can diffuse to the
junetion before recombination takes place, This requirement implies a proper
match between the electron diffusion length L, the thickness of the p regian, and
the mean optical penetration depth Vo [see Eq. (4-2)]. It is desirable to have a
large conlact polential V; to obtain a large photovoltage, and therefore heavy
doping s indicated; on the other hand, long lifetimes are desirable and these are
reduced by doping too heavily, It is important that the series resistance of the de-
vice be very small so that power is not lost to heat due to ohmic losses in the de-
vice itself. A series resistance of only a few ohms can seriously reduce the ountput
power of a solar cell (Prob. 8.4). Since the area is large, the resistance of the
p-type body of the device can be made small. However, contacts to the thin o re-
gion require special design, If this region is contacted at the edge, curreni must
flow along the thin n region to the contact, resulting in a large series resistance.
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Figure -4

Solar cell arrays attoched to the Inlernalional Space Siallon. The solar array wings measure 74 m fip fo

=
lip. Each wing centains 32,800 solar cells and can produce 62 kW of power for the stafion. (Provided
thraugh the courtesy of the Mational Aeronautics and Space Administration ]
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Figure 8-5
Canfiguration of a
salar cell: (o) en-
larged view of the
planar junction;
(b) top view,
showing metal
‘contaet “fingers.”

(a) (b
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To prevent Lhis effect, the contact can be distributed over the n surface by pro-
viding small contact fingers as in Fig, 8-5b. These narrow contacts serve to reduce
the series resistance without interfering appreciably with the mcoming light.

Figure 8-6 shows the fourth-quadrant portion of a solar cell charac-
teristic, with I, plotied upward for convemence of illustration. The open-
circuit voltage V., and the short-cirouit current L, are deternuned for a given
light level by the cell properties. The maximum power delivered to a load by
this solar cell occurs when the product V7, is a maximum, Calling these val-
ues of voltage and current V,, and 1, we can see that the maximum deliverad
power illustrated by the shaded rectangle in Fig. 8-6 is less than the L.V,
product. The ratio [, V71V, is called the fill factor, and is a figure of merit
for solar cell design,

Applications of solar cells are not restricted to outer space. It is possible
to obtain useful power from the sun in terrestrial applications using solar cells,
even though the solur intensily is rteduced by the atmosphere. Current world-
wide tatal power generation capability is ~ 15 TW and corresponds to an annual
energy usage of ~500 quads (1 quad = 10, or a quadrillion, BTU), with an an-
nual increase of 1-2%. Of this. ~80% comes from fossil fuels (oil, natural gas,
and coal), which will be exhausted in several hundred years. In addition, CO,
emissions and plobal warming have spurred a renewed interest in “green”
sources of energy such as photoveltaics, even though the current installed ca-
pacity is only about 1 GW. About 1 kW/m?”is available in a particularly sunny
location (translating to about 600 TW potentially available worldwide), but not
all of this solar power can be converted to electricity. Much of the photon flux
15 at energies less than the cell band gap and is not absorbed. High-energy pho-
tons are strongly absorbed, and the resulting EHPs may recombine at the sur-
face. A well-made single-crystal Si cell can have about 25% efficiency for solar
energy conversion, providing approximately 250 Win® of electrical power under
full llumination. This is a modest amount of power per unit solar cell area, con-
sidering the cost and effort involved in fabricating a large area of Si cells Amor-
phous Si thin-film solar cells can be made more cheaply, but have lewer
efficiencies (~10%) because of the defects in the material.

Figure 8-6

-V charocterisfics
of an illuminoled
solar cell.

The maximym
power rectangle
is shoded.
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The cost and scalability of photovoltaic technology are of paramount
imtportance for terrestrial applications. Currently, it costs only about 3 cents
per kWh for electricity generation from fossil fuels, bur about 10 times that
amount from amorphous Si solar cells, and the time to recover the investment
in photovollaics 1§ about four years. In terms of scalgbility, at 10% cell effi-
ciency, approximately 3% of the land area would have to be covered with
salar cells to meel US. energy necds, which would, of course, create other
environmental problems. One approach to obtaining more power per cell is
ta focus considorable light onto the cell with the use of mirrors. Although Si
cells lose efficiency al the resulting high temperatures, GaAs and related com-
pounds can be used at 100°C or higher. In such solar concentrator systems,
more effort and cxpense can be put into the solir cell fabrication, since fewer
cells are required. For example, & GaAs-AlGaAs heterojunction cell pro-
vides good conversion efficiency and operates at the elevated temperatures
that are common in solar concentrator systems. In such systems, the area re-
quired is shifted from the cell to the concentrator.

A Sisolar cell has a short-circuit gurrent of 100 mA and an open-circuit gy aAmPLE 8-2
voltage of 0.8 V under full solar illumination, The fill factor is 0.7. What is
the maximum power delivered to a load by this cell?

Pus = (F.f2) LVie = (0.8)(100)(0.7) = 56 mW SOLUTION

8.1.3 Photodetectors

When the photodiode is operated in the third quadrant of its J-V character-
istic (Fig. B-3b), the current is essentially independent of voltage but is pro-
portional to the optical generation rate. Such a device provides a useful means
of measuring illumination levels or of converting lime-varying optcal sig-
nals into ¢lectrieal signals.

In mast optical detection applications the deteclor’s speed of response,
or bandwidth. is eritical, For example. if the photodiode is 1o respond to a
series of light pulses 1 ns apart, the photogenerated minority carriers must
diffuse to the junction and be swept across to the other side in & time much
less than 1 ns, The carrier diffusion step in this process is ime consuming
and should be eliminated if possible. Therefore, it is desirable that the width
of the depletion region W be large enough so that most of the photons are
absorbed within W rather than in the neutral p and n regions, When an EHP
is created in the depletion region, the electric field sweeps the glectron 10
the n side and the hole to the p side. Since this carrier drift occurs in a very
short time, the response of the photodiode can be quite fast. When the carri-
ers are generated primarily within the depletion layer W, the detector is called
a depletion luyer photadiode. Obviously, it is desirable to dope al leasl one
side of the junction lightly so that W can be made large. The appropriate widih
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Figure 8-7
Schematic repre-
senfation of a pin
photodiode.

for Wis chosen as a compromise between sensitivity and speed of response.
Tf W is wide, most of the incident photons will be absorbed in 1he depletion
region, leading to a high sensitivity. Also, a wide W results in a small junction
capacilance [see Eq. (5-62)], thereby reducing the RC time constant of the de-
tector circuit. On the other hand, W must not be so wide that the time re-
guired for drift of photogenerated carriers out of the depletion region is
excessive, leading to low bandwidth.

One convenient method of controlling the width of the depletion region
is Lo build a p-i-n photodetector (Fig, 8-7). The *1” region need nol be truly in-
trinsic, as long as the resistivity is high. It can be grown epitaxially on the n-type
substrate, and the p région can be obtained by implantation. When this device is
reverse mased, the applied vollage appears almost endrely across the i region.
1f the carrier lifetime within the { region is long compared with the drift tme, most
of the photogenerated carriers will be collected by the n and p regions. An im-
portant figure of merit for a photodeievior is the exiernal quantum efficiency
T defined as the number of carriers that are collected for every photon im-
pinging on the detector. For a photocurrent density J o, we collect J /g car-
riers per unit area per second. For an incident optical power density of £,
the number of photons shining on the detector per unit area per second is
FPoplhv. Therefore,

1o = (Ioplq)l( Poglitn) (8-4)

For a photodiode that has no current gain, the maximum 7 is unity. If
low-level optical sipnals are to be detecied, it is ofien desirable 1o operate the
photodiode in the avalanche region of its characteristic. In this mode each
photogenerated carrier resulls in a significant change in the current becaunse
of avalanche multiplication, leading to gain and external quantum efficien-
cies of greater than 100%. Avalanche photodiodes (APDs) are useful as de-
tectors in fiber-optic systems (Section 8.2.2).

The type of photodiode described here is sensitive 1o photons with en-
ergies near the band gap energy (intrinsic detectors), If v is less than £, the
photons will not be absorbed; on the other hand, il the photons are much
more energetic than E,, they will be absorbed very near the surface, where the

i
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recombination rate is high. Therefore, it is necessary to choose a photodiode ma-
terial with a band gap corresponding to a particular region of the spectrum.,
Dietectors sensitive to longer wavelengths can be designed such that phoions can
excite electrons into or out of impurity levels (extrinsic detectors). However,
the sensitivity of such extrinsic detectors is much less than intrinsic detectors,
where electron-hole pairs are generated by excitalion across the band gap,

By using lattice-matched multilayers of compound semiconductors, the
band gap of the absorbing region can be tailored to maiteh the waveleneth of
light being detected. Wider band pap material can then he used ax a window
through which the light is transmitied to the absorbing region (Fig. 8-8). For
example, we saw in Fiz. 1-13 that InGaAs with an In mole fraction of 53%
can be grown epilaxially on InP with escellent lattice-matching. This com-
position of InGaAs has a band gap of about 0.75 eV, which i3 sensitive to a
useful wavelength for fiber-pptic systems (1.55 pm), 2s we shall see in See-
tion B.2.2. Tn making a photodiode using InGaAs as the active material, it is
possible to bring the light through the wider band gap Ings:Alg.=As (also lat-
tice-matched to InP), thus greatly redueing surface recombmation effects. In
the case of avalanche photodiodes requiring narrow-band-gap material, it is
eften advantagéous lo absorb the light i the narrow-gap semiconductor
(2.g.InGuaAs) and transport the resulting carriers fo 2 junction made in wider
band gap material (e.g., InAlAs), where the avalanche multiplication takes
place at high fields. Such separation of the absorption and multiplication
(SAM) APDs avoids the excessive leakage currents typical of reverse-biased
junctions in narrow-gap materials. In this particular structure, there is alsc a
duped InAlAs charge layer, leading to a SACM APD, which helps optimize
(decrease) the electric field further between the multiplication and absorp-
tion regions. In certain APDs, one can grade the alloy composition between
the high-band-gap multiplication regions and the lower-band-gap absorp-
tion region to avoid any buand-edge discontinuities, which can trap photo-
penerated carriers. The photoeurrent and dark current both increase with
bius because of avalanche multiplicition (Fig. 8-8b). One obviously wanis
to maximize the difference A/ beiween the photocurrent /, and the dark cur-
rent 4 The ratio of Af at different voltages to that at a low reference volt-
age 18 defined as the gain of the APD.

8.1.4 Gain, Bandwidth, and Signel-te-Noise Ralio of Pholodetectors

In optical communication systems, the sensitivity (which depends on gain) of
the photodetector and its response time (bandwidth) are of critical impor-
tance. Typical gain-bandwidth characteristics of such a SACM APD are
shown in Fig. 8-8c and are limited by the transit time of carriers through the
structure. Unfortunately, designs that increase gain tend to decrease band-
width and vice versa. It is common to express the gain-bandwidth product as
a figure of merit for detectors. In a p-i-n diode, there is no gain mechanism,
simce al most one cleclron-hole pair is collected by the junction for each
photon absorbed. Thus. the gain is essentially unity, and the gain-bandwidth
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Use of multilayer hetersjunctions 1o enhance the photodiede operation: [g) an avalanche phelodiods in
which light near 1,55 um is absorbed in o narrow-band-gap material (InGaAs, £, = 0.75 eV| after
passing through o widergap material (InP and InAlAs); holes are swept fo on InAlAs junction, where
avalanche multiplicolion lakes ploce. The i regions are lightly doped; (b] photocurrent, dark current, and
gain Increasing as a function of bias because of avalanche multiplication; (¢} typical gain-bandwidth
characlerisiics of such a SACM APD, [After X, Zheng, J. Hsu, 1. Hurst, X. Li, 5. Wang; X. Sun,

A. Holmes, J. Campbell, A. Hunlingten, and L Coldren, IEEE J. Quant, Elec., 40(8), pp. 10681073,
Aug. 2004,
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product is determined by the bandwidth, or frequency responsc. In & p-i-n,
the response tinte is dependent an the width of the depletion region.

Another important property of detectors is the signal-to-npise ratio,
which 14 the amount of usable information compared with the background
noise 1o the detector. In the case of pholoconductors, the major source of
noise is random thermal motion of the carriers, leading to flucinations in the
dark current (called Johnson neise). The noise current increases with tem-
perature (=kT) and with the conductance of the material in the dark. There-
fore, the photocenductor neisc at & given temperature can be redoced by
increasing the dark resistance. Yet another source of noise at low (reguencies
is I/for flicker noise, due to carrier trapping and detrapping at defects.

In a p-i-n diode, the dark current is smaller and the dark resistance
much higher than in a photoconductor, and the main source of noise is ran-
dom thermal generation-recombination of EHPs within this region [called
shot nese). The shot noise 15 ultimately due to the quantization of the charpe
on electrons and holes, The noise in a p-i-n device is considerably lower than
that in a photoconductor, as well as in APDs, for reasons described next.

Avalanche photodiodes have the advantage of providing gain through
the avalanche multipheation effzct. The disadvantape is increased noise rel-
ative to the p-i-n, due to random fluctuations in the avalanche process. This
noise s reduced if the impact ionization in the high-field region 15 due to
only vne type af carrier, since more fluctuations in the lonization process
occur when both electrons and holes participate. In Si, the ability of elec-
trons to create EHPs in an impact jonization event is much higher than lor
holes, Therefore, Si APDs can be operated with high gain and relatively low
noise. Unfortunately, Si APDs cannol be used for most fiber-optic transmis-
sion because Si is transparent at the wavelengths of low loss and low disper-
sion (A = 1.55 and 1.3 pm) for optical fibers. For these longer wavelengths,
Ing5Gag7As has become the material of choice. However, the ionization
rates of electrons and holes in most compound semiconductors are compa-
rable. which degrades (heir noise and frequency response relative to 81 APDs,

The various sources of noise determine the signal-to-noise (S/N) ratio
in a photodetector, One quantifies it as a noise-equivalent power (NEP),
which is the minimum detectable signal that would produce the same rms
output as the noise. The detectivity of the photodetector is then defined as
D =1NEPR

The NEP depends an the aréa of the photodetector as well as the band-
width. The specific detectivity, £, 18 then defined as that for a detector of umt
ares and a bandwidth of | Hz. Clearly, once the bandwidth requitements are
melL, it 18 desirable to choose a photodetector with the highest D+

Another approach that has demonstrated excellent performance in
terms of both high sensitivity and bandwidth utilizes a waveguide structure
(Fig, 8-9). Here, unlike the situalion with the p-a-o photodiode (Fig. §-7) or
the APD (Fig. 8-8), the light strikes the photodiode perpendicular to the
current transport. The advantase is that now the absorption region can be
made quite long, along the photon path, leading to high sensitivity, while at
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the same time the photogenerated carriers have to traverse a short dis-
tance in the perpendicular direction, leading to short transit times and high
bandwidth.

‘When carriers are injecled across a forward-biased junction, the currentis g2
usually atcounted for by recombination in the transition region and in the  (|GHT-EMITTING
neutral regions near the junction. In a semiconductor with an indirect band  DIODES
gap, such as Si or Ge, the recombination releases heat to the lattice. On the
other hand, in 2 matenial characterized by direct recombination, consider-
able light may be given off from the junction under {orward bias. This effect,
called injection electroluminescence (Section 4.2.2), provides an important
application of diodes as generators of light. The use of light-emitting diodes
(LEDs) in digital displays is well known, There are aiso other important ap-
plications, in traffic and automaotive signals and in illumination. Another im-
portani device making use of radiative recombination in a forward-biasad p-n
junction is the semiconductor laser. As we shall see in Section 8.4, lasers emit
coherent light in much narrower wavelength bands than LEDs, with more col-
limation (directiomality), and are very useful for fiber-optic communication
svstems. as described in Section §.2.2.

For LEDs, the frequency {color) of the photon is governed by the band
gap of the semiconductor as given by the Planck relation, kv = E,, which, in
appropriate unils, can be expressed as E, (eV) = 1L.24/k (um). A very im-
portant metric of an LED is the external quantum efficiency 7., which is de-
fined as the light output divided by the electrical input power:

Nay = (Internal radiative efficiency) ¥ (Extraction efficiency) (8-3)

The internal efficiency is a function of the guality of the material and the
structure and composition of the layer. Defects in the material will clearly
lead to nonradiative recomtbhination. However, even if the internal efficien-
¢y is high, not all emitted photons are extracted from the LED. The emitted
photons from an LED have a wide angular distribution, unlike those in a
laser. For example, if an LED had a planar surface, the photons incident on
the sermiconductor—air interface at angles greater than a critical angle would
undergoe total internal reflection and ultimately be lost via abserption with-
in the semiconductor. Hence, typically, LEDs are made with a dome-type-en-
capsulation, which acts as a lens so that more of the photons can be
extracted.

8.2.1 Light-Emitting Materials

The band paps of various binary compound semiconductors are illustrated
in Fig. 4-4 relative to the spectrum. There i a wide variation in band gaps
and, therefore, in available photon energies. extending from the ultravialet
{GaN, 3.4 eV) into the infrared (InSh, 0.18 eV). In fact. by utilizing ternary
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and quaternary compounds the number of available energies can be in-
creased significantly (see Figs. 1-13 and 3-6). A good example of the varia-
tion in photon energy obtainable from the compound semiconductors is the
ternary alloy gallium arsenide-phosphide, which is illustrated in Fig, 8-11.
When the percentage of As is reduced and P is increased in this material, the
resulting band gap varies from the direct 1.43-¢V gap of GaAs (infrared) to
the indirect 2.26-eV gap of GaP (green), The band gap of GaAs,_ P, varies
almost linearly with x until the 0,43 composition is reached, and clectron-
hole recombinalion is direct over this range. The most common alloy com-
position used in LED displays 1s x = (1.4, For this composition the band gap
is direct, since the I' minimum (at k = 0) is the lowsst part of the conduction
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band. This results in efficient radiative recombination, and the emitted pho-
tons (~1.9 V) are in the red portion of the spectrum.

For GaAs, P, with P concentrations abave 45 pareent, the band pap is
due to the indirect X" mimimum. Radiative recombination in such indirect ma-
terials is generally unlikely, because electrons in the conduction band have dif-
ferent momentum from holesin the valence band (see Fig. 3-5). Interestingly;
however, indirect GaAs, ., P, (including GaP, x = 1) doped with nitrogen can
be used in LEDs with light output in the vellow to green portions of the spec-
trum. This is possible because the nitrogen impurity binds an electron vary
tightly, This confimement in real space (Ay) means that the electron momentum
is spread out in momentum space Ap by the Heisenberg uncertainty principle
[see Eqg. (2-18)]. As a result, the momentum conservation rules, which gener-
ally prevent radiative recombination in indirect materials, are circumventecd.
Thus nittogen doping of GaAs,_ P, is not only useiul technologically, but also
provides an interesting and practical illustration of the uncertainty prineiple.

In many applications light from a laser or an LED need not be visible
tothe eye. Infrared emitrers such as GaAs, [InP.and mixed alloys of these com-
peunds are particularly well suited to fiber-aptical communication systems
or TV remote controls, For example, a laser or light-emilting diode can e
used in conjunction with a photodiode or other photosensitive device to trans-
mit information optically between locations. By varying the current through
the diode. the light output can be modulated such that analog or digital in-
formation appears in the oplical signal directed at the detector. Alternative-
Iy, the information may be introduced between the sourcd and detector. For
example; a semiconductor laser-photodeteclor arrangement can be used in &
compact disc or DVD system for reading digital information from the spin-
ning disc. A light emitter and a photodiode form an optoelectronic par, which
provides complete electrical isolation between input and puiput, since the
only link between the two devices is optical. In an opicelectronic tsolaror, both
devices may be mounted on a ceramic substrate and packaged together o
form a unit that passes information while maintaming isolation.

In view of the broad range of applications requiring semiconductor
lasers and LEDs with visible and infrared wavelengths, the wide variety of
available 111-V materials is extremely psetul, In addition to the AlGaAs
and GaAsP systems shown in Figs. 3-6 and 8-11. the InAlGaP system is use-
ful for red, yellow, and orange wavelengihs, and AlGaTnN is a strong emit-
terin the blue and green. Why is there so much interest in short wavelength
emitters such as blue-green LEDs? As shown in Fig. 8-10, moderate effi-
ciency (~10 lumens/wall) red, green, and yellow-green LEDs have existed
for a long time in the GaAsP system, based on concepts such as N isoelec-
tronic doping (Section 8.2.1). More recently, in the mid-1990s, much higher
brightness and efficiency (-30 lumens/watt) red-orange-yellow LEDs based
on the InAlGaP system have been developed. The higher-band-gap InAl-
GaN system has direct band gaps over the entire alloy composition range
and hence offers highly efficient light emission in the blue and green part ol
the spectrum. A major gaal of the optoelectronics community has heen the
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achievement of high-efficiency red, green, and blue emitters, because those
colors are the three primary colors of the spectrum. By combining these
color LEDs (or in conjunction with suitable phosphors), one can form in-
tense while light sources (=500 lumens) with luminous efficiencies =2 times
greater than those of conventional meandescent lightbulbs. Since peneral-
purpose illumination typically requires kilolumens of light, it may be prac-
tical to combine a few of thess high-brightaess LEDs for that purpose. They
also have much longer Lfetimes (5,000-100,000 hours versus 2,000 hours for
conventional Hghtbulbs) and much higher energy efficiencies. If the costs
of these LEDS can be reduced by <100 tmes, they will become competitive,
leading to a significant reduction in global energy demand. Arrays of red,
preen, and blue emitters are being used in outdoor displays and TV screens,
as well as in automotive tmilights and signal lights. Red, yellow, and green
LEDs are keing used for traffic lights because they have a much higher re-
liability and lifetime than conventional lightbulbs and they save energy.

8.2.2 Fiber-Optic Communications

The transmission of aplical signals from sauree to detector ¢an be preatly en-
hanced if an vptical fiber 1s placed between the light seurce and the detector.
An optical fiber is essentially a “light pipe” or waveguide for optical fre-
guencies. The fiber is typically drawn from a boule of glass to a diameter of
~25 pm, The line glass fiber is relatively flexible and can be used to guide op-
tical signals vver distances of kilometers without the necessity of perfect align-
ment between source and detector, This significantly increases the applications
of optical communication in areas such as telephone and data transmission.

One type of optical fiber has an outer layer of very pure fused silica
(Si0,), with a core of germanium doped glass having a higher index of refrac-
tion (Fig. 8-12a).) Such a step-index fiber maintains the light beam primarily
in the eentral core-wath little loss at the surface. The light is transmitted along
the length ol the fiber by internal reflection at the step in the refractive index.

Losses in the fiber at a given wavelength can be desenbed by an at-
tenuation coefficient a [similar to the absorption coefficient of Eq. (4-3)]. The
intensity of the signal at a distance x along the fiber is then related to the
starting intensity by the usual expression.

I(x) = Leg™ (N-6)

The attenuation is not the same for all wavelengths, however, and it is there-
fore important 1o choose a signal wavelength carefully. A plot of @ vs. A for a
typical silica glass fiber is shown in Fig. 8-13. Tt is clear that dips in e near 1.3
and 1.55 pm provide "windows" in (he attenuation, which can be exploited to
reduce the degradation of signals. The overall decrease in altenuation with

The index of refraction (o refrmetive index) meampornes the velsgity of light w n the material wifh it ve-
lacity € In @ vacuum: n = efv. Thus, i n) > n [n Fig. B=12q, the valocity of light is greatar In motsrial 2
than in 1. The value of n verias somawhal with the wovetangth of light.
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increasing wavelength is due to the reduced scattering from small random
inhomogeneities which result in fluctuations of the refractive index on a
scale comparable to the wavelength. This type of attenuation, called
Rayleigh scattering, decreases with the fourth power of wavelength. This ef-
fecl is observed at sunrise and sunset, when attenuation of short wavelength
blue and green light results in red and orange sunlight. Obviously, Rayleigh
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scallering encourages operition at long wavelenpths in [iber-opiic systems.
However, a compeling process ol inlrared absorption dominates for wave-
lengths longer than about 1.7 pm, due to vibrational excitation of the atoms
making up the glass. Therelore, a useful minimum in ahsorption for silica
fibers occurs at about 1.55 wm, where epitaxial layers in the (In, Ga) (As,
P) system can be grown lattice-maiched Lo InP substrates (see Fip. 1-13),

Another consideration in choice of operating wavelength is the pulse
dispersion, or spreading of data pulses as they propagate down the iber. This
effect can be caused by the wavelength dependence of the refractive index,
causing different optical frequencies Lo (ravel down the fiber with shghtly
different velocities. This effect, called ehromatic dispersion, is much less pro-
nounced at the 1.3 um window in Fig. 8-13. Another cause of dispersion is
the fact that different modes propagate with different path lengths (Fg. 8-12a).
Thus type of dispersion can be reduced by grading the refractive index of the
core (Fig, B-12b) such that various modes are continually refocused, redue-
g the differences in path lengths.

The light source in a fiber-optic system today is a laser, becanse the
light is made up of éssentially a single frequency and allows a very large in-
formation bandwidth. (Semiconductor lasers suitable for fiber-optic com-
munications will be discussed in Section 8, ') In early aptoslectronic systams
for fiber optics. it was most convenient to use the well-established GaAs—Al-
GaAs system for making lasers and LEDs, These light sources are highly
efiicient, and good detectors can be made using Si p-i-n or APDs. Howey-
er, (hese sources operate in the wavelength range near 0.9 pm, where the at-
tenuation is greater than that for longer wavelengths. Modern systems,
therefore, operate near the 1.3- and 1.55-pm minima shown in Fig. 8-13. At
these wavelengths, lasers ¢an be made by using InGaAs or InGaAsE grown
an InP, and detlectors can be made ol the same materials. (See Fig. §-8.)

Multimode fibers are larger (~-25 pm in diameter) than single-mude
fibers (=5 pm) and transmit a coherent laser beam. By forming numerous
optical fibers into a bundle, with an appropriate jacketl for mechamical
strength, an enormous amount of information can be transmitted over long
distances.” Depending upon the losses in the fibers, repeater stations may he
required periodically along the path. Thus, many photodetectors and laser
sources are required in a liber-optic system. Semiconductor device develop-
ment, including appropriate binary, ternary, and quatermnary compounds for
both emitters and detectors, is therefore crucial to the suceessful implemen-
tation of such optical communicalions systems. A schematic of a [iber-optic
transmission system is shown in Fig. §-14.

Mransmicsian rates of 40 Ghit's are bucoming standard, bul even higher rates of 400 Gobil/s have bean
achievad wsing uiredensewavelengihdivisian mulliplasing [UTAWDM), This opprooch wsas sighfly differ-
ent wovelongths or colors b carry cifferent channehs af Infarmation tlong the soma fiber. As o convenieni
calibration ol the 404G bil/s rate, i s wiorh nefling thot the humon eye i oble ta konimil obout 1 Ghilfs
ter the benin
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Schemalic of a fiberoptic communication system illustrating the iransmission of analog signals, such as
thase in telephony of TV. Alter the signal is converled to o digital elecirical signal, it is used to modulate
the laser light output as light pulses that are transmitted down the fiber, with periodic amplification of the
signal with repeaters to compensate for fiber less. Switching cireuits route signals approprialely. After
the optical signal is transformed 1o an electrical output by o photodetector and o low-noise preamplifier
[LNA), it is converted ta an analog signal, once distortions of the digital signals due to propagation
through the fiber have been corrected with the use of o “regenerafor.”

‘What composition x of Al,Ga, ,As would emit red light at 680nm? What ~ EXAMPLE 8-3
composition of GaAs; P,”?

The band gap E. (eV) = 1.24/h (pm) = 1.24/0.68 = 1.82 eV, SOLUTION
From Fig 3-6,we get Aly,GaggAs.
From Fig. 8-11, we get GaAs,Poaa.

The word LASER is an acronym for light amplification by stimulated emis- 8.3
sion of radiation, which sums up the operation of an important optical and  LASERS
electronic device. The laser is a source of highly directional, monochromat-

ic, coherent light, and as such it has revolutionized some longstanding opti-

cal problems and has created some new fields of basic and applied opties,

The light from a laser, depending on the type. can be a continuous heam of

low or medium power, or it can be a short burst of intense light delivering mil-

lions of watls, Light has always been a primary communications link between
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humans and the environment, but until the invention of the laser, the light
sources available for transmitting information and performing experiments
were generally neither monochromalic nor coherent, and were of relatively
low intensity. Thus the laser is of great interest in optics; but it is equally im-
portant in optoelectronics, particularly in fiber-optic communications, The
last three letters in the word laser are intended to imply how the device op-
erates: by the stimulared emission of radiatien. In Chapter 2 we discussed the
emission of radiation when excited electrons fall to lower energy states; but
generally, these processes occur randomly and can therefore be classed as
spontaneous emission. This means that the rate at which electrons fall from
an upper level of energy E; to & lower level E| is at every instant propor-
tional to the number of electrans remaining in E; (the population of E,).
Thus if an initial electron population in £, were allowed to decay, we would
gxpect an exponential emptying of the electrons to the lower energy level,
with a mean decay time describing how much time an average electron
spends in the upper level. An eleciron in a higher or excited state need not
walit for spontaneous emission to oceur, however, if conditions are right, it can
be stimulared to fall to the lower level and emit its photon in a ume much
shorter than its mean spontaneous decay time, The stimulus is provided by
the presence of photons of the proper wavelength. Let us visualize an elec-
tron in state £, wailing to drop spontaneously 1o £, with the emission of 2
photon of energy hv;, = E; — E, (Fig. 8-15). Now we assume that this electron
in the upper state is immersed in an intense field of photons, each having en-
ergy vy = E; — E|, and in phase with the other photons. The electron is in-
duced to drop in energy from £, to £y, contributing a photon whose wave is
in phase with the radiation field, I this process continues and other electrons
are stimulated ta emit photons in the same fashion, a large radiation field
can build up. This radiation will be rmerochromatic since each photon will
have an energy of precisely hvy; = £, — E, and will be coherent, because all
the photons released will be in phase and reinforcing, This process of stimu-
lated emission can be described quanium mechanically 1o relate the proba-
bility of emission to the intensity of the radiation field. Without guantum
mechanics we can make a few observations here about the relative rates at
which the absorption and emission processes oceur. Let ug assume the in-
stanlaneous populations of £, and E; to be ny and ., respectively. We know

Figure 8-15
Stimulated transi- _Ro .. S s
fion of an eleciron
from an upper —e—,
siate to a lower WS o s e huy3
state, with accom- Photon field
panying photan BB i ale .
emission,
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from earlier discussions of distributions and the Boltzmann factor that at
thermal equilibrium the relative population will be

M _ B BT = g /KT (8-7)

m

if the two levels contain an equal number of available states.

The negative exponent in this equation indicates that n; <€ n, at equilib-
riim; that is, most clectrons are in the lower energy level as expected. If the
atoms exist in a radiation field of photons with energy hvy,, such that the en-
ergy density of the field is p(v;),? then stimulated emission can occur along with
absorption and spontaneous emission. The rate of stimulated emission is pro-
portional to the instantaneous number of electrons in the upper level n, and
to the energy density of the stimulating field p(v;,). Thus we can write the stim-
ulated emission rate as Banap(vy;), where B, is a proportionality factor. The
rate at which the electrons in E; absorb photons should also be proportional
Lo p(vy5), and to the electron population in E;. Therefore, the absorption rate
is Bypryplvz), where By, is a proportionality factor for absorption. Finally, the
rate of spontaneous emission is proportional only to the population of the
upper level. Introducing still another coefficient, we can write the rate of spon-
taneous emission as A, For steady state the two emission rates must balance
the rate of absorption to maintain constant populations #, and . (Fig. 8-16).

‘Buﬂw(vu) = Aym + Bymap(vy) | (8-84)
Absorption = spontanecus + stimulated
[_ ernission emission

This relation was described by Einstein, and the coefficients By, A, By, are
called the Einstein coefficients. We notice from Eq. (8-8a) that no energy
density p is required to cause a transition from an upper to a lower state;
spontaneous emission occurs without an energy density to drive it. The re-
verse is not true, however; exciting an electron to a higher state (absorption)
requires the application of energy, as we would expect thermodynamically,
At equilibrium, the ratio of the stimulated to spontaneotis emission
rates is generally very small, and the contribution of stimulated emission is
neglipible. With a photon field present,
Stimulated emission rate ~ Bamap(¥z) By :

5 — = = ——p(wmz) (8-8b)

Spontancous emission rate Aayns Axn
AsEq. (8-8b) indicates, the way to enhance the stimulated emission over spon-
taneous emission is to have a very large photon field energy density p(¥;). In
the laser, this 1s encouraged by providing an optical resonant cavity in which the

*Tha snergy dansity plu, ;) indicates the tolal anargy in the iodiakian field par unit valuma and par dnil fra
quancy, din o photons with fvyg = EE.
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Figure 8-16 "y
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photon density cam build up to a large value through multiple internal reflec-
tions at certain frequencies (v).

Similarly. to oblain more stimulated emission than absorption we st
have ns = ny:

Stimulated emission rate _ Bymplvis) By g
Ahsorption rate Bamp(via) B om

(8-9)

Thus if stimulated emission is to dominate over absorption of photons from
the radiation field, we must have a way of maintaining more electrons in the
upper level than in the lower level, This condition is quite unnatural, since
Eq. (8-7) indicates that n,/n, is less than unity for any equilibrium case. Be-
cause of its unuspal nature, the condition », = ny s called popilation inver-
sior [t is also referred to as a condition of negarive temperature. This rather
startling terminology emphasizes the nonequilibrium nature of population in-
version, and refers to the fact that the ratio na/m; in Eq. (8-7) could be larg-
er than unity only if the temperature were negative. Of course, this manner
of speaking does not imply anything about temperature in the usual sense of
that word, The fact is that Eg. (8-7) is a thermal equilibrium eguation and
cannot be applied to the situation of population inversion without invoking
the concept of nepative temperature,

In summary, Egs (8-8b) and (8-9) indicate that if the photon density
is to build up through a predominance of stimulated emission over both spon-
taneous emission and absorption, two requirements must be met. We must
provide (1) an optical resonant cavity to encourage the photon field to build
up and (2) a means of obtaining population inversion,

An optical resonant cayity can be obtained using reflecting mirrors to
reflect the photons back and forth, allowing the photon encrgy density to
build up. One or both of the end mirrors are constructed 1o be partially trans-
mitting so that a fraction of the light will “leak oul™ of the resonant system.
This transmitted light is the output of the laser, Of course, in designing such a
laser one must choose the amount of transmission to be a small perturbation
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on the resonant system. The gain in photons per pass between the end plates
must be larger than the transmission at the ends, scattering from impurities,
absorption, and other losses. The arrangement of parallel plates providing
multiple internal reflections is similar to that used in the Fabry-Perot inter-
ferometer;* thus the reflecting ends of the laser cavity are often referred to
as Fabry-Perot faces, As Fig. 8-17 indicates, light of a particular frequency
can be reflected back and forth within the resonant cavity in a reinforcing
(coherent) manner if an integral number of half-wavelengths fit between the
end mirrors. Thus the length of the cavity for stimulated emission must be
ma

5 —= (8-10)
where m is an integer, In this equation X is the photon wavelength within the
laser material. If we wish to use the wavelength k; of the output light in the
atmosphere (often taken as the vacuum value), the index of refraction n of
the laser material must be considered

ho=An (8-11)

In practice, L 2= h, and Eq. (8-10) is antomatically satisfied over some por-
tion of the mirror. An important exception occurs in the vertical cavity
surface-cmitting lasers discussed in Section 8.4.4, for which the cavity length
1s comparable to the wavelength.

There are ways of obtaining population inversion in the atomic levels of
many solids, liquids, and gases, and in the energy bands of semiconductors. Thus
the possibilities for laser systems with various materials are quite extensive, An
early laser system used a ruby rod. In gas lasers, electrons are excited to
metastable levels in molecules to achieve population mversion, These are in-
teresting and useful laser systems, but in view of our emphasis on semiconduc-
tor devices in this book, we will move to the description of semiconductor lasers,

/ End mirror

Figure 8-17
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8.4 The laser became an important part of semiconductor device technology in
SEMICONDUCTOR 1962 when the first p-n junction lasers were built in GaAs (infrared)” and
LASERS GaAsP (visible).® We have already discussed the incoherent light emission
from p-n junctions (LEDs), generated by the spontaneous recombination of
electrons and holes injected across the junction. In this section we shall con-
centrate on the requirements for population inversion due to these injected
carriers and the nature of the coherent light from p-n junetion lasers These
devices differ from solid, gas, and liquid lasers in several important respects.
Junction lasers are remarkably small (typically on the order of 0.1 % 0.1 X
0.3 mm), they exhibit high efficiency, and the laser output is 2asily modulat-
ed by controlling the junction current. Semiconductor lasers operate at low
power compared, for example, with ruby or CO; lasers; on the other hand,
these junction lasers compete with He-Ne lasers in power autput, Thus the
function of the semiconductor laser is (o provide a poriable and easily con-
trolled source of low-power coherent radiation. They are particularly suitable
for fiber-oplic communication systems (Section 8.2.2),

8.4,1 Population Inversion af o Junction

If a p-n junction is formed between degenerate materials, the bands under
farward bias appear as shown in Fig. 8-18. If the bias (and thus the current)
is large enough, elecirons and holes are injected into and across the transi-
tion region in considerable concentrations. As a result, the region about the
junction is far from being depleted of carriers, This region contains a large
concentration of electrons within the conduction band and a large concen-
tration of holes within the valence band. If these population densities are
high enough, a condition of population inversion results, and the region about
the junction over which it ocours is called an inversion region.”

Population inversion at a junction is best deseribed by the use of the con-
cept of guusi-Fermii levels (Section 4,3.3). Since the forward-biased condition of
Fig. 8-18 is 2 distinctly nonequilibrium state, the equilibrium equations defining
the Fermi level are not applicable. In particular, the concentration of electrons
in the inversion region {and for several diffusion lengths into the p material)
is larger than equilibrium statistics would imply; the same is also true for the
injected holes in the n material. We can use Eqs. {4-15) to describe the carri-
¢r concentrations in terms of the quasi-Fermi levels [or electrons and holes in
steady state, Thus

n = Ne e Fikl = po(E=EIRT [8-12a)

p= Nve—tFrE-.UW - H‘EEE:—F;.HR'?' (8-12h)

5. N. Holl &1 al,, Physicol Review levsi @, pp. 366-368 [Navember 1, 1982); M| Mathan atol, Ap
phiaed Physics [etters 1, pp. 62-64 (November 1, 1942, T, M. Quis! &t ol., Anplied Physics {efters 1,
pr. 7194 [Decamber 1, 1947

4. Holanyok, Jr.; end 5. F. Bevacgua, Appiind Physics lofers |, pp. 82-83 [December 1, 1942).
"This ix o diffsrent meaning of the lerm from thal dsed in reference o MOS transisiors.
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Figure 8-18
Band diagrom of
a p-n junclion
laser under for-
ward bigs. The
crosshalched re-
gion indicates the
inversian region
at the junction.

Using Egs. (8-12a) and (8-12b), we can draw F, and F, on any band di-
agram [or which we know the electron and hole distributions. For example,
in Fig. 8-18, F, in the neutral n region is essentially the same as the equilib-
rium Fermi level E,. This is true 1o the extent that the eleciron concentra-
tion on the n side is equal to ils equilibrivm value, However, since large
numbers of electrons are injected across the junction, the electron concen-
tration begins al & high value near the junction and decays exponentially to
its equilibrium value n, deep in the p material. Therefore, F, drops from Eg,
as shown in Fig. 8-18. We notice that, decp in the neutral regions, the quasi-
Fermi levels are essentially equal. The separation of F, and F, at any point
is a measure of the departure from equilibrium at that point. Obviously, this
departure is considerable in the inversion region, since I, and F,, are sepa-
rated by an energy greater than the band gap (Fig. 8-19).

Uiilike the case of the two-level system discussed in Section 8.3, the
condition for population inversion in semiconductors must take into account
the distribution of energies available for transitions between the bands. The
basic definition of population inversion holds—for dominance of stimulat-
ed emission between Lwo energy levels separated by energy /v, the electron
population of the upper level must be greater than that of the lower level. The
unusual aspect of a semiconductor is that bands of levels are available for

Figure 8-19
Exponded view
of the invarsion
region.
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Figure 8-20
Variation of the in-
varsian-region
width with for-

ward bigs:

Vgl < Vh).

such transitions, Papulation inversion obviously exists for transitions between
the bottom of the conduction band E, and the top of the valence band £, in
Fig. B-19. In fact, transitions between levels in the conduction band up to F,
and levels in the valence band down to F, take place under conditions of
population inversion. For any given fransition energy Av in a semiconduce-
tor, population inversion exists when

(Fu-F) = hv (8-13a)

For band-to-band transitions, the minimum requirement for popula-
tion inversion occurs for photons with hv=F_— E, = E,

(Fu—Ep) >E; (8-13b)

When F, and F, lie within their respective bands (as in Fig, 8-19), stimulat-
ed emission can dominate over a range of transitions, from hv=(F, — F,) to
hv = E,. As we shall see below, the dominant transitions for laser action are
determined largely by the reésonant cavity and the strong recombination ra-
diation occurring near hv = E,.

In choosing a material for junction laser fabrication, it is necessary that
electron-hole recombination occur directly, rather than through trapping
processes such as are dominant in 5i or Ge. Gallium arsenide is an example of
such a “direct” semiconductor. Furthermore, we must be able to dope the ma-
terial n-type or p-type to form a junction. If an appropriate resonant cavity can
be constructed in the junction region, a laser results in which population in-
version is accomplished by the bias current applied to the junction (Fig. 8-20).

8.4,2 Emission Spectra for p-n Junchion Lasers

Under forward bias, an inversion layer can be obtained along the plane of
the junction, where a large population of electrons exists at the same loca-
tion as a large hole population. A second look at Fig. 8-19 indicates that
spontaneous emission of photons can occur due to direct recombination of
electrons and holes, releasing energies ranging from approximately F, — F,
to E,. That is, an electron can recombine over an energy from F, to £, yield-
ing a photon of energy hv = F, — F,, or an electron can recombine from the
bottom of the conduction band to the top of the valence band, releasing a
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photon with fiv = £, - E, = E. These lwo cnergies serve as the approxi-
mate outside limits of the laser spectra.

The photon wavelengths which participate in stimulated emission are
determined by the length of the resonant cavity as in Eq. (8-10), Figure 8-21
illustrates a typical plot of emission intensity vs. photon energy for a semicon-
ductor laser. At low current Jevels (Fig, 8-21a), a spontaneous emission spec-
trum containing energies in the range £, < hv < (F, — F,) is obtained. As the
current is increased to the point that significant population inversion exists,
stimulated emission occurs 4l frequencies corresponding to the cavity modes
as shown in Fig, 8-21b. These modes correspond (0 suceessive numbers of in-
tegral hall-wavelengths fitted within the cavity, as deseribed by Eq (8-10). Fi-
nally, at a sull higher current level, a most preferred mode or set of modes will
dominate the spectral output (Fig. 8-21c). This very intense mode represents
the main laser output of the device: the ontput light will be composed of almost
maonochromatic radiation superimposad on a relatively weak radiation back-
ground, due primarily Lo sponlaneous emission.

The separation of the modes in Fig. 8-21b is complicated by the fact that
the index of refraction n for GaAs depends on wavelength A From Eg. (8-10)
we have

2in

Ay

[fm (the number of half-wavelengths in L) is large, we can use the deriva-
tive to find its rate of change with Ay

m = (-14)

dm _ 2Ln 2L dn e
dhy g Ay dhy e
Now reverting to discrete changes in m and A, we can wriie
}q% ( Ay dn )_i ,
=A== o= =S | -
"7 2n nodiy) " e=ls
Ifwe let Am = —1, we can calculate the change in wavelength A\, between

adjacent modes (i.e., between modes mand m — 1).

Intensity
Inrenmsity

Intensity

fiv i e

(a) ( (&)
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8.4.3 The Basic Semiconductor Laser

To build a p-n junction laser, we need to form a junction in a highly doped,
direct semiconductor (GaAs, for example). construct a resonant cavity in
the proper geometrical relationship to the junction, and make contact to
the junction in a mounting which allows [or efficient heat transfer. The first
lasers were built as shown in Fig. R-22, Beginning with a degenerate n-type
sample, 4 p region is formed on one side, for example by diffusing Zn into
the n-type GaAs. Since Zn is in column I of the periodic table and is in-
troduced substitutionally on Ga sites, it serves as an acceptor i GaAs; there-
fore, the heavily doped Zn diffused layer forms a p* region (Fig. 8-22b), At
this point we have a large-area planar p-n junction. Next, grooves are cut or
etched along the length of the sample as in Fig, 8-22¢, leaving a series of
long p regions isolated from each other, These p-n junctions can be cur or
broken apart (Fig. 8-22d) and then cleaved into devices of the desired length.

At this point in the fabrication process, the very important requirements
of a resonant cavity must be considered. It is necessary that the front and back
faces (Fig. 8-22e) be flat and parallel. This can be accomplished by cleaving.
If the sample has been oriented so that the long junctions of Fig. 8-22d are per-
pendicular to a crystal plane of the material, it is possible to cleave the sam-
ple along this plane into laser devices, letting the crystal structure itself provide
{he parallel faces The device is then mounted on a suitable header, and con-
tact is made to the p region. Various techniques are used to provide adequate
heat sinking of the device for large forward current levels,

8.4.4 Heterojunction Lasers

The device described above was the first type used in the early develop-
ment of semiconductor lasers. Since the device contains only one junction
in a single type of material, it is referred to as a homajunction laser. To ob-
tain more efficient lasers, and particularly to build lasers that operate at room
temperature, it is necessary 1o use multiple lavers in the laser structure. Such
devices, called heterojunction lasers, can be made to operate continuously at
room temperature to satisfy the requirements of optical communications,

Figure 8-22
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simple junction (a)
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An example of a heterojunction laser is shown in Fig. 8-23, In this structure
the injected carriers are confined to a narrow region so that population
mversion can be built up at lower current levels, The result is a lowering of
the threshold current at which laser action begins. Carrier confinement is ob-
tained in this single-heterojunction laser by the layer of AlGaAs grown epi-
taxially on the GaAs.
In GiaAs the laser action occurs primarily on the p side of the junction
due to a higher efficiency for electron injection than for hole injection. In @
normal p-n junclion the injeeted electrons diffuse into the p material such that
population inversion occurs tor only part of the electron distribution near the
junction, However, if the p material is narrow and lerminated in a barrier, the
injected electrons can be confined near the junction. In Fig. 8-23a, an epitaxial
layer of p-type AlGaAs (E, = 2eV) is grown on top of the thin p-type GaAs
region. The wider band gap of AlGaAs effectively terminates the p-type
GaAs layer, since injected electrons do not surmount the barrier at the
GaAs-AlGaAs heterojunetion (Fig. 8-23b). As a result of the confinement
of injected electrons, laser action begins at a substantially lower current than
for simple p-n junctions. In addition to the effects of carrier confinement,
the change of refractive index at the heterojuncetion provides a waveguide ef-
fect for optical confinement of the photons.
A further improvement can be obtained by sandwiching the active GaAs
laver between two AlGaAs layers (Fig. 8-24). This doutble-hererojuncrion struc-
ture further confines mjected carriers 1o the active region, and the change in
refractive index at the GaAs-AlGaAs boundaries helps to confine the gener-
ated light waves, In the double-heterojunction laser shown in Fig. 8-24b the in-
jected current is restricted to a narrow stripe along the lasing direction, to
reduce the total current required to drive the device. This type of laser was a
major step forward in the development of lasers for fiber-optic communications.
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Separare Confinemens and Graded Index Channels, One of the disadvan-
tages of the double-heterastructure laser shown in Fig, 8-24 is the fact that the
carrier confinement and the optical waveguiding both depend on the same
heterojunctions. It is much betier to optimize these two functions by using a
narrow confinement region for keeping the carriers in @ region of high re-
combination, and a somewhat wider optical waveguide regon. In Fig. B-25a
we show a separite confinement laser in which the width of the optical wave-
guiding region (w) is oplimized by using the refractive index step at a separale
heterojunction from that vsed to confine the carriers. For example. in the
GaAs-AlLGa, _ As system the optical confinement (wavegaiding) ocours at
a boundary with much larger compaosition x {and therefore smaller refractive
index) than is the ease for the carrier confinement barrier. By grading the
eomposition of the AlGaAs it is possible to obtain even better waveguiding.
For example, in Fig. §-25b a parabolic grading of the refractive index leads 1o
a waveguide within the laser analogous to that shown in Fig. §-12 for a fiber.
This graded iiex separate confinemient hewerostraciure (GRINSCH) laser also
provides built-in fields for better electron confinement.

Vertical Caviry Surface-Emitting Lasers (VCSELs). There are advaniages
1o laser stractures m which Hight is emitted normal 1o the surface, including
ease of device testing on the wafer before packaging. An interesting approach
is the VCSEL, in which the cavity mirrors are replaced by DBRs, which use
many partial reflectors spaced to reflect light constructively. DBRs can be
grown hy MBE or OMVPE. In Fig 8-26 the bottom DBR mirror of a VCSEL
is composed of many alternating layers of AlAs and GaAs with thickness
one-tjuarter of a wavelength in each material. The top mirror is composed of
deposited dielectric layers (alternating ZnSe and MgF). Clurrent is funneled
into the active region from the top contact by using an oxide layer achieved
by laterally oxidizing an AlGaAs layer to form an aluminum oxide. The active
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Separate confinement of carriers and waveguiding: (o] use of separate chonges in AlGoAs alloy compo
sifion to confine carriers in the regien {d) of the smallest band gap and lo obtain waveguiding (w] at
larger step in the refractive index; (b} grading the alloy compositian, and therefare the refractive index,
for beller waveguiding and carrier confinement.

region of the laser employs InGaAs-GaAs quantum wells, and the GaAs cay-
ity between the two DBRs is one wavelength long. The VOSEL can be made
with much shorter cavity length than other structures, and as a result of Eq.
(8-16) the laser modes are widely separated in wavelength. Thus single-maode
laser operation is more easily achieved with the VCSEL. Lasing can be
achieved at very low current (< 30 wA) with this device,
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Figure 8-26

Schematic crass section of oxide<confined veriical cavity surface-emitiing laser diode. [D: G. Deppe el
al., IEEE J. Selecled Topics in Quanium Elec., 3(3) (lune 1997); 893-504].
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B.4.5 Materials for Semiconductor Lasers

We have discussed the properties of the junction laser largely m lerms of
GaAs and AlGaAs However, as discussed in Section 8.2.2, the InGaAsP/InP
system is particularly well suited for the type of lasers used in fiber-optic
communication syslems. Lattice-matching (Section 1.4.1) is important in cre-
ating heterostructures by epiiaxial growth The fact that the AlGaAs band gap
can be varied by choice of composition on the column HI sublattice allows
the formation of barriers and confining layers such as those shown in Section
8.4.4. The quaternary alloy InGaAsP is particularly versatile in the fabrica-
tion of laser diodes, allowing considerable choice of wavelength and flexi-
bility in latlice-matching, By choice of composition. lasers can be made in
the infrared range 1.3-1.53 jum required for fiber optics. Since four compo-
nents can be varied in choosing an alloy composition, TnGaAsP allows si-
multaneous choice of energy gap (and therelore emission wavelength) and
lattice constant (for lattice-matched growth on convenient subsirates). In
many applications, however, other wavelength ranges are required f[or laser
output. For example, the use of lasers in pollution diagnostics requires wave-
lengths farther in the infrared than are available from InGaAsP and AlGaAs,
In this application the ternary alloy PbSnTe provides laser outpur wave-
lengths from about 7 wm to more than 30 wm at low temperatures, depend-
ing un the material composition. For intermediate wavelengths, the InGaShb
gystem can be used.

Materials chosen for the fabrication of semiconductor lasers must be ef-
ficient light emitters and also be amenable to the formation of p-n junetions
and in most cases the formation of heterojunction barriers. These requirements
eliminate some materials from practical use in laser diodes. For example,
semiconductors with indirect band gaps are not sufficiently efficient light
emitters for practical laser fabrication. The 1I-VI compounds, on the other
hand, are generally very efficient at emitting light but junctions are difficult
to form. By modern erystal growth technigues such as MBE and MOVPE it
1s possible to grow junctions in Zu8, ZnSe. ZnTe, and alloys of these maten-
als, using M as the acceptor. Lasers can be made in these materials which
emil in the green and blue-preen regions of the spectrum.

In recent years much progress has been made in the growth of large
band pap semiconductors using GaN, and its alloys with InN and AlN. The
InAlGaN system has direct band gaps over the entire alloy composition range,
and hence offers very efficient light ermssion. Band gaps range from about
2eV for [nN, to 3.4 eV lor GaN and 5 eV for AIN. This covers the wavelengih
range from about 620 nm to aboul 248 nm, which is from blue to UV. The
resurgence of interest in this field was triggered by the work of Nakamura at
Nichia Corporation in Japan who demonstrated very high-efficiency blue light
emitting diodes {LEDs) in GaN.

Two of the problems which had stymied progressin this field since pi-
oneering work by Pankove in the 1970s was the absence of a suitable sub-
strate having sufficient lattice match with GaN, and the inability to achieve
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p-type doping in this semiconductor. GaN bulk crystals cannot be grown
easily because ol the high vapor pressure of the nitrogen-bearing precursor
(generally ammonia). This requires growth at high temperature and pressure,
This precludes using bulk GaN wafers as substrates for epitaxial growth.
However, epitaxial layers can be grown on other substrates with reasonable
success, in spile of the latlice mismatch,

GaN exists in the cubic zine blende form (which is the preferred struc-
ture) as well as the hexagonal wurtzite form, It was demonstrated recently
that cubic GaN could be grown helervepitaxially on sapphire, even though
it is not lattice-matched to GaN, In fact, sapphire does not even have a cubic
crystal structure—it is hexagonul. The lattice constant of GaN is about 4.5 A,
while that of sapphire is 4.8 A, whish is a huge lattice mismatch. Contrary
to what would normally be expected, however. high-quality epitaxial GaN
films can be grown on sapphire by MOCVD using ammonia and tri-methyl
pallium as the précursors, One possible reason for the high quality of the
films, #s evidenced by blue LEDs and short wavelength lasers fabricated in
these nitrides, is that these Jarge-band-gap semiconductors have very high
chemical bond strengths. This apparently precludes the easy propagation of
dislopation defacts from the heterninterface to the active part of the deviess,
where they would form traps and kill optical etficiency. Yet another lattice-mis-
maiched substrate that has been successfully used for these nitride semicon-
ductors is SiC.

The second breakthrough required in the nitrides was the ability to
achieve high p-type doping so that p-n junctions could be formed. It has been
demanstrated that Mg (which is a column 11 element) doping of MOCVD
films, followed by high temperature annealing can be used to achieve high ac-
ceplor concentralions in these systams,

Why is there so much interest in short wavelength emitters such as blue
LEDs and semiconductor lasers? As discussed in Section B.2.1, high-
elficiency red, green, and yellow-green LEDs have existed for a long time in the
GaAsP system, using coneeplts such as N isoelecironic doping, It has heen a
major goal of the optoeleciromes community to achieve high-efficiency blue
eimitters because along with red and green, hlue completes the list of three pri-
mary additive colors. In fact. blue LEDs made in GaN have been combined
with the other color LEDs 1o form very intense white light sources with lumi-
nous efficiencies exceeding those of conventional lightbulbs: Arrays of red,
green, and blue emitters can be nsad in outdoor displays and TV screens. Red,
yellow, and green LEDs are candidates for traffic lights because they have much
higher reliability and lifetime than canventional lightbulbs, and save energy.

Short wavelength emitters such as UV/blue semiconduclor lasers are
important for storage applications such as digital versatile discs (DVDs),
which are higher density versions of compact discs (CDs). The storage den-
sity on these discs is inversely proportional to the square of the laser wave-
length that 15 used to read the information. Thus reducing the laser
wavelength by a faclor of two leads Lo a four-fold increase of storape density.
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Such increased storage capacity opens up entirely new applications for DVDs
that were not possible previously with conventional CDs, for example, the
storage of full-length movies. A recent example of success in this rapidly pro-
gressing field is a 417-nm semiconductor laser made with InGaN multi-guan-
tum-well heterostructures,

SUMMARY

B.1 The emission and absorption of light by semigonductors gives tise 10 uselul op-
roelectronic devices Emission typically occurs in direct band gap materials. [n-
direct semiconductors are less optically efficient because they require the
involvement of both photons (which carry encrgy, but little momentum) and
phonons (which carry momentum, but little energy).

8.2 In some optoelectronic devices, eleciron-hole pairs (EHPS) arc generated by
the absorption of lipht. These carriers can be collected as elecirical enerpy m
solar cells ar photadetectors. Generated EHPs add (o the thermally genérat-
ed reverse current i diodes (Eq, 8-2). from which one can obtain the open-
circuit voltage or shorl-circuil current in solar cells, a potennidl renewahble
source of energy.

8.3 In photodetectors, thete is o trade-off between specd (which requires a short
gbsarption tegion lor & short fransit (ime) and sensfivity (which requires long
absorplion regions ). Clever structures w0 get bath melude wavegnide photode-
tegtors, One can achieve gain by nsing APDs, m which impact ionization can in-
grease the number of EHPs generatod for @ certam number ‘of absorbed
photons. However, this can be at the expense of increased impact ionization
nowe m photodiodes

84 Photodiodes, in comjunction with light emitters; are used with optical libsers for
fiber-optic communication, which is the backbone of the Interaet and world-
wide communication today, Optical fibers are waveguides that work on ths
basis of the towal mtemal reflection of Lght from a low-réfractve-index ouler
layer to a high-refractive-index medium (gluss).

B.S Semiconductors can be used not only to detect photons, but also to emit pho-
tons by the recombinarion of EHPs in direes band gap semiconductors. Light
emitters can he noncoherent, such as LEDs, or coherent, such 45 lasers, The
color of light depends on the semiconducior, because the photon lrequency is
proportional to the band gap (Plahck relationship).

B Lasers are more difficalt to make than LEDs, because they require nof just
EHPs, but papulation tnversian (i.e., more carriess in the higher cnergy lov-
els than in the lower ones), This enables stimulored emission of phase-colerent
radiation {(governed by the Ewnstein & eoefficient) to domunate over phase-
incokerens spontareous tadiation (determined by the Einstein A coefficient).
Lasers also require an opticel cavity to allow the photon field 1o huild up.
Light can come out from the side of the cavity, 88 in edge-emitting lasers, or
from the top surface, as in verticel cavity surface-emitting lasers (VOSELs).
Double-leterostructire lagers are useful because they allew both carrier and
photon confinement.
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8.1

B.2

8.3

B4

R.5

8.6

8.7

8.0

For the p-i-n photodiode of Fig.8-7, (a) explain why this detector does not
have gain; (b) explain how making the device more sensitive 1o low Tight lev-
els degrades ifs speed; (¢} if this device is to be used to detect light with A =06
pm. what matedial would you use and what substrate would you grow it om?

Assuime thal a rectangular bar photoconduetor of length L and eross section
A has 4 voltage V applied 1o it. We shine light on it 1o generate g, electron-hole
pairs uniformly. Tf the mobility ., and lifetime 1, of the electrons are much
higher thun those for the holes, derive an expression for the change of con-
ductane¢e upon shining light. Derive an expression for the transit time ¢ of the
photogenerated carriers across the photoconductor, assuming (a) low voltage
and then (b) high voltage. The saturation velocity in this semiconductor is v,

For a Si photoconductor of length S pm, doped n-type al 105 om %, caleulate the
ehange in current density when we shine light on the photoconductor under
the following circumstances: We create 10™ electron-hole pairs/em’-s and car-
rier-recombination lifetimes, = = 0.1 jis. The applied voltage is 2.5 V across
the photoconductor’s length, How about 1f we merense the voltage to 2500 V7
The electron and hole mohilities are 1500 em®/V-s and 500 em?/V-g, respec-
tively, in the ohmic region for electric fields below 10" Viem. For higher fields,
electrons and holes have a saturation velocity of 107 em/s

A Si solar cell with & dark saturation current [, of 3 nA is illuminsted such
that the short-circuit ctrrent is 200 mA. Plot the -V curve for the cell as in
Fig, 86, (Remember that [ is negative, but is plotted positive as /,.)

Show schematically and discuss how several senticonductor materials might
be used together 10 obtain a more efficient solar cell.

A major prohlem with solar cells is internal resisiance, generally i the thin re-

gion at the surface. which must be only partially conlacted, a4 in Fig. 8-5. As-

stme that the cell of Prob. 8.4 has a serizs resistance of 1 {). so that the cell

voltage is reduced by the LR drop. Replot the [~V curve for this case and com-

pare with the cell of Prob. 8.4.

{a) Why must a solar cell be operated in the fourth gquadrant of the junction
[~V characteristic’!

(b) What is the advantage of a quaternary #lloy in fabricating LEDs for fiber
optics?

(c) Why s a reverse-hiased GaAs p-n junction not a good photodetector for
light of A = 1 pum?

A Sisolar cell 2em % 2 om with Iy = 32 nA has sn optical generation rate of 10

EHP/em’ -5 within L, = L, = 2 pm of the junction. If the depletion width is | pm.

calculate the short-cireuil current and the open-Circuit voltage for this cell,

‘The maximum pawer delivered by a solar cell can be found by maximizing the
{~V product.
{a) SHow thal maximizing the power leads to the expression

PR L b
(1 + gllg) #1T = 3 4 28
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§.10

8.12

B.13

8.14

H.16

817

where Vi, is the voltage for maximum power, £, is the magnitude of the
short-cireuit current. and [, is the thermally induced reverse saturation
current,

{b) Write this equation in the form In x = € —x for the case I, = I, and
Ve = &Tig,

(e) Assume a 5isolar cell with a dark saturation current [y, of 1.5 nA is lu-
minated such that the short-civeuit eurrent is /[, = 100 mA. Use a graphi-
ca] solution to obtain the voltage V7, at maximum delivered power.

(d) What is the maximum power output of the cell at this illumination?

For o solar cell, Eq. (8-2) can be rewritten
I+ 1T
TINL.L W (P K_)

q i

Given the cell parameters of Prob, 8.9, plot the /-V ourve as in Fig. 8-6 and
draw the maximum power rectangle: Remember that [1s a pegative number
but is plotted positive as [, in the figure. [, and [, are positive magnitudes in
the eguation.

Solar cells are severely depraded by unwanted series resistance. For the cell
described in Prob. 86, include a series resistance K, which reduces the cell voli-
age by the amount IR, Caleulate and plot the fill factor for a series resistance
R from 0 1o 5 £, and commenl on the effect of R on cell efficiency.

1If the band pap of a semiconductor is 1.8 eV, what are the frequency and mo-
mentum of the photon that is emitted?

If ome makes an LED in a semiconductor with a band gap of 2.5 eV, what wave-
length of light wili 1t emit? Can you use i1 1o efficiently detect photons of wave-
length 1900 nm? 100 am?

The degenerate occupation of bands shown in Fig. 8-19 kelps maintain the
laser requirement that emission must overcome absorption. Explain how the
degeneracy prevents band-to-band dbsorption at the emission wavelength.

Assume that the system described by Eqg. (8-7) is in thermal equilibrium at an
extremely high temperature such that the energy density p( ) is essentially in-
finite. Show that 8 = By).

The system described by Eq. (8-7) interacts with i blackbody radiation ficld
whose energy density per unit frequeney at v, 8

Sm‘m?;

plog) = (G Vi

from Planck’s radintion law. Gaven the result of Prob. 815, find the value of
the ratio 45/8,.

Agsuming equal electran and hale concentrations and band-to-bind transitions,
calculate the minimum carrier concentration s = p for population imversion in
GaAs a1 300 K. The Intrinsic carrier concentration in GaAs is about 10° em ™.
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B.18 For steady state optical excitation, we can write the hole diffusion equation as

d’sp Bp
D, = ; ~ Bop

Assume that a long p*-n diode is uniformly illuminated by an optical sig-
nal, resulting in g,, EHP/em’-s. Show that the excess hole distribution in the
n region is

3

o Guul?
ﬁp(xn} = F"(E?Vk'i" = 1) - Sﬂpn_p]e—lufl; e %
P "
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Question 1 N SELF QUIZ
Consider the following band diagram of a simple light-emitting diode. Assume es-

sentially all recombination is direct and results {n light emission. The forward-bias cur-

rent consists of holes mjected from a contact on the left and electrons njected from

4 contact on the right.
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Forei level F,

{a) In which region would vou expeet the optical recombination rate to be the
greatest? Circle one.

Region(s) A / Region(s) B / Region C
(b) What s the approximate energy of the emitted photons in eV?

(c) For asteady state eurrent [ = 10 mA, assuming all photons escape, what is the
oplical output power consistent with vour answer to part (b)7 W

(hinf) Watts = Amps + eVig= Amps - Volis

(dy 1f the valtage drop across the depletion region g 0.4V, whatis the separation
of the quasi-Fermi levels in Region C? How can this be less than the total for-
ward bias of 1.4 V?

{(e) What is the electrical power consumed? W

(f) In terms of the ratio of optical power out (¢} 1o electrical power in (g), how
cfficient i§ this light-emitting diode? Y

Question 2

A solar cell hags a short-cireuit carrent of 50 mA and an open-cireuit vollage of 0.7V
under full illumisation. What s the maximum power delivered by this eell if the fill
fuctor is (0,87

Question 3

If one makes an LED in a semiconductor with a direct band gap of 2.5 ¢V, what wave=
length light will it emit? Can you use it to detect photons of wavelenpth 0.9 wm? (01 pm?

Question 4
What is most attractive about solar cells as a global energy source? Why haven't they
been adopted more widely so far?
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Integrated Circuits

OBJECTIVES

1, Understand IC sealing issues

2. Describe CMOS process infegration

3. Understand the basics of logic gates and CCDs

4. Study the operation of different memory cells—SRAMs, DRAMs, flash
5. Understand IC packaging

Tust as the transistor revolutiomzed electronics by offering more fexibility.
convenience. and relinbility than the vacuum tube, the integrated cireuil en-
ables new applications for electronics [hat were not possible with discrete
devices, Integration allows comples eircuits consisting of many thousands of
transistors, diodes, resistors. and capacitors ro he meluded m a chip of semi-
cunductor. This means that sophisticated eircuitry can be miniaturived for
use in space vehicles, in large-scale computers and in other applications where
4 large collection of diseréte components would be impractical. In addition
to offering the advantages of miniaturization, the simultaneous fabrication
of many ICs an a single Si wafer areatly reduces the cost and increases the
reliability of each of the finished circuits Certainly discrete components have
played an important role in the development of electronic circuits: howey-
eT. most ciredits are pow fabricated on the Siehip rather than with 4 collec-
tion of individual components. Therefore, the traditional distinctions between
the rales of circuit and system designers do not apply to 1C development.
In this chapter we shall discuss various types of [Cs and the fabrica-
tiom steps used in their production, We shall investigate techniques for build-
ing large numbers of transistors, capacitors, and resistors on a single chip of
Si,as well as the imterconmeetion, contacting, and packaging of these cireuits
tn usable form. All the processing techniques discussed here are very basic
and general. There would be no purpose in attempting a comprehensive re-
view of all the subtleties of device fabrication in 4 book of this type. In lact.
the only way o keep up with such an expanding field Is to study the current
lterature. Many good reviews are suggested in the reading hst at the end of
this chapter: more important. current ssues of those periodicals cited can be
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consulted for up-to-date information regarding IC technology, Having the
background of this chapter, one should be able to read the current literature
and thereby keep abreast of the present trends in this very important fieid
of electronics.

9.1 Inthis section we provide an overview of the nature of integrated circuits and
BACKGROUND  the motivation for using them. It is important to realize the reasons, both
technical and economic, for the dramatic rise of 1Cs to their present role in
electronics. We shall discuss several main types of ICs and point out some of
the applications of each. More specific fabrication techniques will be pre-

sented in later sections,

9.1.1 Advantages of Integration

It might appear that building complicated circuits, involving many intercon-
nected components on & single 81 subsirate, would be risky both technically
and economically. In fact, however, modern techniques allow this to be done
reliably and relatively inexpensively: in most cases an entire circuit on a 5i
chip can be produced much more inexpensively and with preater reliability
than a similar cireuit buill up from individual components. The basic reason
is that many identical eircuits can be built simultaneously on a single Si wafer
(Fig, 9-1); this process is called batch fabrication. Although the processing
steps for the wafer are complex and expensive, the laree number of result-
ing integrated circuits makes the ultimate cost of each fairly low. Further-
more, the processing steps are essentially the same [or a cireuit containing
millions of transistors as for a simpler circuit. This drives the IC industry 1o
build increasingly complex circuits and systems on each chip, and use larger
51 wafers (e.g., 8-inch diameter). As a result, the number of components in
each circuit increases without a proportional increase in the ultimate cost of
the system. The implications of this principle are tremendous for circuit de-
signers; it greatly increases the flexibility of design criteria, Unlike circuits
wilh individual transistors and other components wired together or placed
on a circuit board, ICs allow many “extra” components to be included with-
out greatly raising the cost of the final product, Reliability is also improved
since all devices and interconnections are made on a single rigid substrate,
greatly minimizing failures due to the soldered mterconnections of discrete
component Circuits,

The advantages of ICs in terms of miniaturization are obvious. Since
many circuit functions can be packed into a small space, complex electron-
ic equipment can be employed in many applications where weight and space
are critical, such as in aircraft or space vehicles. In large-scale computers it
is now possible not only to reduce the size of the overall unit but also to facil-
itate maintenance by allowing for the replacement of entire circuits quickly
and easily. Applications of ICs are pervasive m such consumer products as
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wiitches, calculators, automobiles, Lelephones, television, and appliances,
Miniaturization and the cost reduction provided by 1Cs mean that we all
have mcreasingly more sophisticated electronies at our disposal.

Some of the most important advantages of miniaturization pertain to
response time and the speed of signal transfer between civeunts. For exam-
ple.in high-frequency circuits it is necessary to keep the separation of var-
1ous components small to reduce time delay of signals. Similarly, in very
high-speed computers it is important that the various logic and informa-
tivn storage cireuits be placed close together. Since electrical signals are ul-
timately limited by the speed of light (about | [t/ns), physical separation of
the circuits can be an important limitation. As we shall sec in Section 9.5,
large-yenle integration of 'man)r circuits on a Si chip has led to major redue-
tions in computer size, thereby tremendously increasing speed and func-
tion density, In addition to decreasing the signal transler time, integration
can reduce parasitic capacitance and inductance between circuits. Reduc-
tion of these parasitics can provide significant improvement in the operat-
ing speed of the system,

We have discussed several advantages of reducing the size of each unit
in the batch fabrication process, such as miniaturization, high-frequency und
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Figure 9-1

A 300-mm-
diameter |about
12-inch) wafer of
integrated circuils.
The circuils are
tested on the
waler and then
sawed apart into
individual chips
for mounting into
packages. (Photo-
graph courtasy of
Texas Instruments.)
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ywilching speed improvements, and cost reduction due (o the large number
of circuits fabricated on a single wafer. Another important advantage has 1o
do with the percentage of usable devices (often called the yiefd) which re-
sults from batch fabrication. Faulty devices usually ocour becanse of some
defect in the Si wafer or in the fzbrication steps. Defects in the Si can oceur
because of lattice imperfections and strains introduced 1 the crystal growth,
culting, and handling of the wafers. Usually such delects are extremely small,
but their presence can ruin devices built on or around them. Reducing the
size of each device preatly increases the chance for a given device to be free
of such defects. The same 1s true for fabrication defects, such as the pres-
ence of a dust particle on a photolithographic mask. For example, a lattice
defect or dust particle ,'Ep,m in diameter can easily ruin a circuit which in-
cludes the damaged area. If a fajrly large cirouit is built around the defect
it will be faulty: however, if the device size is reduced so that four circuits oc-
cupy the same area on the wafer, chances are good that only the aone con-
taining the defect will be faulty and the other three will be good. Therefore,
the percentage yield of usable circuits increases over a cerfain range ol de-
creasing chip area, There is an optimum area for each circuit, above which
defects are needlessly included and below which the elements are spaced too
closely for reliable fabrication,

9.1.2 Types of Integrated Circuits

There are several ways of categorizing 1Cs as to their use and method of fab-
rication. The most common categories are linear or digital, according to ap-
plication, and monaolithic or fiyhrid, according to (abrication.

A linear 1C 15 an [C that performs amplification or other essentially
linear operations on signals. Examples of linear cireuits are simple ampli-
fiers, operational amplifiers, and analop communications circuits. Digiral cir-
euits involve logic and memory, for applications i computers, calculators,
microprocessors, and the like. By far the greatest volume of 1Cs has been in
the digital field, since large numbers of such circuits are required. Because
digital circuits generally require only the “on—off" operation of transistors, the
design requirements for integrated dipital circuits are often less stringent
than for linear circuits. Although transistors can be fabricated as easily o an
integrated form as in a discrete form, passive elements (resistors and capac-
itors) are usually more difficult to produce to close tolerances in 1Cs.

Integrated circuits that are included entirely on a single chip of semi-
conductor (usually Si) are called rmonolithic eircuits (Fig. 9-1), The word
monolithic bterally means “one stone™ and implies that the entire circut 18
contained m a single piece of semiconducior. Any additions to the semi-
conductor sample. such as insulating layers and metallization patterns, are
intimately bonded 1o the surface of the chip. A hybrid circoit may contain
one or more monolithic circuits or individual transistors bonded to an in-
sulaling substrale with resistors, capacitors, or other circuit elements, 1o-
gether with appropriate interconnections, Monolithic circuits have the
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advantage thatall of their components are contained in a single ngid struc-
ture that can be batch fabricated: that is, hundreds of identical circuits can
be built simultaneously on a 8i wafer. On the other hand. hybrid circuits
offer excellent isolation between components and allow the use of more
precise resistors and capacitors. Furthermore, hybrid circuits are often less
expensive 10 build in small numbers,

The IC was invented in February 1939 by Jack Kilby of Texas Instrumenis. 9.2

The planar version of the 1C was developed independently by Robert Noyce  EVOLUTION OF
at Fairchild in July 1959, Since then, the evolution of this technology has been  INTEGRATED
extremely fast paced. Onc way to gauge the progress of the field is to look  CIRCUNTS

at the complexity of 1Cs as a function of time. Figure Y-2 shows the number

of transistors used 10 MOS microprocessor 1C chipsas a function of time. It

is amazing that gn this semilog plot, where we hive plotted 1he log of the

component count as a funetion of time, we get a straight line over three

decades, imdicating that there has been an exponential growth in the com-

plexity of chips. The component count has roughly doubled every |8 months.

as wias noted early on by Gordon Moore of Intel corporation. This regular

doubling has hecome known as Maare's law.

The history of 1Cs can be deseribed in terms of different eras, de-
pending on the component count. Small-scale niegration (851) refers 1o the
integration of 1- 10" devices, medium-scale integration (MS1) (o the inte-
gration of 10710 devices, larpe-scale integration (LST) 1o the integration
OF 1= 107 deviees. very larpe-scale integration (VLSI) to the intesration of
1< 10" devices, and now ultra large scale integration (ULSL) to the inte-
gration of 10"-10" deyices, Of course. these boundaries are somewhat fuzay.

The next generation has heen dubbed gigascale mtegration (GS1). Wags have
suppested that afrer that we will have RLSI, or “ridiculously large-scale in-
tegration.”

The main factor thal has enabled this increase m complexity is the ahil-
ity to shrink or scale devices. Typical dimensions or feature sizes of state-of-
the-urt dyammic randon-aceess memories (DRAMs) at dilfercent times are
also shown as a semilog plot in Fig. 9-3. Once again, we see a straight line. re-
fecting an exponential deerease in the Lypical feature sizes with tme over
three decades. Clearly, one can pack a larger number of components with
greater functionality on an TC if they are smaller. As discussed in Section 6,59,
scaling also hay other advantages m terms of faster 1Cs, which consume less
power,

While scaling represents an opportusity, 1 also presetits tremendous
technological challenges. The most natable among these challenges lie in lith-
ography and etehing, as discussed m Section 5.1, However, since scaling of
horizontal dimensions also requires scaling of vertical geometnes, as dis-
cussed in Section 6,5.9, there ure also tremendous challenges in terms of dop-
ing, gate dieleetrics, and metallization. In addition, small features and large
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Figure 9-2

Mg:-am‘s law for integrated circuits: Exponential increase in fransistor count as a funchion of time for differ-
ent generations of microprocessors. The dashed line indicates projections based on the Infernafional Tech-
nology Roadmap for Semiconduciors (ITRS). Notice that the transistor count in the fulure may not increase
af the same rate as in the past, due to practical constraints such as ecanomics and power dissipation.
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chips require device fabrication in extremely clean environments. Particles
that may not have caused yield problems in a 1-um IC technology can have
catastrophic effects for a D.25-pm process, which requires purer chemicals,
cleaner equipment, and more stringent clean rooms. In fact, the levels of
cleanliness required bypassed the best surgical operating rooms early in the
evolution shown in Fig. 9-3. The cleanliness of these facilities is designated
by the clasy of the cledan room. For instance, a Class 1 clean room, which was
state-of-the-art in 2000, has less than | particle of size ().2 pm or larger per
cubic [Got. There are more of the smaller particles and fewer of the larger
ones. Obviously, the lower the class of a clean room, the better it is, A Class
I clean room is much cleaner than a Class 100 fabrication facility, or “fab.”
As one might expect, such high levels of cleanliness come with a hafty price
tag: A state-of-the-art fab in 2000 comes equipped with a price tag of about
2 hillion dollars. '

In spite of the costs, the économit payoff for ULS] is tremendous. Just
for calibration, let us examine some economic statistics at the dawn of the
third millernium. The total annual economic output of all the countrics in the
world, or the so-called gross world product (GWP), is about 30 trillion US
dollars. The US grass national praduct ig about 10 trillion dollars, or about a
fifth of the GWP.The worldwide 1C industry output is about 200 billion dol-
lars, and that of the entire wotldwide slectronics industry in which these 1Cs
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participate 1s about 1 trillion dellars, As a single industry, electronics is one
of the biggest in terms of the dollar amouni. It has surpassed, for example,
automobiles (worldwide sales of about 50 million cars annually) and petro-
chemicals. About 100-200 million personal computers are sold annually
worldwide.

Perhaps even more dramatic than these raw economic numbers is the
growth rate of these markets. If one were to plot LC sales as a function of
time, one again finds 2 more-or-less exponential increase in sales with time
aver three decades. Of great importance 10 the consumer, the cost pey elec-
tronic function has dropped dramatically over the same period. For example,
the cost per bit of semiconductor memory (DR AM) has dropped from about
1 cent/bit in 1970 to about 10~ cent per bit today, an improvement of four
orders of magnitude in 30 years There are no parallels in any other industry
for this consistent improvement in functionality with such lowered cost.

While 1Cs started with hipolar processes in the 1960s, they were grad-
ually supplanted by MOS and then CMOS devices, for reasons discussed in
Chapters 6 and 7. Currently, about 88% of the [C markel is MOS hased
and about 8% BJT based. Optoelectronic devices based on compound semi-
conductors are siill a relatively small component of the semiconductor mar-
ket (about 4% ), but are expected 1o grow in the future, Df the MOS 1Cs,
the bulk are digital ICs. Of the entire semiconductor industry. only about
14% are analog 1Cs. Sémiconductor memeries such as DRAMs, SRAMs,
and nonvolatile flash memories make up approximately 25% of the mar-
ket, microprocessors about 25%, and other application-specific [Cs {ASICs)
about 20%.

93
MONOLITHIC
DEVICE ELEMENTS

Now we shall consider the various elements that make up an integrated cir-
cuit, and some of the steps in their fabrication. The basic elements are fairly
easy o name— transistors, resistors, capacitors, and some form of intercon-
nection. There are some elements in mtegrated circuits, however; which do
not have simple counterparts in discrete devices. We shall consider one of
these. charge transfer devices, in Section Y.4. Discussion of fabrication tech-
nology is difficult in a book of this type, since device fabrication engineers
seem to make changes faster than (ypesetters do! Since this important and
fascinating field is changing so rapidly, the reader should obtain a basic un-
derstanding of device design and processing from this discussion and then
search oul new infovations in the current literature.

2.3.1 CMOS Process Integration

A particularly useful device for digital applications is a combination of
n-channel and p-channel MOS transistors on adjacent regions of the chip, This
cernplementary MOS (commonly called CMOF) combination is illustrated
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the basic inverter circuit of Fig, 9-4a. In this circuit the drains of the two
transistors are connected together and form the output, while the input ter-
minal is the common connection to the transistor gates. The p-channel de-
vice has a negative threshold voltage, and the n-channel transistor has a
positive threshold voltage, Therefore, a zero voltage input (V, = 0) gives
zero gate voltage for the n-channel device, but the voltage between the pate
and source of the p-channel device is —Vpp. Thus the p-channel device is
on, the n-channel device is off, and the full voltage Vpp, is measured at V,
(i.e., Vo appears acroess the noneonducting n-channel tramsistor). Alterna-
tively, a positive value of V,, turns the n-channel transistor on, and the p-
channel off. The output voliage measured across the “on” n-channe! device
is essentially zero. Thus, the circuit operates as an inverter—with a binary *1”
at the input, the output is in the *0)" state, whereas a “0" input produces a*1"
output. The beauty of this circuit is that one of the davices is turned off for
either condition. Since the devices are connected in series, no drain current
flows, except for a small charging current during the switching process from
one state to the other, Since the CMOS inverter uses ultra little power, it is
particularly useful in applications such as electronie watch cireuits which de-
pend on very low power consumption. CMOS is also advantageous in ultra
large-scale integrated circuits (Section 9.5), since even small power dissipa-
tion in each transistor becomes a problem when millions of them are inte-
grated on a chip.

The device technology for achieving CMOS circuits consists mainly in ar-
ranging for both n- and p-channel devices with similar threshold voltages on

(a) Vim - n ‘
m D gut

Figure 9-4
Cnrnplemenlur‘_f
MOS structure:
[a) CMOS invert
er; [b) farmalion
ol pchannel and
n<hannel devices
together,
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the same chip. To achieve this goal, a diffusion or implantation must be per-
formed in certain areas to obtain n and p regions for the fabrication of each type
of device, These repions are called tebs, tanks, or wells (Fig. 9-5). The critical
parameter of the tub is its net doping concentration, which must be closely
controlled by 1on implantation. With the tub in place, source and drain im-
plants are performed o make the n-channel and p-channe! transistors. Match-
ing of the two transistors is achieved by control of the surface doping in the tub
and by threshold adjustment of both transistors by ion implantation.

Including bipolar transistors in the basic CMOS technology allows flex-
ibility in circuit design, particularly for providing drive currents. The combi-
nation of bipolar and CMOS (called BICMOS) provides circuits with
increased speed.

Attention must be paid in CMOS designs to the fact that combining
n-channel and p-channel devices in close proximity can lead to inadver-
tent (parasitic) bipalar structures, In fact, a p-n-p-n structare can be found
in Fig. 9-4b, which can serve as an inetficient but troublesome thyrisior (see
Chapter 10). Under certain biasing conditions the p-n-p part of the diructure
can supply base curvent to the n-p-n structure, causing a larse current to flow.
This process, called latchup, can be a serious problem in CMOS circuits. Sev-
eral methods have been used to eliminate the latchup problem, including
using both n-type and p-type tubs, separated by trench isolation (Fig, 9-6). The
use of two separate tubs (wells) also allows independent conirel of thresh-
old voltages in both types of transistor,

We can illustrate most of the common fabrication steps for MOS inte-
grated circuits by studying the flow of a twin-well Self-Aligned ssILICIDE
(SALICIDE) CMOS process. This process is particularly important becavse
most hiph-performance digital ICs, including microprocessors, memories, and
application-specific ICs (ASICs), are made basically in this way. In order (o
make enhancement-mode n-channel devices, we need a p-type subgtrate, and
vice versa. Since CMOS requires both, we must start either with an n-type or
a p-type wafer and then make selected regions of the substrate have oppo-
site doping by forming wells. Far example. Fig. 9-5a shows a lightly doped p-
gpitaxial layer on a p*-substrate. We can make n-channe! devices in this layer.
By implanting n-wells wherever needed, we can make p-channél devices also.
This is an n-well CMOS process. Alternatively, if we start with an n-substrate
and make p-wells in ceriain regions, we have a p-well CMOS process. For
optimal device performance, however, il 15 usually desirable to separartely
implant both the n- and the p-well regions, which is called fwin-well CMOS,
The rationale for this can be appreciated if we keep in mind that for a state-
of-the-art IC, typical doping levels are ~10" em ' and junction depths are ~]
pm in these wells. The doping levels have to be high enough to prevent
punch-through breakdown due to drain-induced barrier lowering (DIBL)
in the MOSFETs, but low enough to keep the threshold voltages acceptably
small. If we choose to use the p-substrate for n-channel devices as in Fig. 9-5a,
the p-iype epitaxial layer must be doped 10 10™ em ™, and the implanted n-
type layer must be achieved by counter-doping at a level of 2% 10" em ™3,
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resulting in a net n-type doping of ~1% 10" em 7, but a total doping in this
region of ~3% 10" ecm . Such high levels of total doping are detrimental to
carrier transport because they cause cxcessive fonized impurity scattering,
Hence, for high performance 1Cs. the starting epitaxial doping level is gen-

erally very low (~10"" em ). This layer is gr
(~10" em™3). to provide a highly conducti
lielps with noise problems in ICs and helps

own on a heavily doped substrate
ing electrical ground plane. This
minimize the problem of luichup

by bypassing majority carriers (in this case holes) to the p' substrate.
To form the twin wells in a self-aligned fashion, we first grow thermally a
“pad” oxide (20 pm) on the Si substrate, followed by low-pressure chemical
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vapor deposition (LPCVD) of silicon mitride (~20 nm). As shown in Fig,
U-5a this oxide-nitride stack is covered by photoresist, and a window is
opened for the n-well. Reactive ion etching (RIE) is then used to etch the
oxide-nitride stack, Using the photoresist as an implant mask, we then do an
n-type implant using phosphorus, Phosphorus is preferred to As for this pur-
pose because P is lighter and has a higher projected range: also, P diffuses
faster. This fast diffusion is needed to drive the dopants fairly deep into the
substrate to form the n-well. After the implant, the photoresist is removed,
and the patterned wafer is subjected Lo wet oxidation to grow a “tank™ oxide
(-200 nm). Note in Fig. 2-5b that the tank oxidation process consumes Si
from the substrate, and the resulting oxide swells up. In fact, for every micron
of thermally grown oxide, the oxidation consumes (.44 pm of §i, resulting in
a 2.2-fold volume expansion. The oxide does nol grow in the regions that are
protected by silicon nitride, because nitride blocks the diffusion of oxygen and
warer molecules (and thereby prevents oxidation of the §i substrate). The
pad oxide that is used under the nitride has two roles: It minimizes the ther-
mal-expansion mismatch and concomitant stress between silicon nitride and
the substrate; it also prevents chemical bonding of the silicon nitride lo the
silicon subsirate.

Using the tank oxide as a self-aligned implant mask (i.e., withoat actu-
ally having to do a separate photolithographic step), one does a p-type well
implant using boron (B; Fig. 9-5b). The tank oxide must thus be much thicker
than the projected range of the B. The concept of self-alignment is very im-
portant and is a recurring theme in 1C processing. It is simpler and cheaper
to use self-alignment than a separate lithographic step. [t also allows a tighter
packmg density of the twin wells, because it is not required to account for lith-
ographic misalignment during layoul. The P and (he B are then diffused into
the substrate to a well depth of typically a micron by a drive-in diffusion at
very high temperatures (~1000°C) for several hours. After this diffusion, the
silicon nitride—oxide stack and the tank oxtde are etched away. Since the tank
oxidation consumes Si from the subsirate, etching it off leads to a step in the
81 substrate delineating the n-well and p-well regions. The step is important
i terms of the alignment of subsequent reticles and is shown in an exagger-
ated fashion in Fig. 9-Sc. The step, however, is disadvantageous from the
deprh-of-focus point of view during lithography. So, instead of a self-aligned
wwin-well process as just described, one often uses two separate lithography
steps for the two well implants. This approach leads (o a more planar struc-
ture, but a slightly larger well gzometry because the wells are not self-aligned.
There are many other variations of CMOS processes used, depending on the
application,

Next, we form the isolation regions or the field transistors which goar-
antee that there will be no electrical cross talk between adjacent transistors,
unless they are intentionally interconnected (Fig. 9-5¢). This is achieved by
ensuring that the threshold voltage of any parasitic transistor that may form
in the isolation regions is much higher than the power supply voltage on the
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uhip. so that the parasitic channel can never turn on under operating condi-
tions. From the threshold voltage expression [Eq. (6=38)], we notice that ¥V,
can be raised by increasing subsirate doping and increasing gate oxide thick-
ness, However, a problem with that approach is the subthreshold slope §
[Eq. (f-66) |, which degrades with increasing substrate dopmg and gate oxide
thickness. One needs 1o oplinize both Vo and § such that the off-state leak-
uge current in the field between transistors is sulficiently low at zero gate bias.

A stack of silicon dioside-siticon nitride is photolithographically pat-
terned as in Fg, 9-3c and subjected to RIE. A boron “channe! stop ™ implant
hetween the twin wells increases the acceptor doping and thus increases the
threshold voltage in the p-well between the n-channel transisiors (the fiefd
thieshold). However, B will compensate the donor doping on the n-well side.
ind thus reduee the threshold in the n-well between p-channel devices, The
B channel stop dose must thus he optimized 10 have acceptably high field
thresholds in both types of wells,

After the channel stop implant, the photeresist is removed and Lhe
waler with the patterned nitride-oxide stack shown in Fig. Y-3c (without
phatoresist) 1s subjected 1o wet oxidation to selectively grow a field oxide
~300 nm thick. The nitride layer blocks oxidation of the Si substrate in the
regions where we plan to make the transistors. This procedure, where 81 is ox-
idized to form Si0, m regions not protected by nitride, is called LOCal Ox-
dation of Silicon (LOCOS) (Section 6.4.1). In this case, LOCOS provides
clectrical isolation between the two trunsistors, as shown in Fig, 9-5d.

The volume expansion of 2.2X% upon oxidation is an important issue
beciuse the seleclive oxidation oecurs in narrow, confingd regions, The com-
prossive stressof excessive, can cause dislocation delects in the substrate An-
ather issue is the laterul oxadation edr (he nilride mask ddges, which canses
the nitride mask to It up near the edges. forming what 1s known as a bird s
Begl and cansing @ Tnreval toat endroseltment of 0.2 i into each active re-
vion. therchy wasting precious S real estaie. There have been varous mod-
ilied LOCOS and other solation schemes proposed o minimize this lateral
eneroachment. A notable example is Shatlow Trench Isolaion (ST1) which
invalves using RIE 1o etch a shallow (~1 jwm) tench or groove in the Sisub-
strate after the isolation pattern, filling it up complerely by deposition of a
dielectrie fayer of SIChH and polysilicon by low-pressure chemical vapor de-
position (LPCVD). and then using chemical mechanical polishing (CMP) 1o
planarize the stracture (Fig. 9-6) This consumes less Sireal estate compared
1o LOCOS. but gives superior isolation beonuse the sharp corners at the bot-
tom of the trench give rise to polential barriers that block leakage currents
(the corner elfea).

The pud oxide between the nitride and the 1 surtace minimizes the
stress due fo the nitride, und prevents bonding of the nitride to the Si.as men-
toned ahove. Any residual nitride on the S would retard subsequen! gate
oxtde tormation. lading o woenk spots in the sate region of the MOSTFET
This problem s known as the white ribhon cifect or the Keor offectafter the
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Figure 9-6

Trench isolation:
Atrench or
groove is elched
in the substrate
with the use of RIE
and is rebilled with
oxide and polysili
can. Trench isclo-
fion provides
superior elecirical
isolafion cam-
pared with
LOCOS, and uses
less i real astate.

Dutch scientist who first identified it. The pad exide mitigates this problem,
but does not solve it completely. Therefore, very often a “sacrificial” or
“dummy" oxide is grown to consume a layer of 81 containing any residual ni-
tride, and this oxide is wet etched prior to the growth of the actual gate oxide.

Next, an ultra-thin (~5-10 nm) gate oxide is grown on the substrate.
Since the electrical quality of this oxide and its mterface with the Si substrate
is of paramount importance to the operation of the MOSFETSs, dry oxidation
is used for this step. It is common to incorporate some nitrogen at the Si-Si0,
interface, forming oxy-nitrides which improve the interface quality in terms.
of hot electron effects. After the oxidation, it is immediately covered with
LPCVD polysilicon in order to minimize contamination of the gate oxide. The
polysilicon gate layer is doped very heavily (typically n' using a phosphorus
dopant source, POC, in a diffusion furnace) all the way to the polysilicon-
oxide interface in order to make it behave electrically like a metal electrode.
Alternatively, the LPCVD polysilicon film may also be in sifu doped during
the deposition itself by flowing in an appropriate dopant gas such as phos-
phine or diborane, Heayvy doping of the pate material is very important,
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because otherwise a depletion layer can be formed in the paolysilicon gate (the
poly depletion effect). This could result in a depletion capacitance in series
with the gate oxide capacitance. thereby reducing the overall gate capacitance
and, therefore, the drive current [see Eq.(6-53)], The high doping (~10" cm ™)
in the pelysilicon gate is also important for reducing the resistance of the
gate and its RC time constant. The uniformly high doping in the polysilicon
layer is facilitated by the presence of the grain boundary defects in the film,
hecause diffusivity of dopants along grain boundaries is many orders of mag-
nitude higher than in smgle-crystal 81

The doped polysilicon layer is then patterned to form the pates, and
etched anisotropically by RIE to achieve vertical sidewalls. That is extreme-
ly important because this etched polysilicon gate is used as a seif-aligned im-
plant mask for the source/drain implants. As mentioned above, self-aligned
processes are always desirable m terms of process simplictty and packing
density. It 18 particularly useful in this case because we thereby guarantee
that there will be some overlap of the gate with the source/drain but minimal
overlap The overlap is determined by the lateral scattermg of the jons and
by the lateral diffusion of the dopants during subsequent thermal processing
(such as source/drain implant anneals). LI there were no overlap, the chan-
nel would have to be turned on in this region by the gate fringing fields. The
resulting patential barrier in the channel would degrade the device current.
On the other hand. if there is too much overlap, it leads to an overlap ca-
pacitance between the source or drain and the gate. This is particularly both-
ersome near the drain end because it leads to the Miller overlap capacitance
which causes undesired capacitive feedback hetween the output drain ter-
minal and the input gate terminal (see Section 6.5.8),

Eabrication steps for the n-channel MOSFETS in the p-well are shown
in Fig. 9-7. After the polysilicon gate is etched, we first do a self-aligned
n-type source-drain implant, during which the tank masking level is used to
protect the PMOS devices with a layer of photoresist. The NMOS source
and drain implants are done in two stages. The first implant is a lightly doped
drain (LDD) implant (Fig. 9-7a). This is typically a dose of ~10"°-10" em %,
corresponding 1o a concentration of 10'°-10" cm™, and an ultra-shallow
junction depth of 50-100 nm. When a MOSFET is operated in the saturation
region, the drain-channel junction is reverse biased, resulting in a very high
electric field in the pinch-off region, As we saw in Section 5.4 for reverse-
biased p-n junctions, reducing the doping level inereases the depletion width
and makes the peak electric field at the junction smaller. As discussed in Sec-
tion 6.5.9, electrons traveling from the source 1o the drain in the channel can
gain kinetic energy and thereby become hot electrons, which create damage,
The low doping in the LDD helps reduce hot carrier effects at the drain end.
The shallow junction depths in the LDD are also important for reducing
short channel effects such as DIBL and charge sharing (Sections 6.5.10 and
£.5.11). The penalty that we pay with the use of an LDD region is that the
source-to-drain series resistance goes up, which degrades the drive current.
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Figure 9-7
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As the technology is evolving towards lower power supply voltages,
hot carrier effects are becoming less important, This, along with the need 1o
reduce series resistance, has driven the trend towards increasing doping in
the LDD 1o levels above 10" em . In fact, the use of the term LDD then be-
comes a bil of a misnomer, and is often replaced by the term source/drain ex-
tension or fip.

After the LDD regions are formed alongside the polysilicon gate,
we implant deeper (~200 nm) and more heavily doped (10* em %) source
and deain junctions farther away from the gate edges (Fip. U-7d). This more
conductive region allows ehmic contacls (o the source and drain to be
formed more easily than they could be directly to the LDD regions, and
reduces the source/drain series resistance. This implant is done using a
self-aligned scheme by the formation of sidewall oxide spacers. After re-
moving the photoresist covering the PMOS davices, we depoesit conforiual
LPCVD oxide (~100-200 nmn thick) using an grganic precursor called tetra-
ethyl-ortho-silicate (TEQS) over the entire wafer at fairly high tempera-
tures (~-700°C) (Fig. 9-7b). The term conformal means that the deposited
film has the same thickness everywhere, and follows the topography on
the wafer, This oxide layer is then subjected to RIE, which is anisotropic
(i.e., it etches predominantly in the vertical divection) (Section 5.1.7), 1f the
RIE step is timed to just etch off the deposited oxide on the flat surfaces.
it leaves oxide sidewall spacers on the edges of the polysilicon pate, as
shown in Fig, 9-7¢. This sidewall spucer is vsed as a self-aligned mask to
protect the LDD regions very near the gate during the heavier, desper n”
source and drain implants (Fig. 9-7d),

Next, the NMOS devices are masked hy pliotoresist, and a p” souree and
drain implant is done for the PMOSFETS (Fig. 9-8a). It may be noted that an
LDD was not used for the PMOS. This is due to the fact that hot hole effects
are less problematic than hot electron degradation, partly due to the lower
hole mobility and partly due to the higher Si-8i0, barrier in the valence band
{5 eV) than in the conduction band (3.1 eV), After the source-drain implants
are done, the dopants are actvated and the 1on implant damage is healed by
a fumace anneal, or more frequently by using a Rapid Thermal Anneal (RTA).
In this anneal we use the minimum acceptable temperature and time combi-
nation (the thermal budpet) because it is critically important to Keep the dopant
profiles as compact as possible in ultra-small MOSFETS,

We can now appreciate why most CMOS logic devices are made on
p-type substrates, rather than n-type. The n-channel MOSFETS generate a
lol more substrate curvent due to hot varner effects than PMOSFETs. The
holes, thus generated. can more easily flow to ground in a p-type substrate.
than in an n-substrate. Also, it is easier 1o dope substrates p-tvpe with B dur-
ing Czochralski erystal growth than n-type with Sb. Antimony is the preferred
donor, rather than As or P for bulk doping of the Si melt. because Sh evapo-
rates less than the other species,

The use of o™ polysilicon gates for both NMOS and PMOS devices
raises some interesting deyice issues, Since the Fermi level in the n* gate is
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Figure 9-8
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very close to the Si conduction band, its work function is well suited to achiev-
ing a low V; for NMOS (®,,,~-1 V), but not for PMOS (®,,~0 V). From the
Vexpression [Eq. (6-38)], we notice that the second and third terms approach
zero as thin-oxide technology evolves because C; is getting larger. For high
drive current we want V' to be in the neighborhooed of ~0.3 to ~0.7 V for
NMOS (-0.3 to -0.7 V for PMOS). We find from Eq. (6-38) that the p-well
doping can be optimized to achieve the correct ¥y for the NMOS transistor,
while at the same time being high enough to prevent punch-through break-
down between source and drain, For the PMOS transistor, on the ather hand,
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an n-well doping of the order of 10" em™* prevents punch-through, but the
Fermi potential, dy, is so large and negative that the Vs too negative, That
forces us to do a separate acceptor implant to adjnst V. for the PMOS devices
(Fig. 9-8b). The acceptor dose is low enough that the p-layer is fully depleted at
zera gate bias, leading to enhancement-made, rather than depletion-mode, tran-
sigtors. In CMOS we try 1o make the negative V of the PMOS device about
the same value as the positive V; of the NMOS.

Close examination of the band diagram in the channel of the PMOSFET
along the vertiesl direction (perpendicular te the gate oxide) shows that the
energy minimum for the holes in the inversion layer is slightly below (~100 nm)
the axide-silicon interface, leading to what is known as buried channel oper-
ation for PMOS (Fig. 9-8c). On the other hand, for NMOS, the electron en-
ergy minimum in the inversion layer occurs right al the axide-silicon interface,
leading to surface channel operation.! There are good and bad aspects of this
buried channel behavior for PMOS. Since the holes in the inversion layer of
the PMOSFET travel slightly away from the oxide-silicon mnterface, they do
not suffer as much channel mobility degradation as the eléctrons m the NMOSFET
due to surface roughness scatlering. That is good, because hole mobilities in Si
are generdlly lower than electron mobilities, which forces us to make PMOS de-
vices wider than the NMOSFETSs to get similar drive currenis. However, biried
channel devices have a greater propensity towards DIBI, and punch-through
breakdown. Hence, as the size of MOSFETs is reduced, the DIBL problem be-
comes worse, and there is a desire to have surface channel operation for both
NMOS and PMOS. Thus, there 1s interest in so-called dual gare CMOS, where n*
polysilicon gates are used for NMOSFETs and p* gates are used for PMOSFETs
Such dual work function gates can be achieved by depositing the polysilicon un-
doped and then using the source and drain implants themselves to also dope the
gates appropriately. This approach exploits the high polysilicon grain boundary
diffusivities to degenerately dope the gates while at the same time having ultra-
shallow source and drain junctions to minimize DIBL.

As a historical fooinate. it may be added that MOSFETSs initially used
Al pates which could not withstand high temperature processing, Hence, the
source and drain regions had to be formed first, either by diffusion or by im-
plant, and then the Al gate was deposited and palterned. Such non-gelf-
aligned processes suffered from the Miller capacitance mentioned previously.
What made self-aligned source and drain regions viable was the use of poly-
silicon, which has a suffictently high melting point to withstand subsequent
processing, Recent rasearch on MOSFET technology is going back full cir-
cle to metal gatey, but this time using refractory metals such as tungsten (W),
These metals have better conductivity than heavily doped polysilicon, and a

"We can qualitatively undarstand why the aecaptor implant in the ehannal leads to such buried channsl
bahavlon, Assume for @ mement (hal the scteplor doze wos high enotgh that the player wis nol depleted
al zero ks, In such o depleliormode devise, o pasilive gale bios 1o un off the device would first
deplete the surfacs region of holes, 4ill leading lo hels conduciion deeper in the substrate away from the
oxide-51 inferfoce.
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work function that is better suited for CMOS, The Fermi level of W is near
the middle of the Si band gap, which makes the flat band voltage and the
threshold voltage more symmetric and better maiched between NMOS and
PMOS, and avoids the buried channel effect.

The next step is to fonm a metal-silicon alloy or sificide m the sourcefdraim
and gate regions of the MOSFETS in order (o reduce the series resistance (and
thereby the RC time constants), and increase the dove current. This involves de-
positing a thin layer of a refractory metal such as Ti aver the entire wafer by
sputtering. and reacting the 11 with Si wherever they come in direct contact, by
doing a two-step heat treatmentin an N ambient (Fig, 9-9a). A 600°C anneul re-
sults i the formation of Ti;Si (the C49 phase according fo metallurgists, which
has fairly high resistivity), followed by an 800°C anneal which converts the Ti,51
tor the €54 phase, 115§, which has an extremely low resistivity of ~17 uf-cm,
much lower than that of the most heavily doped §i. On the other hand, the Ti
on top of the sidewall oxide spacers doess not form a silicide and stays asun
reacted Ti or forms TIN because the process is done in an N ambient, The Ti
and TiN can be giched off selectively by using a wel hydrogen peroxide-hased
etch, which does not attack the titanium disilicide, thereby eleetrivally iso-
lating the gates from the source/drains, Note thal this process resulls in &
SALICIDE without a separate masking level only on the source/drains and
the polysilicon gate, where the silicide is often termed a polycide, This re-
sults m very high-performance MOSFETs.

Binally, the MOSFETSs have to be properly interconnected according
ta the areuit layout. using the metallization level. This involves LPCVD
of an oxide dieleclric layer doped with B and P, which 1s known as boro-
phaspho-silicate gloss (BPSG) on the entire wafer, patterning it by means of
the contact-level reticle and using RIE o open up the contact holes to the
substrate (Fig. 9-9b). The B and P allow the oxide laver to soften and reflow
more readily upon annealing, thereby helping planarize or smooth out the
topography on the wafer. This shaping of the millions of very small cantact
holes is eritical on a ULS] chip, because otherwise metal deposited on the sur-
face into the contact holes may not reach completely into the holes, leading
to & catastrophic open circuit. In fact, sometimes a CVD tungsien Jayer is se-
tectively deposited in the contact holes to form a contact plug before one
proceeds o the oext step, Then a suitable metal layer such as Al (alloved
with -1 percent Si and -4 percent Cu) is sputter deposited over the wufer,
patterned using the metal interconnect level, and subjected to metal RIE.
The Si is added 1o the Al to solve the junclion spiking problem, whereby
pure Al can incorporate the solid solubility limit of 81 from the shallow
source/drain regions. This would allow the Al to “spike.” or short, through the
p-n junetion. The Cu is added 10 enlarge the grain size in the Al intercon-
nect fifms, which are polyerystalline, making it harder for the electrons mov-
ing durtng current flow 1o nudge the Al atoms along, thereby opening voids
{producing open ciyouits) in the interconnect. This is an example of an electro-
migration phenomenon. A cross-sectional picture of an LDD MOSKFET with
SALICIDIE is shown in Fig. 9-9¢.
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The formation of silicided source~drain and gate regions for low-rasistance contacts: [a) o layer of re-
froctory metal is deposited and reacted in regions of exposed Si to form a conducting silicide layer;

(b] the unreacted metal is remaved and a CVD glass is deposited and ed for contact mefalliza-
tion; (c] cross-sectional micrograph of LDD MOSFET with gale length of 52 nm. (Photogroph courtesy of
Texas Instruments.) ' '

In a modern ULSI chip, the complexity of the device layout generally
demands that multiple levels of metallization be used for interconnecting
the devices (Fig. 9-10). Hence, after the first metal is deposited, an intermetal
dielectric isolation layer such as SiO, is deposited by low-temperature CVD.
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Figure 9-10
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Low temperatures are very important in this back-end part of the process-
ing because by now all the active devices are in place and one cannot allow
the dopants to diffuse significantly. Also, the Al metallization cannot with-
stand temperatures higher than ~500°C. The dielectric isolation layer must
be suitably planarized prior to the deposition of the next layer of metal, and
this is generally done by CMP. Planarization is important because if metal is
deposited on a surface with rough topography and subjected to RIE, there
can be residual metal sidewall filaments or “stringers” at the steps for the
same reason one gets sidewall oxide spacers on either side of the MOSFET
gate in Fig. 9-7. These metal stringers can cause short circuits between adja-
cent metal lines. Planarization is also important in maintaining good depth
of focus during photolithography. After planarization of the isolation layer,
one uses photolithography to open up n new set of contact holes called vias,
followed by deposition, patterning and RIE of the next layer of metal, and
so on for multi-level metallization. As mentioned previously, W metal plugs
are sometimes selectively deposited to fill up the via holes prior to the metal
deposition, and reduce the likelihood of an open circuit.

Finally, 2 protective overcoat is deposited on the IC to prevent conta-
mination and failure of the devices due to the ambient (Fig. 9-10), This gen-
erally involves plasma CVD of silicon nitride, which has the nice attribute that
it blocks the diffusion of water vapor and Na through it. Sodium, as men-
tioned in Section 6.4.3, causes a mobile ion problem in the gate dielectric of
MOS devices, Sometimes, the protective overcoat is a BPSG layer. After the
avercoat is deposited, openings are etched for the metal bond pads. After
the chips are tested in an automated tester, the known good dies are pack-
aged and wire bonded, as discussed in Section 9.6.
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9.3.2 Silicon-on-Insulator (SOI)

An imleresting and useful extension of the 51 MOS process can bée achieved by
growing very thin films of single-crystal S1 on insulating substrates (Fig. 9-11).
Two such substrates which have the appropriate thermal expansion match to
Si are sapphire and spinel (MgO-Al,0;). Epitaxial Si films can be grown on
these substrates by chemical vapor deposition (e.g., the pyrolysis of silane),
with typical film thickness of about 1 pm. The film can be etched by standard
photolithographic techniques into islands for each transistor. Implantation of
p~ and n* areas into these islands for source and drain regions result in the
MOS devices. Since the film is so thin, the source and drain regions can be
made to extend entirely through the film to the insulating substrate. Asa re-
sult, the junction capacitance is reduced to the very small capacitance asso-
ciated with the sidewalls between the source/drain and the channel region.
In addition, since interconnections between devices pass over the insulating
substrate, the usval interconnection-Si substrate capacitance is eliminated
(along with the poassibility of parasitic induced channels in the field between
devices). These capacitance reductions improve considerably the high-fre-
quency operation of circuits using such devices.

Other insulators can be used for SOI devices, including 310,. Since
oxide can easily be grown on Si substrates, it serves as an attractive insula-
tor for subsequent growth of thin-film Si. Since polycrystalline Si can be de-
posited directly over S5i0;, devices can be made in thin pely-Si films. However,
to avoid grain boundaries and other defects typical of polycrystalline mate-
rial, a variety of techniques have been developed to grow single-crystal Si
on oxide. For example, the oxide laver can be formed beneath the surface of
a Siwafer by high-dose oxygen implantation. The thin Si layer remaining on
the surface above the implanted oxide is usually about (0.1 pm thick, and can
be used as the thin film for CMOS or other device fabrication. This process
is called separation by implantation of oxygen (SIMOX). In some cases a
thicker Si film is grown epitaxially on the SIMOX wafer, using the thin Si
crystalline layer over the oxide as a seed for the epitaxy.

- Another approach for making SOT is to place two oxidized Si wafers

face to face, and thermally bond the oxide layers by high-temperature Figure 2=]]
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annealing in a furnace. One of the wafers is then chemically etched back al-
most completely, leaving about @ micron of single-crystal Si malerial on top
of the §10,, This approach is known as Bond-and-Etch-back SOI (BE-SOI).
Since it is challenging to etch off about 600 pwm of Si and stop controllably
so as 1o leave about a micron of 81, an initial p* implanted layer is often used
to act as an etch stop near the end of the chemical eich. The chemical recipe
that is used for etching Si bas a much lower elch rate in a p* layer than in
lightly doped Si.

Another recent approach is a modification of BE-SOI using very
high dose H implantation into one of the oxidized 5i wafers, such that the
peak of the H profile is about a micron below the Si surface. During the
high-temperature annealing step, the H atoms coalesce to form tiny H
bubbles which cause a thin layer of Si to cleave off from the implanted
wafer. leaving the Si layer honded to the oxidized Si surface. This way, one
does not have to chemically etch off one Siwafer for every BE-SOT wafer,
If properly done, the cleaved-off $1 wafes has a smooth surface and can be
reused.

Examining the two devices of Fig. 9-11 more closely, one of them is
unlike the transistors we have considered thus far. The thin Si film is lightly
doped p-type, and therefore the device labeled “p channel” appears junc-
tienless, Such a device is able to operate in the enhancement mode (nor-
mally off) because of the equilibrium effects of the work function
difference and the interface charge. With the usual @, and Q, a depletion
region is formed in the central p material of each device with zero gate
valtage. In faet, for a Si film of about 0.1 pm or less, this depletion region
can extend all the way through the Si to the insulator. Such a device is
called fully deplered snd no drain-to-souree current flows. o the n-channel
device a positive gate voltage greater than V, induces an inverted re-
gion atl the surface, as nsual for an n-channel enhancement device. For the
p-thannel case a small negative voltage V; removes the depletion and
causes hole accumulation beneath the gate. The result is the formation of
a conducting channel by a small gegative gate voltage, as is the case for a
conventional p-channel enhancement device. Although the fully depleted
type of p-channel device operates by a somewhat different mechanism, its
current-voltage characteristics are similar 1o the conventional device. Since
both p-channel and n-channel transistors can be made on the same insu-
lating surface, the silicon-on-insulator technique is quile compatible with
CMOS cireuit fabrication.

The SOT approach does not suffer from the latchup problem of bulk
CMOS because there is no p-n-p-n thyristor from the power supply to ground.
For crreuits requiring high speeds. low standby power (due to the elimination of
junctior: leakage to the substrate), and radiation tolerance (due Lo the elimina-
tion of the Si substrate), the extra expense of preparing sapphire substrates or
growing crysialline Sifilms on oxide is compensated by increased performance,
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9.3.3 Integrafion of Other Circuil Elements

One of the most revolutionary developments of integrated circuit technolo-
gy is the [act that integrated transistors are cheaper o make than are more
mundane elements such as resistors and capacitors. There are, however, nu-
merous applications calling for diodes, resistors, capacitors, and inductors in
integrated form. In this section we discuss briefly how these circuit elements
can be implemented on the chip, We will also discuss a very important circuit
element— the interconnection pattern which ties all of the integrated devices
together in a working system.

Diodes. Tt is simple to build p-n junction diodes in 2 monelithic circuit. It is
also commen practice to use transistors (o perform diode functions, Since many
transistors are included in a monolithic circuit, no special diffusion step is re-
quired to fabricate the diode element. There are a number of ways in which a
transistor can be connected as a diode. Perhaps the most common methad is
to use the emitter junction as the diode, with the collector and base shorted, This
configuration is essentially the narrow base diode structure, which has high
switching speed with little charge storage (Proh. 5.35). Since all the transistars
can be made simultaneously, the proper connections can be included in the
metallization pattern to convert some of the transistors into diodes.

Resistors, Diffused or implanted resistors can be obtained in monolithic cir-
cuits by using the shallow junctions used in forming the transistor regions
(Fig. 9-12a). For example, during the base implant, a resistor can be implanted
which is made up of a thin p-type layer within one of the n-type islands. Al-
ternatively a p region can be made during the base implani, and an n-type
resistor channel can be included within the resulting p region during the emit-
ter implant step. In either case, the resistance charmel can be isolated from the
rest of the circuit by proper biasing of the surrounding material. For example,
if the resistor is a p-type channel obtained during the base implant, the sur-
rounding n material can be connected to the most positive potential in the cir-
cuit to provide reverse-bias junetion isolation. The resistance of the channel
depends on its length, width, depth of the implant, and resistivity of the

Figure 9-12
Maonclithic resis-
tars: (a) cross sec-
tion showing use
of base and emik-
ter diffusions for
resistors; [b) top
view of wo resis-
tor pnh‘ams.
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implanted matenal, Since the depth and resistivity are determined by the re-
quirements of the base or emitter implant, the variable parameters are the
length and width. Two typical resistor geometries are shown in Fig. 9-12b. In
each case the resistor is long compared with its width, and a provision is made
on zach end for making contact 10 the metallization pattern.

Design of diffused resistors begins with a quantity called the sheer resis-
tance of the diffused layer. If the average resistivity of a diffused region is p, the
resistance of a given length L is R = pL/wt, where w is the width and t is the
thickness of the layer. Now if we consider one square of the material, such that
L = w. we have the sheet resistance R, = p/t in units of ohms per square. We
notice that R, measured for a given layer is numerically the same lor any size
square. This quantity is simple 1o measure for a thin diffused layer by a four-
point probe technique.? Therefore, for a given diffusion, the sheet resistance is
generally known with good accuracy, The resistance then can be calculated
from the known value of R, and the ratic Liw (the asperst rario) for the resis-
tor. We can make the width w as small as possible within the requirements of
heat dissipation and photolithographic limitations and then calculate the re-
quired length from w and R, Design criteria for diffused resistors melude geo-
metrical factors such as the presence of high current density al the inside comer
of a sharp turn. [n some cases il 1s necessary to round corners slightly in a fold-
ed or zigzag resistor (Fig. 9-12b) to reduce this problem.

To reduce the amount of space used for resistors or 1o oblain larger re-
sistance values, it is often necessary to obtain surface layers having larger
sheet resistance than is available during the standard base or emitter im-
planis. We can use a different implant, such as the V; adjust implant, to form
shallow regions having very high sheet resistance (107 (Msquare). This pro-
cedure can provide a considerable saving of space on the chip. In integrated
FET circuwits it 1s common to replace load resistors with depletion-mode tran-
sistors, as mentioned in Section 6.5.5,

Capacitors. One of the mostimportant elements of an integrated circuit is the
capacitor. This is particularly true in the case of memory circuits, where charge
is stared in a capacitor for each bit of information. Figure 9-13 illusirales a
one-transistor DRAM cell, in which the n-channel MOS transistor provides
access to the adjacent MOS capacitar. The top plate of the capacttor is poly-
silicon, and the bottom plate 1s an inversion charge contacted by an n* re-
gion of the transistor. The terms bif line and ward line refer to the row and
column organization of the memory (Section 9.5.2). One can also make use
of the capacitance associated with p-n junctions, as discussed in Section 5.5.5.

Inductors. Inductors have not been incorporated into 1Cs in the past, because
it is much harder to mtegrate inductors than the other circuit elements. Also,

s (50 vary usedul method in which curman) is inroduced inle o walsr ai ane probe and 15 collesied at
arothat probs, and the volinga i+ measured by fwo probes in batwasn. Special farmulas ore required 1o
caleulate resistivity ar cheel resistance from these maosurements
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Polysilicon Figure 9-13
BEie W fine capacitor plate Integrated capaci-
lor for DRAM
cells. A one
fronsiskor memo
cell in which the
, v\ fronsistor stores
Charge sloraoy } ond accesses
i = charge in an ad-
( jacent planar
li MOS capacilor,

there has not been a great need for integrating inductors. Recently, that has
changed hecause of the growing need for rf analog 1Cs for portable communi-
cation electronics. Inductors are very important for such applications, and can be
made with reasonable Q factors using spiral wound thin metal films on an IC.
Such spiral patterns can be defined by photolithography and etching techniques
compatible with 1C processing, or they can be incorporated in a hybrid IC.

Conrtacts and Interconnections. During the metallization step, the various
regions of each circuit element are contacted and proper interconnection of
the circuit elements is made, Aluminum is commonly used for the top met-
allization, since it adheres well to Si and to 810, il the temperature is raised
briefly to about 550°C after deposition. Gold is used on GaAs devices, but
the adherence properties of Au to 8i and Si0O, are poor. Gold also creates
deep traps in Si.

As mentioned throughout this chapter, silicide contacts and doped poly-
silicon canductors are commonly used mn integrated circuits. By opening win-
dows through the oxide layers to these conductors, Al metallization can be
used to contact them and connect them to other parts of the circuit. In cases
where Al is used to contact the Sisurface, it is usually necessary to use Al con-
taining about 1 percent Si to prevent the metal from incorporating Si from the
layer being contacted, thereby causing “spikes”™ in the surface, Thin diffusion bar-
riers are also used between the Al and Si layers, to prevent migration between
the two. The refractory silicides mentioned in Section 9.3.1 serve this purpose,

Increased complexity and packing density in integrated circuils inevitably
leads to a need for multilayer metallization. Multiple levels of Cu metallization
can be incorporated with interspersing dielectrics, In general, the metals may
all be-Al, Cu or they may be different conductors such as paolysilicon or re-
fractory metals (depending on the heat each is subjected to in subseguent pro-
eessing). Also, the dielectrics may be deposited oxides, boro-phospho-silicate
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glass for reflow planarization, nitrides, ete. The planarization of the surface is
extremely important to prevent breaks in the metallization, which can oceur
in traversing a step on the surface. Various approaches using reflow glass, poly-
imide, and other matenals to achieve planarization have been used, along with
chemical mechanical polishing.

The most important challenge in designing interconnects is the RC time
constant, which affects the speed and active power dissipation of the chip. A
very simplistic model of two layers of interconnects with an inter-metal di-
electric (Fig, 9-14b) shows that it can be regarded as a parallel plate capacitor.
Regarding the interconnect as a reclangular resistor, its resistance is given by

oL L
R = ; = R‘; (Y-1a)
where R, is the sheet registance, and the other symbols are defined in Fig, 9-114b.
The capacitance 1s given by

_ elw

e

(9-1h)

The RC time constant is then

( _.'JL) (ELW) pel’ Rell -
= = = (9-2)
Wi d 1d d

Interestingly, for this simple one-dimensional model, the width of the inter-
connéct w cancels oul. Therefore, it does nol make sense to use wider con-
ductors for high-speed operation, It is also impractical to do so i terms of
packing density. Of course, in reality we must account for the [ringing elec-
tric fields, and therefore account for width dependence. From Eq. (9-2), it 1s
clear we need as thick a metal layer (within practical limits of deposition
times and etching times) and as low a resistivity as possible. Low resistivities
are also important in minimizing ohmic voltage drops inmelal bus lines that
carry power from one end of a chip to the other. Aluminum is very good in
this regard, and thus was a mainstay for Si technology for many yvears. Alu-
minum also has other nice atiributes such as pood ohmic contacts to bath n
and p-type Si, and good adhesion to oxides,

Copper has even lower resistivity (1.7 pfl-cm) than Al (3 pf2-cm) and
is about two orders of magnitude less susceptible to electromigration. Hence,
it is an excellent alternative to Al for very high speed ICs (Fig, 9-14a). The
process hreakthroughs that have made Cu viable for metallization include
new electrodeposition and electroplating techniques because CVD or sput-
ter deposition is not very practical for Cu. It is also very difficult to use re-
active ion etching (RIE) for Cu because the etch byproducts for Cu are not
very volatile. Hence, insiead of R1E, Cu patterning is based on the so-called
Damascene process where grooves are first etched in a dielectric layer, Cu is
deposited on it, and the metal layer is chemically-mechanically polished
down, leaving inlaid metal lines in the oxide grooves. In this method, the
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Figure 914
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Siy Ny overcoat
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metal does not have to be etched directly using RIE, which is always a diffi-
cult process. The name “damascene” is derived from a metallurgical tech-
nique in ancient Turkey where metal artwork was inlaid into swords and
other artifacts using this type of process. Copper can create traps deep in the
bund gap of 5i; hence, a suitable barrier layer such as Ti is needed between
the Cu laver and the Si substrate.
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Other parameters in Eq. (9-2) that can minimize the RC time constant
are clearly the use of a thick inter-metal dielectric layer (once again within
the limits of practicality in terms of deposition times), and as low a dielectric
constant material as possible, Silicon dioxide has a relative dielectric con-
stant of 3.9, There is active research in low dielectric constant materials
(sometimes referred to as low-K materials). These include organic materials
such as polyimides, or xerogels/aeropels which have air pockets or porosity
purposely built in to minimize the dielectric constant.

In designing the layout of elements for a monolithic cirenit, topological
problems must be solved to provide efficient interconnection without
crossovers—points at which one conductor crosses another conductor. If
crossovers must be made on the Sisurface, they can be accomplished easily at
a resistor. Since the implanted or diffused resistor is covered by Si0,, a con-
ductor can be deposited crossing the insulated resistor. In cases requiring
crossovers where no resistor is available, a low-value implanted resistor can be
inserted in one of the conductor paths. For example, a short n* region can be
implanted during the source/drain slep and contacted at each end by one of the
conductors, The other conductor can then cross over the oxide layer above the
n* region. Usually, this can be accomplished without appreciable increase in re-
sistance, since the n' region is heavily doped and its length can be made small.

During the metallization step, appropriate poinis in the circuit are con-
nected to relatively large pads to provide for external contacts, These metal
pads are visible in photographs of monolithic circuits as rectangular areas
spaced around the periphery of the device, In the mounting and packaging
process, these pads are contacted by small An or Al wires or by special tech-
niques such as those discussed in Section 9.6,

9.4
CHARGE
TRAMSFER
DEVICES

One of the most interesting and broadly vseful integrated devices is the
charge-coupled device (CCD), ' The CCD is part of a broader class of struc-
tures known generally as charge transfer devices. These are dynamic devices
that move charge along a predetermined path under the control of clock
pulses These devices find applications in memeories, various logic functions,
signal processing, and imaging. In this section we lay the groundwark for un-
derstanding these devices, but their present forms and variety of applications
must be found in the current literature.

9.4.1 Dynamic Effects in MOS Capacitors

The basis of the CCD is the dynamic storage and withdrawal of charge in a
series of MOS eapacitors. Thus we must begin by extending the MOS dis-
cussion of Chapter @ to include the basics of dynamic effects. Fipure 9-15
shows an MOS capacitor on a p-type substrate with a large positive gate pulse
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Meml (=)~ —_— Figure 9-15
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applied. A depletion region exists under the gate, and the surface potential in-
creases considerably under the gate electrode. In effect, the surface potential
forms a potential well, which can be exploited for the storage of charge.

If the positive gate hias has been applied for a sufficiently long time,
electrons accumulate at the surface and the steady state inversion condition
is established. The source of these carriers is the thermal generation of elec-
trons at or near the surface. In effect, the inversion charge tells us the ca-
pacity of the well for storage charge. The time required to fill the well
thermally is called the thermal relaxation time, and it depends on the guali-
ty of the semiconductor material and its interface with the insulator. For good
materials the thermal relaxation time can be much longer than the charge
storage times involved in CCD operation.

If instead of a steady state bias we apply a large positive pulse Lo the
MOS gate electrode, a deep potential well is first created. Before inversion
has occurred by thermal generation, the depletion width is greater than it
would be at equilibrium (W > W,,). This transient condition is sometimes
called deep depletion. If we can inject electrons into this potential well elec-
trically or optically, they will be stored there.? The storage is temporary, how-
ever, because we must move the electrons out to another storage location
before thermal generation becomes appreciable.

What is needed is a simple method for allowing charge to flow from one
potential well to an adjacent one quickly and without losing much charge in
the process. If this is accomplished, we can inject, move, and callect packets
of charge dvnamically to do a variety of electranic functions.

Thia patential well should net be canfusad wilh the deplelion region, which extends into the bulk of the
samleonductor. The “depth™ of the well i+ menasured in alucirestatic powmniiol, rol distance: Electrons storad
in tha pofantial well are in foet locoted very near the somiconductar surloce.
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9.4.2 The Basic CCD

The original CCD structure proposed in 1969 by Boyle and Smith of Bell
Lahoratories consisted of a series of metal electrodes forming an array of
MOS capacitors as shown in Fig, 9-16, Vollage pulses are supplied in three lines
(L, La, L5), each connected to every third electrode in the row (G, Ga. G3).
These voltages are clocked to provide potential wells, which vary with time
as in Fig, 9-16. At time ¢; a potential well exists under each &, electrode, and
we assume this well contains a packet of elevtrons from a previous operation.
Al time ¢, a potential is applied also to the adjacent electrode (7;, and the
charge equalizes across the common G -G, well. It is easy to visualize this
process by thinking of the mobile charge in analogy with a fluid, which flows
to equalize its level in the expanding container. This fluid model continues
atry when V| is reduced, thus decreasing the potential well under ;. Now the
charpe flows into the &, well, and this process is completed at r, when V| is
zero. By this process the packet of charge has been moved from under G, to
(7. As the procedure is continued, the charge is next passed to the G, posi-
tion, and continues down the line as time proceeds. In this way charge can be
injected using an input diede, transported down the ling, and detected at the
other end.

Figure 9-16
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9.4.3 Improvements on the Bosic Structure

Several problems arise in the implementation of the CCD structure of Fig.
9-16. For example, the separation between electrodes must be very small to
allow coupling between the wells. An improvement can be made by using an
overlapping gate structure such as that shown in Fig. 9-17. This ¢an be done,
for example, with poly-Si electrodes separated by SiO; or with alternating
poly-5i and metal electrodes.
Omne of the problems mherent to the charge transfer process is that
some charge is inevitably lost during the many transfers along the CCD. If
the charges are stored at the Si-8i0, interface, surface states trap a certain
amount of charge. Thus if the "0 logic condition is an empty well, the lead-
ing edge of a train of pulses is degraded by the loss of charge required in fill-
ing the traps which were emply in the “0" condition. One way of improving
this situation is to provide enough hias in the “0)" state to accommodate the
interface and bulk traps. This procedure is colorfully referred to as using a fat
zero. Even with the use of fat zeros, the sigoal is degraded after a number of
transiers, by inherent inefficiencies in the transfer process.
Transfer efficiency can be improved by moving the charge transfer layer
below the semiconductor-insulator interface. This can be accomplished by
using ion implantation or epitaxial growth to create a layer of opposite type
than the substrate. This shifts the maximum potential under each electrode
into the semiconductor bulk. thus aveiding the semiconductor-insulator in-
lerface, This type of device is referred to as a buried channel CCD.
The three-phase CCD shown in Fig, 9-16 is only one example of a va-
riety of CCD structures. Figure 9-18 illustrates one method for achieving a
two-phase system, in which voltages are sequenually applied to alternating
gate electrodes from two lines, A two-level poly-Si gate structure is used, in
which the gate elecirodes overlap, and a donor implant near the Sisurface cre-
ates a built-in well under half of each electrode. When both gates are turned
off (b). potential wells exist only under the implanted regions, and charge can
be stored in any of these wells, With electrode G, pulsed positively, the charge
packet shown in (b) is transferred to the deepest well under G,, which is its
implanted region as (c) indicates. Then with both gates off, the wells appear
as in (b) again, except that the charge is now under the G; electrode. The next
step in the transfer procass is obviously to pulse G, posilively, so that the
charge moves to the implanted region under the (7; electrode to the right. Figure 9-17
An overlopping
Puly-8i Al gate CCD shruc-
| lure, One sef of
I ' elecrodes is poly-
- the overlapping
8i0, gates are Al in
this case. Si0;
B separates the ad-
jacent electrodes.

pSi
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Other improvements to the basic structure are important in various
applications. These include chanmel stops or other methods for achieving lat-
eral confinement for Lhe stored charge. Regeneration points must be included
in the array to refresh the signal after it has been degraded.
9.4.4 Applicafions af CCDs
CCDs are used in a number of ways, meluding signal processing functions such
as delay, filtering, and multiplexing several signals Another interesting applica-
tion of CCDs is in imaging for astronomy or in solid state TV cameras, in which
an array of photosensors is used to form charge packets proportional to light in-
tensity, and these packets are shifted to a detector point for readout. There are
numerous ways 0f accomplishing this in CCDs, including the linear array line
scanner, in which the second dimension is obtained by moving the scanner rel-
ative to the image. Altematively, an area image sensor can be made which scans
the image electromically m both dimensions. The latter device can be used &8s an
alternative to the electron beam-addressed television imaging tube (Fig, 9-19).
9.5 Inthe early development of integrated circuils it was felt that the inevitable
ULTRA LARGE-  defects that occur in processing would prevent the fabrication of devices con-
SCALE taining more than a few dozen logic pates. One approach to integration on a
INTEGRATION  larger scale tried in the late 1960s involved fabricating many identical logic
(ULSl) gates on a wafer, testing them, and interconnecting the good ones (a process
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called discretionary wiring). While this approach was being developed, how-
evar, radical improvements were made in device processing which increased
the yield of good chips on a wafer dramatically, By the early 1970s it was
possible to build circuits with many hundreds of components per chip, with
reasonable yield, These improvements made discretionary wiring obsolete al-
most as soon as il was developed. By reducing the number of processing de-
fects, improving the packing density of components, and ncreasing the wafer
size, it is now possible to place millions of device elements on 4 single chip
of silicon and to obtain many perfect chips per wafer,

A major factor in the development of integrated circuits has been the
continual reduction in size of the individual elements (transistors, capacitors)
within each cireuit. Through improved design and better lithography, there has
been a dramatic shrinking of the minimum feature size (e.g., a transislor gate)
used in these devices, The results of shrinking the elements in a 256-Mb-DRAM
are shown in Fig. 9-20. By reducing the minimum feature size in successive
steps from 0.13 to 0.11 pm. the die area was reduced from about 135 mm® in
the first-generation design 1o less than 42 mm? in the fifth-generation device.
Obviously, more of the smaller chips can be made by batch fabrication on the
wafer, and the effort in shrinking the design is rewarded in 2 more profitable
device.

Successive designs using reduced feature sizes have made dramatical-
ly increased circuil complexity possihle, DRAM design has set the pace over
the past two decades, in which successive 1-Mb, 4-Mb, and 16-Mb memories
led to similar powers of two increase to the 128-Mb ranpe. Figure 9-21 illus-
trates the size comparison of a 128-Mb memory with an equivalent amount
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Figure 9-20
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Figure 9-21
Three woys of ob-
taining 128 mil
lion bits of DRAM:
(0] one 128:Mb
chip; {b) two 64.
Mb chips; (e}
eight 16:Mb
chips. The 128-
Mb die measures
almast 1 by 1
inch, |@ 2004
Micron Technal
ogy, Inc, All Rights
Reserved. U:
with permission.|

of memory in the form of 1wo 64-Mb and eight 16-Mb chips. These are ex-
amples of ultra large-scale integration (ULST).

Although the achievement of many powers of two in memory is im-
pressive and important, other ULSI chips are important for the integration
of many different system functions. A micreprocessor includes functions
for a computer central processing unit (CPU), along with memory, con-
trol, timing, and interface circuits required to perform very complex com-
puting functions, The complexity of such devices is shown in Fig. 9-22,
which illustrates a microprocessor chip with various areas outlined by
function.

Before leaving this section it might be useful to provide some calibra-
tion regarding the dimensions we have been discussing, Figure 9-23 compares
the size of 64-Mb DRAM circuit interconnect elements with a human hair, on
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Figure 9-22
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the same scale. We can see that the densely packed .18 wm lines on this ULST
memory chip are dwarfed by the scanning electron micrograph of a human
hair which has the diameter of about 50 microns. This makes it dramatically
clear why ULSI chips must be fabricated in ultra-clean environments.

Although the focus of this book is devices and not circuits, it is impor-
tant to look at some typical applications of MOS capacitors and FETs in
semiconductor logic and memory ULSI, which constitute about 90 percent
of all ICs. This should give the reader a better feel for why we have studied
the physics of MOS devices in Chapter 6, This is clearly not a comprehensive
discussion, because the design and analysis of circuits is a large subject cov-
ered in other books and courses. We will first look at some digital logic ap-
plications, followed by some typical memory devices.
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Figure 9-23
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9.5.1 Logic Devices

A very simple and basic circuit element is the inverter, which serves to flip the
logic state. When its input voltage is high (corresponding to logic 1), its out-
put valtage is low (logic “0"), and vice versa. Let us start the analysis with a
resistor-loaded n-channel MOSFET inverter to illustrate the principles in the
simplest possible manner (Fig. 9-24a). Then, we will extend the treatment to
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the slightly more complicated CMOS inyerters which are much more useiul
and more common today.

A key concept for inverters is the veltage fransfer characteristic (VTC),
which is a plot of the cutpuf voltage as a function of the input bias (Fig. 9-24c).
The VT gives us information, for example, about how much ooise the dig-
ital circunt can handle, and the speed of switching of the logic gates. There are
five key operating points (marked [ through V) on the VTC, They include
V i, corresponding to the lagic high or “1", Vi, . corresponding to the logic
low or “0", and V., corresponding to the intersection of a ling with unity
slope (where V,,, = V) with the VTC. V. known as the logic thresheld (not
to be confused with the Vy of the MOSFETs), is important when two in-
verters are cross-coupled in a flip-flop circuit because the outpul of one is fed
io the input of the other, and vice versa. Two other key points are the unity
gain points, V; and V. The significance of these points is that if the input
voltage is between them, the change of the inpul is amplified and we get a
larger change of the output voltage. Outside of this operating range, the
change of the input valtage is attenuated. Clearly. any noise voltage which
puts the input voltape between V), and Vi would be amplified, and lead (o
a potential problem with the circuit operation.

Let us see how 1o go aboul determining the VTC. From the cireuit in
Fig. 9-24a, we sce that in the output loop from the power supply to ground,
the current through the resistor load is the same as the drain current of the
MOSFET. The power supply voltage is equal to the voltage drop across the
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resistor plus the drain-to-source voltage. To determine the VTC, we super-
impose the load lne of the load element (in this case a straight line for an
ohmic resistor) an the output characteristics of the MOSFET (Fig. 9-24b).
This i similar to our load line discussion in Section 6.1.1. The 10ad line goes
through V;;; on the voltage axis because when the current in the output loop
is zero, there is no voltage drop across the resistor and all the voltage ap-
pears acrass the MOSFET. On the current axis, the load line goes through
Viap/R, because when the voltage across the MOSFET is zero, the voltage
across the resistor must be Vpp, As we change the input bias, V},, we change
the gate bias on the MOSFET, and thus in Fig. 9-24b, we go from one con-
stant Vi curve Lo the next. At each input bias (and a corresponding constant
V; curve) the intersection of the load line with that curve tells us what the drain
bias Vp is, which is the same as the output voltage. This is because at the
point of intersection, we satisfy the condition that for the d-c case where the
capacitor does not play any role, the current through the resistor is the same
as the MOSFET current. (Later on, we shall see that in the a-c case when the
logic gates are switched, we need to worry about the displacement current
through the capacitor when it is charged or discharged.) It can be clearly
seen from Fig. 9—24c that as the inpul voltage (or V) changes from low to
high, the output voltage decreases from a high of Vi, to a low ol Vi, . We can
solve for any point on this VTC curve analytically simply by recognizing
whether the MOSFET is in the linear repion or in saturation, using the cor-
responding drain current expression [Eq, (6-49) or (6-53)] and setting it
equal to the resistor current, As an illustration. suppose we want to determine
the logic “0" level, V.. This occurs when the inpul ¥, is high and the output
Vi, is low, putting the transistor in the linear region. Using Eq. (6-49), we can
write

¥ v
Ip = k[VG ==V TD]VIJ = k[Vpu =¥y — '—g—L]'r'::;L (9-3a)

Since in the d-c case the current through the MOSFET is the same as that
through the resistor,

Vop — Vou

I_Q ='IL= RL

(9-3hb)
‘We can solve for V. if we know R, and the MOSFET parameters, Altei-
natively, we can design the value of R; to achieve a certain V. What might
dictate the choice of R, ? We shall see later in this section that for many ap-
plications we use two of these inverters in a cross-coupled manner 1o form
a bistable flip-flop. The output of one flip-flop is fed back to the input of
the other, and vice versa. Clearly, the V,; must be designed to be signifi-
cantly less than the V5 of the MOSFET. Otharwise. neither MOSFET will be
fully turned off, and the flip-flop will not function properly. Similarly, all
the other points on the VTC can be determined analytically by using the

Petitioner Runergy USA Inc., Ex. 1030, p. 476



Integroted Ciroulls 477

appropriate MOSFET drain current expression, and setting it equal to the
current through the resistor.

We can make some general observations from this analysis. We want
the transition region of the VTC (between Vj, and V) to be as steep (i.e., high
gain) as possible, and the transition should be around ¥,/2. High gain guar-
aritees a high-speed transition from one logic state to the other, It is necessary
to increase the load resistance to increase this gain in the transition region.

'The transition around V,,,/2 puarantees high nodse armmunity or margin for
both logic 1" and logic “0" levels To appreciate the importance of noise immu-
nity, we must recognize that in combinatorial or sequential digital circuits, the
output ol vne inverter or logic gate 1s often fed mto the input of the next stage.
Noise immunity is a measire of how much noise voltage the circuit can tolerate
at the input, and still have the digital outputs be at the correct logic level in the
subsequent stages, For example in Fig, 9-24¢, if the input is nominally at zero, the
output should be high (logic*'17). If this is fed into another inverter stage, its out-
put should be low, and so on. If a noise spike causes the input of the first stage to
go above V7, the output voliage decreases sufficiently to potentially create er-
rors in the digital levels in subsequent stages. Having a symmetric transition of the
VTC around Vpp/2 ensures that the noise margm 18 high for both loge levels

One prablem with the resistor load inverter is that the V; is low, bui
not zero. This, coupled with the fact that the load element is a passive resis-
tor that cannot be turned off, causes high standby power dissipation in this
circuit. These problems are addressed by the CMOS structure described next.

We can determine the VTC for the CMOS case exactly as for the resistor
load, although the math is somewhat more messy (Fig. 9-25). As mentioned pre-
viously, for an input voltage Vi, the Vi of the NMOSFET is V,;, bul that of the
PMOSFET is Vi,-Vpp, Similarly, il the output voltage is V,,, the V; of the
NMOSFET is V, but that of the PMOS is V- Vp. The load element now is
not a simple resistor with a linear current-voltage relationship, but instead is the
PMOSFET device whose “load line" is a set of /- Vi outpul characteristics (Fig.
Y-25b). The V,,, can be determined as a funclion of the ¥, by recognizing
whether the NMOSFET and the PMOSFET are in the linear or saturation re-
gion of their characteristics, and using the appropriate current expressions. At
each point, we would set the NMOSFET [/, equal to the PMOSFET 1),

As in the case of the resistive load, there are five key points on the VTC
(Fig. 9-25¢), They are logic “1" equal ta Vpp, logic “07 equal to (), logic thresh-
old V,, where V, = V. and the two unity gain points, V,,; and V. In repion |
in Fig, 9-25¢, the NMOSFET is OFF, and V= V5. Similarly, in region V, the
PMOSFET is OFF, and V,,, = 0. We can illustrate the calculation in region |l
where the NMOSFET is in saturation and the PMOSFET is in the linear region,
In this case, we must use Eq. (6-53) for the saturation drain current of the
NMOSFET,

k
Tox == (Vin — Viw)? (9-4a)
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Figure 9-25
CMOS inverfer voltage transfer characteristics: (o) NMOSFET with PMOSFET load and load paorasitic

capocitance, C; [b) determination of VTC by superimposing load line [output characterisitics of PMOSFET
shown us dotted line] on NMOSFET output characleristics; lc] VTC showing output voltoge as o funclion
of input vollage. The five key points an the VTC are logic high (Viy), logic low (Vay, unity gain points
(Vi and V), and logic threshold where Input equals output [V.); {d] swilching current from Vjp fo ground
when the input volloge is in a range where both the NMOSFET and the PMOSFET are on.
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On the other hand, we must use Eq. (6-49) for the PMOSFET in the lin-
ear region.

(Vop — Vo)
Inp = kp| (Vop — Vi) + Vep — __LGt—m (Vop = Vow)  (9-4b)

Here V4 and Vyp are the n-and p-channel threshold voltages. In the d-c
case, since the output load capacitor does not play a role, the drain current
through the PMOSFET device must be equal in magnitude to that through
the NMOSFET. (However, for the a-c case, we need ta consider the dis-
placement current through the capacitor.)

Iny=1Ipp (9-5a)

Using Eq. (6-53) for the NMOSFET in saturation, and Eq. (6-49) for the
PMOSFET in the linear region.

k 1 - Vnu
2k Vo = Vawl’ = [vpp = Vi Vap = =55 (Vi = Vou)
V an.l
- [% — Vip + Ve + 5 '](vm = Vit) (9-5hb)

From Ey. (9-5b), we can get an analytical relation between the input and
outpul voltages valid in region |l. We can get similar relationships in the other
remons of the VI C.

Region IV is very similar to region || in Fig. 9-25¢, except that now the
NMOS is in the linear regime, while the PMOSFET is in saturation. In re-
gion [Il, both the NMOSFET and the PMOSFET are in saturation. Since the
output impedance of a MOSFET is very high. this is tantamount to a semi-
infinite load resistor, thereby resulting in a very steep transition region. That
is why a CMOS inverter switches faster than the resistor load case. The
CMOS inverter is also preferable because in either logic state (regions | or
V), either the NMOSFET or the PMOSFET is OFF, and the-standby power
dissipation is very low. In fact, the current in either logic state corresponds
to the (very low) source/drain diode leakage.

We want the transition region (region lIl) to be at V /2 from the point
of view of symmetry and noise immunity. Once again, by setting the NMOSFET
Iy equal to that of the PMOSFET, it can be shown that the transition occurs
at

Vin = (Vop + ¥Vew + Vep)/(1 + x) (9-6a)
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Chapter 9

where

]

We can design V, to be at ¥,/2 by choosing Vi = — Vyp and y = 1. Since
the effective electron mobility in the channel of a Si MOSFET is roughly
twice that of the hole mobility, we must design CMOS circuits to have a
(Z/L)p = 2(Z/L )y to achieve the condition ¥ = 1.

We can combine such CMOS inverters to form other logic gates for
combinatorial circuits such as NOR gates and NAND gates (Fig. 9-26). The
truth tables for theése gates are shown in Fig. 9-27. By applying combinations

(9-6b)

Voo

A
B

L L R
O—L _l
B I

(b)
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nput Output ¥ Figure 9-27
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of logic “high” or logic “low" to inputs A and B, we get the output states cor-
responding to the truth tables. The synthesis of logic circuits corresponding
to these truth tables can be done using Boolean algebra and De Morgan's
laws. The upshot of these laws is that any logic circuit can be made using in-
verters in conjunction with either NAND gates or NOR gates. Which would
be preferable from a device physics point of view? We see from Fig. 9-26, that
m the NOR gate the PMOSFET devices T, and T, are in series, while for the
NAND it is the NMOSFETs (T, and T;). Since the electron channel mobil-
ities are twice hole mobilities, we would obviously prefer NMOSFETs There-
fore, the preferred choice is NAND, along with inverters.

We can also estimate the power dissipation in the inverter circuit. We
already know that the standby power dissipation is very small, being gov-
erned by the OFF state leakage current of either the NMOSFET or the
PMOSFET, depending on the logic state. This leakage current depends on the
source and drain diode leakage currents, or if the Vy is low, on the sub-
threshold leakage of the MOSFET that is turned OFF (see Section 6.5.7).

While the inverter is switching, there is also a transient current from the
power supply to ground when both the transistors are ON (see Fig, 9-25d). This
1s known as the switching current or the commuttaror current. The magnitude of
this current will clearly depend on the values of Vi, and Vip The higher the
magnitudes of the thresholds. the less is the input voltage swing for which both
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the PMOSFET and the NMOSFET will be ON while the input voltage is being
changed. The communator current i8 then less during switching, which is desir-
able from & reduced power dissipation point of view. However, this reduction
of power dissipation by increasing threshold voltages is obtained at the expense
of reduced drive current and, therefore, overall speed of the circait.

The speed penalty due 10 reduction of drive current is because m a digital
circuil, while switching between logic states, the MOSFET drive currents must
charge and discharge the parasitic capacitors that are mevitably associated with
the output node (Fig. Y-25a). There is also some power dissipation involved in
charging and discharging load capacitors attached to the output of the inverter.
This load capacitance depends mostly on the inpnt gate oxide capacitance of
the MOSFETS of the next inverter stage (or logic gate) that this inverter (or
logic gate) may be driving, along with some small parasitic capacitances. The
input load capacitance of a single inverier is given by pate oxide capacitance per
unit area C; times the device arcas

Cig=C {(ZL)y+(ZL)s] (9-7)

The total load capacitance is then multiplied by a factor that depernds on the
fan-put of the circuit, which is the number of gates that are being driven in
parallel by the inverter (or logic gate). [t is necessary to add up the load ca-
pacitances for all the inverters or logic gates that are being driven by this in-
verter slage. The energy expended in charging up the equivalent load
capacitor, C, is the mntegral of the product of the time-dependent voltage
times the time-dependent displacement current through the capacitor dur-
ing the charging cycle.

Ec = i Vo — v(1))dr
= Vipfi,(0)dr — fip(f)v(n)dt (9-8a)

The energy stored in Cis then obtained by considering the displacement cur-
rent (i,(f) = C dvldr) through the capacitor:

v ¢ Y Voo Yo 1
E = VpnlC—dr — [Cv=-dr = CV&,I dv—=C| vdv=CViy— 7 CVip
di dt s 2
(9-8b)
Similarly, during one discharging cycle we get
A I
Ey= li(t)v{r)de = —f Cvidv = = CVy (9-9)
U -

palad

If the inverter (or gate) is being charged and discharged at a frequancy [, we
set an active power disspatian

P=CVif (9-10)

In addition to power dissipation, we are also concerned with the speed of
logic circuits. The speed of a gate, such as the one shown in Fig. 9-25,is determined
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by the propagation delay time (. We define the lime required for the output to
go from the logic high Vi to V2 88 fpyr. The converse (to go from logic low
Vi (=0) to Vi) is defined as tp ;. We can wrile down approximate cstimates
for these times by recognizing that for the output to go from igh to low (or
logic *1" to “07), the NMOSFET has 10 discharge the output node towards
ground. During this period, the NMOSFET will be in saturation. Assuming a
constant saturation corrent as an approximation, we obtain from Eqg. (5-53)

] 1
EC Voo . ECVuo

(Y-11a)

tegi, =
Ipy

kﬂ »
E{ Vop — Vi)

This is the decrease of charge on the capacitor divided by the discharging
current. Conversely,

1. 1
5‘(—"’»13 ECVI'I?

Ton = Tl (Y=11b)
= ?!(Vzw + Vap)?

Knowing these times helps us considerably in designing circuits that meet the
speed requirements of a design. Of course, for accurate numerical estimates
of these propagation time delays or of the power dissipation we need to use
compulers, A very popular program to do so is the Simulation Program with
Integrated Circuit Emphasis (SPICE). This discussion illustrates that the de-
vice physics plays an important role in the design and analysis of such circuits.

9.5.2 Semicanductaor Memories

In addition to logic devices such as microprocessors, integrated cirenits depend
on semiconductor memories. We can illustrate many key MOS device physics
issues by looking at three of the most important types of semiconductor mem-
ory cells: the static random-access memory (SRAM). the dynamic random-
access memory (DRAM), and the non-volatile flash memory cell. SRAMs and
DRAMSs are volatile in the sense that the information is lost if the power sup-
ply 1s removed. For flash memories, however, information is stored indéfinite-
ly. For SRAMS, the information is static, meaning that as long as the power
supply is on, the information is retained. On the other hand, the information
stored in the cells of a DRAM must periodically be refreshed because stored
charge representing one of the logic states leaks away rapidly. The refresh time
must be short compared with the time needed for stored charge to degrade.
The overall organization of all these types of memories is rather simi-
lar, and is shown in Fig. 9-28. We will not describe the memory organization
in great detail here, but will instead focus on the device physics, We need to
know the type of cell that is used at the intersection of the rows or word-
Iimes, and the columns or bitlines. These memories are all random access in
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Organization ol a random access memory (RAM): The memory array consists of memory cells arranged
in an orthogonal array. There is one memory cell ot the intersection of one row {wordline} and one col-
umn (bitline). To address a pariicular memary cell, the N row addresses are latched in fram the N ad-
dress pins, and decoded by the 2% row decoders, All the memory cells on the selected row are read by
the 2™ sense amplifiers. Of those, o call (one bit) or group of cells [byte or word) is selected for ransfer
1o the data output buffers depending on the column addresses thet are decoded by the 2N column de-
coders. Generally, lo save pin count on the package, the N column addresses are provided in o mulli-
plexed fashion 1o the same N address pins as the row addresses, offer the row addresses have already
been lalched in.

the sense that the cells can be addressed for write or read operalions in any
order, depending on the row and column addresses provided to the address
pins, unlike memories such as hard disks or Hoppy disks on a computer which
can only be addressed sequentially. Generally, the same set of pins is used for
both the row and the column addresses, in order (o save pin count. This forces
us to use what is known as address multiplexing, First, the row addresses are
provided at the address pin, and decoded using row decoders, For N row ad-
dresses, we can have 2 rows or wordlines. The row decoders then cause the
selected wordline to go high, so that all the 2" cells (corresponding to N col-
ummn addresses) on this wordline are accessed for either read or write, through
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sense amplifiers at the end of the 2¥ columns or bitlines. After the appro-
priate row has been decoded, the appropriate column addresses are provid-
ed to the same address pins, and the column decoders are used to select the
bit or group of bits (known as byte or word) out of all the 2" bits on the se-
lected wordline. We can either write into or read from the selected bit (or
group of bits) using the sense amplifiers, which are basically flip-flops used
as differential amplifiers,

SRAMs. A group of four 6-transistor CMOS SRAM cells is shown in
Fig. 9-29. Each cell is found in this case art the intersection of a row or wordline,
and a column or bitline (along with its logical complement known as bitline-bar).
The cell is a flip-flop, consisting of two cross-coupled CMOS inverters. Clearly,
it is bistable: if the output of one inverter is high (corresponding to the
NMOSFET being OFF, and the PMOSFET ON), that high voltage is fed to
the input of the ather cross-coupled inverter, and the output of the other inverter
will be low. This is one logic state (say “1") of the SRAM, Conversely, the other
stable state of the flip-flop can be considered to be the other logic state (say “0").
Many of the device issues are identical to those described in Section 9.5.1 in
connection with the VTC of inverters. We aim for a symmgtric transition from
Vorto Var at V552 with a high gain in the transition region, to improve noise

Voo Vi
1 o N —
Wordline 0 —— 2 S T i J—T
P e
1 ¥ ¥ o
Voo Von
- [ Figure 9-29
- L -_1‘1' ‘ 'JFF An array of 4
Wordline m' oy Sy
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= — {bitline-bar) are
_ e e ' fugicﬂl c_ﬂmpl&
Bitline Billine  Bitline Bitline menis of each
i v o m other.
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immunity and speed of convergence of the SRAM cell, The speed of conver-
gence determines how fast the SRAM flip-flop latches into one stable logic
state or the other. The cells are accessed through two access transistors whose
gates are conlrolled by the wordline. That is why this is called a 6-transistor cell.
Other SRAM cells use load resistors in the inverters, rather than PMOSFETs,
leading to a 4-transistor, 2-resistor cell. As discussed in Section 9.5.1, the CMOS
cell has superior performance, but at the expense of ocoupying more area.
Unless the row decoders cause a particular wordline to go high, the
SRAM cells on that wordline are electrically isolated. By selecting a partic-
ular wordline, the access transistors on that row are turned ON and act as
logic transmission gates between the output nodes of the SRAM cell and
the bitline and its complement, the billine-bar. During a read operalion, the
bitline and its complement are both precharged to the same voltage. Once the
access transistors are turned ON, a small voltage differential develops be-
tween bitline and bitline-bar because the output nodes of the SRAM are at
different voltages (() and V). The voltage differential that is established is
due to a charge redistribution that occurs between the parasitic capacitance
associated with the oulput nodes of the SRAM and the bitline capacitance.
This voltage difference is amplified by the sense amplifiers. As mentioned
previously, the sense amplifiers are differential amplifiers, very similar in
configuration to the SRAM flip-flop cell itself. The bitline and bitline-bar
{complement of the bitline) are fed to the two inputs of the sense amplifier,
and the voltage differential is amplified until the voltage separation is Vpp.

DRAMs. The DRAM cell structure is shown in Fig. 9-30. The information
is stored as charge on an MOS capacitor, which is connecled to the bitline
through a switch which is.an MOS pass rransisior, the gate of which is con-
trolled by the wordline. There is one such cell at each inteérsection of the or-
thogonal array of wordlines and bitlines, exactly as for SRAMs. When the

Figure 9-30
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wordline voltage becomes higher than the V- of the pass transistor (MOS-
FET between the bitline and the storage capacitor), the channel is turned
ON, and connects the bitline to the MOS storage capacitor. The gaie of this
capaciior (or capacitor plate) is permanently connected to the power supply
voltage Vj,,, thereby creating a potential well under it which tends to be full
al inversion electrons for a p-lype substrale (Fig. 9-31a). We apply either
(1 V to the bitline (generally corresponding to logic “0"), or Vy, (corre-
sponding to logic “1™), and the appropriale voltage appears as the substrate
potential of the MOS capacitor. For a stored “0" in the cell, the potential well
that i5 ereated under the MQS capacitor by the plate voltage is full of in-
version charge (Fig. 9-31b.c). When the wordline voltage is turned low such
thal the MOS pass transistor is turned off, the inversion charge under the
storage capacitor stays the same; this is the stable state of the capacitor. On
the other hand, if o positive voltage (Vyp) is appliad to the bitline, it draws
out the inversion electrons through the pass transistor (Fig. 9-31d,e). When
the pass transistor is cut off, we end up with an emply potential well under
the MOS capacitor plate. Over a period of time, the potential well tends 1o
be filled up by minority carrier electrons that are constantly created by ther-
mal peneration-recombination in the substrate and are collected under the
charged MOS capacitor plate. Hence, the logic “1" degrades lowards the
logic “0". That is why a DRAM is considered (o be “dynamic™ unlike an
SRAM. It is necessary 1o periodically restore the logic levels or “refresh” the
stored information.

There are interesting davice physics issues regarding the pass transis-
tor. This is like the access transistor in the SRAM, or a logic transmission
gate. We see that in this MOSFET, neither the sonrce nor the drain is per-
manently grounded. In fact, which side acts as the source and which as the
drain depends o the eircujl operation. When we are writing a logic*1” inta
the cell, the bitline voltage s Held high (=V)5). As this voltage is wriften
into the cell, it is as if the source of the pass transistor gets charged up to Vg,
Anatherway of looking at this is that with respeer to the source, the substrate
bias of the pass transistor is — Ve The body effect of the MOSFET (Sce-
tion 6.5.6) causes its V- to increase. This 1s very important because for the
pass transistor ¢ operate as a transmission gate it is necessary that it be in
the linear regime throughout, and not get into saturation (with a concomi-
tant voltages drop across the pinch-off region), Hence, the gats or the word-
line volltage must be held at Vi, (which is the final voltage of the
source/drams) plus the Vo of the MOSFET, 1zking body effect into account.
it is also important to make sure that the leakage of the pass transistor 1s
low enough o satisfy refresh requirements of the DRAM, Not only must
the source/drain diodes be low leakage, but the V' and the subthreshold slope
must be optimized such that subthreshold leakage for the grounded word-
line case 18 low enough.

The stored charge difference between the two logic states can be de-
termined by looking al the capacitance-voltage (C-V) characteristics of the

Petitioner Runergy USA Inc., Ex. 1030, p. 487



488 Chapler ¢

Figure 9-31
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state “1" corre-
sponds to an
emply pofential
well |unstable
state) that is filled
up over lime by
minorily carriers
generated in the
substrate and

leakage through
the pass transistor, '

(a)

= Distance

Write "0° (b)

Stote "0" (T}

Wiite "L" (d)

fenuaod anesonIsg

\ ’ Store "1" {2)
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MOS capacitor (Fig. 9-32). For a stored “1”, essentially there is a substrate bias
applied to the MOS capacitor, which raises its ¥, due to the body effect (Sec-
tion 6.5.6). Henee, the C-V characteristics shift to the right for a stored “17.
Since the MOS capacitance is not a fixed capacitance, but is veltage depen-
dent, we saw earlicr that it must be defined in a differential form [Eq.( 6-34a)).
Alternatively, we can write down the stored charge under the capacitor as

Q = [C(V)dV (9-12)

This is simply the area under the C-V curve. The charge differential that dis-
tinguishes the logic *1" and the logic “0" is the difference of areas under the
capacitance-voltage curves in the two cases (Fig. 9-32).

When reading the cell, the pass transistor is turned on, and the MOS
storage capacitor charge is dumped on the bitline capacitance Cg, precharged
to Vy (typically = Vi,p). The swing of the bitline voltage will clearly depend
on the voltagze Vi stored in the storage cell capacitance CpoAs in the case of
the SRAM, the change of the bitline voltage depends on the capacitance
ratio between the bitline and the cell. To do differential sensing in the case
of DRAMs, wé do not use two bitlines per cell as for SRAMS. Instead, we
compare the bitline voltage for the selected cell with a reference bitline volt-
age 1o which is connected a dummy cell whose MOS capacitance, Cp, 18
roughly half that of the actual cell capacitance, C. Typical values of Cy. C,

Strong accumulation j Strong inversion
| I P
i
c i : , Deplation | : c,
— | e !
c ¢ ' i /
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| i 1 i /
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Figure 9-32

C-V characteristics of DRAM MOS capacitor in stored “0" and stored " 1" states. The difference of area

under the C-V curves shown b‘y hatch-morked pattern reflects the charge differentiol between the two
slgtoes.
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and Cp in a DRAM are 800 fF, 50 {F, and 20 {F, respectively. The voltage dif-
ferential that is applied to the sense amplifier then becomes (Fig. 9-33)

O+ G G Oy

(Vg — Vp)CaCp — (Vg — V)CaCp — (Vo — VDJCCC_'E

(€y + CCa+ Ca) :
1If V', 1s set to zero, the expression simplifies to:
13.‘.-" = (VHCB + Vf-'CCJCD = (Vﬂ‘ == VC'JCHC[' fghlah}

(Cs + Ce)(Ca+ Cp)

Putting the cell voltage V- equal to 0 V or 5V, and typical, acceptable bitline-to-
cell capacitance rativs Cy/Cy- (= 15-20) in Eq. (9-13b), we get different po-
larities of the differential voltage of the order of =100 mV for logic 1" and
logic “0", respectively, which can be detected by sense amplifiers, From Eq.
(9-13b), it can be seen that for much higher bitline-to-cell capacitance ra-
tios, the swing of the bitline voltage will be negligible, regardless of the cell
voltage. The minimum required cell capacitance Cris about 50 fF, governed
by so-called soft errors. DRAMSs, like everything else on Earth, are con-
stantly being bombarded by cosmic rays, and high-energy alpha particles
can create electron-hole pairs in semicanductors. A typical collected charge
due (o one of these events is about 100 fC. This spurious charge can be ne-
glected if the cell capacitance is 50 IF and 5V is applied to the cell, for which
the stored charge is roughly 250 {C. The DRAM cell then becomes immune
to lypical alpha particle hils.

Co——— Vp Vo O Cyp—a =V Ye —— C¢

Figure 9-33
Equivalent circuit showing charge redistribution between cell capacitance (Co and bitline copacitance
(Cg) on one side, versus dummy cell (Cp} and billine capacitance [Cy) on other.
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Maintaining a cell capacitance of 50 {F as the cell dimensions are re-
duced from one generation of DRAM to the next is a tremendous techno-
logical challenge, One way 1o look at this problem is shown in Fig. 9-34. The
challenge is lo store more charge per unit area on the planar surface (A4,) of
the Si substrate. Approximating the MOS capacitance as a fixed, voliage-
independent capacitor, we can write the stored charge Q as

Q = CV = (eA/d)V (9-14)

where € is the permittivity of the dielectric, d is it thickness, and A is the
capacitor area. As shown in Fig. 9-34, the historical way of achieving the
desired capacitance has been to scale the dielectric thickness, d. But that
runs into the problems discussed in Section 6.4.7. Another approach, which
is being taken currently, is [o use fabrication schemes to increase the area
devoled to the MOS storage capacitor, A,, even as we reduce the planar

Time Past Present Future
Approaches Scaled Trench/ Allernate
diglectric stacked diglectric
capacitor
Problems Tunneling Fabrication Materal
& wearout properties
Cv W A
E = — = — ¥ —C ®E
A A, d A,
Figure 9-34

Various approaches [past, presen!, and future] of achieving higher DRAM cell capacitence and charge
storage density withou! increasing cell size. A, = Area an waler laken by copaciter; A, = Area of capac-
itor. For o planar copacitor A, = A; however, for nanplanar structures A. > A, € = A_e/d s the capaci-
lance; and Q@ = CV is the tofal stored charge in o fixed, voltage-independent capacitar.
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surface area on the wafer, A,, used for making this storage capacitance, Ob-
viously, this can be done by moving away from a purely planar structure,
and exploiting the third dimension. We can go down into the §i by digping
“trenches™ in the substrate with RIE and forming a trench storage capaci-
tor on the sidewalls of the trench (Fig. 9-35a). Alternatively, we can go up
from the substrate by stacking multiple layers of capacitor electrodes to in-
crease the “stacked” capacitor area (Fig. 9-35b). Other tricks that have been
tried are to purposely create a rough polysilicon surface on the capacitor
plates Lo increase the surface area. In the future, alternative materials may
be used. For example, the ferroelectrics have much higher dielectric con-
stant than Si0; and offer larger capacitance without increasing area or re-
ducing thickness. Promising materials include barium strontium titanate and
zirconium oxide,

Flash Memories. Another interesting MOS device is the flash memory,
which is rapidly becoming the most important type of non-volatile memory.
The memory cell structure is shown in Fig, 9-36, It is very simple and com-
paet, and looks just like a MOSFET. except that it has two pate electrodes,
one on lop of the other. The top electrode is the one that we have direct elsc-
trical access to, and is known as the control gate. Below that we have a so-called

Polysilicon
capacitor plate

Increase by Plane frea
I' Sitd~ curvature effect =Y -
; i
Increase by
side-wall effect

I
|
I
!
|
|
|
f
I

)

"\_H‘\l‘-q-
e
------ Second layer poly Si (storage node)

Figure 9-35

(a) (o)

Increasing cell capacilance by exploliing the vertical dimension: (a) Irench capacitors involve efching o
trench in the subsirate so that the larger aren on the sidewolls can be used fo increase capacitance; (b)
stacked copacitors go “up” rgther thon “down® os in ireriches, and increase copacitor area by using mul
tiple polysilicon capacitor plates or “fins,” as well as by exploiting the lopography of the cell surface,
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“floating” gate that is capacitively coupled to the control gate and the un-
derlying silicon.

The capacitive coupling of the {loating gate to the various terminals is il-
lustrated in Fig. 9-36 in terms of the various coupling capacitance compa-
nents. The floating gate and the control gate are separated by a stacked
oxide-nitride-oxide dielectrie in typical flash devices. The capacitance be-
tween these two gates is called C,y because of the oxide-nitride-oxide
muakeup of the dielectric stack. The total capacitance Cypyr is the sum of all
the parallel components shown in Fig. 9-36.

Cﬂ]T= Cﬂm+ Cm-l- CF.F_D+ CSHE+ {:DRN {g_]‘s}

where Cyy is the Hoating gate-to-channel capacitance through the mnnel oxide,
Cpp.p 15 the floating gate-lo-substrate capacitance in the LOCOS field oxide re-
gion, #and Cyye and Cppy are the gate-to-souree/drain overlap capacitances,
Since it is isolated by the surrounding dielectrics, the charge on the float-
ing gate g 15 not changed by (moderate ) changes of the terminal biases.

Qi = 0= ConiVirg — Vi + Csge{Vipg — Vi) + CoanlVieg — Vi) (8-16)

We assume that the substrate bias is fixed, and hence ignore the contributions
from Cypyy and Cryp p, which couple the floating pate to the substrate. The float-
ing gate voltage can be indirectly determined by the varions terminal voltages,
in terms of the gate, drain, and source coupling ratios as defined in Eq. (9-17).

Vig = Vi * GCR + Vi SCR + V,, - DCR (9-17)

Figure 9-36

Flash memory cell
structure: o) cell
strueture shown
olong the channel
length showing
the control gate
|wordline), Hoat-
ing gate below i1,
ihe source and the
drain (bifling); (b)
view of cell along
the width of the
MOSFET. The vari-
aus coupling
eapacitors te the
floafing gate are
showr.

(b)
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where
rﬂh"ﬂ
GCR =
CFDT
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CR Cror
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The basic cell operation involves putting charge on the foating gate or
removing it, in order to program the MOSFET to have two different Vs, cor-
responding to two logic levels, We can think of the stared charge on the float-
ing gate to be like the fixed oxide charge in the V; expression [Eq. (6-38)]. If
many electrons are stored in the floating pate, the Viy-of an NMOSFET is high;
the ¢zl is considered to have been “programmed” to exhibit the logic state 0",
On the contrary, if electrons have been removed from the (loating gate, the cell
is considered to have been “erased™ into a low Vi state or logic “1™,

How do we go about transferring charges into and out of the floating
gate? To program the cell, we can use channe! hot carrier effects that we dis-
cussed in Section 6.5.9. We apply a high field to both the drain (bitline) and
flonting gate (wordline) such that the MOSFET is in saturation. Tt was dis-
cussed in Section 6.5.9 that the high longitudinal electric field in the pinch-
off region accelerates electrons toward the drain and makes them energetic
(hot). We maximize such hot carrier effecis near the drain pinch-off repion
in & tlash device by making the drain junction somewhat shallower than the
source junction (Fip. 9-37a), This can be achieved by a separate higher en-
ergy source implant that is masked in the drain region. If the kinetic energy
of electrons i= high enough, a few can become hot enough to be scattered
into the floating gate. They must surmount the 3.1-eV energy barrier that ex-
ists between the conduction band of Si and that of 510, or hot electrons can
tunnel through the oxide (Fig. 9-37b). Once they get into the floating gate,
electrons become trapped in the 3.1-¢V potential well between the floating
polysilicon gate and the oxides on either side. This barrier is extremely high
for a trapped (low kinetic energy) electron. Therefore the rapped electrons
essentially stay in the floating gate forever, unless the cell is intentionally
erased. That is why 4 flash memory is non-volatile.

To erase the cell, we use Fowler-Nordheim tunneling between the
floating gate and the source in the overlap region (Fig, 9-382). A high pos-
itive voltage (say -12 V) is applied to the source with the control gate
grounded. The polarity of the ficld is such that electrons tunnel from the
floating gate into the source region, through the oxide barrier (Section
6.4.7), Thie band diagram (along a vertical line in this overlap region) dur-
ing the operation is shown in Fig. 9-38b, Interestingly, in a flash device we
make use of two effects that are considered to be “problems™ in regular
MOS devices: hot carrier effects and Fowler-Nordheim tunneling,
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Tunnel exdde Floating gate

(b)

Figure 9-37

Hot carrier programming of the flash cell: [a) flash memory cell structure with typical biases required for
writing info the cell. The channel of the MOSFET is pinched off in saluration; (b) band diagram clong o

vertical line in the middle of MOSFET channel showing hot electrons in the channel being injected
acrass the gate oxide and gelting trapped in the floating gate.

Tunmnel oxide

&, —

E, ———

Source

(b)

Figure 9-38

Fowler—Nordheim tunneling erasure: [a) Hlash memory cell structure with typical biases required for
erasing the cell; (b) band diagram as a function of depth in the gate/source overlap region of the
MOSFET showing quantum machanical tunneling of carriers from the floaling gate into the oxide, and
subsequent drift o the source.

During the read operation, we apply a moderate voltage (~1 V) to the
bitline (drain of the MOSFET), and a wordline (control gate) voltage Vi
that causes the capacitively coupled floating gate voltage to be between that
of the high V; and the low V5 state of the programmed flash memory cell
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Drain [bifline) current versus control gate [wardline) voltage franster choracteristics of the MOSFET In a
flosh call: if the cell is programmed to a high V; {logic “0"), and a read voltage is applied fo the word-
line that is below this V;, the MOSFET does not conduct, and thers is negligible billine curcent. On the
other hand, if the cell had been érased to a low V;state (logic "17) the MOSFET is turned ON, and
there is significant bitline current,

(Fig. 9-39). There will be negligible drain current flow in the bit Ine (dran)
for the high V7 case because the gate voltage is less than the threshold volt-
ape. We will then interpret the selectad cell as being in state “1". For the low
Vo case, since the applied gate voltage is higher than the threshold voltage
of the cell, there will be drain current flow in the bitline (drain}, and this can
be interpreted as state (", The read Gperation can be understood by lnok-
ing at the transfer characteristics of the MOSFET in the programmed and
erased states (Fig. 9-39),

9.6 Afterthe preceding discussions of rather dramatic fabrication steps in mono-

TESTING,  lithjc cirenit technology, the processes of atlaching leads and packaging the
BONDING, AND  devices could seem rather mundane. Such an impression would be far from
PACKAGING  accurare, however, since the techniques discussed in this section are crueial

to the overall fabrication process. In fact, the handling and packaging of in-

dividual efreuits can be the most eritical sieps of all from the viewpoints of cost

and reliahility. The individual IC chip must be connected properly to autside

leads and packaged in a way that is convenient for ose in a larper circuil or

system. Since the devices are handled mdividually once they are separated
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from the wafer, bonding and packaging are expensive processes. Considerable
work has been done o reduce the steps required in bonding, We shall discuss
the most straightforward technique first, which invalves bonding individual
leads from the contact pads on the circuit o terminals in the package. Then
we shall consider two important methods for making afl bonds simultane-
ousty. Finally, we shall discuss a few typical packaging methods for 1Cs,

9.6.1 Testing

After the waler of monolithic circuits has been processed and the final inctal-
lization patiern defined, it is placed in & holder under a microscope and is
aligned for testing by a multiple-point probe (Fig. 9-40), The probe contacts the
various pads on an individual eircuit. and a series of tests are made of the elec-
trical properties of the device. The various tests are programmed to be made
automatically in a very short time. These tests may take only milliseconds for
u simple circuit, to several seconds for a complex ULSI chip. The informalion
fram these tests is fed inta a computer, which compares the results with infor-
mation stored in its memory, and a decision is made regarding the acoeptabil-
ity of the circuit. If there is some defect so that the circuit falls below
spectications, the compuler remembers that chip must be discarded. The probe
automatically steps the prescribed distance to the next circuit on the wafer
and repeats the process. After all of the circuits have been tested and the sub-
standard ones noted. the wafer is removed from the testing machine, sawed he-
tween the citeuits, and broken apart (Fig. 9-41). Then each die that passed the
test is picked up and placed in the package. In the testing process. information
from tests on each die can be stored 10 facilitate analysis of the rejected ciremits
or to evaluate the fabrication process for possible changes.

9.6.2 Wire Bonding

The earliest method used for making contacts from the monolithic chip to the
package was the banding of fine Au wires. Later techniques expanded wire
bonding to include Al wires and several types of bonding processes. Here
we shall outline only a few of the most imporiant aspects ol wire bonding,

If the chip is to be wire bonded, it is first mounted solidly on & metal
lead frame or on a metallized region in the package. In this process a thin
layer of Au (perhaps combined with Ge or other elements to improve the
metallurgy of the bond) is placed between the bottom of the chip and the sub-
strale; heat and a slight scrubbing motion are applied, forming an alloyed
bond which holds the chip firmly to the substrate. This process is called die
honding. Generally, die bonding is done by a robotic arm that picks up each
die. orfents it, and places it for bonding. Once the chip is mounted, the in-
terconnecting wires are attached from the various contact pads to posts on
the package (Fig. 9-42),

In Au wire bonding. a spool of fine Au wire (about 0.007-0.002-inch
diameler) is mounted in a lead bonder apparatus, and the wire 1§ fed
through a glass or tungsten carbide eapillary (Fig.9-43a). A hydrogen gas
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Figure 9-40
Automated prob-
ing of devices:
[a) high-speed
testing of ICs is
done using probe
cards having o
rigidly fixed arroy
of probes thal
correspands fo
the bord pad pat
tern on the IC to
be tested. Many
elecirical signals
are provided or
measured by the
automated lester
“al the various
pins. After one
chip is tested,

the fester mechan-
ically moves the
waler to the nex!
die location;

b} array of Al
bond pads near
the chip periph-
ery, some show-
ing probe marks.
The space be-
tween the arrays
of bond pads

is the "scribe
line" along which
the waker will

be sawed into
individual chips
after testing.

[© 2004 Micron
Technology, Inc.
All Rights Re-
served. Used with
permissian.|

(b)
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Figure 9-41
Sowing of o
wafer olong
scribe lines: After
the waler is tesk
ed, the "known
good dies” ore
“inked" or identi-
fied. The wafer
is then sowed
into individual
dies for subse-
quenl packaging.
[© 2004 Micron
Technology, Inc.
All Rights Re-
served. Used with
permission.}

Figure 9-42
Attachment of
leads from the
Al pods on the
periphery of the
chip to posts on
the package.

@ _ZﬂGl:g.ﬂ:Icfpn
Technology, Inc.
All Rights Re-
served. Used with

permission.)
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Figure 9-43
Wire bonding
1zchniques: (a)
capillary posi-
tioned over one of
the contact pads
for a ball {nail
head) bond; |b)
pressure exerfed
to bond the wire
to the pad; (¢}
post bond and
Homeoff; [d]
wedge bonding
tool; fe| pressure
and ulrasenic en-
ergy applied; (f]
pott bond com-
pleted and wire
brokan ar cut for
next band,

Chapler ¢

Flame-off jet

TR e ,Ullf _L

Au wire

Alpad 7

(d) (e} (n

flame jet is swept past the wire to form a ball an the end. In thermocom-
pression bonding the chip (or in some cases the capillary) is heated 10
ahout 360°C, and the capillary is brought down aver the cantacl pad. When
pressure 1s exerted by the capillary on the ball,a bond is formed between
the Au ball and the Al pad (Fig. Y-43b). Then the capillary is raised and
moved to a post on the package. The capillary is brought down again, and
the combination of force and temperature bonds the wire to the post.
After raising the capillary again, the hydrogen flame is swept past, form-
ing a new ball (Fig. 9-43c); then the process is repeated for the other pads
on the chip,

There are many variations in this basic method, For example, the sub-
strate heating can be eliminated by wltrasonic bonding. In this method a tung-
sten carbide capillary is held by a tool connected to an ultrasonic transducer.
When it is in contact with a pad or a posl, the wire is vibrated under pressure
to form a bond. Other variations include techniques for automatically re-
moving the “tail,” which is left on the post in Fig. 9-43c. When the bond to
the chip is made by exerting pressure on a ball at the end of the Au wire, it
is called a ball bend or a nail-head bond, because of the shape of the de-
formed ball after the bond is made (Fig. 9-44a).

Aluminum wire can be used in ultrasonic bonding; it has several ad-
vantages over Au, including the absence of possible metallurgical problems
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[a]

(o)

Figure 9-44
Scanning electron micrographs of a ball bond () and a wedge bond (b). (@ 2004 Micron Technology,
Inc. All Rights Reserved. Used with permission.)

in bonds between Au and Al pads. When Al wire i3 used. the flame-off step
is replaced by cutting or breaking the wire at appropriate points in the
process. In forming a bond, the wire is bent under the edge of a wedge-
shaped bonding tool (Fig. 9-43d). The tool then applies pressure and ultra-
sonic vibration, forming the bond (Fig. 9-43¢ and {). The resulting flat bond.
formed by the bent wire wedged between the tool and the bonding surface,
is called a wedge bond. A closeup view of ball and wedge bonds is given in
Fig. 9-44,

5.6.3 Flip-Chip Techniques

The time consumed in bonding wires individually to each pad on the chip
can be overcome by several methods of simultaneous bonding. The flip-chip
approach is typical of these methods, Relatively thick metal is deposited on
the contact pads before the devices are separated from the water. After sep-
aration, the depasited metal is used to contact a matching metallized pat-
tern on the package subsirate.

In the Mip-chip method, “bumps™ of solder or special metal alloys are
deposited on each contact pad. These metal bumps can be distributed over
the diz (Fig. 9-45). After separation from the wafer, each chip is turned up-
side down, and the bumps are properly aligned with the metallization pattern
on the substrate, Al this point, ultrasonic bonding or solder attaches each
bump to its corresponding connector on the substrate. An obvious advan-
tape of this method is that all connections are made simultaneously. Disad-
vaniages include the fact that the bonds are made under the chip and
therefore cannot be inspected visually, Furthermore, it is necessary to heat
and/or exert pressure on the chip.
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Figure 9-45
Flipchip bonding.
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9.6.4 Packaging

The final step in IC fabrication is packaging the device in a suitable medi-
um that can protect it from the environment of its intended application. In
mosi cases this means (he surface of the device must be 1solated from mois-
ture and contaminants and the bonds and other elements must be pro-
tected from corrosion and mechanical shock. The prablems of surface
protection are greatly minimized by modern passivation techniques, but it
is still necessary to provide some protection in the packaging, In every case,
the choice of package type must be made within the requirements of the
application and cost considerations. There are many technigues for encap-
sulating devices, and the varions methods are constantly refined and
changed, Here we shall consider just a few general methods for the purpose
of illustration,

In the early days of 1C technology, all devices were packaged in metal
headers. In this method the device is alloyed to the surface of the header,
wire bonds are made to the header posts, and a metal lid is welded over the
device and wiring, Although this method has several drawbacks, it does pro-
vide complete sealing of the unit from the outside enviromment. This is often
called a hermetically sealed device. After the chip is mounted on the header
and bonds are made to the posts, the header cap can be welded shut in a
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controlled environment (¢.g.. an inert gas), which maintains the device in a
prescribed atmosphere.

Integrated circuits are now mounted in packages with many output
leads (Fig. 9-46), In one version the chip is mounted on a stamped metal lead
frame and wire bonding is done between the chip and the leads. The package

SIF (Smgle Inkine Pickage)

— Single gde

FIP (Zig-sap Inling Package)

Thraugh-hple- |
monnt

—— Dhaal side

DIF [ Dual Inline Package)

l— Full surface —— PGA [Pin Grid Atray)
— Smghe side SVP (Surface Vertics|-Mount Package) %
SEP (Small-Outline Package ) @
— Dl sile TSOP [ Thin Small-Outline Package) @
Surfoce mount —
SOJ (Small-Ohutline J-lead package] @
— QFP (Quzd Flat Package) @
— adriple side —
— OFT (Quad Flat J-lead puckage) %

- LOC (Lendless Chip Carrler)

— LCT S0l

(Leaded Chip
Chrrier,
Small Our.
Tine T-lead
packags)

— Fuilsurface — BGA (Ball God Array)
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Figure 9-44
Various typas of
packaging for
ICs: Packages can
be through-hale-
mount or surface
maunt type, and
be made out of
plostic or ceramic.
The pins can be
on one side [5IP),
two sides [DIF), ar
four sides (quad)
of the package,
or disiributed over
the surface of the
package (PGAs or
BGAS).
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Figure 9-47
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is formed by applying a ceramic or plastic case and trimming away the un-
wanted parts of the lead frame.

Broadly speaking, packages can be through-hole-mount that involve
inserting the package pins through holes on the printed circuit board (PCB)
before soldering, or surface-mount type where the leads do not pass through
holes in the PCB. Instead, surface-mounted package leads are aligned to
elecirical contacts on the PCB, and are connected simultaneously by solder
reflow. Most packages can be made using ceramic or plastic (which is cheap-
er). The 1Cs are hermetically sealed for protection from the environment.
The pins can he on one side (single inline or zig-zap pattern of leads), lwo
sides (dual inline package or DIP) or four sides of the package (quad pack-
age) (Fig. 9-46). More advanced packages have leads distributed over a
large portion of the surface of the packapge as in through-hole-mounted pin
grid arrays (PGAs) (Fig. 9-47) or surface-mounted ball grid arrays (BGAs)
(Fig. 9-48). By not restricting the leads to the edges of the package, the pin
count can be increased dramatically, which is very attractive for advanced
ULSHin which a large number of electrical leads must be accessed.
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Figure $-48

Ball grid array: In
this pockage, the
IC in the middle is
wire bonded 1o
elecirical connec-
fions an the pack-
oge. The pockage
itself has an array
of saldsr "balls”
on the fop, which
can be properly
aligned and
surface-mount
connacted
simultaneously 1o
eleetrical sockets
on a PCB using
solder reflow.
{Photogroph cour-
lesy of IBM.)

Since a sizable fraction of the cost of an IC is due to bonding and pack-
aging, there have been a number of innovations for automating the process.
These include the use of film reels that cantain the metal contact pattern onto
which the chips can be bonded. The film can then be fed into packaging equip-
ment, where the position registration capabilities of a film reel can be used
for automated handling. This process. called tape-antomated bonding (TAB),
is particularly useful in mounting several chips on a large ceramic substrate
having multilevel interconnection patterns (called a multichip modude).

9.1 The progress of ICs can be characterized by un exponential increase in the tran-  SUMMARY
sistor counl and a corresponding decrease in feature §ize with time (Moore’s
law), The economics are driven by deviee sealing and batch processing,

9.2 The dormnant 1C technology is digital CMOS, which is the basis of logic circuits
{micropracessors), memories (DR AMS SRAMSs, and NVM), and application-
specific 1Cs (ASICs).
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PROBLEMS

9.1 Assume that boron is diffused into a uniform n-type Si sample, resulting in a
net doping profile N,(x)-N,. Set up an expression relating the sheel resistance
of the diffused layer to the acceptor profile N, () and the junction depth x;
Asgume that N (x) is much greater than the background doping N, over most
of the diffused layer.

9.2 A typical sheet resistance of a base diffusion layer is 200 {Vsquare.

(a) What should be the aspect ratio of a 10-k () resistor, using this diffusion?
(b) Draw a pattern for this resistor (see Fig. 9-12b) which uses little area for
awidth w=35 pm.

9.3 A 3.um n-type epitaxial layer (N; = 10" cm™) 15 grown on a p-type Si sub-
strate. Areas of the n layer are to be junction 1solated (see Fig. 9-12a) by a
boron diffusion at 1200°C (D = 2.5 % 107"* cm?/s). The surface boron concen-
tration is held constant at 10% cm™ (see Proh, 5.2).

(a) What time is required for this isolation diffusion?

(b) How far does an Sb-doped buried layer (D =2 X 1072 em's) diffuse into the
epitaxial layer during this time, assuming the concentration at the substrate-
epitaxial boundary is constant at 107 em ™7

9.4 A 500-pm-thick p-type Si wafer with a doping level of 1 % 107 em ™ has a cortain
region in which we do a constant source solid-solubility-limited P diffusion, re-
sulting in a junction depth of 0.8 yum and a surface coneentration of 6 % 10% ™",
We do sheet resistance measurements on the two parts of the wafer. What is the
measured sheet resistance of the p-type pant? If we have a sheet resistance of
90 {Ysquare in the n-type part, what is the average resistivity there?
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Question 1 SELF QUIZ

Study the ITRS roadmap chapters on Process, Integration. Devices and Structures
(PIDS) and on Front End Processes (FEP) available at hitpi/fpublic.itrs.net/. This has
projections about next-generation CMOS devices.

# Plotsome of the projected MOS device parameters from the various tables
as a function of time. Do they obey Moore's law?

e Based on what you have learned in Chapters 6 and 9, do the required Tpys,,
numbers for NMOSFETSs for various technology nodes in Table 47b make
sense? How about some of the other MOSFET requirements in othertables
that are color-coded red?

Question 2

Discuss consequences (one good, one bad) of quantum mechanical tunneling in
MOSEETS,

Question 3

Whal 1s hot electron damage, and is it more or less severe than hot hole damage?
Why? How can you minimize hot carrier damage?

Question 4

Why are MOSFETs manufactured with [100] plenes parallel to the 5:1-8i0),
interface?
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CHAPTER 10
High-Frequency
and High-Power Devices

OBJECTIVES

1. Understand how tunneling, transit fime effects, and electron transfer
can lead to NDR

2, Understand SCRs

3, Describe how IGFETs swifch power

We have discussed a number of devices that are useful in microwave cireunts,
such as the varactor and specially designed high-frequency transistors, which
can provide amplification and other functions at microwave frequencies up
to 10" Hz. However, transit time and other effects limit the application of
transistors beyond the 10"'-Hz range. Therefore, other devices are required
to perform electronic functions such as switching and d-c-te-microwave
power conversion at higher frequencies.

Several important devices [or high-frequency applications use the in-
stabilities that oceur in semiconductors. An important type of instability in-
volves negarive conduictance. Here we shall concentrate on three of the most
commonly used negative conductance devices: Esaki or tunnel diodes, which
depend on quantum-mechanical tunneling; transit-time diodes, which de-
pend on a combination of carrier injection and transit-time effects;and Gurnin
diodes, which depend on the transfer of electrons from a high-mobilily state
to a low-mobility state. Each is a two-terminal device that can be operated
in a nepative conductance mode to provide amplification or oscillation at
microwave frequencies in a proper circuit.

10.1  The tunnel diode is a p-n junction device that operstes in certain regions of

TUNNEL DIODES  its /-V characteristic by the quantum mechanical tunneling of electrons
through the potential barrier of the junction. (See Sections 244 and 5.4.1.)

The tunneling process for reverse current is essentially the Zener effect, al-

though negligible reverse bias is needed to initiate the process in tunnel

diodes, As we shall see n this section, the tunnel diode (often eslled the

Esaki diode after L. Esaki, who received the Nobel Prize in 1973 for his

508
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work on the effect) exhibits the important feature of negarive rexisanee over
d portion of its [=V chargecteristic,

10,1.1 Degenerate Semicanductars

Thus far, we have discussed the properties of relatively pure semiconduc-
tots; any impurity doping represented a small fraction of the tofal atomic
density of the material. Since the few impurity gloms were so widely spaced
throughout the sumple, we could be confident that no charge transport conld
take place within the donor or acceptor levels themselves. At high doping. the
impurities are so close tagether that we can no longer consider the donor
leve! as being composed of discrele, noninteracting energy stales. Instead,
the donor states form a band, which may overlap the bottom of the conduc-
tion band. If the conduction-band electron concentration n exceeds the ef-
fective density of states N, the Fermi level is no longer within the band gap,
but lies within the conduction band. When this oceurs, the material is called
degenerate n-type. The analogous case of depenerate p-type material ocours
when the acceptor concentration is very high and the Fermi level lies in the
valence band. We recall that the energy states below Ep are mostly [illed and
states above Ej ave empty: except for o small distribution dictated by the
Fermi statistics. Thus, in a degenerate n-type sample, the region betwzen E,
and £ 13 for the most part filled with elzctrons and in a degenerate p-type
sample, the region between £, and £ is almost completely filled with holes.
A p-n junciion between two degenerate semiconductors 15 illustrated
in terms of energy bands in Fig, 10-1a, This is the equilibrium condition, for
which the Fermi level is constant throughout the junction. We notice that Er,
lies below the valence-band edge on the pside, and Ej,, isubove the conduction-
band edee on the n side. Thus, the bands must overlap on the energy scale in
urder for Ep to be constant, This overlapping of bands is very impuortant; it
means that, with a small forward or reverse bias, filled states and empty states
appear opposite each other, separated by sssentially the width of the deple-
tion region If the metallurgical junction is sharp, the depletion region will be
very narrow for such high-doping concentrations, and the electric field at the
junction will be quite large. Hence, the conditions for electron tunneling are
met: filled and empty states separated by a narrow polential barrier of finite
height. In Fig, 10-1, the bands are shown filled 1o the Fermi level for conve-
nience of illustration, with the understanding that 4 distribution is implied.
Since the bands overlap under equilibrium conditions, a small reverse
bias (Fig. 10- 1b) allows electron tunneling from the filled valence-band states
below L, to the empty conduction-band states above Ej,. This condition is
similar to the Zener effect. except that no bias is required to create the con-
dition of overlapping bands, As the reverse bias is mereased, Ef, continues
to move down the energy scale with respect 1o Ey ,, placing more filled states
on the p side opposite empty states on the n side. Thus, the tunneling of elec-
trans from p to n increases with increasing reverse bias. The resulting con-
ventional current 15 opposite to the eleciron flow —that is, from n to p. Al
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Figure 10-1
Turinel diode
bond diagrams
and /-V character-
istics for various
biasing condi-
tions: (a) equilibri-
um |zero bias)
candition, no nat
tunneling;
(b) small reverse
bics, electron tun-
neling from p to
n; (c) small for- e
ward bios, elsc: p n P u
tron tunneling
from nto p; (d) in- (2} {b)
creased forward
bins, electron tun-
neling from n to p I d
decrecses a3
baonds pass by L ' %
each other

(¢) (d)

equilibrium (Fig. 10-1a), there is equal tunneling from n to p and from p to
T, given a zeTo net ourrent,

When a small forward bias 1s applied (Fig. 10~1c), £, moves up in en-
ergy with respect to £y, by the amount gV. Thus, electrans below Ej, on the
n side are placed opposite empty states above £y, on the p side. Electron
tunneling oceurs from n to p as shown, with the resulting conventional current
from p 15 n, This forward-tunneling current continues to increase with in-
creased bias as more filled states are placed opposite empty states. However,
as [y, contmues to move up with respect ta Eg,, a point is reached at which
the bands begin to pass by each other. When this occurs, the number of filled
states opposite empty states decreases. The resulting decrease in tunneling
current is illustrated in Fig. 10-1d. This region of the IV characteristic is im-
portant in that the decrease in tunneling current with increased bias produces
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7 Figure 10-2
Band diagram

i la) and =V char-
. acteristic [b) for
Y, the tunnel diode
beyond the turnel

¥ current region. In
(b}, the tunneling
component of cur-
rent is shown by
the solid curve
(a) (1) and the diffusion
current compo-
a region of nepative slope: that is, the dynamic resistance dVdl is negative. This nent is dashed.
negative-resistance region is useful in oscillators,
If the forward bias is increased beyond the negartive-resistance region, the
current beging to increase again (Fig. 10-2). Once the bands have passed each
other, the characteristic resembles that of a conventional diode. The forward
current is now dominated by the diffusion current —electrons surmounting
their potential barrier from n to p and holes surmounting their potential bar-
rier from p to n. Of course, the diffusion current is present in the forward tun-
neling region, but it is negligible compared with the tunneling current.
The total tunnel diode characteristic (Fig. 10-3) has the general shape
of an N (if a little imagination is applied); therefore, it is common to refer (o
this characteristic as exhibiting a tvpe-N negative resistance, 1t is also called
a voltage-controlled negative resistance, meaning that the current decreascs
rapidly at some critical voltage (in this case, the peak voltage V), taken at the
point of maximum forward tunneling).
The values of peak tunneling current I, and valley current I, (Fig. 10-3)
determine the magnitude of the negative-resistance slope for a diode of given
material. For this reason, their ratio 7,/7, is often used as a figure of merit for
s
o i g
| ]
| |
| i
| !
I |
N ;
i i ’
Figure 10-3
Total tunnel diode
characterisfic.
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the tunnel diode. Similarly, the ratio V/,/V is a measure of the voltage spread
between the two posilive-resistance regions.

'The negative resistance of the tunnel diode can be used in a number of
ways to achieve oscillation and other circuit functions. The fact that the tun-
neling process does not present the time delays of drift and diffusion makes
the tunnel diode a natural choice for certain high-speed circuits. However, the
tunnel diode has not achieved widespread application, because of its rela-
tively low current operation and competition from other devices.

10.2  In this section, we describe 4 type of microwave negative-conductance device
THE IMPATT  that operates by a combination of carrier injection and transit-time effects.
DIODE Diodes with simple p-n junction structure, or with variations on that struc-
ture, are biased te achieve tunneling or avalanche breakdown, with an a-¢
voltage supenmposed on the d-c hias, The carriers generated by the injection
process are swept through a drift region to the terminals of the device. We
shall see that the a-c companent of the resulting current can be approxi-
mately 180° out of phase with the applied voltage under proper conditions
of bias and device configuration, giving rise to negative conductance and os-
cillation in a resonant circuit. Transil-time devices can convert d-c to mi-
crowave a-c signals with high efficiency and are very useful in the generation

of microwave power for many applications.

The original suggestion for a microwave device employing transit-time
effects was made by W. T. Read and involved an n'-p-i-p' structure such as
that shown in Fig. 10-4. This device operates by mjecting carriers into the
drift region and 1s called an inpact avalanche transit-rime (IMPATT) diode.
Although TMPATT aperation can be obtained in simpler structures, the Read
dinde is best suited for illustration of the basic principles. The device con-
sists essentially of two regions: (1) the n™-p region, at which avalanche mul-
tiplication occurs, and (2) the 1 (essentially intrinsic) region, through which
generated holes must drift in maving to the p* contact, Similar devices can
be built in the p*-n-i-n" configuration, in which electrons resulting from

distribution in the
device under re-
verse bigs.

@ *
Figure 10-4 o ': |
The Rend diode: , b ¢ 7|
{a) basic device #x) i ' ! |
configuration; : b
(b} electric field (by ' ' ]
|
|
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avalanche mulliplication drift through the i region, taking advantage of the
higher mahility of electrons compared with holes. '

Although detailed caleulations of IMPATT operation are complicated
and generally require computer solutions, the basic physical mechanism is sim-
ple. Essentially, the device operates in a negative-conductance mode when the
a-¢ component of current is negative over a portion of the cycle during which
the a-¢ voltage is positive, and vice versa. The nepative conductance occurs be-
cause of two processes, causing the current to lag behind the voltage in time:
(1) a de!my due 1o the avelanche process and (2) a luriher delny o to the
transit time of the carriers across the deiff region, If the sum of these delay
times is approximately one-half cvcle of the operating frequency, negative con-
ductance occurs and Lhe device can be used for osallation and amplification.

From another point of view, the a-¢ conductance is negative if the a-¢
component of carrier flow drifts opposite to the influence of the a-c electric
field. For example, with a d-¢ reverse bias on the device of Fig, 10-4, holes drifi
from left to right (in the direction of the feld), as expected. Now, if we su-
perimpose an a-¢ voltage such that & decreases during the negative hall-
cyele. we wonld normally expect the drift of holes to decrease also. However.
in IMPATT operation, the drift of holes throngh the i region actually in-
creases while the a-c field 1s decreasing. To see how this happens, let us con-
sider the eflects of avalimche and drift for various points in the cyele of
applied voltage (Fig. 10-5).

To simplily the discussion, we shall assume that the p region is very
narrow and that all the avalanche multiplication takes place in a thin region
near the n'-p junction, We shall approximate the field in the narrow p re-
glon by a uniform value. If the d-c bias 1s such that the eritical field for
avalanche £, is just met in the n™p space charge resion (Fig, 10-5a),
avalanche multiplication beginsatt = 0. Electrons peneratod in the avalanche
meve 1t the n” region, and holes enter the i drift region, We assume that the
device is mounted in a resonant niicrowave circuit so that ap a-c signal can
be maintained at a given frequency. As the applied a-c vollage goes positive,
more and more holes are generated in the avalanche region. In fact, the pulse
of holes (dotted line) generated by the multiplication process conlinues to
grow a8 long as the electric field s abave E, (Fig, [0-5t), 1t can be shown that
the particle current due to avalanche increases exponentially with time while
the field is abuve the erincal value The mportant result of this growth is that
the hale pulse reaches its peak value, nol at w/2, when the voltage is maxi-
muen, but at w (Mg, 10-5c). Therefore, there is a phase delay of 772 inherent
in the avalanche process itself. A further delay is provided by the drift re-
gion. Once the avalanche multiplication stops (wr = ), the pulse of holes
simply drifts toward the p” contagt (Fig. 10-5d). But duning this period, the
a-¢ terminal voltage is negative. Therefore, the dynamic conductance is neg-
alive, and energy is supplied to the a-c field

If the length of the drift region is chosen praperly, the pulse of holes
is collected a1 the p' contact just as the voltage cyele 1s completed, and the
cycle then repeats itself The pulse will drift through the length L of the i
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Figure 10~5 i, = Critical field for avalanche Voltage cycle
Time dependence T
of the growth and
drift of holes dur-
ing a eycle of ap- 7 v
plied voltage for .
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region during the negative half-cycle if we choose the transit time to be
one-hall the oscillation period; that is,

L 11 Vi

e e e 10-1

iy (10-1)
where f is the operating frequency and v, is the drift velocity for holes.!
Therefore, for a Read diode, the optimum frequency is one-half the inverse
transit time v,/L of holes across the drift region. In choosing an appropri-
ate resonant circuit for this device, the parameter L is critical, For example.
taking v, = 107 cmi/s for Si, the optimum operating frequency for a device
with an i region length of 5 pm is f = 107/2(5 x 107") = 10" Hz, Negative

'in general,yv, is o function of the local eleciric field. However, these devices are normally opsraled with
fields in the | region sufficiently large thol holes drift of theirscatering-limifed velocity (Fig. 3-24]. In this
case, the drift velocity does not vary appreciably with the o< vonstions in the field.
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resistance is exhibited by an IMPATT diode for frequencies somewhat above
and below this optimum frequency for exact 180° phase delay. A careful
analysis of the small-signal impedance shows (hat the mimmum frequency
for negative conductance varies as the square root of the d-c bias current for
frequencies in the neighborhood of that deseribed by Eq. (10-1).

Although the Read diode of Fig. 10-4 displays most directly the oper-
ation of IMPATT devices, simpler structures can be used, and in some cases
they may be more efficient. Negative conductance can be obtained in simple
p-n junctions or in p-i-n devices. In the case of the p-i-n, mast of the applicd
voltape occurs dcross the i region, which serves as a unilorm avalanche region
and also as a drift region. Therefore, the two processes of delay due to
avalanche and drift, which were separate in the case of the Read diode. are
distributed within the iregion of the p-i-n. This means that both electrons and
holes participate in the avalanche and drifi processes,

Microwave devices that operate by the fransferred-electron mechanism are 10,3
often called Gunn dindes, after 1. B, Gunn, who first demonstrated one of the  THE GUNN DIODE
forms of oscillation. In the transferred-electron mechanism, the conduction
electrons of some semiconductors are shifted from a state of high mobility to
a state of low mobility by the influence of a strong electric field. Negative
conductance pperation can be achieved in a diode? for which this mechanism
applies, and the results are varied and useful in microwave circuits,
First, we shall describe the process of electron transfer and the result-
ing change in mobility. Then we shall consider some of the modes of opera-
tion for diodes using this mechanism.

10.3.1 The Transferred-Electran Mechanism

In Section 3.4.4, we discussed the nonlinearity of mobility at high electric
fields. In mest semiconductars, the carriers reach a scattering-limited veloe-
ity, and the plot of velocity vs, field saturates at high fields (Fig. 3-24). In
some materialg, howaver, the energy of electrons can be raised by an applied
field 1o the point that they transler from one region of the conduction band
to another, higher-energy region, For some band structures, negative con-
ductivity can result from this electron transfer, To visualize the process, let us
recall the discussion of energy bands in Section 3.1,

A simplified E(k) band structure for GaAs is shown in Fig. 10-6 for
reference; some of the detail has been omitted in this diagram to isolate
the essential features of electron transfer between bands. In n-type GaAs,
the valence band is filled and the central valley (or minimum) of the con-
duction band at I'(k = 0) normally contains the conduction electrons, There
is a set of subsidiary minima at L (sometimes called satellire valleys) at higher

*Thase devices ore colled diedas, since thay ore fwotzrminal devices. Mo o juncfion [= involyed, howew
er, Gunn affact and related devices ylilize bulk Instabilities, which do not require junclions,
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Figure 10-6 E
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energy,” but these minima are many kT above the central valley and are nor-
mally unoccupied. Therefore, the direct band gap at T and the energy bands
centered at k = 0 are generally used to describe the conduction processes in
GaAs. This was true, for example, of GaAs lasers, discussed in Section 8.4. The
presence of the satellite valleys at /. is crucial to the Gunn effect, however. If
the material is subjected to an electric field above some critical value (aboul
3000 V/em), the electrons in the central I' valley of Fig, 10-6 gain more ener-
gy than the ().30 eV separating the valleys; therelore, there is considerable scat-
tering of electrons into the higher-energy satellite valley at L.

Onee the electrons have gained enough energy from the field to be trans-
ferred into the higher-energy vailey, they remain there as long as the field is
greater than the critical value. The explanation for this involves the fact that the
combined effective density of states for the upper valleys is much greater than
for the central valley (by a factor of about 24), Although we shall not prove it
here, it seems reasonable that the probability of electron scattering between val-
leys should depend on the density of states available in 2ach case and that scat-
tering from a valley with many states into a valley with few states would be
unlikely. As a result, once the field increases above the critical value, most con-
duction electrons in GaAs reside in the satellite valleys and exhibit properties
typical of that region of the conduction band. In particular, the effective mass
for electrons in the higher L valleys is almost eight times as great as in the cen-
tral valley because of the smaller band curvature, and the electron maobility s

MW hove shown enly one salellile valley for convenience; there are oiher squivalent volleys for different
diraciions in k4poce. The effective moss rafio of 0.55 refers fo he combined satallite volleys.
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much lower. This is an important result for the negative conductivity mecha-
nism: As the electric field is increased, the electron velocity increases until a crit-
ical field is reached; then the electrons slow down with further increase in field.
The electron transfer process allows electrons to gain energy at the expense of
velocity over a range of values of the electric field. Taking the current density
as gugqri, we see clearly that current also drops in this range of increasing field,
giving rise (o a negative differential conductivity d.J/d.

A possible dependence of electron velocity vs, electric field for a mate-
rial capable of clectron transfer is shown in Fig. 10-7. For low valucs of ficld,
the elsctrons reside 1n the lower (T7) valley of the conduction band, and the
mobility (pr = v /E) is hieh and constant with field. For high valuss of field,
electrons transfer to the satellite valleys, where their velocity is smaller and
their mobility lower. Between these two states is a region of negative slope on
the plot of v, vs. €, indicating a negative differential mobility dv/dE = —p**°

The actual dependence of electron drift velocity on electric field for
GaAs and InP 15 shown in Fig. 10-5. The negative resistance due to electron
transter occurs at a higher field for InP. and the electrons achieve a higher
peak velocity belore transfer from [ to L occurs,

The existence of a drop in mobility with increasing electric field and the
resultant possibility of negative conductance were predicted by Ridley and
Watkins and by Hilsum several vears hefore Gunn demonstrated the effect
in GaAs The mechanism of electron transfer is therefore often called the Ri-
dley—Watkins—Hilsuim mechanism. This negative conductivity effect depends

Va

Figure 10-7

A possible characteristic of eleciron drifi velocity vs. field for a semiconductor ex-
hibiting the transferred electran mechanism.

i = Mobility in central (I') valley

w, = Mobility in satellite (L) valley

p* = Average magnitude of negative differential mobility during transition

#This i 0 rather crude appreximoion; since L* Is nota constant, bul varies considerably with field; tha
negative disleetiic reloxation lime therefars changes with lime os the domoin grows.
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Figure 10-8 3
Electron drift ve-
locity vs. field for
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only on the bulk properties of the semiconductor and not on junetion or sur-
face effects. [t is therefore called a bulk negative differential conductivity
(BNDC) efiect.

10.3.2 Formation and Drift of Space Charge Domains

If a sample of GaAs is biased such that the field falls in the negative con-
ductivity region, space charge instabilities result, and the device cannot be
maintained in a d-c stable condition. To understand the {ormation of these
instabilities, let us consider first the dissipation of space charge in the usual
semiconductor. It can be shown from trealment of the continuity equation
that a localized space charge dies out exponentially with time in a homoge-
neous sample with positive resistance (Prob. 10.3). If the initial space charge
is (Jy, the instantaneous charge is

Q(t) = Que ™™ (10-2)

where v = elo is called the dielectric relaxation time. Because of this process,
random fluctuations in carrier concentration are quickly neutralized and
space charge neutrality is a good approximation for most semiconductorsin
the usual range of conductivities. For example, the dielectric relaxation time
for a 1.0 {2-cm Si or GaAs sample is approximately 10" s,

Equation (10-2) gives & rather remarkable result for cases in which the
conductivity is negative. For these cases, 7, is negative also and space charge
fluctizations build up exponentially in time rather than dying out. This means
that normal random fluctuations in the carrier distribution can grow into large
space charge regions in the sample. Let us see how this oceurs in a GaAs sam-
ple biased in the negative conductivity regime. The velocity—field diagram for
n-type GaAs is illustrated in Fig, 10-9a. If we agsume a small shift of electron
concentration in some region of the device, a dipole layer can form asshown
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in Fig. 10-9b. Under normal conditions. this dipole would die out quickly.
However, under conditions of negative conductivity, the charge within the di-
pole. and therefore the local electric field, builds up as shown in Fig. 10-9¢. Of
course, this buildup takes place in a stream of electrons drifting fraom the cath-
ode to the anode, and the dipole (now called a domain) drifts along with the
stream as it grows. Eventually. the drifting domain will reach the anode, where
it gives up its energy as a pulse of current in the external eircuit.

During the initial growth of the domain, an increasing fraction of the
applied voltage appears across it, at the expense of electric field in the rest
Of the bar. As a result. it is unlikely that more than one domain will be pres-
ent in the bar at a time; after the formation of one domain, the electric field
in the rest of the bar quickly drops below the threshold value for negative
conductivity. If the bias is d-c, the field outside the moving domain will sta-
bilize at a positive conductivity point such as A in Fig. 10-%a, and the field
inside the domain will stabilize at the high-field value B. A small dipole
forms from a random noise fluctnation (or, more likely, at a permanent nu-
cleation site such as a crystal defect, a doping inhomogeneity, or the cath-
ade itself), and this dipole grows and drifts down the bar as a domain. The
formation of stable domains is not the only mode of operation for trans-
ferred electron devices, Nor is it the most desirable mode for most appli-
cations, since the resulting short pulses of current are inefficient sources
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of microwave power. Removal of heat 1s a very serious problem in these de-
vices, The power dissipation may be 107 Wjem?® or greater { Prob. 10.5), giv-
ing rise to considerable heating of the sample. If the application does not
requite continuous operation, peak powers of hundreds of watis can be
achieved in pulses ol microwave oscillation.

10.4  One of the most common applications of elecironic devices is in switching,
THE P-N-P-N  which requires the device to change from an “off” or blocking state to an
DIODE  “on" or conducting state. We have discussed the use of transistors in this ap-
plication, in which base current drives the device from cutoff to saturation,
Similarly, diodes and other devices can be used to serve as certain types of
switches, There are a number of important switching applications that re-
quire a device remain in the blocking state under forward bias until switched
to the conducting state by an external signal. Several devices that fulfil) this
requirement have been developed, including the semiconductor-controtled
rectifier (SCR).® These devices are typified by a high impedance (the “off”
condition) under forward bias until a switching signal is apphed: afler switch-
ing, they exhibit low impedance (the “on" condition). The signal required for
switching can be varied exlernally; therefore, the devices can be used to block

or pass currents at predetermined levels.

The SCR is a four-layer (p-n-p-n) structure that effectively blocks cur-
rent through two terminals until it is turned on by a small signal at a third ter-
mijnal, We shall begin by investigating the current flow in a {wo-lerminal
p-n-p-n device and then extend the discussion 1o include triggering by a third
terminal. We shall see that the p-n-p-n structure can be considered for many
purposes as a combination of p-n-p and n-p-n transistors, and the analysis in
Chapter 7 can be used as an aid in understanding its behavior.

10.4.1 Basic Structure

First we consider a four-layer diode structure with an anede terminal A at
the outside p region and with a cathode terminal K at the outside n region
(Fig, 10-10a). We shall refer to the junction nearest the anode as jj, the cen-
ter junction as j,, and the junction nearest the cathode as j5. When the anode
is biased positively with respect to the cathode (v positive), the device is
forward biased. However, as the I-V characteristic of Fig. 10-10b indicates,
the forward-biased condition of this diode can be considered in two sepa-
rate states: the high-impedance, or forward-blocking, state and the low-
impedance, or forward-conducting, state, ln the device illustrated here, the
forward [-V characteristic switches from the blocking to the conducting
state at a critical peak forward voltage V.

We can anticipate the discussion of conduction mechanisms that fol-
lows by noting that an mitial positive voltage v places j; and jy under forward
bias and the center junction j, under reverse bias. As v is increased, most of

ISince 5 is the motarial eommonly used for this devies, it is ahon colled a silicancontralled ractifier
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the forward voltage in the blocking state must appear across the reverse-biased
junction j,. After switching to the conducting state, the voltage from A to
K is very small (less than 1 V), and we conclude that, in this condition, all
three junctions must be forward biased. The mechanism by which f switch-
es from reverse biasto forward bias is the subject of much of the discussion
that follows.

In the reverse-blocking state (v negative). j and j; are reverse bi-
ased and f, is forward biased. Since the supply of electrons and holes to j»
is restricted by the reverse-hiased junctions on either side, the device cur-
rent is limited to a small saturation current arising from the thermal gen-
eration of EHPs near j, and j;, The current remains small in the reverse-blocking
condition until avalanche breakdown occurs 4l a large reverse bias. In a
properly designed device, with guards against surface breakdown, the re-
verse breakdown voltage can be several thousand volts. We shall now con-
sider the mechanism by which this device, often called a Shockley diode,
switches from the forward-blocking state to the forward-conducting state.

10.4.2 The Two-Tronsistor Analogy

The four-layer configuration of Fig, 10-10a suggests that the p-n-p-n diode
can be considered as two coupled transistors: i and /; form the emitter and
collector junctions, respectively, of a p-n-p transistor: similarly, j, and j
form the collector and emitter junctions of an n-p-n transistor. (Note that
the emitter of the n-p-n is on the right, which is the reverse of what we usu-
ally draw.) In this analogy, the collector region of the n-p-n is in common
with the base of the p-n-p, and the base of the n-p-n serves as the collector
region of the p-n-p. The center junction j; serves as the collector junction
for both transistors.

This two-transistor analogy is illustrated in Fig, 10-11, The collzctor
current iy of the p-n-p transistor drives the base of the n-p-n,and the base
current {g of the p-n-p is dictated by the collector current i of the n-p-n.
If we associate an emitter-to-collector current transfer ratio o with each
transistor, we can use the analysis in Chapter 7 to solve for the current &
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Figure 10-11
Two-transistor
anology of the
p-r-pn diode.

Using Eq. (7-37b) with «; = ay for the p-n-p, @; = ay for the n-p-n, and
with Iggy and lep; for the respective collector saturation currents, we have

iey = gl + gy = I (10-3a)
fgn = i + Iogy = i (10-3hk)

But the sum of i and iz is the total current through the device:
e +ica =i (10-4)
Taking this sum in Eq. (10-3) we have

f[ﬂ‘.] + ﬂ-z) = IC,M. s f(_‘ﬂz = l.
Iem + lew

_ _on * fowm 10-5
I = Eﬂ:l + ilg.j ¢ }

As Eg. (10-5) indicates, the current i through the devices is small (ap-
proximately the combined collector saturation currents of the two equivalent
transistors) as long as the sum ay + o, is small compared with unity. As the
sum of the alphas approaches unity, the current { increases rapidly. The cur-
rent does not increase without limit as Eq, (10-5) implies, however, because
the derivation is no longer valid as a; + o approaches unity. Since j; be-
comes forward biased in the forward-conducting state, both transistors be-
come saturated after switching, The two transistors remain in saturation in the
forward-conducting state.

10.4.3 Variation of o with Injection

Since the two-transistor analogy implies that switching involves an increase in
the alphas to the point that oy + e approaches unity, it may be helpful to re-
view how alpha varies with injection for a transistor. The emitter-to-collector
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current transfer ratio a is given in Section 7.2 as the product of the emitter in-
jection efficiency v and the base transport factor B. An increase in o with in-
jection can be caused by increases in either of these factors or both. At very low
currents (such as in the forward-blocking state of p-n-p-n diodes), v is usually
dominated by recombination in the transition region of the emitter junction
(Section 7.7.4). As the current is increased, injection across the junction be-
gins to dominate over recombination within the transition region (Section 5.6.2),
and v increases, There are several mechanisms by which the base transport
factor B increascs with injeetion, including the saturation of recombination
centers as the excess carrier concentration becomes large, Whichever mecha-
nism dominates, the increase in oy + oy required for switching of the p-n-p-n
diode is accomplished automatically. Tn general, no special design is required
10 maintain «; + a; smaller than unity during the forward-blocking state; this
requirement is usually met al low currents by the dominance of recombination
within the transition regions of j; and js,

10.4.4 Forward-Blocking State

Whett the device is biased in the forward-blocking state (Fig. 10-12a), the ap-
plied voltage v appears primarily across the reverse-biased junction ja. Al-
though j; and j, are forward biased, the current is small. The reason for this
becomes clear if we consider the supply of electrons available to n1; and holes
to py. Focusing attention first upon jy, let us assume that a hole is injected
from p, into ny, If the hole recombines with an electron in ny (or in the j
transition region), that electron must be resupplied to the n; region to main-
tain space charge neutrality. The supply of electrons in this case is severely
restricted, however, by the fact that n, is terminated in j,, a reverse-biased

K Figure 10-12

i Three bias slates
of the pnpn

) diode: (a) the

i forward-blacking

state; (b} the

forward-conduct-

ing state; (¢ tha

reverse-blocking

stale.

Petitioner Runergy USA Inc., Ex. 1030, p. 523



524

Chapler 10

junction. In a normal p-n diode, the o region is terminated in an ohmic con-
tact, 5o that the supply of electrons required to match recombination (and in-
jection into p) is unlimited. In this case, however, the electron supply is
restricted essentially to those electrons generated thermally within a diffu-
sion length of j,. As a result, the current passing through the j; junction is ap-
proximately the same as the reverse saturation current of j;. A similar
argument holds for the current through j3; holes required for injection into 25
and to feed recombination in p; must originate in the saturation current of the
center junction j,. The applied valtage v divides appropriately among the
three junctions to accommodate this small current throughout the device.

In this discussion, we have tacitly assumed that the current crossing j»
is strietly the thermally generated saturation current, This implies that elec-
trons injected by the forward-biased junction j, do not diffuse across p, in any
substantial numbers, to be swep! across the reverse-biased junction into ny
by transistor action This is another way of saying that s (for the “n-pn tran-
sistor™) is small, Similarly, the supply of holes to p; is primarily thermally
generated, since few holes injected at j; reach j, without recombination (i.e.,
oy is small for the “p-n-p"). Now we can sge physically why Eq. (10-5) implies
a small current while o; + o 18 small: Without the transport of charge pro-
vided by transistor action, the thermal generation of carriers is the only sig-
nificant source of electrons to nj and holes to p,.

10.4.5 Conducting State

The charge transport mechanism changes dramatically when transistor action
begins. As o, + o approaches unity by one of the mechanisms described,
many holes injected at j; survive 10 be swep! across j, into pa. This helps o
feed the recombination in p; and to support the injection of holes into n,.
Simularly, the transistor action of electrons injected at jy and collected at f;
supplies clectrons for ny. Obviously, the current through the device can be
much larger once this mechanism begins. The transfer of injected carriers
across jp is regenerative, in that a greater supply of electrons to n, allows
greater injection of holes at j, while maintaining space charge neutrality; this
greater injection of holes further feeds p; by transistor action, and the process
continues to repeal itsell

If a; + o is Jarge enongh, so that many electrons are collected in s, and
many holes are collected in p,, the depletion region at j; begins to decrease.
Finally, the reverse bias disappears across j; and is replaced by a forward bias,
in analogy with a transistor that is biased deep in saturation, When this occurs,
the three small forward-bias voltages appear as shown in Fig. 10-12h. Twao of
these voltages essentially cancel in the overall v, so that the forward voeliage
drop of the device from anode to cathode in the condpeting state is nol much
greater than that of a single p-n junction. For Si, this forward drop is less than
1V, until ohmic lasses become important at high current levels.

We have discussed the current transport mechanisms in the forward-
blocking and forward-conducnng states, but we have not indicated how
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switching is initiated from one state to the other. Basically, the requirement
is that the carrier injection at j; and j, mnst somehow be increased so that sig-
nificant transport of injected carriers across jz occurs, Once this transport
beging, the regenerative nature of the procesy takes over and switching is
completed.

10.4.6 Triggering Mechanisms

The most common method of triggering a two-terminal p-n-p-n is simply (o
raise the bias voltage 1o the peak value V. This type of voltage triggering re-
sults in a breakdown (or significant leakage) of the reverse-biased junction
J=: the accompanymg increase in currenl provides the injection at j, and Js,
as well as the transport required for switching to the conducting state The
breakdown mechanism commonly oceurs by the combination of base-widih
narrowing and avalanche multiplication,

When carrier multiplication occursin j», many electrons are swept into
# and holes into p,. This process provides to these regions the majority car-
riers needed for increased injection by the emitter junctions. Because of tran-
sistor action, the full breakdown voltage of j; need not be reached, As we
showed in Eq. (7-52), breakdown ocenrs in the collector junction of a transistor
with {5 = 0 when Ma = 1. In the coupled-transistor case of the p-n-p-n
diode, breakdown oceurs at j, when

My + Myo, = 1 (10=6)

where M, is the hole multiplication factor and M, is the multiplication fac-
tor for electrons.

As the bias v increases in the forward-blocking state, the depletion re-
gion about J; spreads lo accommodate the increased reverse bias on the cen-
ter junction. This spreading means that the neutral base regions on either
side (n; and p;) become thinner. Since «t; and o, 1ncrease as these base widths
decrease, triggering can occur by the effect of base-width narrowing. A true
punch-through of the base repions is seldom required, since moderate nar-
rowing of these regions can increase the alphas enough to cause swilching,
Furthermore, switching may be the result of a combination of avalanche mul-
tiplication and base-width narrowing, along with possible leakage current
through js at high voltage. From Eq. (10-6), it is clear that. with avalancne
multiplication present, the sum oy + o> need not approach unity to initiate
breakdown of j;. Once breakdown begins, the increased numbers of carners
in 1y and py drive the device to the forward-conducting state by the regen-
erative process of coupled transistor action. As switching proceeds. the re-
verse bias is lost across j; and the junction breakdown mechanisms are no
longer active. Therefore, base narrowing and avalanche multiplication serve
only to start the switching process.

If a forward-bias voltage is applied rapidly to the device. switching can
occur by a mechanism commaonly calied dv/dr rriggering, Basically, this type
of trigeering oceurs as the depletion region of fy adjusts to accommodate the
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increasing voltage. As the depletion width of j> increases, electrons are re-
moved from the #y side, and holes are removed from the p side, of the junc-
tion. For a slow increase in voltage, the resulting flow of electrons toward J;
and holes toward j3 does not constitute a significant current. If dv/dris large,
however, Lhe rate of charge removal [rom each side of f» can cause the cur-
rent to increase significantly. In terms of the junction capacitance (Cp) of
the reverse-biased junction, the transient current is given by

dC raiged dv dc
i(r) = ‘;_" = ,?d—f 4 u’?—d:z (10-7)

where vj; is the instantaneous voltage across f. This type of current flow is
often called displacement current. The rate of change of C;; must be includ-
ed in caleulating current, since the capacitance varies with time as the de-
pletion width changes.

The increase in current due to a rapid rise in voltage can cause switch-
ing well below the steady state triggering voltage Ve, Therefore, a dv/dr rat-
ing is wsually specified along with Vp for p-n-p-n diodes. Obvicasly, dv/dt
triggening can be a disadvantage in circuits subjected to unprediciable volt-
age transients.

The various triggering mechanisms discussed in this section apply to
the two-terminal p-n-p-n diode. As we shall see in the next section, the
semiconductar-controled rectifier is triggered by an external signal ap-
plied to a third terminal.

10,5 The semiconductior-controlled rectifier (SCR) is useful in many applications,
THE  such as power switching and various control cireuits, This device can handle
SEMICONDUCTOR-  currents from a few milliamperes to hundreds of amperes. Since il can be
CONTROLLED turned on externally, the SCR can be used to regulate the amounnt of power
RECTIFIER  delivered to a load simply by passing current only during selected portions
of the line cycle. A common example of this application is the light-dimmer
switch used m many homes. At a given setting of this switch, an SCR is turned
on and off repetitively, such that all or only part of each power cycle is de-
hvered to the lights. As a result, the light intensity can be varied continuously
from full to dark. The same control principle can be applied to motors,
heaters, and many other systems. We shall discuss this type of application
next, after first establishing the fundamentals of device operation.

The most important four-layer device in power circuit applications is the
three-terminal SCR® (Fig, 10-13), This device is similar to the p-n-p-n diode,
except that a third lead (gate) is attached to one of the base regions. When
the SCR is biased in the forward-blocking state, a small current supplied to

*This davice is offen called o thyristar 1o indicste its funclion as a salid side analogue of the gon thymairn,
o goehilled ube thot nazses curant when on are dischorge ccows of o crilicol firing velloge. In @ mannar
onalogous o the gate curren! control of the SCE, this firing voltags can be veried by o volisge opplied 1o
o third sfpcirode.
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(n) (b)

the gate can initiate switching to the conducting state. As a result, the anode
switching voltage Vp decreases as the current ii; applied to the gate is in-
creased (Fig. 10-13b), This type of turn-on control makes the SCR a useful
and versatile device in switching and control circuits,

To visualize the gate-triggering mechanism, let us assume that the de-
vice is in the forward-blocking state, with a small saturation current flowing
from anode to cathode. A positive gale current causes holes to {low from the
gate into p,, the base of the n-p-n transistor. This added supply of holes and
the accompanying injection of electrons from n; mio p; initiates transistor
action in the n-p-n. After a transit time 7,5, the electrons injected by f; arrive
at the center junction and are swept into n;, the base of the p-n-p. This caus-
es an increase in hole injection of j;, and these holes diffuse across the base
ny in & transit time 7. Thus, after a detay time of approximately 7, + 7,
transistor action is established across the entire p-n-p-n, and the device is dri-
ven into the forward-conducting state. In most SCRs, the delay time is less
than a few microseconds and the gate current required for turn-on is only a
few milliamperes. Therefore, the SCR can be turned on by a very small amount
of power in the gate circuit. On the other hand, the device current i can be
many amperes, and the power controlled by the device may be very large.

Itis nol necessary to maintain the gate current once the SCR switches
ta the conducting state: in fact. the gate essentially loses control of the device
after regenerative transistor action is initiated. For most devices, a gate cur-
rent pulse lasting a few microseconds is sufficient to ensure switching. Rat-
ings of minimum gate pulse height and duration are generally provided for
particular SCR devices.

10.5.1 Turning OFf the SCR

Turning off the SCR —changing it from the conducting state to the blocking

state —can be accomplished by reducing the current i below a critical value
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(called the holding current) required to maintain the «; + «; = 1 condition.
In some SCR devices, gate tummoff can be used to reduce the alpha sum below
unity. For example, if the gate voltage is reversed in Fig. 10-14, holes are ex-
tracted from the p; base region. If the rate of hole extraction by the pate is
sufficient to remove the n-p-n (ransistor from saturation, the device turns off.
However, there are often problems involving the lateral flow of current in py
to the gate; nonuniform biasing of j3 can result from the fact that the bias on
this emitter junction varies with position when a lateral current flows. There-
fore, SCR devices must be specifically designed for turn-off control; at best, this
turn-off capability can be ntilized only over a limited range for a given device.

10,6 We saw in Section 10.5 that the SCR has difficulty in efficiently turning off
INSULATED-GATE  the device using the gate. We need to use additional circuitry to reduce the
BIPOLAR  anode-l0-cathode current below the halding current to change the SCR
TRANSISTOR  from the conducting state to the blocking state. This is, of course, clumsy
and expensive.

Hence, the insulated-gate bipolar transistor (IGBT) was invented by
Baliga in 1979 to address this issue. The aforesaid variation on the SCR
can easily be turned off from the conducting to the blocking state by the ac-
tion of the gate, This device is also known by several other names; such as
conductivity-modulated FET (COMFET), insulated-gate transistor (IGT),
insulated-gate rectifier (IGR), gain-enhanced MOSFET (GEMFET), and

bipolar FET (BiFET).
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The basic structure is shown for an n-channel device in Fig, 10-15, Tt
combines an SCR with a MOSFET that is able to connect or disconnect the
n" cathode to the n™ base region, depending on the gate bias of the MOSFET.
The MOSFET channel length is determined by the p region, which is formed
by diffusion of the acceptors implanted in the same region as the n' cathode,
In other words, the channel length is determined not by the lithography of
the gate, as in a conventional MOSFET but rather by the diffusion of the ac-
ceptors. Such a MOSFET structure is known as a double-diffused MOSFET
(DMOS) The DMOS device is essentially an NMOSFET,

The main part of the IGBT is the n™ region, which acts as the drain of
the DMOS device. 'this is generally a thick {(~50 um) epitaxial region with
alow doping (~10" em ™) grown on a heavily p*-doped substrate that forms
the anode. The n™ region can therefore support 4 large blocking voltage in the
“off” state. In the “on” state, the conductivity of this lightly doped region is
modulated (increased) by Lhe electrons injected from the n* cathode and the
holes injected from the p* anode —hence the alternative name conductivity-
modulated FET (COMFET). The increased conductivity allows the voltage
drop across the device to be minimal in the “on” state.

Vg2l
f i g J/ Vg=0 Figure 10-16
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VAF.'
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The current-voltage characteristics are shown in Fig. 10-16. If the DMOS
gate voltage is zero (or below the threshold voltage), an n-type inversion re-
gion is not formed in the p-type channel region and the n* cathode is not short-
ed to the n~ base: The structure then looks exactly like a conventional SCR
that allows minimum current flow in either polarity until breakdown is reached.
For positive anode-to-cathode bias Vg, avalanche breakdown occurs at the
n~-p junction, while for negative 'V, x avalanche occurs at the n™-p™ junction.

When a gate bias is applied to the DMOS gate, we see that, for positive
V., there is significant current flow (Fig. 10-17). The characteristics look like
that of a MOSFET, with one difference: Instead of the current starting to in-
crease from the origin, there is an offset or cut-in voltage of ~0.7 V, as with
a diode. The reason for this can be understood by looking at the equivalent
circuit in Fig, 10-17a. For small V4« up to the offset voltage, the structure
looks like a DMOS in series with a p-i-n diode made up of the p* substrate
(the anode), the n~ blocking region (the base), which is essentially like an in-
trinsic region, and the n” cathode. In this regime, there is negligible voltage
drop across the DMOS device, and the p-i-n device is in forward bias The in-
jected carriers from the anode and the cathode recombine in the n™ region.
As we saw in Chapter 5, for a diode dominated by recombination in the de-
pletion region, the current—voltage characteristics show an exponential be-
havior, with a diode ideality factor of m = 2. Therefore, in this region, we get

14 o exp(qVax/2kT) (10-8)

On the other hand, when V4 is larper than the offset voltage (~0.7 V),
the characteristics look like that of a MOSFET, multiplicd by a p-n-p bipo-
lar junetion transistor gain term. The equivalent circuit in this region is shown
in Fig. 10-17b. In this regime, not all the injected carriers recombine in the
near-intrinsic n- region. The current they supply, which is essentially the
DMOSFET current Iyps. acts as the base current of the vertical p-n-p BJT
formed between the p* substrate (anode), the 1™ base, and the p~ channel of
the DMOS device. Hence, the current is now given by

Iy = (1 + Bpop)yios (10-9)
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The shape of the characteristics looks like that of the DMOS device. This is
the preferred mode of operation of the IGBT.

Finally, if the current levels are too high. the IGBT latches into a low im-
pedance state like that of a conventional SCR in the “on" state. This is unde-
sirable, because it means that the gate of the DMOS device has now lost control.

The IGBT clearly incorporates some of the best features of MOSFETSs
and BITs. Like a MOSFET, it has high input impedance and low input ca-
pacitance. On the other hand, in the “on" state, it has low resistance and high
current-handling capability, like a BIT or an SCR. Because of these factors,
and because it can turn off more easily than an SCR, the IGBT is gradually
becoming the power device of choice, in place of the more traditional SCR.

Lkl High frequencies i the microwave regime can be oblamed by negative dif-  SUMMARY
ferential resistance achievable by tunneling (Esaki diodes), transterred electron
effects (Gunn diodes) or transit-time effects (IMPATT diodes).
1.2 High power switching 15 possible with p-n-p-n diodes; thyristors, or SCRs These
devices can be understood jn terms of two couplad BITs, Similar effects in
CMOS cause latchup.

10.3 Modern power devices are based on the IGBT, which is a combination of an
SCR and a MOSFET.

10.1 Sketch the band diagram for an abrupt junction in which the doping en thep  PROBLEMS
side js degenerate and the Fermi level on the n side is aligned with the bottom
of the conduetion band. Draw the forward- and reverse-bias band diagrams
and sketch the J-V characteristic. This diode is often called a backward diode.
Can you explain why?
12 What determines the peak tunneling voltage V, of a tunnel diode? Explain.

1f a large density of trapping centers is present in a tunnel diode (Fig, P10-2), tun-
neling can occur from the n-side conduction band 1o the trapping level (A-B),

Figure P10-2
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Then the electrons may drop to the valence band on the p side (B-C), thereby
completing a two-step process of charpe transport across the junction. In fact, if
the density of trapping centers is large, it is possible to observe an increase in cur-
ren! as the states below Epg, pass by the trapping level with increased bias. In
Fig. P10-2, the trapping level B, is located D3 eV abave the valence band. Assume
that E, = 1eV, Ep, — E onthe nside equals E, — Er, on the p side, and both
Ep, — E;and E; — Epyequal D.1 V.

(a) Caloulate the minimum forward bias at which tunneling through E, occurs.
(b) Caleulate the maximum forward bias for (unneling via Ey,

(c) Skeich the [~V curve for this tunnel diode, Assume that the maximum tun-
neling current via E; is about one-third of the peak band-to-band tunnel-
ing gurrent.

10.3 (a) Use Poisson's equation, the continuity equation, and the definition of cur-
ront density in terms of the gradiem of electrostatic potential 1o relate the
variation of space charge density p with time to the conductivity v and the
permiltivity € of a material, neglecting recombination.

(b) Assuming a space charge density p, at ¢ = 0, show that p(t) decays expo-
nentnally with a time constant equal to the dielectric relaxation time 74

{c) Given asample of thickness {. and area A, calculate the inherent RC time
constant if the conductivity is o and the permittivity is e

104 Assuming that np electrons/cm? are in the lower (central) valley of the GaAs
conduction band at time rand n; are in the satellite (L) valleys, show that the
criterion for negative differential conductivity (dJ/dE < 0) is

dny dpy zI]J.L)
L - — s o S ——t
Blur — k) g ‘s("r dg = Ld%

Arpp + ALy

where - and p are the electron mobilities in the T and L valleys, respactive-
ly. (Note: np = np + p.) Discuss the conditions for negative differential con-
ductivity, assuming that the mobilities are approximately proportional to ',

10.5 We wish to estimate the d-c power dissipated ina GaAs Guin diode. Assume
that the diode 15 5 wm long and operates in the stable domain mode.

(a) What is the mimimum electron concentration ny? What is the time between
current pulses?

(b) Using data from Fig. 10-9a, calculate the power dissipated in the sample
per unit volume whin it is biased just below threshold if ry is chosen {rom
the caleulation of part (@). In general. does operation at a higher frequency
result in preater power dissipation?
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106 (a) Calculate the ratio N /N of the effective density of states in the upper (L)
valleys to the effective density of statesin the lower (I') valley of the GaAs
conduction band (Fig. 10-5).

(b) Assuming a Boltzmann distribution ng/np = (N/Np) exp( —AEET ), caleu-
late the ratio of the concentration of conduction-band electrons in the upper
valley 1o the concentration in the central valley in equilibrium at 300 K.

{c) As arough calculation, assume that an clectron at the bottom of the cen-
tral wvaliey has kinetic enerpy kT, After it is promated to the sarellite (7.) val-
ley, what is its approgimate equivalent temperature?

10.7 Explain why two separate transisiors cannot be connectsd as in Fig. 10-11 te
achieve the p-n-p-n switching action of Fig. 10-10,

10.8 Inthe p-n-p-n diode (Fig. 10-12a), the junction j; 1s forward biased during the
Torward-blocking state, Why, then, does the forward bias provided by the gate-
to-cathode voltage in Fig. 10-13 cavse switching?

10,9 (a) Sketch the energy-band diagrams for the p-n-p-n diode in equilibrium, in

the forward-blocking state, and in the forward-conducting state.

{b) Sketch the excess minority carrier disributions in regions #; and p; when
the p-n-p-n diode 15 in the forward-conducting stale.

10,10 Use schematic techniques such as those illustrated in Fig. 7-3 to deseribe the hole
flow and electron flow in a p-n-p-n diode for the forward-blocking state and for
the forward-conducting state. Explain the diagrams and be careful to define any
new symbols (e, those representing EHP generation and recombmation )

111 Using the coupled transistor model, rewrite Eqgs. (10-3) to include avalanche
multiplication in j;, and show that Eq. (10-6) is valid for the p-n-p-n diode.
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534 Chapter 10

SELF QUIZ Question 1
Study the TTRS roadmap chapter on Emerging Research Devices available at
httpi//publicitrsnet/. This has projections about next-generation CMOS devices as
well as novel devices using nanotechnology,
* Write a report on which of these devices you think will be used in products in
the next 5 years, 10 years, and 20 years.
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Definitions of Commonly
Used Symbols'

a Chapter 1:unit cell dimension {A J; Chapter f: metallorgical channe]
hall-width for an FET {em)

a, b, c basis vectors

A area {em?)

b magnetic flux density (Wh/em®)

B base transport factor fora BIT

BEC base, emitter, collector of a BIT

"] speed of light (em/s)

C capacitancefarea in MOS (Flem®)

C,C. G, insulitor, depletion, interface-state MOS capacitance/area (F/em®)

c, junction capacitance (F)

C, charge storage capacitance (F)

b,D,b, diffusion coefficient for dopants, electrons, holes {(cm*fs)

D.G.S drain, gate, source of an FET
Napierian base

- electron

4 electric field strength (Viem)

E energy® (], eV): battery voltage (V)

E_E, acceptor, donor energy level (1eV)

E.E, conduction band. valence band edge (T, ¢V)

Ee equilibrium Fermi level (3, V)

E, band pap energy (I, eV)

E; intrinsic level (1, ¢V)

2y ol tecombination, trapping energy level (J,eV)

RE) Fermi-Birac distribution function

Fy & guasi-Fermi level for electrons, holes (1, V)

BBy EHP generation rate, optical generation rate (cm™57)

"This list dows nol include some symbols thal are used only in the section where thay ate defined. Units are
given in comman semiconduetor usage; involving em where oppropriaie; It is imporiant lo nole, howsver,
that enleulations should be made In the MKS syslam in soma formulas.

*In the Bolzmann foctor expl—AE/T), AE can be expressed in | or &V if k is exprassed in J/K or s¥/K,
respattivaly.

535
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£ mutual transconductance ({177, §)

h Planck’s constant (J-5, £V-5); Chapter 6: FET channel half-width (cm)

fi Planck's constant divided by 2+ (3-5,eVos)

kv photon anergy (1, €V)

bkl Miller mdices

h* hole

id current” (A)

I (subsoript) inverted mode of 8 BIT

b 7t base, collector, emitter current ina BIT (A)

Teo Ten magnituda of the collector, eminer saturation cuerent with the emitter,
colleator open (A)

Tosiles magnitade of the collecior, emitter saturation current with the emitter,
collector shorted (A)

I channel current in an FET, directed from drain 10 source (A)

Iy reverse saturation current in 8 p-n junction (A}

{ -1

T current density (Ajem®)

ke Boltzmann's constant (K, eVIK)

Ky K transeonductance of NMOSFET, PMOSFET divided by Vi, ( AV

k wave vector {cm ™)

Ky distrtbution coefficient

K scaling factor

K 4wy (Flem)

LL length (em)

Ly Debye length (em)

I mean free path for camriess in random motion (om)

i, mass, effective mass (kg)

L, T, affective mass for electrons, holes (kg)

Ay, longitudinal, transverse elictron effective mass (kg)

gy M, light, heavy hole effeclive mass (kg)

my rest mass of the eleciron (kg)

M avelanche multiplication factor

m mlegers; exponents

n concentration of electrons in the conductiom hand (em™)

o n-Type semiconductor material

n* theavily doped n-type material

m intrinsic concentration of electrons {em ™)

11y equilibrium concentration of electrons in n-type, p-type material {em ™)

ny equilibrium concentration of electrons (em™)

N (subscript) normal mode of o BIT

N, Ny concentration of seeeptors, donors (cm™)

NI NG concentration of ionized aceepiors, donors (om™)

N N, effective density of states ar the edge of the conduction hand, valence
band (cm )

P concentration of holes in the valence band (cm™)

P p-type semiconductor material

See note ol the end of this list.
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r heavily dopeid p-type materinl

+] momentum (kg-m/s)

bl intrinsie hole conceatration (cm ™) =m,

Par P equilibrium concentration of holes in n-type, p-type material (em ™)

Py equilibrivm hole concentration (cm ™)

q magnitude of the electronic charge (C)

Q.Q- total positive, negative charge (C)

Qy depletion region charge/uren (Clem®)

@ oxide fixed charge/area (Clem?)

Q, effective MOS interface chargelarea (Clem?)

Q, interface rap charge/aren (Clem®)

Q, maobile ionic charge/area (Clom?®)

Gue, charge stored in an electron, hole distribution {C)

Q. mobile charge/area in FET channel (C/om?)

Qe oxide trapped charge/area (Chem®)

R, AR, projecled mnge, siraggie (cm)

rnR resistance {{1)

Ry Hall enefficient (cm®/C)

S subthreshold slope (mV/decade)

; time (5)

t sarnple thickness (em)

f mean free time between scartering collisions (s)

[ storage delay time (s)

T temperature (K)

wv voltage (V)

v potential energy (J)

¥ elactrostatic patential (V)

Vien Vi voltage from collector to base, emitter 1o base in & BIT (V)

Vi, Ve voltage from drain to source, gate to soiree in an FET (V)

YV eleetrostatic potential in the neatral n, p material (V)

¥, contact potential (V)

Vi Chapter f: pinch-off voltage for an FET, Chapter 11: forward breakover
voltape for an SCR (V)

Vi Ve MOS threshold voltage, flal-band voltage (V)

Ly velocity, dnft velocity (cmifs)

W sample width {cm)

W depletion region width (em)

W, base width m a BJT, measured between the edges of the emitter and
collector junction depletion regions (em)

x distance {(em), alloy composition

X Xy distance in the neutral n region, p region of 4 junction, measured from
the edge of the transition region (cm)

T T penctration of the ransition region into the n region, p region, measured
{rom the metallurgical junction {(em)

Z atomic number; dimension in z-direction (om)

o emitter-to-collector current transfer ratio in o BIT

45aa nolo at the and of this lish.
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o optical absorption coefficient (cm ™'}

o, recombination coefficient (em/s)

B base-to-collector current amplification factor in a BIT

¥ emifter injection efficiency; im a p-n-p, the fraction ol i due to the hole
current fg,

8,4 incremental change

Birt, Gp excess slectron, hole concentration (cm ™)

An,, Ap, excess electran, hole concentration at the edge of the transition region
on the p side, n side {cm ™)

Ape, App excess hole concentration in the base of a BJT, evaluated at the adge of
the transition region of the collector, emitter junction (cm ™)

€, &, By permittivity, relative dielectric constant, permuttivity of free space
{(Flem); € = €.

A wavelength of light (m, A}

B mobility (em*V-s)

W frequency of light (874

p resistivity (£1-cm); charge density (Clom”)

o conductivity ((3-em) ™!

T, dielecirio relaxation time (s); in-a BJT, delay time (s)

Tt recombination lifetime for electrons, holes (5)

it transit time (5)

b flux density (cm®-s) ' potential (V). dose (om ™)

by (E—Ep)q (V)

dy, surface potential (V)

e o3 work function potential (V)

Py melal-semiconductor barrier height (V)

b, metal-semiconductor work function poteatial difference (V)

(' 3 time-independent, time-dependent wave function

@ angular frequency (s )

{} average of the enclosed guantity

Note: For d- volioge ond curren|, capital symbaols with copitol subscripts are used; lowercose symbiols
with lewercase subseripts represant a< quantities; lowercass symbiols with copital subscripts reprasent total
[ec + d<} quontities. For valtlage symbols with doubla subscripte, ¥ is positive when the potentinl of the
point referrad to by the first subseript Is higher than that of the sacand paint. For example, Vi 15 the pater-
tial difarenea V-V
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Physical Constants and
Conversion Factors'

Avogadro’s number Ni= 602 % 10% molecules/mole
Boltzmann's constanl k= 13821072 /K
= B.62 % 1077 eV/K
Electronic charge (mognitude) g= 1460x 10" C
Electronic resi moss my= 9.11 % 107 kg
Permittivity of free spoce ep= 8.85 % 107" F/em
= B85 % 107 F/m
Planck's consfant h= 663 x 107 Js
= 4.14x 10" ey
Room temperature value of kT kT= 0.0259 eV
Speed of light c=2.998 x 10" em/s
Prefixes;
1 A [angstrom) =108 em milli,  m =100
1 wm [micron) = 10~* cm micre, p- =107
Iam=10A=10"7¢cm nong-, N = 1077
254em=1in. pico, p =10-1
leV=16x107"] kilo-,  k =10?
mege, M = 100
gige, &G =107
A wovelength A of 1 wm coresponds 1o o photon snergy of 1,24 eV

ISince em is used os the unlt of length for many semiconducior quaniiiies, caution must be exarcised 1o
ovoid unit errers in calculations. When using quaniities Invalving length in kermulas which contin quani-
ties meosurad In MKS units, it s usually best lo use all MKS quantities. Cénvarsion to standard semicon-
ductor usage invelving £m con be ozcomplished as a last step. Similar cavtion Is recommended 1n using |
and 2V as enargy it

539
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Properties of Semiconductor Materials

Melting
E e e m’,/m; m oy Density  peinl
BV eVl fem?/ ) {rmy,mi) s a (A " lg/em’] [%C)
5 (/04 1.1 1350 480  098,0.1%  0,18,04% 543 1.8 233 1415
Ge {i/T4 067  3%00 1900 144, 0082 004,028 565 14 532 234
SCla) W 284 500 - 06 1.0 3.08 gz 3 2830
AlP (i/2) 2.45 ao - . 02,063 5.44 9.8 240 2000
Alhs [/ 2.16 1200 420 20 015076 566 109 380 1740
a1sh |7y 1.8 200 300 0.2 098 b4 MY 426  VDAO
GaP (177} 2.24 300 150 112,022 014,079 545 110 43 1467
Gohs /2] 1.45  B500 400 0.067 0.074,050 565 132 53] 1238
GoN  [/Z W 54 380 - 0.19 0.40 4.5 122 41 2530
GuSh 14/2) 07 5000 1000 0.042 006,023 409 157 541 712
inf {4724 135 4000 100 0077 0089, GBS 587 124 47% 1070
InAs d4n Das 22400 200 0.023 0,025 041 408 146 547 943
InSt (/2 WAL 104 1700 0.014 0015040 648 177 578 525
Zn§ {diz, W 3.4 180 10 0.28 - 5409  BR 409  1650°
ZnSe ld/2) 27 600 28 0.14 0.60 5671 92 565  Tio0”
Znls e 228 530 140 0,14 0.45 4101 104 551 1238
i idw g 242 250 15 0.21 080 4137 B9 482 1475
CdSe EA .73 800 - 0,13 0.45 430, W02 581 1258
Cdle (/3 1.586 1050 100 u1o 037 6482 102 620 1098
PES () 0.37 575 200 022 0.29 5936 170 74 e
Pha i/H) 0.27 1500 1500 - = 6147 234 873 1081
PhTe {t/H) 0.27 4000 4000 017 0.20 6452 30 8.16 925
A values ) 300 K. *Veapror izes

The: First colimn sk the ssmiconductor, the tecond indicates bord structurs type ond cristol structure, Debi-
nlfions of symbals: | is indirect; d s direci; D is diomand; Z is zine blende, W is wartzite; H is halits
MNacl) ‘v\':_i:::s of mohility are for matmrial of high purity.

Crystals in the wurizite strichire ore not described completaly by the single iottice conston! given here,
sines tha unit cell is not cubic. Severol 1Y) compounds can be growa in sither the zine blende ar wyrtzile
slrychares.

Mony volues quoted hare ars approximale or uricartain, particularly for the IVl ond V-V compounds.
Tha gaps indicate thal the volues are unknown

For electtons; the First 581 of bond eurvature alfective mosies is the longitudinal moss, this second set the
transvarse. Far holes, the first set is for [ight holes, the second for haavy holss.
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Derivation of the Density of States
in the Conduction Band

In this derivation we shall consider the conduction band electrons to be es-
sentially free. Constraints of the particular lattice can be included in the ef-
fective mass of the electron at the end of the derivation. For a free electron,
the three-dimensional Schrddinger wave equation becomes

ﬁ_I

2m

Vi = Eis (TV-1)

where s is the wave [unction of the electron and E is its energy. The form of
the solution to Eg. (IV-1) is

W = (const.)e/®* (Iv-2)

We must describe the electron in terms of a set of boundary conditions
within the lattice, A common approach is to use periodic boundary conditions,
in which we quantize the electron energies in a cube of material of side L. This
can be accomplished by requiring that

Plx+ L.y, z)=ylx, ¥ 2) (Iv-3)
and similarly for the y- and z-directions. Thus our wave function can be writ-
ten as

2
i, = A exp T(nd‘x + mnyy + nz) {(TV-4)

where the 2rmn/L factor in each direction guarantees the condition described
by Eq. (IV-3), and A is a normalizing factor. Substituting i, into the
Schrédinger equation (IV-1), we obtain

ek 2 o 2w
—z—mAv exp }T{n,x-i-nyﬁnzz) =FEAexp ;—E(n,x+ n,y+m,z) (IV-5)

Let us determine the number of allowed states per unit volume as a
function of energy [the density of states, N(E)] in various cases such as one,
two, or three dimensions. We first count states in k-space, then we can use
the band structure, E(k), to convert to N(E).
541
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For the the 3-D case in Eq. (IV-5), the components of the k-vector are
k. =2mwn,/L,k,=2wn/L,and k, = 27 n /L. Since there is one k-state for every
distinct choice of integer quantum numbers, (n,, n,, n,), the volume per
k-state is (2m)%/L? = (2n)*/V, where V = L is the three-dimensional volume.
Hence, the number of states for 3-D in a k-space of Ak, taking into account
the factor of 2 spin degeneracy, is

L }
—— Ak p X (2)spi V-6
{ 2n) (2) spin (IV-6a)
The number of states per unit volume for 3-D is
2
 EE ¥ g
@np (Ak) (IV-6h)
In general, for p-dimensions we can generalize this expression as
. 2 -
Number of states per unil volume = [217)"’{&]‘} (IV-7a)

‘We can then transform from k-space to E-space using the £(k) band
structure relationship by setting

2

N(E)AE = E};(:‘.‘.k) (TV-Tb)
As described in Section 3.2.2, the simplest band structure is parabolic:
hk? .
Elk) = — IV-8
(k) s (IV-8a)

This is often a good approximation, particularly near the bottom of the
conduction band ot top of the valence band. Using this, we get the relation
between k and E as follows:

2n' E
k= P (IV-8b)
m 1, 1
dk = { =3 E}ﬁ dE (IV-&c)

For p = 3 we have the 3-D case, which is typical of bulk semiconductors.
The volume in k-space between two constant-k spherical surfaces at k and
k + dk is {Fig. 1V-1a):

Ak = 4mk’dk (1V-9a)
neglecting terms with dk multiplied by itself.
The density-of-states then becomes:

B s _:v_’i(zf_‘)’f’ ”
NEYIE = (h)aamt dk=—\27 ) EVMdE (IV-9b)
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Derivation of the Density of Stotes in the Conduction Band

We see that if we plot N(E) versus E, we get a parabolic density-of-states
function in 3-D for a parabolic band structure relationship (Fig. TV-2a).
For p = 2, we get a so-called 2-D electron gas (2-DEG) or hole gas. This
can arise, for example, in a quantum well (Section 3.2.5) or in the inversion
layer of a MOSFET.
In this case, the “volume” in k-space is the annular region between two
circles, k and k+dk, as shown in Fig. IV-1b, where

Ak = (2mk)dk (TV-10a)

again neglecting dk™.
Using Eq. (IV-7a), this leads to a density of states (per unit area)

2 m -
=— = — V-llb
N(EYAE an} (2mk)dk s dE (IV-10h)

We see that for 2-D, the density of states is a constant in energy. unlike
the parabolic density of states for 3-D (Fig. IV-2b). Actually, for the 2-DEG

(&) D
2D
T
Ak= 2dk /"' G

SN

! 1-D
@ W

& T
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Figure V-2
Density of states: D
{a) in 3-D ar bulk; E'?
(b} in 2.D elsciron @  NE
or hole guses;
[e}in 1-D
gquantum “wires." E
D
(b} NiE) | o
E
1D
{c) NIE]
E—HZ"
£

in 4 quantum well or inversion layer (see Chapter 6) we must add the various
constant 2-D densities-of-states for the different “particle-in-a-box™ levels that
were discussed in Sections 2.4.3 and 3.2.5, leading (o a so-called “staircase”
density of states.

For p =1, we get 1-D quantum “wires.” These more esoteric structures
can be grown, for example, by MBE or MOCVD. In this case, the “volume”
in k-space in the region between k and k+dk in 1-D is (Fig. IV-1c):

Ak = 2(dk) (IV-114)
Using Eq: (IV-7a), this leads to a density of states

2 Vam'
MEME= By 20 /B
By examining the density of states in 3-,2-,and 1-D [ Egs. (IV-9b), (IV-
10b), and (IV-11b), respectively] we notice a very interesting trend. Every
time we go to a lower dimensionality system, the dependence of density of
states on energy changes by 1/V'E. In fact, one finds that for 0-D quantum
“dots"” the density of states is indeed proportional to 1/E. In the 1- and 0-D
cases, we see that the density of states has singularities in energy, which has
very important implications for semiconductor devices, Unfortunately, those

discussions are beyond the scope of this book.
To include the probability of occupation of any energy level E, we use

the Fermi-Dirac distribution function:

dE (IV-11b)
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Derivation of the Density of States in the Conduction Band 545

1
ﬂ:E) = E!E_Eﬂ;kr 3: .I {W_u]

The concentration of electrons in the range dE is given by the product of the
density of allowed states in that range and the probability of occupation.
Thus the density of occupied electron states N, in dE is

N.AE = N(EYE)YE (Tv-13)

For the 3-D case we may calculate the concentration of electrons in
the conduction band at a given iemperature by integrating Eqg. (IV-13)
across the band:

2mY* - .
Lh(ﬁ'}ﬂE)dE 5 ) eEFf”I EVie~EkTgp  (IV-14)
1]

In this integration we have referred the ¢nergies in the conduction band to
the band edge (E, taken as £ = (). Furthermore, we have taken the [unc-
tion f{E) to be
J(E) = elfe-EVAT (IV-15)
for energies such that (E - Eg) = kT,
The integral in Eq. (IV-14) is of the standard form:

J x'e~®dy = Vm (IV-16)
] Zﬂ\/l;
Thus Eq. (IV-14) gives
32
Jia _(2“:;“?-) EqkT (TV-17)

if we refer to the bottom of the conduction band ‘as E, instead of £ =1,
the expression for the eleciron concentration is

o 2(2'“}?1”&1) L‘r'F‘F EfkT {]V—IR)

which corresponds to Eq. (3-15). We have included constraints of the lattice
through the effective mass of the electron in the crystal, m,,.
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Appendix V
Derivation of Fermi—-Dirac Statistics

In this section, we will give a simplified derivation of Fermi-Dirac statistics

We will not go through all the details, but will instead point our the physical

assumptions involved. The distribution function is determined by calculating

the number of distinet ways (W,) we can put r indistinguishable electrons

in g; states at an energy level £, subject to the Pauli exclusion prineiple.
The assumptions are:

1. Each allowed state has a maximum of one electron (Pauli principie).

2. The probability of occupancy of each allowed (degenerate) quantum
stale is the same.

3. All electrons are indistinguishable.

The number of distinct ways we can put the electrons in a particu-
lar level is

— 1) —m— 1 !
W, = (81X&x ){Er x — 1) _ & (V-1)
! (e — mp)ling!
For Nlevels in a band, the number of distinct ways we can put in the various
electrons gives us the so-called “multiplicity function,”

I T 8!
= = ————— W s )
* ¥ Wi (g — niny! W

1f we ask, “*What is the most probable distribution of the n, electrons in the
various £ levels {degeneracy of g, in level £,)?" the statistical mechanical
aANSwer is:

In thermal equilibrium, the distribution which is most disordered
(i.e., has the maximum entropy, or which can oceur in the larpest
number of ways) is the most probable.

We therefore have to maximize Wy, with respect to 1.
‘We assume here that the total number of electrons in the band is
fixed.
gnk = n = constant = >, dny =0 (V-3)
K

546
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Derivation of Fermi-Dirac Stafislics 547
We also assume that the total energy in the band is constant.
E.= E Eyny, = constant, implying E E.dn, =0 (V-4)
L. E

To maximize or minimze some function f{x;) of g variables x(i=1,...,¢)
subject to the constraints that g(x,) and A(x,) are constant, we use the method
of Lagrange undetermined multipliers.

We have

df=0 (for extremal value of f) (V-5)
dg=0,dh=0 (becausc g and h are constant) (V-6)
Introducing two Lagrange undetermined multipliers « and B, we get

3, 3 Uw) + agle) + Bh(s)Jds = 0

{flx) + aglx) + BA(x)] = 0 (v-7)

fori=1,...¢9
glx;) = const. A(x;) = const. (V-8)

We thus get (g + 2) equations in (¢ + 2) unknowns of (x;, o, B).

We apply this technique to our problem at hand. Instead of maximiz-
ing W, we maximize In W, because it makes the mathermatics simpler. Since
the log function increases monotonically with the arpument, maximizing one
is the same as maximizing the other.

ln W, = 2;:: [In(g)! — In(gx — me)! — In(m)t] (V-9)

To simplify these terms. we use Stirling’s approximation for factorials of large
numbers. In x! = x In x — x for large x.

In Wy, = zk:l[gl: In(ge) — Be— (80 — nin(ge — m) + {ge — m) = g In{ny) + ”k]

= %‘, (8« In(ge) — (8% — mln(gs — ) — me In(ny)] (V-10)
Now dg, = 0 because these are system constraints. We then get
d[In W,
dilnW,) = 3 [In. h]dnk =N In(& - 1)dn,l =0 (V-11)
% driy Ft g
Also, from the two constraints we get
> dn, = 0and > Eydn, = 0 (V-12)
3 3
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548 Appendix V

Figure V-1
Example showing
three anergy lev-
els in o band,
having different
degeneracies, g,
and electron
occupancies, m,
as shown.

Then,
b [m(g—* - 1) -a— BEk}dni =0 (V-13)
i ny
ln(&—l)—a-BEk=ﬂ (V-14)
ny
From this,
Mg _ N S .
gk ﬁEk} 1 b el:l-l-Eu"E.',I lfV-lﬁ}

From basic thermodynamics, it can be shown that
W= B (V-16)

to get the Fermi-Dirac distribution function,

1 :
fE) = - o (V-17)
exp S +1
For the limit of high energies,
Er—E .
E>>Ep flE) = exp—" - (V-18)

This is the classical Maxwell-Boltzmann limit of the Fermi-Dirac distribu-
tion function. Once we have the probabilities of electron occupancy, the prob-
ability of hole occupancy becomes

1 —fE) =

(V-19)

One band E; =5 ny=7Ze
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Appendix VI

Dry and Wet Thermal Oxide Thickness
Grown on Si (100) as a Function of
Time and Temperature'

From B. Deal. “The Qxidation of Silicon In Dry Oxygen, Wet Oxygen and Steam.” J. Elettrochem. Soc.
110 {1963]: 527.

550
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Appendix VI
Solid Solubilities of Impurities in Si'

T I
Lete I 7 1l H =1
/ V4 A
Y 1300
At : YNCJEe T
1‘ I t " il N
A T N 1w 5
! \ NN I o
AR ISR A z]
\ \ N iR &
o0 g
'l,. Nh A:f\_ [;EJ
'Y B |
51 4ohd solubilities \\[' & 5 Clur—— 700
% Al N T
i Y
o - O ]
soNar N TN
MGa- N L
| IR [T %%
s 2 0% 104 10
Alpmsfem?

'Fram F. A. Trumbors. “Selid Selubilifies of Impurily Elemants in Si and Ge,” Ball System Technical Journal
3%, na. 1, pp. 205-233 (Janvary 1960 copyright 1968, The American Telsphone ond Telsgroph Co.,
reprinted by permission. Alleralions have been meds 1o includs leter dom.
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Appendix VIII
Diffusivities of Dopants in Si and SiO,’

'Sillcon diffusivity data from €. 5. Fuller and . A, Ditzenberger, "Diffusion of Donor and Acceptor Elements
in Silicon.” J. Appl. Physics, 27 (1956, 544,
500, diffusivity data from M. Ghezzo ond D. M. Brown, “Diffusivity Summory of B, Gn, B, As and Sb in
5/Cq,” J, Elecirochem. Soc, 120 [1973), 145,

354
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Diffusivities of Dopants in Si and 510,

107

1075 |

11t

1400 1300
I

Temperature (*C)
1200 1100 1000
T T T

555

i 1 L i | L i Skl | I
0.6 .65 07 075 08 .85
Inverse temperature 1000/T ( K)
Diffusivity of various impurities in 510y
Element D emsee) EleV)
Boron Ix 1074 3.53
Phosphoros 0.19 4.03
Arsenic 250 4.90
Antimony 131 % 101 B.75
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Appendix IX

Projected Range and Straggle as
Function of Implant Energy in Si'

From J. F. Gibbons, W. 5. Johnson, and 5. W. Mylrole. Projected Rongs Stotistics: Semicanduciors and Re-
fated Matariols. Stroudsburg: Dawden, Hutchison and Ross, 1975

The projecied ranges in 5i0, ore very close 1o those in Si.
556
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Answers to Selected
Self Quiz Questions

CHAPTER 1
L {a} (111); (100); (110)
2, (a) 1and?2
(o) {110}
{c} B
3. (a) C
(b} (1) zinc blende; (2) diamond
4. 0-D: vacancies, interstitials; 1-D: dislocations; 2-D: grain boundaries; surfaces
6. InP

CHAPTER 2

1. (a) notallowed
(b) not allowed
(c) allowed
2. (a) No
(b) Yes
3, (a) No
{h) Yes
(e) Yes
4. Not enough information
5. pylunknown; unknown
6. (a) Energy increased; unchanged
(b) Energy unchanged; decreased

558
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CHAPTER 3

1. (a)
(b)

2. (a)
(b)

3. (a)
(b)
(c)
(d)
4, (a)
(b)
(&)
(b)
(c)
6. (a)
(b)

(¢)

(d)
CHAPTER 4

1. (a)
(b)
(c)

2. (a)
(b)
(e)

3. (a)
(b)

4. {a)
(b)

5. (b)

6. (a)
(b)

CHAPTER 5

Lh

Answers to Selected Salf-Guiz Questions

Semiconductor, Metal, Insulator
Material 3

X valley

wovalley

GaAs

GaAs

1.4 eV; 0.87 wm; infrared

h,1

GaAs

equal

p-type

equal

very high acceptor doping
108 eV

ng = 10" em™; ps = 10*em™
P = 10"%em ™ py = 10 em™
0.36eV

107/em’-s

2 % 10" eViem®s

10" eVienr's

Deep more harmful; Au
Si; indirect

increase

EF flat

Constant electric field points to right
left, right, right, left

left, right, left, right

4

right, right, left, right
right, right, right, left

3. Short
4. 1.5V
7. (b) ohmic

559
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560 Answers lo Selecied SellQuiz Gluestions

CHAPTER &
1. (a) depletion
(b) weak inversion
(c) accumulation
(d} stronginversion
(e) flat band
() threshold
2. (a) power gain
(b} d.c. power supply
3. (b) 1.2 pFlem?
(c) same curve
4. (a) n-channel
(b) long
() —05V
{d) depletion mode
5. (a) decrease
(b) decrease
6. (a) increase
{b) increase
7. (a) unchanged
(k) decrease
(c) decrease
8. (a) 1 mmhos
(b} -02V
(¢) short channel
(d) p-channel
(e} enhancement mode
9. (a) normally ON
(b) long channel
(c) 25 mV/decade
(d) S cannot be less than 60 mV/decade

CHAPTER 7
1. (a) 50
(c) 6V
(d) 21V
3. (a) increase
(b) increase
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(c)

(d)

5. (a)

(b)

(c)
CHAPTER 8

L. (a)
(®)
(c)
(d)
(e)
0

Answars fo Salected SelFQuiz Questions

increase
decrease
increase
increase
decrease

0.7 eV
TmW
0.4eV
14 mW
50%

2. 28 mW
3. 0.5 pm; No; Yes
4. Renewable and green; cost

CHAPTER 9

1. Yes:No
4. Lowest O,

561
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Index

A

Absorption coefficient, 3, 120, 121, 123, 145,
150, 152,414

Absorption rate, stimulated emission rate
vs., 420

a-c conductance, 216, 384,513

a-¢ transconductance, 384

Acceleration tube, 159

Aceeplor level, 82-84

Active regions, 270, 427428, 449

Address multiplexing, 484

Alkali metals, 47, 63

Aluminum wire, and ultrasonic bonding,
S00-501

Amorphous solids, 3

Amphoteric impurities, 84

Amplification, with bipolar junetion
transistors (BJTs), 340-346

Anderson affinity rule, 234

Anisotropic, use of term, 166

Amnnealing, 160-161

Anode lerminal, 520

Anti-bonding orbital, 64

Anti-punchthrough implant,
319-320

Application-specific ICs (ASICs),
444, 446

Aspect ratio, 462

Atalla, N. H., 252

Avtomic models, 47

Atomic spectra, 35-36

Atomic structure:
hydrogen atom, 47-50
and the periodic table, 47
Atoms, 31-61
Avalanche breakdown, 197, 198-200
Avalanche multiplication, 525
Avalanche photodiodes (APDs), 406, 409

B

Back-end processing, 168

Backward diode. 531

Baliga, 528

Ball bond, 500-301

Ball grid arrays (BGAs), 504, 505

Band diagrams, 70,75, 88

Band gap, 202

Bandbending, 275, 289

Bands, 61, 66-67

Bandstructure, 79

Bardeen, John, 251-252, 343

Base Gummel! number, 378

Base narrowing, 370-371

Base spreading resistance, 374

Base transport factor, 340, 391

Base-to-collector current amplification
factor, 341

Base-wide modulation, 370

Base-width narrowing, 265, 525

Basis, 3

Basis vectors, 5,8

Batch fabrication, 438-439
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564 Index

Bell Telephone Laboratories, 144, 251, 468 Bipolar transistor, 251
Beveline, 203 Bird's beak, 449
Bias-temperature stress test, 289 Bit line, 462
BICMOS, 446 BITs, See Bipolar junction transistors
Binary compounds, 2 (BITs)
Binding encrgy. 83 Blackbody radiation, 33, 56
Bipolar FET (BiFET), 528 Blocking state. p-n-p-a diodes, 520.
Bipolar junction transistors (BJTs), 251, 523-524
336397 Body effect, 310-311, 326
amplification with, 340-346 Body-centered eubic (BCC) lattice, 5
avalanche breakdown, 372-373 Bohr. Niels. 36,39, 36
base narrowing, 370-371 Bohr arbit, 50
base resistance, 374-376 Bohr theory, 39
drift in the base region, 369-370 Boltzmann factor, 86, 230
emitter crowding. 374376 Boltzmann's constant, 87
fabrication of, 343-346 Bond-and-Etch-back SOI (BE-SO1), 460
frequency limitations of transistors, Bonding, integratad circuits:
382-388 ball bond, 500-501
capacitance and charging times, 382-385 die bonding, 497
high-frequency transistors, 386-388 flip-chip techniques, 501-502
transit time effects, 385-386 lead bond, 497
Webster effect, 386 nail-head bond, 500
fundamentals of operation, 336-340 thermocompression bonding, 500
Bipolar junction transistors generalized ultrasonic bonding, 500-501
biasing, 355-363 wedge bond, 500-501
charge control analysis. 361-363 wire bonding, 497-501
coupled-diode model, 356 Bonding forces:
Gummel-Poon model, 376-380 energy bands, 64-67
hetérojunction, 388-390 and energy bands in solids, 61-71
history of, 252 in solids, 62-64
injection level, 373-374 Bonding orbital, 64
Kirk effect. 380-382 Borophosphosilicate glass (BPSG), 456
minority carrier distributions and terminal Bose-Einstein statistics for photons, 86
currents, 346-355 ' Bowing parameter, 27
approximations ol the terminal currents, Boyle, W. 5., 468
352-354 Brattain, Walter H., 251-252, 343
current transfer ratio, 354-355 Bravais lattices, 13
evaluation of the terminal currents, Breakdown diodes, 197, 204-205
349-352 defined, 204
solution of the diffusion equation in the Buffer layer, 261
base region, 347-349 Built-in fields, 139-140
switching, 363-368 Built-in potential barrier, 172,239
saturation, 365-366 Bulk crysial growth, 1218
specifications for switching transistors, doping, 16-18
368 single crystal ingots, growth of, 13-15
switching cycle, 366-368 starting materials, 13
thermal effects, 373-374 walers, 15-16
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Index

Bulk negalive differential conductivity
(BNDC) effect, 517

Buried channel CCD, 469

Buried channel operation for PMOS,
454-455

Buried collector, 345

Bytes, 485

C
Capacitance and charging times, bipolar
junction transistors (BJTs), 382-385
Capacitance transient, 291
Capillary, 497, 500
Carrier concentrations, 86-108
compensation and space charge nentrality,
96-98
electron and hole concentrations at
equilibrium, §9-94
Fermi level, B6—89
temperature dependence of, 94-96
Carrier confinement, heterojunction lasers,
427
Carrier diffusion, 134148
diffusion processes, 134-137
and drift of carriers, 137-140
Haynes-Shockley experiment, 144147
and recombination, 140-142
steady state carrier injection, 142-144
Carrier drift in electric/mapnetic tields:
conductivity and mobility, 98-102
doping. effecl on mobility, 103-105
drift and resistance, 102-103
Hall effect, 106-110
high-field effects, 105-106
temperature, effect on mobility,
103-105
Carrier injection, 184-193
Carrier lifetime, and photoconductivity,
124-134
Carrier multiplication, 198
Cathode terminal, 520
Cathodoluminescence, 121
Cell 4
Centered rectangular lattice, 5
Central processing unit (CPU), 472
Ceramic column grid array (CCGA), 504
Channel, 254

Channel length modulation parameter,
322

Channel stop, 270, 449

Channel stap implant, 308

Charge carriers in semiconductors,
71-86
carrier concentrations, 86108
effective mass, 76-80
electrons and holes, 73-76
extrinsic material, B1-85
intrinsic material, 80-81

Charge control analysis, of BJTs, 361-363,
391

Charge control approximation, 190

Charge sharing, 322, 326

Charge storage capacitance, 212

Charge transfer devices, 466470
applications of CCDs, 470
basic CCI, 468
basic structure improvements, 469470
charge-coupled devices (CCDs), 466
dynamic effects in MOS capacitors,

466-467
Charge-coupled devices (CCDs), 466
applications of, 468
basic. 468
Chemical beam epitaxy, 23
Chemical mechanical polishing (CMP), 166,
449
Chemical potential, 148
Chemical vapor deposition (CVD), 18,
162
Chip, 163
Chromatic dispersion, 416
CMOS process integration, 444-458
Coherent radiation, 418-419
Collector, 338
Collector junction, 338
Common base configuration, 338
Common-base current gain, 341
Common-emitter circuit, 342
Common-gmitier current gain, 341
Commutator current, 481482

. Compact discs (CDs), 431

Compensation, 97
and space charge neutrality, 96-98
Complementary error function, 157
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566 Index

Complementary MOS (CMOS) circuits, 313,
444445
dual gate CMOS, 455
structure; 445
twin-well CMOS, 446447
Compeund semiconductors, 1-2, 64
Conducting state, p-n-p-n diodes, 520,
524-525
Conduction band, 67
Conductivity effective mass, 80
Conductivity modulation, 203-204, 224
Conductivity-modulated FET (COMFET),
528-520
Conformal LPCVD oxide, 453
Constant Fermi level, 148
Contact potential, 170-174
Continuity equation, 140-142
for holes, 141
Corner effect, 449
Corpuscular view of light, 33
Coulomb potential, 47
Coulombic potential energy, 64
Coupled-diode property, 358
Coupled-diode model, 356-361
Covalent bonding, 63, 83
Crossovers, 460
Crystal, 3—4
Crystal lattices, 3-12
cubic lattices; 5-7
diamond lattice, 10-12
periodic structures, 3-5
planes and directions, 7-10
Crystals, arrangement of atoms in, 12
Cubic lattices, 5-7
Current transfer ratio, 340
Curve tracer, 252
Cutoff frequency. 385
Cutoff regime, 363
Crochralski growth, 15,17

D
Damascene process, 464
Davisson, €. 8,34
D-c-to-microwave power conversion, 508

De Broglie, Louis, 34, 56
De Broglie relation. 166
De Broglic wave concept, 37
Debye screening length, 275-281
Deep depletion, 290-291, 467
Degenerate n-type, 509
Degenerale semiconduclors, 509-512
Delay time, switching transistors, 368
Dennard, Robert H., 315
Dengity-of-states effective mass, 80
Depletion approximation, 175
Depletion capacitance of a junction, 214, 24()
Depletion region, 172, 325
Depletion-mode condition, 308
Depletion-mode transistor, 267
Depth-of-focus (DOF), 165
Destriau effect, 124
Diamond lattice, 10-12

unit cell, 12
Diamond structure, 10
Die, 163
Die bending, 497
Dielectric relaxation time, 518
Diffraction-limited geometry, 166
Diffused junctions, approximations to, 226
Diffusion, 156158, See alse Carrier diffusion

capacitance, 216, 240

defined, 134

equation, 141-142

flux, 149

length, 142

potential, 172
Digital circuits, 440
Digital versatile discs {DVDs), 431
Diode equation, 187
Diodes, 515

lateral nature of, 202

long, 216

short, 216
Direct semiconductors, 68-7(
Direct tunneling, 292-293
Direction in a lattice, expression of, 8
Discrete energy, 85
Discretionary wiring, 471

Petitioner Runergy USA Inc., Ex. 1030, p. 566



Index

Dispersion;
chromatic, 416
pulse, 416
Dispersion relationship, 35
Displacement current, 526
Distribution coefficient, 17
Domains, 519-520)
Donor, 82
impurities, 32
Duaped polysilicon layer, 269
Doping, 16-18, 81
concentratian, 202
effect on mobility, 103—105
importance of, 84
Daouble polysilicon, self-aligned n-p-n Si
BJT, fabrication of, 343-344
Double-diffused MOSFET (DMQOS), 529
Daouhle-heterojunction laser structure,
427428
Double-polysilicon process, 346
Drain, 254
Drain-induced barrier lowering (DIBL), 298,
320-322,326
Drift eurrent. 182-183
Drift tube, 159
Dual gate CMOS, 455
Dual inline package (DIP}, 504
dv/dt triggering, 525
DX center, 264
Dynamic equilibrium, 239
Dynamic random-access memories
(DRAMSzs), 441, 444, 483, 486-492
Dynamic resistance dV/dI, 511

E
Early effect, 265, 370,378,391
Early, J. M., 370
Early voltage, 371
Ebers, 1.7,358
Ebers-Moll equations, 358-359, 365, 391
Effective channel maobility, 326
Effective density of states ¥,, 90
Effective mass, 76-80
Effective number of lattice points, 4

567

EHPs, See Electron-hole pairs (EHPs)
Eigenenergy, 56
Eigenfunctions, 56
Eigenstates, 56
Einstein, Albert, 33, 56
Einstein coefficients, 420
Einstein relation, 139, 149,377
Electric field, 180
Electrochemieal potentials, 148
Electroluminescence, 121, 124
injection, 124,411
Electromigration phenomenon, 456
Electron affinity, 228
Electron diffusion coefficient, 136
Electron energy diagram, 272
Electron flux density, 136
Electron mobility, 101-102
Electron projection lithography (EPL), 166
Electron-hole pairs (EHPs), 73-76
created by impact ionization, 199
generation of. visualizing in a qualitative
way, 80
recombination of, 81,122
thermal excitation of, 202
Electrons, 31-61
direct recombmation of, 125-127
Electrostatic potential barrier, 180
Elemental semiconductors, 1-2
Emission from recombination centers, 222
Emission spectra for p-n junction lasers,
424-425
Emitter, 338
Emitter crowding, 375, 375-376
bipolar junction transistors (BI'Ts),
374-376
Emitter Gummel number, 378
Emitter injection efficiency, 340, 391
Emifter junction, 338
Energy bands, 2, 64-67
with alloy composition, variation of, 71
separation of, 182
Energy gap, 67
Enhancement mode, 267
Enhancement-mode NMOSFET, 325
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568 Index

Enhancement-type n-channel MOSFET, 266
Epitaxial prowth (epitaxy), 18-25

lattice matching in, 18-21

molecular beam epitaxy (MBE), 23-25

vapor-phase epitaxy (VPE), 21-23
Equilibrium conditions, 168-179

contact potential, 170174

equitibrivm Fermi levels, 174-175

space charge at a junction, 175-179
Equilibrium, defined, 130
Equilibrium Fermi levels, 108-110, 174-173
Equivalent cireuit for the MOSFET, 313-315
Esaki diodes, See Tunnel diodes
Fsaki, Leo, 508-509
Fitching, 166-167
Excess carriers, 118-153

defined, 119

luminescence, 121-124

optical absorption, 118-121

quasi-Fermi levels, 130-132

steady state carrier generation, 130132
Expectation values, 40, 56
Experimental observations, 33-36

atomic specira, 35-36

photoelectric effect, 33-35
Extreme ultraviolet (EUV) sources, 165
Extrinsic detectors, 407

F
Fabrication:
of bipolar junction transistors (BITs),
343-346
of metal-insulator-semiconductor FET
(MISFET), 266-270
of p-n junctions, 154-168
Fabry Perot interferometer, 421
Face-centered cubic (FCC) unit cell, 5
Fairchild Corporation, 441
Fall time, switching transistors, 368
Fan-out, 482
Fast interface state density, 288-289
Fat zeroes, 469
Fermi level, 87, 87-88
Fermi-Dirac distribution function, 86-88,
109
applied to semiconductors, 88

Fermi-Dirac statistics, 86
Fiber optic communications, 414418
Fiber-optic ransmission system, 416-417
Field, 304
Field tonization, 198
Field region, 270
Field-effect transistors (FETs), 251-335
amplification, 252, 254
curve tracer, 252
defined, 251
forms of, 251
history of, 252
junction FETs (JFETS), 251, 254-265
current-valtage characteristics, 257-259
gate control, 257-259
gradual channel approximation, 259
mutual transconductance, 260
pinchoff, 254-256
saturation, 254-256
load line, 252-254
metal-insulator-semiconductor (MISFET):
basic operation and fabrication, 266-270
current voltage characteristics of MOS
gate oxides, 291-294
ideal MOS capacitor, 270-281
MOS capacitance-voltage analysis,
286290
real surfaces, effects of, 281-284
threshold voltage, 284-286
nme-dependent capacitance
measurements, 290-291
metal-insulator-semiconductor (MISFET),
265-294
metal-semiconductor FET (MESFET),
251,261-265
GaAs MESFET, 261 262
high electron mobility transistor
(HEMT), 262-264
short channel effects, 264-265
MOS field-effect transistor (MOSFET),
265,294-325
Drain-Induced Barrier Lowering
(DIBL), 320-322
cquivalent circuit for the MOSFET,
313-315
gate-induced drain leakage, 323-325
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mobility models, 300-302
output characteristics, 295-297
scaling and hot electron effects, 315-320
short channel and narrow width effect,
322-323
short channel MOSFET 1-V
characteristics, 303
substrate bias effects, 309-311
subthreshoid characteristics, 311-313
threshold voltage, control of, 304309
transfer characteristics, 297-300
operation, 252-254
switching, 252,254
Flash memories, 492-496
Flash memory cell, 483
drain current vs. control gate voltage
characteristics of, 496
hot carrier programming of, 494-495
structure, 493
Flat band, 273
Flat-band conditions, 282, 325
[ip-chip techniques, 501-502
Fluorescence, 122
Forbidden band. 67
Forward resistance, 202
Forward-biased junctions, 180-196
Forward-blocking state, 520
p-n-p-n diodes, 523-524
Forward-condueting state, 520
Fowler-Nordheim tunneling, 291-293,
494
Fractional distillation, 13
Fully depleted device, 460

G
GaAsg, band structure of, 69
GaAs MESFET, 261-262
GaAsP2
Gain-bandwidth product, 407
Gain-enhanced MOSFET (GEMFET), 528
Gas-source MBE, 23
Gate control, 257-259
Gates, 251, 254
Gate-triggering mechanism:
semiconductor-controlled rectifier, 527
three-terminal SCR, 526
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Gate-tunneling leakage currents, 326
Gaussian distribution, 145
Generalized biasing:
bipolar junction transistors (BJTs),
355-363
charge control analysis, 361-363
couple-diode model, 356-361
Generation current, 183
Generation—recombination (G-R) of
¢lectron-hole pairs (EHPs), 118,121-131,
133, 140148, 240
Germer, L. H., 34
Gigascale integration (GLSI), 441
Graded index separate confinement
heterostructure (GRINSCH), 428
Graded junctions. 169, 224-227.240
transition region, properties of, 226
Gradient, 134
Gradient of the carrier concentration,
190-191
Gradual channel approximation, 259
Ciross world product (GWP), 443
Ground state, 50
Guard ring, 203
Gummel plot, 379
Gummel-Poon model, 376-380, 391
Gunn diodes, 508, 515-320
space charge domains, formation/drift of,
518-520
transferred-electron mechanism,
515-517
Gunn, J. B, 515

H
Half-rectified sine wave, 201
Hall coefficient, 107-108
Hall effect, 106-110
defined, 107
Hall voltage, 107-108
Halo implants, 319-320
Haynes, L. R.. 144
Haynes-Shockley experiment, 144-147
HBTSs, See Heterojunction bipelar transistors
(HBTs)
Heavy hole band, 79
Heisenberg, 39, 56
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Heisenberg uncertainty principle, 40
Heisenberg's matrix mechanics, 47
HEMT, see High electron mobility transistor
(HEMT)
Hess, K., 215
Heteroepitaxy, 18
Heterojunction bipolar transistors (HBTSs),
388-390, 391
Heterojunction lasers, 426-43(), 427
Heterojunctions, 86, 234-239, 241
High electron mobilily transistor (HEMT),
262-264
advantages of, 263
pseudomorphic HEMTs, 264
two-dimensional electron pas FET (2-
DEG FET/TEGFET), 264
Hiph-fiald effects, 105-106
High-frequency transistors, bipolar junction
transistars (BITs), 386-388
High-frequency/high-power devices,
508-534
Gunn diodes, 515-520
space charge domains, formation/drift of,
518-520
transferred-¢lectron mechanism,
515-517
impact avalanche transit-time (IMPATT)
diode, 512-515
defined, 512
Read diode, 514-513
insulated-gate bipolar transistor (IGBT),
528-531
basic structure, 528-529
current-voitage characteristics,
529-530
input impedance/input capacitance, 331
n region, 529
resistancé/current-handling capability,
531
p-o-p-n diodes, 520-526
basic structure, 520521
conducling state, 524-525
forward-blocking state, §23-524
triggering mechanism, 525-526
two-transisior analogy, 321-522
variation of e with injection, 522-523

semiconductor-controlled rectifier,
526-528
pate-lriggering mechanism, 527
turning off, 527-528
tunnel diodes, SOR-512
defined, 508-509
depgenerate semiconductors, 509-512
nepative resistance of, 512
total tunnel diode characteristic, 511
High-level carrier injection, 240
High-low junction, 245
Hilsum, C., 517
Holding current, 527
Hole{s), 73-76
accumulation, 272
direct recombination of, 125-127
gas, See Two-dimensional electron gas
(ZDEG)
injection device, 337
Homojunction lasers, 427
Homojunctions, 234, 388
Hot carmer effect, 106
Hot electron effects, 315, 326
Huygens, Chrstiaan. 33
Hybrid circuits, 440441
Hybrip-pi model, 384
Hydrogen atom, 47-50
Hyperabrupt junctions, 217

1

1deal diede, 200

ldeal MOS capacitor, 270-281

Ideal Shockley diode, 240

Ideality factor, 221

IGBT, Ser Insulated-gate bipolar transistor
(IGBT)

IGFET, See Insulated-gate field effect
transistor (IGFET)

MHI—V compounds, 2

Impact avalanche transit-time (IMPATT)
diode, 512-315
defined, 512
Read diode, 514-513

Impact ionization, 198, 204, 240

IMPATT diode, See Impact avalanche
transit-tme (IMPATT) diode
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Impurities:
amphoteric, {4
donor. 82
Impurity scattering, 103
IMREF, 132
Index of refraction, 414
Indirect semiconductors, 68-70
Injection ¢lectroluminescence, 124, 411
Input impedance, 252, 325
Insulated-pate bipolar transistor {(IGBT),
528-531
basic structure, 528-529
curreni-voltage characteristics, 529-530)
input impedante/input capacitance, 531
' region, 529-530
resistance/current-handling capability, 531
Insulated-pate tield effect transistor
(IGFET). 265, 315
Insulated-gate rectifier (IGR), 528
Insulated-gate {ransistor (TGT), 528
Insulators, 67-68
Integrated circuits, 437-507
advanlages of, in minjaturization, 438440
applications of, 438-439
application-specific 1Cs (ASICs), 444, 446
background, 438441
batch fabrication, 438—439
bonding:
ball borid. 500-501
die bonding. 497
flip-chip techniques, 301-502
lead bond, 497
nail-head bond, 300
thermocompression honding, 500
ultrasonic bonding, 500
wedge bond, 300-5{11
wire bonding, 497-501
charge transfer devices, 466470
applications of CCDs, 470
basic CCD, 468
hasic structure improvements, 4659470
charge-coupled device (CCD), 460
dynamic effects in MOS capacitors,
466-467
camplementary MOS (CMOS), 444445
desipn/lithography, 471472

571

digital circuits, 440
evalution of, 441444
gigascale integration (GLST), 441
hybrid circuits, 440441
large-scale integration (LST). 439, 441
linear IC, 440
medium-scale integration (MSI), 441
maonalithic circuits, 44(-441
monolithic device elements, 44d—466
CMOS process integration, 444-458
integration of other circuit elements,
461466
silicon-on-insulator (SOT), 459-460
Moore's law, 441442
packaging, 502-505
hermetically sealed device, 502-505
outpul leads, 503-504
surface-moun! packaging, 503
through-hold mount, 503-504
small-scale intepration (551),441
testing, 497
types of, 44041
ultra large-scale integration (ULSI), 441,
466-470,472
logic devices, 474-483
semiconductor memories, 483496
viry large-scale integration (LSI), 441
walers, 438440
Integration, 437
advantages of, 438440
large-scale, 439
Interdigitated geometry, 376
Interface charge density, 283-284
Interface states; 283
International Technology Roadmap for
Semiconductors (ITRS), 442
Intrinsic detectors, 406407
Intrinsic semiconductor, 80
Inversion, 273-274
population, 420
at a junction, 422424
strong, 273-274
Inversion region. 422
Inverted made, 356
Inverters, voltage transfer characteristic
(VTC), 475
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Ion implantation, 159-162
Tonic bonding, 62-63, 110
lonization region, 96
Isolation region, 270
Isotropic, use of term, 166

J
JFET, S¢e Junction FET (JFET)
Johnson noise, 409
Junction capacitance, 212-213
Junction FET (JFET). 251,254-265
current-voltage characleristics, 257-259
gate control, 257-259
gradual channel approximation, 259
mutual transconductance, 260
pinchoff, 254-256
saturation. 254-256
Junction spiking problem, 456
Junctionless device, 46()
Junctions, 148, 154-250
carrier injection, 184-193
current flow &t a junction, yualitative
deseription of, 180184
depletion capacitance of, 214
deviations from the simple theory, 218-227
carrier injection, effects of contact
potential on, 219-220
graded junctions, 224-227
ohmigc losses, 223-224
recombination and generation in the
transition region, 221-223
graded, 224-227, 240
heterojunctions, 234-239
hyperabrupt, 217
melal-semivonducior junclions, 224-234
ohmic contacts, 231-232
réctifying contacts, 229-231
Schottky barriers, 227-229, 233-234
reverse bias, 193-196
transient and a-c conditions, 205-218
capacitance of p-n junctions, 212-217
reverse recovery transient, 208-211
switching diodes, 211-212
time variation of stored charge, 205-208
varactor diode, 217-218

K
Kahng, D.,252
Kilby, Jack, 441
‘Kirk effect, 380-382, 391
Known good dies, 458
Kooi effect, 449-450

L
Large-scale integration (LST), 439. 441
Lasers, 416, 418-422
coherent radiation, 418-419
defined, 418
Einstein coefficients, 420 -
monochromatic radiation, 418
negative temperature, 420
optical resonant cavity, 420
population inversion, 420
semiconductor lasers, 422-432
hasic, 425-426
emission spectra for p-n junction lasers,
424-425
heterojunction lasers, 426430
materials for, 430-432
population inversion at a junction,
422424
stimulated emisston rate, 420
thermal equilibrium, 419421
Latchup. 446
Lateral moal encroachment, 449
Laftice constant, 6
Lattice matching, in epitaxial growth, 18-21
Lattice scattering, 103
Lattices:
body-centered cubic (BCC), 5
Bravais, 13
centered rectangular, 5
crystal, 3-12
cubic, 5-7
defined. 3
diamond, 10-12
direction in, 8
rhombic, 4
strained-layer superlattice (815}, 20
sublattices, 10
Wurtzite, 11
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Laux, 5,215
Lead bonder, 497
LEDs, See Light-emitting diodes (LEDs)
Light, 31,33-35, 39, 56
Light hole band, 79
Light-emitting diodes (LEDs), 2-3, 398,
411418
chromatic dispersion, 416
fiber optic communications, 414-418
mjection electroluminescence, 411
light-emitting materials, 41114
optical fiber, 414
optoelectronic isolator, 413
optoelectronic pair, 413
pulse dispersion, 416
Rayleigh scattering, 415416
semiconductor laser, 411
step-index fiber, 414
Light-emitting materials, 411-414
Lightly doped drain (LDD) implant,
451453
structure, 452
Lightly doped drains (LDDs), 316, 326
Lilienfeld, Julius Edgar, 252
Linear combinations of atomic orbitals
(LCAQ), 55, 64-65
Linear integrated circuits, 440
Liguid-gncapsulated Czochralski (LEC)
growth, 15
Liguid-phase epitaxy (LPE), 18
Load line, 252-254
Local oxidation of silicon (LOCQOS), 270,
314,449
Long diodes, 216
Low pressure chemical vapor deposition
(LPCVD), 162, 345, 447450
Luminescence, 121-124
cathodoluminescence., 121
defined, 121
electroluminescence, 121, 124
photoluminescence, 121, 122-124
Lyman, Balmer. and Paschen series; 35, 38

M
Majority carriers, 83, 230-231
mohility, 145
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Mask, 163
Mask aligners, 165
Mass separator, 159
Matrix mechanics, 39
Matier. 33. 34, 56
Maxwell-Bollzmann statistics for classical
particles, 86
MBE, 429,430
Mean free time, 99
Mediom-scale integration (MS1), 441
MESFET, See Metal-semiconductor FET
(MESFET)
Meartal-insulator-semiconductor FET
(MISFET). 251
basic operation and fabrication,
266-270
current voltage characteristics of MOS
ate oxides, 291-294
ideal MOS capacitor, 270-281
M®S capacitance-valtage analysis,
286250
real surfaces, effects of, 281-284
threshold vollage, 284-286
time-dependent capacilance
measurements, 290-291
Metallic bonding, 63
Metallization, 167-168, 270
Metal-organic vapor-phase epitaxy
(MOVPE), 23
Metals, 67-68
Metal-semiconductor FET (MESTFET), 251,
261-265
GaAs MESFET, 261-262
high electron mobility transistor (HEMT),
262264
short channel effects. 264265
Metal-semiconductor junctions, 224-234
ohmic contacts, 231-232
rectifying contacts, 229-231
Schottky barriers, 227-2249, 233-234
mhaos, 260
Microprocessor, 441, 472
Miller indices, 8-10
Miller overlap capacitance, 313-314, 451
Miniaturization, advantages of, 439
Minimum. conduction band, 315-316
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Minority carrier distributions/terminal
currenis:
bipolar junction transistors (BJTs),
346-355

approximations of the terminal currents,

352-354
current transfer ratio, 354-355
evaluation of the terminal currents,
349-352

solution of the diffusion equation in the

base region, 347-349
Minority carriers, 85, 231
extraction, 185, 193
lifetime, 126
maobility, 145

MISFET, See Metal-insulator-semiconductor

(MISFET)
Misfit dislocations, 20
Mobile ion determination, 290
Mobility:
of electrons, 98, 101-102
of holes, 102
majority carriers, 145
minority carriers, 145
units of, 101
Mobility degradation parameter, 302
Mobility models. 300-302
MOCVD, 431
Modified work function, 270
Madulation doped field-¢ffect transistor
(MODFET), 262
Modulation doping, 262-263
Molecular beam epitaxy (MBE), 18, 23-25
Moll, 1. L., 358
Monochromatic radiation, 418
Monolithic circuits, 440441
Monolithic device elements, 444-466
CMOS process integration, 444458
integration of other circuit elements,
461466
capacitors, 462
contacts and interconnections, 463-464
diodes, 461
inductors, 462463
resistors, 461462
silicon-on-insulator (SOT), 459460

Muoore, Gordon, 441
Moore's law, 441-442
MOS field-effect ransistor (MOSFET), 263,
294325
cross section of, 305
drain-induced barrier lowering (DIBL),
320-322
equivalent circnit for, 313-315
gate-induced drain leakage, 323-325
hot carrier degradation in, 318-319
mobility models, 300-302
narrow width cffect in, 323-324
output characteristics, 295-297
scaling and hot electron effects, 315-320
scaling dewn, 315
shorl channel and narrow width effect,
322-323
short channel effects in, 317
short channel MOSFET [-V
characteristics, 303
substrate bias effects, 309-311
substrate current in, 319-320
stibthreshold characteristics, 311-313
thresheld veltage, 304-309
threshold voltage, control of, 304-309
transfer characteristics, 297-300
MOS gate oxides, current voltage
characteristics of, 291-294
MOS pass transistor, 486
MOVPE, 430
Multi-chip module (MCM), 504-505
Multiplexing:
address, 484
uliradense-wavelength-division
multiplexing (UDWDM), 484
Mutual transeonductance, 260

N

N+ doped LPCVD polysilicen refraciory

(high melting point) gates, 304
Nail-head hond, 500
MNarrow base diode, 208,212, 246
Narrow width effect, 323

MOS field-effect transistor, 322-323
n-channel MOSFET, 267-269
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Negative conductance, 508
Negative effective mass, 77
Negative resist, 163

Negative temperature, 420

Net drift, 100

Newton, Isaac, 34

Nichia Corporation (Japan), 430
Noise immunity, 477
Noise-equivalent power (NEP), 409
Normal active mode, 356

Noyee, Robert. 441

n-p-n transistors, 336--339, 387-388
Nucleation site, 519

18}
Offset voltage, 200
Ohmic contacts. 241
metal-semiconductor junctions, 231-232
Ohmic metal-semiconductor contact, 231
Ohm’s law, 100
modified, 148
OMVPE, 429
“Om” state/“off” state, 363
Onptical absorption, 118-122
absorption ceefficient, 120
Optical fiber, 414
Optical resonant cavity, 420
Optoelectronic devices, 398-436
lasers, 416, 418422
coherent radiation, 418419
Einstein coefficients, 420
muonochromatic radiation, 41¥
negative temperature, 420
optical resonant cavity, 420
population inversion, 420
semiconductor lasers, 422432
stimulated emission rate, 420
thermal equilibrium, 419-421
light-emitting diodes (LEDs), 411-418
chromatic dispersion, 416
fiber optic communications, 414418
injection electroluminescence, 411
light-emitting materials, 41114
optical fiber, 414
optoelectronic isolator, 413
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optoelectronic pair, 413
pulse dispersion, 416
Rayleigh scattering, 415416
semiconductor laser, 411
step-index fiber, 414
photodetectors:
multimode fibers, 416
single-mode fibers, 416
photodiodes, 398411
avalanche photodiodes (APDs), 406,
409
current and voltage in an illuminated
junction, 399402
equilibrium thermal generation—
recombination rate, 400
extrinsic detectors, 407
fill factor, 404
intrinsic detectors, 406407
optical energy, 402
photodetectors, 405407
photodiode detector structures, 398
photovoltaic effect, 400
p-i-n photodetector, 406
solar cells, 398, 402-405
semiconductor lasers, 411, 422432
basic, 425-426
emission spectra for p-n junction lasers,
424425
heterojunction lasers, 426—430
materials for, 430432
population inversion at a junction,
422424
UV/blue semiconductor lasers,
431-432
Optoelectronic isolator, 413
Optoelectronic pair, 413
Optoelectronics, defined, 398
Orbatal:
anti-bonding, 64
bonding, 64
linear combinations of atomic orbitals
(LCAQ), 55, 64-65
Organomeltallic vapor-phase epitaxy
(OMVPE), 23
Ovegrsatoration, 366
Oxide-isolated gate (MOS capacitor), 325
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p'-n junction, 189
Packaging:
integrated cirenits, 502-505
hermetically sealed device, 502-505
output leads, 503-504
surface-mount packaging, 503
through-hole mount, 503-504
Pankove, J. 1.,431
Parasitic bipalar structures, 446
“Parlicle in a box” problem, 45, 53
Particles. 32. 34_4(), 4347, 56
Pauli exclusion principle, 50, 54, 56, 63, 65-66
p-channel MOS transistors, 269
Peak tunneling current, 511-512
Periodic structures, 3-5
Periodic table, 50-53, 64
and the atomic structure, 47-56
Phonon scattering, 103
Phonons, 103,239
Phosphorescence, 122
Phosphors, 122
Phosphorus dopant source, 450
Photoconductive cell, time response of,
133-134
Photoconductive decay, 129
Phatoconductivity:
and carrier lifetime, 124-134
defined, 124
devices, 132-134
direct recombination of electrons and
holes, 125-127
indirect recombination, 127-130
minority carrier lifetime, 126
photoconductive decay, 129
recombination lifetime, 126
trapping, 127130
Photoconductors:
optical sensitivity of, 133
evaluating, 133
Photodetectors:
avalanche photodiodes (APDs), 406, 409
extrinsic detectors, 407
gain, bandwidth, and sigoal-to-noise ratio
of, 407411
intrinsic detectors, 406-407
nuitimode fibers, 416

p-i-n photodetector, 406
shot noise, 409
single-mode fibers, 416
Photodiodes, 398411
current and voltage in an illuminated
junction, 399402
equilibrium thermal peneration—
recombination rate, 400
fill factor, 404
optical energy, 402
photodetectors, 405-407
photodiode detector structures, 398
photovoltaic effect, 400
solar cells, 398, 402405
waveguide photodiode, 410
Photoelectric effect, 33-35
defined, 33
Photolithography, 162-166
Photoluminescence, 121, 122-124
Photon energy, 35
Photons, 34
Photoresist, 163
Photovoltaic technology, cost/scalability of,
and terrestrial applications, 405
Physical models, 32-33
Piecewise-linear equivalents, 201
Pilot waves, 37
Pin grid arrays (PG As), 504
p-i-n photodetector, 406
Pinchoff, 254-256
Pinch-off, 265
Planarization, 458
Planck, Max Karl Ernst Ludwig, 33-35, 56
Planck’s constant, 37, 40
Plasma-enhanced CVD (PECVD), 162
p-n junction lasers, emission spectra for,
424425
p-n junction photodicde, 183
p-n junctions;
capacitance of, 212-217
chemical vapor deposition (CVD),
162
diffusion, 156158
etching, 166167
fabrication of, 154-168
ion implantation, 159-162
metallization, 167-168
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photolithography, 162-166
rapid thermal processing, 158-159
thermal oxidation, 155-156
p-n-p hipolar junction transistors, 336-339,
3R7-388
p-n-p-n diodes, 520-326
basic strueture, 520-521
conducting state, 524-525
forward-blocking state, 523-524
triggering mechanism, 525-526
two-transistor analogy, 521-522
variation of o with injection, 522-523
Pocket implants, 319-320
Point contact transistor, 343
Poisson's equation, 176
Poly depletion effect, 451
Paolycide. 456
Polycrystalline solids, 3
Polysilicon emitter (polyemitter), 346
Population inversion, 420
Positive resist, 163
Potential well, 467
compared to depletion region. 467
Potential well problem, 44-46,
8386
Power gain, 325
Primitive cell, 4
Primitive vectors, 4
Principal quantum number, 50
Principle of indeterminacy, 40
Printed circuit board (PCB), 504
Probability density function, 4041
Projected range, 159
Propagation delay, 483
Pseudomorphic HEMTs, 264
Pseudomorphic layer, 19-20
Pulse dispersion, 416
Punch-through, 202

Q
Quanta, 33

Quantization, 33
Quantum mechanics, 32, 39-47, 56
potential well problem, 4446
probability and the uncertainty principle,
40-41
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Schrédinger wave equation, 41-43
tunneling, 4647

Quantum number, 45

Quantum state, 45, 50-51

Quasi-Fermi levels, 130-132. 148,423
gradients in, 147-148

Quasi-steady state approximation, 207

Quaternary compounds, 2

R
Radiation:
blackbody, 33, 56
coherent radiation, 418419
monochromatic, 418
stimulated emission of. 418
Radicals, 167
Range, 61
Rapid thermal anmeal (RTA), 453
Rapid thermal processing (RTP), 158-159
Rayleigh scattering, 415-416
Reaction chamber, 23
Reactive ion etching (RIE), 106, 448,
464465
Reactor, 23
Read diode, 514-515
Real surfaces, effects, 281-284
Recombination kinetics, 342
Recombination levels, 127
Recombination lifetime, 126
Recombination of EHPs, 81
Rectification, 201
Rectifiers, 180, 200204
Rectifying contacts, metal-semiconductor
junctions, 229-231
Red, yellow and green LEDs, 431
Reference diode, 205
Refractive index. 414
Resonant tunneling diode, 47
Reverse bias, 123-196
Reverse saturation current, 184
Reverse short channel effect (RSCE). 323
Reverse-bias breakdown, 196-205
avalanche breakdown, 198-200
breakdown diode, 204-205
rectifiers, 200-204
Zener breakdown, 197-198
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Reverse-hiased junctions, 180-196

Reverse-blocking state, p-n-p-n diodes, 521

Rhombic lattice, 4
Ridley, B.K., 517

Ridley-Watkins—Hilsum mechanism, 517

Rise time, switching transistors, 368
Ritz combination principle, 36
Roll-off, 323

Row decoders, 484

Rydberg constant, 36,39

)
SACM APD, 407
Satellite valleys, 515-516
Saturation, 256
Saturation regime, 363
Saturation region, 269
Scattering limited velocity, 106
Schottky barrier diodes, 227, 230-231
Schottky barrier junction, 233
Schottky barriers, 227-229
typical, 233-234
Schottky diode, 241, 325
Schottky effect, 227
Schrodinger equation, 41-43, 47 61-62
Schrodinger, Erwin, 39, 56
Selectivity, 166
Self-aligned gate, 313
Self-aligned implant mask, 448
Self-aligned process, 269-270
Self-aligned silicides (SALICIDE),
326, 446
Seli-alignment, defined, 346
Semiconductor lasers, 411, 422-432
basic, 425-426

emission specira for p-n junction lasers,

424-425
heterojunction lasers, 426430
materials for, 430432
population inversion at a junction,
422-424

UV/blue semiconductor lasers, 431432

Semiconductor memories, 433496
dynamic random access memory
(DRAM), 486492

flash memories, 492-496
static random access memory (SRAM),
485-486
Semiconductor-controlled rectifier (SCR),
520,526-528
gate-triggering mechanism, 527
three-terminal SCR, 526
turning off, S27-528
Semiconductors, 1-3, 67-68
charge carriers in, 71-86
carrier concentrations, 86-1(8
effective mass, 76-80
electrons and holes, 73-76
gxtrinsic material, 81-85
intrinsic material, 80-81
common materials, 2
compound; 1, 1-2, 64
delined, 1
degenerate, 509-512
device development, 416
direct, 68-70
eiectronic and optical properties of, 3
elemental, 1
exeess carriers in, 118-153
indirect, 6870
intrinsic, 80
metal-semiconductor junctions, 224-234
Semi-insulating GaAs, 261
Separate confinement, 428
Separately doped FET (SEDFET), 264
Separation by implantation of oxygen
(SIMOX), 459
Separation of the absorption and
multiplication (SAM) APDs, 407
Series resistance, 240
Shallow mrench isolation (ST1), 449, 458
Sheath regions, 167
Sheet resistance, 462
Shell, 50
Shockley diode, 224, 521
Shockley ideal diode approximation, 187
Shockley, W., 142-144, 251-252
Short channel effect (SCE), 264-265, 322
MOS field-effect transistor, 322-323
Short channel MOSFET I-V characteristics,
303
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Short diodes. 216
Shot noise, 409
Sidewall oxide spacers, 453
Siemens (§), 260
Signal-to-noise ratio, photodetectors, 409
Silicon band structure, 67
Silicon dioxide (810,), 15
Silicon-on-insulater (SOT), 459-460
Simple cubic structure, 5
Simulation Program with Integrated Circuit
Emphasis (SPICE), 483
Single crystal ingots, growth, 13-15.
Six-transistor cell, 486
Small-scale integration (SSI), 441
Smith, G. E., 468
Soft errors, 490
Solar cells, 398, 402405
applications of, 404
Solids:
amorphous, 3
bonding forces in, H2-64
energy bands in, 61-71
polycrystalline, 3
Source, 254
Source/drain extension or tip, 453
Source-injection regime, 326
Space charge at a junction, 175-179
Space charge fluctuation build-up, 518
Space charge neutrality, 97
Space charge region, 172
Spacers, oxide, 345
Spherical coordinate system, 4748
Split-off band, 79
Spontaneous emission, 418
Stable domains, 519-520
“Staircase” constant densily of stales, 277

Static random access memory (SRAM}), 483,

485-486
Steady state carrier gencration, 130-132
Steady state earrier injection, 142-144
Steady state, defined, 130
Steady-state conditions, 180-196
Step function, 169
Step-index fiber, 414
Stepper, 164
Stimulated emission of radiation, 418

579

Stimulated emission rate, 420
Storage delay time, 210
Straggle, 159
Strained-layer superlattice (SLS), 20
Strong inversion, 273274
Sub-collector, 345
Sublattices, 10
Subthreshald conduetion, 311
Subthreshold slope, 311
Surface electron mobility, 295
Surface field-effect transistor, $ee MOS
field-effect transistor (MOSFET)
Surface roughness scatlering, 326
Surface states, 233
Surface-mount packaging, 503
Surface-mounted ball grid arrays (BGAs),
S04
Switching, 508
bipolar junction transistors (BJTs), 363,
363-368
saluration, 365-366
specifications for switching transistors,
368
switching cvele, 366-368
field-effect transistors (FETs), 252, 254
Switching current, 481482
Symmetrical transistor, 357

T

Tanks, 446
Tape-automated bonding (TAB), 505
Targel chamber, 159
Temperature dependence of carrier

cancentrations, 94-96
Temperature, effect on mobility, 103-105
Temporary trapping, 128
Ternary compounds, 2
Tetraethyl-ortho-silicate (TEOS), 453
Texas Instruments, 441
Thermal budget, 156
Thermal equilibrium, 419421
Thermal oxidation, 155-156
Thermal relaxation time, 467
Thermal runaway, 374
Thermionic emission, 234
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Thermocompression bonding, 500
Three-terminal active devices, 325
Threshold current, 427
Threshold voltage, 279, 325
MOSFET, 267, 304-309
Through-hole mount, 503-504
Through-hole—-mounted pin prid arrays
(PGAS). 504
Thyristor, 446
Time-dependent capacitance measurements,
290-291
Time-dependent dieleciric breakdown
(TDDB), 293-294
Total current, 183
Transconductance:
a-c, 260
mutual, 384
Transit time, 342
Transit time effects, bipolar juncrion
transistors (BITs), 385-386
Transition region, 172
Transition region width, 181
Trapping center, 128
Trapping levels, 128-129
Traps, 148
Tubs, 446
Tunnel dindes, 508-512
defined, 508-509
degenerate semiconductors, 509-512
negative resistance of, 512
total tunnel diode characteristic, 511
Tunneling, 4647, 240
Twin-well CMOS, 446447
Two-dimensional electron gas (2-DEG), 238,
263,277
Two-dimensional clectron gas FET (2-DEG
FET/TEGFET), 264
Two-transistor analogy, 521-522
Type-N negative resistance, 511

U

Ultra large-scale integration (TJLST), 441,
441-443 466470, 472
economic payoff of, 443444

logic devices, 474483
semiconductor memories, 483-496
Ultradense-wavelength-division
multiplexing (UDWDM), 416
Ultrasonic bonding, 500
Unipolar transistor, 251
Unit cell, importance of. 5
UV/blue semiconductor lasers, 431-432

v

Valence band, 67
Valley current, 511-512
Vapor-phase epitaxy (VPE), 21-23
Varaclor, 215, 217-218
Varactor diode, 217-218
Vepard's law, 18
Velocity-saturated region, 326
Vertical cavity surface-emitting lasers

(VCSELs), 428430
Very large-scale integration (LSI), 441
Vias, 458
Voltage regulators, 205
Voltage transfer characteristic (VTC), 475
Voltage triggering, 525
Voltage-controlled negative resistance, 511
Voltage-independent reverse current,

240
Voltage-variable capacitance, 215

w

Wafers, 15-16
Watkins, T. B., 517
Wave mechanics, 39
Wave nature of light, 39, 56
Wave vector, 69
‘Waveguide photodiode, 410
Wave-particle duality, 34, 56
Waveshaping, 202
Webster effect, bipolar junction transistors

(BJTs), 3806
Wedge bend, S00-501
Wells, 446
White ribbon effect, 449-450
Word line, 462
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Wordlines, 484485
Words, 485

Work function, 34
Wurtzite lattice, 11

X
Xenon, 130
X-ray crystallography, and identification
of crystal planes, 15

581

Y
Yield, 440

Z
Zener breakdown, 197-198
Zener diodes, 204
Zener effect (tunneling), 197-198, 204, 224,
508
Zincblende structure, 10-11
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SEMICONDUCTOR PHYSICS

Electron Momentum: p = m*v = fik = Planck: E = hv = hu

o) =

IP:;zi-lr.— (3-4) Effective mass: i (3-3)

o (g 1
Kinetic: E = Em*vz = d'E/di’

L
2
Total electron energy = P.E. + K.E. = E,_ + E(k)

Fermi-Dirac e distribution: f{) = }.-if_-ﬁff_ff = AT VKT for E s> Ep (3-10)

Equilibrium: 1y = [ REYN(E)IE = NAE,) = Ne & 54T  (3.15)
E;

: * BTN 2mrm*E ETNAR
Nt=2(2—“—"—;i;—r) N,#Z(- = 7) (3-16), (3-20)

Py = N[1 - fIE,)] = N EENT  (3.19)

n = -NCE_[E‘_E‘VH. = NpE_{'E‘_ E )ikl (3_21}

_ 33
= VNN, e 5" = 2(2':31;’7') (msma e BT (3.03), (3-26)

Ny = ngelEr—EYKT

S ey
Equilibrium: Py = nlEimEART (3-25) hgg = np (3-24)

Stead = Ng—m_m}kr = errF..—EJ.'kr 2L UF, = EWKT
teady state: g , s pupge G=15 np = nies (5-38
y B = h{f {F— BT — ﬂ,ﬂ“l‘ kT { ) /2 :l

dVix) 1 dE;
= G (4-26)

dé(x) _ _dW(x) _olx) _q

s = » € _ g
Poisson: = PR = = (p—n+Nj—N;) (5-14)

_ qt i = pﬂ_{ = % (low fields, ohmic) p
M m* (3-~40a) Baf: w= 1+ pé/y, | =v, (high fields, saturated vel.) AHig G2
Drift current density: f;— =J, = qlnp, + pr)é, = o€, (3-43)
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dn(x)

Jn('t) = ‘IH‘(-’C']%(-I] 3 an _'i(T)

Conduction Current: drift diffusion (4-23)
_ dp(x)
Jo(x) = qup(x)&(x) — gD, e

dv
Ju:-m - -rl:an'ﬂm.ﬁw + J"’-.lil]:-hu:n:me:lu'i = "rn + 'Ip +C dr

.o dplxr) 38 18, 3 adn 1 &, Bn
Continuity: ﬂﬂ%:—f:-;é, g 28 n

T ar q ox En (-31)

d’b b B d*s
For steady state diffusion: W sy O P

8p
L 2= 3
2 Dm I a2 1 9
Diffusion length: L = VW Ds Einstein relation: %= I;_—T (4-29)

p-n JUNCTIONS

kT Ps kT. N KT
Equilibrium: Vy= —Iln—=—ln—° = —

-N,J'Nd
n = In——— (5-8
iq P 8] H?(f."'l';; q Hf ( )
Py Ry, ; 2e(V, - T/) N, + Ny 12
— = L = gkl 5-10 W= [ — 5-5
P, e a |
s o WN, > gN,W*
One-sided abrupt p™-n: 1, = N+ N, =W (5-23) V=2

2e
Apy = plag) — Pa = pule™™* — 1) (5-29)

5p(x,) = Ap,e V% = p (1T — 1)e=55  (5-31b)

D D _ ,
Ideal diode: [ = qA(‘L—:p“ ot np}(e'fv"” — 1) = Le™* = 1) (5-36)
i

4 : I= JE]-(E-:!V.F&T £ ]:l
Non-ideal: (n=1102) (5-74)

With light: I, = gAg (L, + L, + W) (8-1)
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el
Capacitance: C = T(l{ {5-55)
- i o Nav, 17 _ €A
Junction Depletion: C, = eA — (5262
pREE B =% Lw..— D NtN Cw 56

Stored charge P -
exp. holedist: @, = {}AI fiplx, Jelx, = r;A&p,,J e whdx, = qAL,Ap, (5-39)

1) il

0, L n,
Lix, = 0)=—" = gA —Ap, = gA~"=p,fe ™" — 1) (5-40)
Tﬂ' '_ﬂ LP
di _qALp, d q

e e T gV kT e L y

0, v % v (e } kT! (5-67¢)
I !

Longp™n: i(f) = %( ) %;U (5-47)

Tp

MOS-n CHANNEL
. - € ~ " = E; g e Crcd
Oxide: C, = y Depletion: C, = = MOS: C = T +C, (6-36)
C- G
Flat band
5 & kT NIJ EE; L] 12
Inversion:  d, (inv.) = 2dr= 2 3 In 5 (6-15) W= [-{IE-] (6-30)
i c:' Cdrhy:
Q= —gNW,, = ~AegNda)'* (6-32) AtVee Cpy=——
CJ + Cdl.‘hy.e
;e kT €, ;
Debye screening length: Ly = ([ — (6-253) Cacpye = 75— (6-40)
N 4Py Li}
V2egN,

Substrate bias: AV, = (=Vg)'® (nchannel) (6-63)

G

of fdown|oad.ir
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A 2 V2egN,
fo = B {0 Ve = 20 = WV = 2 250 (g 4 2 - )} (650
M"I'I Lys
lp === f( Ve = Vi)V — ;Va| (6-49)
& = i—_ z -1 2
Saturation; Iy(sat) = §,C, = (Vg = Vi = — 5, CVi(sat) (6-33)
L 2L ¥
_ iy } dlp{sat.) Z
8 =00 - Zafsal.) = Ve =71 BaCilVe — Vi) (6-54)

Forshort L- In = ZC(Vg — Vv, (6-60)

dVg

Subthreshold slope: §= d(log 1) =—1Inl10

BIT-p-n-p

kT Cd > C,‘i
o555

T

q

Api = p, (Vs — 1)

D, W, "
le; = qAL—ﬂ(.‘.\.pf cinh 7‘; — Ap. esch T) (7-18) Ape = p, (et - 1) {7-8)

gl

1= A%(& n Ve A nhw")
c=4q Ty Pt p Poct L,

“J

D, W,
Ig = crA—L— (Apg + Apg)tanh— | (7-19)
i

2L,
I eseh Wo/L, W, Wi
gt o SWL, sech — = ( {;_) (7-26)
IE\‘]" ﬂtﬂh 'WMJ'L,. l'_. 2[—" "

(Base transport [actor)

'r.'.'\'p - L:Jnn IJ'{:

= = +
!f.'n + !Ep Lr.:pp :'Jl

v

(Emitter injection efficiency)

X=By=a (7-3)

Ly

{Common base gain)

W, 11 W n1-1
(228 oo

L nF pklp
S e 4T
G Ty Tem P 08 pShsT )
(Common emitter gain) (Fory=1)
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SOLID STATE  sixueoimion
EL ECTRONIC DEVICES

BEN G. STREETMAN
SANJAY KUMAR BANERJEE

batls of Untversity of Tezcas ar Austin

This classic introductory textbook in its sixth edition retains the two basic
goals: (1) develop the basic semiconducror physics concepts to undersgand
current and furure devices:and (2) providesa sound understanding of
current semiconductor devices and technology so thar their applications
ro elecrronic and optoelécrronic circuits and systems can be appreciated.

The book is useful for advanced undcrhmduarc and postgraduate students
‘i of electrical and electronics engincering and should also prove useful for

1 practicing engineers and scientists, intcrested in updating their

S underscanding of modern efectronics.

ey Features

+ The basics of semiconductor: materials and conduction processes in solids: Incorporated to help
students undesstand p-n junctions, bipolar and meral oxide semiconductor transistors, optoelectronic
and other devices.

» Extensive discussion of circuit ind other application examples to provide students with feedback abour
the pracrical relevance of the theory.

» Key equarions for semiconductor devices are listed on the inside covers of the book, arranged
thematically to help stiidents digest concepts.

» Provides a:summary of key conceprs ar end of each chapter, and chaprer obyectives st the beginning

» Approximately 200 problems along wirh curreht references char extend concepts inithe text.

New ra this Edition’

» Discussion of advanced MOS and bipolar processes and structures such as high-k gare dielecrics,
polyemitcer BJTs and graded SiGe base HETS.

» Consplidated treatment of oproelectronic devices, disciisses sources such aswhite LEDs for
itluminatipn, derectors such as SACM and waveguide phorediodes, and advances in'solar cells.

s Updated discussion of device fabrication processes and €MOS integrated circuit technology provides
a useful understanding of how semiconductor devices are made.

« Summary of key concepts atend of each chapter.

o Answers to'Selected Problems in the back of the boek.

N="u?&—ﬁ‘1.-:3'£l- 020-7
N
12033020

www.phindia.com
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