Session 6 Nonequilibrium Excess
Carriers in Semiconductor

Excess electrons in the conduction band and excess holes in the valence band may exist in addition
to the thermal-equilibrium concentrations if an external excitation is applied to the semiconductor. Excess
electrons and excess holes do not move independently of each other. ' They diffuse, drift, and recombine
with the same effective diffusion coefficient, drift mobility, and lifetime. This phenomenon is called am-
bipolar transport . The behavior of excess carriers is fundamental to the operation of semiconductor de-

vices.

6.1 Recombination

The thermodynamic nonequilibrium excess charges can be present in the semiconductor. They can be
created by carrier injection through contacts, an electron beam or the absorption of light with wavelength
smaller than the bandgap. > After the external excitation is turned off, the semiconductor will return to the
equilibrium state. The relaxation of carriers into energetically lower states (and energy release) is called
recombination . The term stems from the electron recombining with the hole created after absorption of a

photon. * However, there are other recombination mechanisms.
6.1.1 Band to Band Recombination

The band-band recombination is the relaxation from an electron in the conduction band into the va-
lence band (the empty state there is the hole ). In a direct semiconductor, electrons can make an optical
transition between the bottom of the conduction band to the top of the valence band. In an indirect semi-

conductor, this process is only possible with the assistance of a phonon and is thus much less probable.

Fig. 6.1 (a) shows the processes of the spon- . ] Q L ]
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. Fig. 6.1 Processes of band band recombination :

conduction-band state that must be empty. The &
(a) spontaneous emission, (b )absorption and

process is proportional to the light intensity. (c¢) stimulated emission. A full (empty) circle

In stimulated emission , an incoming photon . :
represents an occupied (unoccupied ) electron state.
. b .. .
triggers  the transition of an electron in the

conduction band into an empty state in the valence band. The emitted photon is in phase with the initial

photon [Fig. 6.1(c) .*
6.1.2 Free-Exciton Recombination

The observation of free-excitons is limited for semiconductors with a small exciton binding energies
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(such as in GaAs) to low temperatures. > However, for large exciton binding energy, recombination from

free-excitons is observed even at room temperature, as shown in Fig. 6.2 for ZnO.
6.1.3 Auger Recombination

In competition with the radiative, bimolecular recombination is the Auger recombination
(Fig.6.3).° In the Auger process, the energy that is released during the recombination of an electron
and hole is not emitted with a photon but, instead, transferred to a third particle. This can be an electron
[eeh, Fig.6.3(a) ] or a hole [hhe, Fig.6.3(b) ]. The energy is eventually transferred nonradiatively
from the hot third carrier via phonon emission to the lattice. ’ The probability for such process is oc n’p if
two electrons are involved and oc np” if two holes are involved. The Auger process is a three-particle
process and becomes likely for high carrier density, either through doping, in the presence of many
excess carriers, or in semiconductors with small bandgap.® Auger recombination is the inverse of the

impact ionization .
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Fig. 6.2 Charge-carrier distribution during Fig. 6.3 Schematic representation of Auger recombination.
inversion, necessary for lasing. Shadedareas are An electron recombines with a hole and transfers the
populated with electrons. A stimulated transition energy to (a) another electron in the conduction
between an electron and a hole is indicated. band, (b) another electron in the valence band.

6.1.4 Band-Impurity Recombination

Another recombination process is the capture of carriers by impurities. This process is in competition
with all other recombination processes, e. g. the radiative recombination and the Auger mechanism. ° The
band-impurity recombination is the inverse process to the carrier release from impurities. It is particularly
important at low carrier densities, for high dopant concentration and in indirect semiconductors since for
these the bimolecular recombination is slow. The theory of capture on and recombination involving impu-
rities is called Shockley-Read-Hall (SRH) kinetics. '® An example of-band impurity recombination is
shown in Fig. 6.4

6.1.5 Surface Recombination

A surface is typically a source of recombination, e. g. by midgap levels induced by the break of
crystal symmetry. The surface recombination velocity for GaAs is shown in Fig. 6.5. For InP, if the sur-
face Fermi level is pinned close to midgap, the surface recombination velocity increases from ~ 5 x 10°
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em/s for a doping level of n ~ 3 x10” em ™ to ~ 10° em/s for a doping level of n ~ 3 x 10" em ™.

For Si, the surface recombination rate depends on the treatment of the surface and lies in the range be-

tween 10 ~10* em/s . The Si-Si0, interface can exhibit S < 0.5 cm/s.
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n, is defined as the majority carrier concentration ( electron concentration in an n-type
semiconductor) in thermal equilibrium in the dark. These electrons constituting the majority carriers, are
thermally ionized from the donors.

P.o is defined as the minority carrier concentration (hole concentration in an n-type semiconductor )
in thermal equilibrium in the dark.

When we illuminate the semiconductor, we create excess EHPs by photogeneration. Suppose that the
electron and hole concentrations at any instant are denoted by n, and p,, which are defined as the instan-
taneous majority (electron) and minority (hole) concentrations, respectively. At any instant and at any
location in the semiconductors, we define the departure from the equilibrium by excess concentrations as
2

follows ;'

An, is the excess electron concentration: An, = n, — n

n

Ap, is the excess hole concentration: Ap, = p, —p.o
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Fig. 6.6 shows a pictorial view of what is happening inside an n-type semiconductor when light is
switched on at a certain time and then later switched off again. Obviously when the light is switched off,
the condition p, = Ap, (state B in Fig. 6. 6) must eventually revert back the dark case (state A) where p,

= p,- In other words, the excess minority carriers Ap, and excess majority carriers An, must be re-
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n-type semiconductor in Illumination with hv>E In dark after
the dark<< creates excess holes: illumination. Excess
P,=PySn, P,=P,;tAp, = An, holes are disappearing

by recombination.

~

Fig. 6.6 illumination of an n-type semiconductor results in excess electron and hole concentrations.
After the illumination, the recombination process restores equilibrium; the excess electrons and
holes simply recombine.

moved. This removal occurs by recombination. Excess hole recombine with the electrons available and
disappear. This, however, takes time because the electrons and holes have to find each other. In order to
describe the rate of recombination, we introduce a temporal quantity, denoted by 7 and called the minori-
ty carrier lifetime (mean recombination time ), which is defined as follows: 7 is the average time a hole
exists from its generation to its recombination, that is, the mean time the hole is free before recombining
with an electron. " An alternative and equivalent definition is that 1/7 is the average probability per unit
time that a hole will recombine with an electron. We must remember that the recombination process oc-
curs through recombination centers, so the recombination time 7 will depend on the concentration of these
centers and their effectiveness in capturing the minority carriers. ' Once a minority carrier has been cap-
tured by a recombination center, there are many majority carriers available to recombine with it, so 7 in
an indirect process is independent of the majority carrier concentration. This is the reason for defining the
recombination time as a minority carrier lifetime.

We should note that the recombination time 7 depends on the semiconductor material, impurities,
crystal defects, temperature, and so forth, and there is no typical value to quote. It can be anywhere
from nanoseconds to seconds. Later it will be shown that certain applications require a short 7, as in fast

. . . . . . . 15
switching of pn junctions, whereas others require a long 7, for example, persistent luminescence.

6.3 Ambipolar Transport

The generation and recombination rates of excess carriers are important parameters, but how the ex-
cess carriers behave with time and in space in the presence of electric fields and density gradients is of e-
qual importance. As mentioned in the preview section, the excess electrons and holes do not move inde-
pendently of each other, but they diffuse and drift with the same effective diffusion coefficientand with the
same effective mobility. This phenomenon is called ambipolar transport.

If a pulse of excess electrons and a pulse of excess holes are created at a particular point in a semi-
conductor with an applied electric field, the excess holes and electrons will tend to drift in opposite direc-
tions. However, because the electrons and holes are charged particles, any separation will induce an in-
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ternal electric field between the two sets of — £,

particles. This internal electric field will create a P 1: bl
" ! ' P
force attracting the electrons and holes back to- b P
. . ; E, b
ward each other. This effect is shown ! " b
in Fig.6.7. _ :
This E-field may be written as
Fig.6.7 The creation of an internal electric field
E=E +E, (6.1)
Pr as excess electrons and holes tend to separate.
where E_  is the applied electric field and E,, is

the induced internal electric field. Since the internal E-field creates a force attracting the electrons and

hole, this E-field will hold the pulses of excess electrons and excess holes together.
Reading Materials

Why do the deep levels act as effective centres of recombination?

Let us imagine an electron and hole wandering in the crystal. In order to meet, recombine and
disappear, it is necessary that they should be close to each other in the vicinity of one and the same atom
of the crystal lattice. '® Such a situation is, in general, possible but seldom occurs.

Let us now assume that there is an impurity centre in the crystal whose activation energy AFE is
great. Should an electron appear in the vicinity of this centre, it is sure to be trapped by the impurity
centre. '’

The centre will keep the electron trapped until a hole appears in the vicinity. As soon as that hap-
pens the electron and hole recombine. The “killer” has committed this task of annihilating the electron-
hole pair, and is ready to start all over again. '

Sometimes it is important for electrons and holes to perish in the device as soon as possible. It is
often quite essential for the fast switching of semiconductor devices. Then impurities creating effective

recombination centres should be incorporated into the material. Sometimes, on the contrary, electrons

and holes must live long. In this case, the semiconductor is to be thoroughly purified.

Words and Expressions

constitute vi. HIE (L), @57 (BUN ) , 4, F1r annihilate vt. K

Glossary of Important Term

ambipolar transport  XAR iz stimulated emission 32 ¥ & 4T

excess carriers 13 FIEIR T Auger recombination KEKE &
nonequilibrium excess charges —IEY-fifid 2% T impact ionization Hlf{# B 1k

generation J74E band-impurity recombination

recombination & & e —2 e E A (SRH ZH)
carrier injection ZULTIEA surface recombination FTHE A

band-band recombination [ E A (HIEEZS) majority carriers &, ZHER T
spontaneous recombination H & & & minority carriers /D, /DRI T
absorption 7 15 minority carrier lifetime e 3
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Notes

1. Excess electrons and excess holes do not move independently of each other.

2 7R :independently of -+ &R “He--oe JoK” . each other £/~ “FIH” .

2. They can be created by carrier injection through contacts, an electron beam or the absorption of
light with wavelength smaller than the bandgap.

1275 by BIFRIN BRI T 20K , 45 = IFFIR ETE

3. The term stems from the electron recombining with the hole created after absorption of a photon.

7R sstem from 7R “H H GETE T 5 electron recombining with the hole +2& ) 4% 1A 4F 3= 7] 1Y
i ; created after absorption of a photon J&id 273 1AI/EE i, &1 hole .

4. The emitted photon is in phase with the initial photon [Fig.6.1(c) |.

$R7K :in phase &R “[AlAHHE, P .

5. The observation of free-excitons is limited for semiconductors with a small exciton binding ener-
gies (such as in GaAs) to low temperatures.

&% :be limited to--~ 78 “BEBRH| T+ , A T-7E limited Fl to Z A A T — 1 4L 1 (for
o) AR ELFON R A AT A HBERR AR R, A AR, B ] A0S SRR

6. In competition with the radiative, bimolecular recombination is the Auger recombination
(Fig.6.3).

R A RN R O S R AR LS A radiative 38 B A AEA A B R s bimolecular 5
BA B TA XRS5 4 7R TEIRATER, BIEA 154 the Auger recombination, In com-
petition with the radiative, bimolecular recombination HFFEiE; In competition with-- 8RN “H.-eeoo e
o 22", the radiative, bimolecular recombination 8 i SCHE 2 (1) £ & 5 i 72 09 XKL 7 2 &, 76 B
VRIS AT DUAR 54 B SUIRCR T %

7. The energy is eventually transferred nonradiatively from the hot third carrier via phonon emission
to the lattice.

$R7R :the hot third carrier PN Z5A 1R 3C, 383 AR E G, 15201
SATHUH B BER A LUR G — A6 7 BB ORI, T2 K RE R A AL 24528 — KL 77, I the hot
third carrier £ b SCHEBIAY4EZ T et 1955 =R (ARG AEBE MR 1) s from the hot third
carrier ,via phonon emission il to the lattice X =/~ iR fE IEARVE IR 15, R BE B AL 3 & “ATAL” |
Rl O R 7 = Wi U 1

8. The Auger process is a three-particle process and becomes likely for high carrier density, either
through doping, in the presence of many excess carriers, or in semiconductors with small bandgap.

RN ) is Fll becomes JEIFHN AT R BN, A Y likely 2751, /F becomes HFRIE , F/R “IR
AIREMY” o either--or--- 5| FHPIRIEFE IR E G455 LA PIFIE L. in the presence of many ex-
cess carriers &1 A, RANBI] BEFE)— ML 5 EMEE G4 R .

9. This process is in competition with all other recombination processes, e. g. the radiative
recombination and the Auger mechanism.

&7 :in competition with T /R LA E SHLHIAFETE R LR

10. The theory of capture on and recombination involving impurities is called Shockley-Read-Hall
(SRH) kinetics.

RN of G R AYA BRI A E1 theory BYE T, IX — /0 BRI A =156 15 151 B9 PI R 43 : cap-
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ture on impurities (A= JIREZ L 73R ) A1 recombination involving impurities ( 54 ES) A
FHEH N EEE (on impurities i involving impurities ) fi::igimpurities T DARGE B A %

11. In general, the subscript “n” or “p’ is used to denote the type of semiconductor, and “o” to
refer to thermal equilibrium in the dark.

27K rsubscript S HP I xR

12. At any instant and at any location in the semiconductors, we define the departure from the equi-
librium by excess concentrations as follows :

1R 7R : define NI, departure NI,

13. 7 is the average time a hole exists from its generation to its recombination, that is, the mean
time the hole is free before recombining with an electron.

1R sthat is By “Hain vl ER I

14. We must remember that the recombination process occurs through recombination centers, so the
recombination time 7 will depend on the concentration of these centers and their effectiveness in capturing
the minority carriers.

RN rso GBI MA], FoR—E IR KR

15. Later it will be shown that certain applications require a short 7, as in fast switching of pn junc-
tions, whereas others require a long 7, for example, persistent luminescence.

RN it S SEAT 0 that 51 A9 A) A2 B0OE F i, O HOE Eifad K, B R X R 2
that 5 519 WA AL & P83, F whereas %352 R R F T A9 75 . s as in fast switching of pn junctions
1 for example, persistent luminescence &1 ATf, 73 HIXT PAFMEIE 4 100+ h TR 2%, 4 A
HRZ, n] LU BRI i 2 R

16. In order to meet, recombine and disappear, it is necessary that they should be close to each oth-
er in the vicinity of one and the same atom of the crystal lattice.

27K :meet . recombine  disappear /£IFFN AR, A BRI E X, G E IRTTHIAE IS T to; it J&
JeAt i, LR E—TERE  one and the same atom 35 P WU A [7]— BB i 2K

17. Should an electron appear in the vicinity of this centre, it is sure to be trapped by the impurity
centre.

=75 rshould FI &, FR—FRoR AT,

18. The “killer” has committed this task of annihilating the electron-hole pair, and is ready to start
all over again.

1R JFUCEE N T AR S BN TR RS S AR T R T SN T3 R IR BE 2 o
A=A R o AEBIRRU SC, A7 R HAL B

Exercises

1. Translate the reading material into Chinese.

2. Answer the following questions in English.

(1) Describe the concept of excess generation and recombination.

(2) Why are the electron generation rate and recombination rate equal in the thermal equilibrium?

(3) Describe the concept of an excess carrier lifetime.

47



Session 7 The pn Junction (1)

7.1 Introduction

Most semiconductor devices contain at least one junction between p-type and n-type semiconductor
regions. Semiconductor device characteristics and operation are intimately connected to these pn junctions,
so considerable attention is devoted initially to this basic device.' The pn junction diode itself provides
characteristics that are used in rectifiers and switching circuits . In addition, the analysis of the pn junction
device establishes some basic terminology and concepts that are used in the discussion of other
semiconductor devices. The fundamental analysis techniques used for the pn junction will also be applied to
other devices. Understanding the physics of the pn junction is, therefore, an important step in the study of
semiconductor devices.

The pn junction must not contain more than a small number of imperfection.” In practice this
means either that the device has been made from a slice cut from a large single crystal, parts of which
have been transformed by diffusing or ion-implanting doping atoms from the surface, or that new material

has been grown epitaxially to extend a crystal substrate and to allow the including of a pn junction. ’

7.2 Basic Structure of the pn Junction

Fig.7.1(a) schematically shows the pn junction. It is important to realize that the entire semicon-
ductor is a single-crystal material in which one region is doped with acceptor impurity atoms to form the p
region and the adjacent region is doped with donor atoms to form the n region. * The interface separating
the n and p regions is referred to as the metallurgical junction.

The impurity doping concentrations in the p and n regions are shown in Fig. 7. 1(b). For simplicity,
we will consider a step junction in which the doping concentration is uniform in each region and there is an
abrupt change in doping at the metallurgical junction. Initially, at the metallurgical junction, there is a
very large density gradient in both the electron and hole concentrations. Majority carrier electrons in the n
region will begin diffusing into the p region and majority carrier holes in the p region will begin diffusing
into the n region. If we assume there are no external connections to the semiconductor, then this diffusion
process cannot continue indefinitely. As electrons diffuse from the n region, positively charged donor
atoms are left behind. Similarly, as holes diffuse from the p region, they uncover negatively charged
acceptor atoms. The net positive and negative charges in the n and p regions induce an electric field in
the region near the metallurgical junction, in the direction from the positive to the negative charge, or
from the n to the p region.’

The net positively and negatively charged regions are shown in Fig. 7. 2. These two regions are
referred to as the space charge region . Essentially all electrons and holes are swept out of the space
charge region by the electric field. Since the space charge region is depleted of any mobile charge, this
region is also referred to as the depletion region : these two terms will be used interchangeably. Density
gradients still exist in the majority carrier concentrations at each edge of the space charge region. We can
think of a density gradient as producing a ‘diffusion force’ that acts on the majority carriers. These
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diffusion forces, acting on the electrons and holes at the edges of the space charge region, are shown in
the figure. The electric field in the space charge region produces another force on the electrons and holes
which is in the opposite direction to the diffusion force for each type of particle. ® In thermal equilibrium,

the diffusion force and the E-field force exactly balance each other.

N negative N, positive

charge charge
— p n — e R e
— P T |+ + 4+ e+ o0 =
Metallur(g;cill junction [ +i
é«—space charge region—»i
Ne——————— 1 E-field 1
a 1 1 “ . .
Hole diffusion —— Ny “Diffusion  ; H " le’fusmn
- iffusi force” on —>* r<—torce” on
~—1—Electron diffusion e ' Efield E-field | electrons
X=0 k<force on force on—»=
(b) | holes  electrons |
Fig.7.1 (a) Simplified geometry of a Fig.7.2 The space charge region, the
pn junction; (b) doping profile of an ideal electric field, and the forces acting on
uniformly doped pn junction. the charged carriers.

7.3 Energy Bands for a pn Junction

The electron-energy diagram conveys a great deal of information about a semiconductor device, and
it is well worthwhile learning how to construct these diagrams. It is not a good idea to try to memorize the
diagram for every device-the simple stages of construction are what must be mastered. ’

(1) Start by putting the Fermi level on paper for one of the layers of semiconductor-any one
will do. ®

(2) Build the band round this Fermi level. The conduction band is close to the Fermi level for n-
type material, but the valence band is close in p-type material. ’

(3) Draw the other Fermi levels at the right height on the diagram, allowing for applied voltages.
The more positive of two layers is nearer the bottom of the page. '

(4) Complete these bands, keeping the gap between conduction and valence bands constant.

(5) Join up the conduction band from each layer to the next, using S-shaped double curves, and do
the same for the valence band. "

(6) Fill in details such as free carriers, doping ions, and applied voltages. Remember that doping
ions are present in depletion layers, but that large numbers of free carriers are not. "

A pn junction and its associated energy band is shown in Fig.7.3.

7.4 Ideal Current-Voltage Relationship

1. Assumptions

The ideal current-voltage relationship of a pn junction is derived on the basis of the following
four assumptions.

(1) The abrupt depletion layer approximation applies. The space charge regions have abrupt
boundaries and the semiconductor is neutral outside of the depletion region.

(2) The Maxwell-Boltzmann approximation applies to carrier statistics.

(3) The concept of low injection applies.
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Fig.7.3 (a)zero bias, (b) reverse bias, and (¢) forward bias.

(4) The individual electron and hole currents are constant throughout the depletion region.

2. Ideal-diode equation

By solving the continuity equation for minority carriers in the quasi-neutral regions near a pn junction
based on the above assumptions, it is possible to obtain current-voltage characteristics in the steady state
for several simple cases with important practical applications. ” These solutions lead to the following
celebrated Shockley equation , or ideal diode law .

I, = I[exp(qV,/kT) ] - 1 (7.1)

where [} is the diode current and Isthe diode reverse saturation current .

3. The current-voltage characteristic

The ideal I-V characteristic predicted by the above equation is illustrated in Figs. 7.4 (a) and (b)
in the linear and semilog plots respectively. In these universal curves I and V are plotted as multiples of
I, and kT/q respectively. " 1In the forward direction for V, > 3kT/q, the rate of current rise is constant
[Fig.7.4 (b) ]; at 300 K for every decade change of current, the voltage changes by 59.5 mV ( = 2.3

kT/q)." Note that the reverse current saturates for reverse voltages of more than about -3 (kT/q)."

28 104+ 1/ 1
ST 10°F
forward 10°F
L 10
T S R R [ T | reverse
-5 o _0 3 qV, IkT 1 ‘ﬁ
reverse q|V|/kT
10—1 1 1 1 1 1 1 1 1
01 5
(a) linear scale (b ) semilog scale

Fig.7.4 The current-voltage characteristic on two different scales.

7.5 Characteristics of a Practical Diode

The Shockley equation adequately predicts the current-voltage characteristics of germanium p-n junc-
tions at low current densities. For Si and GaAs p-n junctions, however, the ideal equation can only give
qualitative agreement. The departures from the ideal are mainly due to the following factors:

(1) The generation and recombination of carriers within the narrow depletion region

Based on the quantitative analysis, the current-voltage relation for a real pn junction is accurately

modeled by an equation having two terms:
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I = Ilexp(qV,/kT) =1 ]+ I,[exp(qV,/2kT) -1 ] (7.2)

The first term, which is normally dominant in forward bias, is exactly as given in Eq. (7.1). The
second term, due to carrier generation and recombination in the depletion region, has an extra factor of 2
in the denominator of the exponent. Hence it varies roughly as the square root of the first term. Thus at
small forward currents, and in reverse bias (i. e. v, <0), the second term becomes an important factor
[Fig. 7.5, curve (a) ]. The pre-factor I, is proportional to the volume in which this generation and
recombination occurs, i.e. the volume of the depletion regions. Hence [ increases with the increase in
depletion-layer width , which occurs in reverse bias , and the reverse current is thus prevented from

saturating in a real diode [Fig. 7.5, curve (e) |."

(2) The high-injection condition at high current 108 ¥ —
densities (under the forward-bias condition ) 107 l’l @
Because of the high-injection the current then - /
becomes roughly proportional to exp (¢V,/2kT ), as _ /@ ‘L‘ﬁggﬁg’swn&
shown in Fig. 7.5, curve (¢). _ 1 ®) /N_Forward
(3) Voltage drops across the series resistance Sm 10 y
At high forward currents the diode current is 10 / r ljivise e
limited more by the small series resistance R, in the - [ @
bulk semiconductor. As a result, the voltage across a /’g¥ldeal forward
junction carrying a high current is smaller by an 10 //l par deallreversle
amount /R than the total applied voltage as shown in ==
Fig.7.5, curve (d)." Thus Eq. (7.3) is a more 107 =015 20 35 307
accurate representation at high currents: eV [kt
I=1 % eXp[q ( V, - IR, VET] -1} (7.3) Fig.7.5 Current-voltage characteristics of
(4) The breakdown mechanism a practical Si diode.

Beyond a few volts of reverse bias, the diode current rises dramatically as shown in Fig. 7.5,

curve (f), a phenomenon termed breakdown discussed in next session.

Reading Materials

So-called ‘forward on voltage’

In the forward direction, the current rises very rapidly but smoothly as shown in Fig. 7.4 (a), and

there is no real ‘forward on wvoltage’ as sometimes V(L) (X 1019)
assumed in books on circuit theory.” However, as }(1)-_ forward
. . . . 9 | Ge diode Si diode
Fig. 7.6 shows, in strong forward bias , the diode voltage M T
varies rather little over a wide current range. >’ g i
For example, a diode designed to carry a current I at, s
4
say, 0.6V (i.e. eV /kT = 24) will carry a current of 3
Sk
only 0. 001 I at 0.427 V (eV,/kT = 17.1).*" For [ /.
. o : foT 5 10 15 20 25 VT
practical purposes the diode is ‘off’ below this voltage. reverse /
S

The difference in the ‘on’ voltages of Ge and Si

diodes also needs explanation. Note the ‘on’ current for a Fig. 7.6 The current-voltage characteristic.
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Ge diode with the same applied voltage as an Si diode (e.g. 0.7V ) is the same multiple of its reverse
saturation current /5. Since Iq is proportional to the minority carrier density, which in turn depends on
ni2 , the reverse saturation current of a Ge diode-and hence the forward current- is about 10® times that of
an Si diode with the same doping levels. ” Thus a Ge diode ‘turns on’ at a lower voltage-about 0.25V
is typical. Note that, to make a Si diode turn on at this voltage would need either a doping level about

10° times smaller, or an area 10° times bigger: neither is a practical proposition. *

Words and Expressions

intimately adv. %YM proposition  n. FEIL

terminology n. RN characteristics n. ik

imperfection  n. Aseset B operation  n. THE

indefinitely adv. TG FR 1 b, celebrated  ad]. FEHM

interchangeably adv. 7] 324t profile  n. T

respectively adv. 43|}l quantitative analysis  fE ST
dramatically adp. 5l H b, B techniques  n. FiAR

semilog  n. T2 to allow for % J&

decade n. (i, f7) to be referred to-++ as--+  feeee- FRAeeee
denominator n. 3 be depleted of -+ FEJL-eee

exponent  n. f8%L be worthwhile ~ing  {EHfS-

square root  n. PR to prevent - from ~ing  PH1k--ee (fige----- )

Glossary of Important Term

semiconductor device F-FAREHF forward bias  1F [0l &

pn junction pn %% low injection /NEA

diode —HE high-injection A

rectifier FEAT continuity equation LM

switching circuit T 5% % current-voltage characteristics NS R

metallurgical junction 15445 Shockley equation 4 53 7 2

step junction Z&AFZE ideal diode law  PAE —# & E A

space charge region % [A] HLfaf [X. saturation current R FIHL IR

depletion region FE/X)Z series resistance 5% H HLBH.

depletion-layer width FE/X)Z 55 breakdown 5%

reverse bias S [H)f & forward on voltage 1F a5l HL
Notes

1. Semiconductor device characteristics and operation are intimately connected to these pn junc-
tions, so considerable attention is devoted initially to this basic device.

2R :be connected to «++ (oo AR ) LA K be devoted to-+ (FHF+-+-- )X AR H AR A — A
R TR , L ) ) 1) 57 e T LA TSCTE P AOAS ] 67

2. The pn junction must not contain more than a small number of imperfection.

RN AT eI, Fonem i B A TR S, DUBR IS LU

3. In practice this means either that the device has been made from a slice cut from a large single
crystal, parts of which have been transformed by diffusing or ion-implanting doping atoms from the
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surface, or that new material has been grown epitaxially to extend a crystal substrate and to allow the
including of a pn junction.

&R reither that 1 or that 51 F PN I ETE AT, A — N AT parts of which 5]
S EENEL GG L BT XA ETE N ATB G slice , T AN 1 B % A7 T % 76 A T I
[ single crystal, 2% —AEEEMNAIH and PSR E K to extend Fl to allow, YEARIE

4. It is important to realize that the entire semiconductor is a single-crystal material in which one
region is doped with acceptor impurity atoms to form the p region and the adjacent region is doped with
donor atoms to form the n region.

7R :in which 515 E1H N AMEN a single-crystal material . & 7 M) H SCALHE HH and 4 452 10 W
AIEFNA] . and W] RLRHIEOR T AN — @ AL B AT

5. The net positive and negative charges in the n and p regions induce an electric field in the region
near the metallurgical junction, in the direction from the positive to the negative charge, or from the n to
the p region.

RN FET WS S5 8, B 98 S 45 W e 2R JT 4R 5 in the n and p regions #&1fi
The net positive and negative charges , B AR Y4 BRS SCOHAREIIE A “n X —0 A4 15 (F H £ T “p
DX — A G R ™ 5 0P or 7R X RITTHT P9 28 A9 55 — B Rk, AN a2 P Al B 5 — b, DRI i 28
N CEEE B AT AR CH” AR S B (B

6. The electric field in the space charge region produces another force on the electrons and holes
which is in the opposite direction to the diffusion force for each type of particle.

7R force on--- A A] on FRm KX+ HIVERI 17 s which 5| 53 B 5 1 D\ /) 48 1 6if T80 1) 44 1)
force , AN force iHT A7 RETE , PR M A2 1 ) B IS AT " BR AR BB 1] force BY 5 THT o

7. It is not a good idea to try to memorize the diagram for every device-the simple stages of
construction are what must be mastered.

7R :memorize A ‘BB B E s what must be mastered 244 il W RITEF1E

8. Start by putting the Fermi level on paper for one of the layers of semiconductor-any one will do.

1R :any one will do F/RATEAT AKBREML, BT 984845 | [ —AN XS h PR BB Oh #5422
il f B ] — KR T HL T AR i XX 25 /K 7 B 38T Tl 249, DL T R — KPR Y
TR R ANHRREML -

9. The conduction band is close to the Fermi level for n-type material, but the valence band is close
in p-type material.

RN IR S5 A close BYJSTHINIZA to the Fermi level , R ATTH C 28t i, i H 4544
AHTE], DR AT A4S

10. Draw the other Fermi levels at the right height on the diagram, allowing for applied voltages.
The more positive of two layers is nearer the bottom of the page.

R 7R 1at the right height 78 “IEAfF) " 5 allowing for applied voltages #F— 25 fif B 1hd FH AR 415
NN FL B S T ) R B DAL A B A B SO, A DXz [ oK BB =2 22 A5 T4 TR 3 LA
T 5 5 — R LU, HE— 2P VR P 2 K RE 9 2 1] HE A 02 & B 75 5 page 418 22 il BB I A 0T
TET , AN T LA T i PR ) IR o

11. Join up the conduction band from each layer to the next, using S-shaped double curves, and do
the same for the valence band.

R 7.3 UL ANE R AT A EOIRAS, p DXCFT n X5 T B 3 BB 1 1 S IS 2 [A) 2 B S
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JE , 4§ using S-shaped double curves — 77 GBI T S TE, 1 HE ML L ik S TEA$E T A
Fr A BV Y curve /nH52 , double curves R RV ANBERHIE A XU ZE , AN BERH IR N
[

12. Remember that doping ions are present in depletion layers, but that large numbers of free
carriers are not.

B EREAM]F Remember 555 7 8] 7 memorize & XX 5], Remember J&1C {3, memorize
AT BEIC” W ORI A AT P EE T A X BT VAT but 1, FORFART

13. By solving the continuity equation for minority carriers in the quasi-neutral regions near a pn
junction based on the above assumptions, it is possible to obtain current-voltage characteristics in the
steady state for several simple cases with important practical applications.

$R7R: B4 1R IE solving the continuity equation J& By MR B 18, H 5 1 M ati A £ ME 1 E
Wy B it a2 ST F 18, AR M to obtain -+ B 4) B Y 3 18] A i 2K 3 5 with important practical
applicationsf&/fii several simple cases, 7] $H1F A4 “JUFP ELA B2 B B AT SRR 007 .

14. In these universal curves I and V are plotted as multiples of I and £7/q respectively.

27K : these universal curves F/n I MIZE” 5 7 &, AR X BOSETE ik 3], SAETEDURE R A
AN ANTE T T2 B IR, RO IERR B A Rm RN A R I EPRA T 20, A&
SO I

15. In the forward direction for V, > 3kT/q, the rate of current rise is constant [ Fig.7.4 (b) ]; at
300 K for every decade change of current, the voltage changes by 59.5mV ( = 2.3 kT/q).

$R7Revery decade change of current F7s HL i AL — R DL .

16. Note that the reverse current saturates for reverse voltages of more than about —3 (kT/e).

RN T AR XK, 3R (R REE BN, IR HGZ A A REBIFE I R T -3 (kT/g) L T
BEENE L -3 (KT/q) A

17. Hence I, increases with the increase in depletion-layer widith , which occurs in reverse bias , and
the reverse current is thus prevented from saturating in a real diode [Fig. 7.5, curve (e) o

RR 2 and EAEAYPT T 3 which oceurs in reverse bias SR BRI P T M A, B i
HITH A, A4 FEBEBAYEH 5 1o be prevented from S&EEFEHL, T “ARN-----” s EHE S WA [ Fig. 7.
5, curve (e) | BHRAE diode J5TH, H 248 5 WA I ZAMFE UM diode T2 AN TEBEBX )T,
W T SO PRI 4 5 6

18. As a result, the voltage across a junction carrying a high current is smaller by an amount IR,
than the total applied voltage as shown in Fig.7.5, curve (d).

$R 7K :is smaller by an amount IR than---3&/R “Fb----- INIR” S EEGIRSC & S LA E 7.5 R
INZS  curve (d) BN “(d) BethiZe” iR ithZ (d) .

19. In the forward direction, the current rises very rapidly but smoothly as shown in Fig.7.4(a),
and there is no real ‘forward on voltage’ as sometimes assumed in books on circuit theory.

RN AT and BATHATHOE S HIEHS and there is no FHEFN “IFAFEAE” shooks on -+ FR7R “K
T JFHPYAT AR assume F R, R YRR AZERRIEEN B .

20. However, as Fig. 7.6 shows, in strong forward bias , the diode voltage varies rather little over a
wide current range.

7K :in strong forward bias F7R 1E A FL ALK, HoH (1Y strong AN EERIIFEN “9R” ; rather 2 Rl 1] ,
A Tittle , F7RAH /)N
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21. For example, a diode designed to carry a current I at, say , 0.6 V (i.e. eV/kT =24) will
carry a current of only 0.001 7 at 0.427 V (¢V/kT = 17.1).

POl X SR ], BiESE a diode, 1B 1 A& will carry, HorP R 15 5 0 A 1 25010 designed 51
SR PRAERE T 5 5] 50 say Jedl AT RBE—RME B0, LRI “Bian” , Of HEAT LLOZR B O
KBTI IVE T 5. e SR T 5 4R35 that is, R RN “BHLE" s B s ARRH “E
B R AT AR s 4 ) Y A SOGRIA T AE

22. Since I is proportional to the minority carrier density, which in turn depends on n;, the reverse
saturation current of a Ge diode-and hence the forward current-is about 10° times that of an Si diode with
the same doping levels.

$27R:which in turn depends on n; J&dEBR Hl M %€ 1 M 4], #& i the minority carrier density; and
hence the forward current 5| 1A T HiE1E 5 the reverse saturation current of a Ge diode FJIE 15 AH
[, R A T

23. Note that, to make an Si diode turn on at this voltage would need either a doping level about 10°
times smaller, or an area 10° times bigger: neither is a practical proposition.

RN X2 HT Note 51 M, J5 T2 218 N A) ; 218 A I T need J5 T2 either -+,
or+ 5 | B TETE ; AR neither V5 F2155 |5 A4 TR S0 00 A T A A AP 78 BT RO, b neither
5 SLZ not either, T XJ BT either -+, or+- INZ TR XE ; proposition [l 75 L J& suggestion

Exercises

1. Translate the reading material into Chinese.

2. Draw the energy band diagram of a zero-biased, forward-biased and reverse-biased pn junction.

3. Describe why and how the space charge region is formed, and what happens to the parameters of
the space charge region when a reverse bias voltage is applied.

4. What is the difference between the -V characteristics of a practical pn junction diode and the
ideal pn junction?

5. Summary the main factors causing the departures of a practical pn junction diode from the ideal
pn junction.

6. How to understand the so-called ‘forward on voltage’ of a pn junction?
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Session 8 The pn Junction (II)

8.1 Breakdown in pn Junction

1. Breakdown

Breakdown in pn junction is the rapid increase of current as the reverse bias voltage is increased
beyond some safe limit. Breakdown may result in the destruction of a device but this is not inevitable. '
Damage is caused by local melting, and if the current is held to a small value by an external resistance,
or is spread over a large area by careful design and manufacture, then the temperature reached are not
high enough for Silicon or SiO, to melt, nor for impurities to diffuse out of their intended positions. >

There are two distinct breakdown mechanisms-avalanche breakdown and Zener or tunnel breakdown .

2. Avalanche breakdown

The avalanche breakdown process occurs when electrons and/or holes, moving across the space charge
region, acquire sufficient energy from the electric field to create electron-hole pairs by collidingwith atomic
electrons within the depletion region. The newly created electrons and holes move in opposite directions due
to the electric field and thereby add to the existing reverse-bias current. In addition, the newly generated
electrons and/or holes may acquire sufficient energy to ionize other atoms, leading to the avalanche process.
This avalanche process is schematically shown in Fig.8.1(a). For most pn junctions, the predominant break-

down mechanism will be the avalanche effect.

p-type Space charge region n-type cp

Electrons tunnel
from valence band on p-type side
to conduction band on n-type side

colliding
electron
hole P,

& E,
p-type n-type

(a) (b)

Fig.8.1 (a) avalanche breakdown and (b) Zener breakdown mechanism.

3. Zener breakdown

Zener breakdown occurs in highly doped pn junctions through a tunneling mechanism . In a highly
doped junction, the conduction and valence bands on opposite sides of the junction are sufficiently close
during reverse bias that electrons may tunnel directly from the valence band on the p side into the conduc-

tion band on the n side, as shown in Fig.8.1(b).

8.2 Small-Signal Diffusion Resistance of the pn Junction

We have been considering the dc characteristics of the pn junction diode.® When semiconductor
devices with pn junctions are used in linear amplifier circuits , for example, sinusoidal signals are
superimposed on the dc currents and voltages, so that the small-signal characteristics of the pn junction
become important. ’
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Assume that the diode is forward-biased with a dc voltage V, producing a dc diode current Iy,. If we
now superimposes small, low-frequency sinusoidal voltage as shown in Fig. 8.2, then a small sinusoidal
current will be produced, superimposed on the de¢ current. The ratio of sinusoidal current to sinusoidal
voltage is called the incremental conductance . In the limit of a very small sinusoidal current and voltage,

the small-signal incremental conductance is just the slope of the de current-voltage curve, or
di,
84 = dVa

(8.1)

Va=V,

If we assume that the diode is biased sufficiently far in the forward-bias region, then the incremental

conductance becomes

dr, 1% Iy,
=22 = (L) 1cex (‘1 ")z— (8.2)
LT (kT P T
where V, =kT/q, and is defined as the thermal voltage .
The small-signal incremental resistance is then the
Slope=71d reciprocal function, or
___________ v,
ry = — (8.3)
AT I, pemmmr S P
-------- where [,,, is the dc quiescent diode current.
The incremental resistance decreases as the bias current
! V
’ : increases, and is inversely proportional to the slope of the I-V

characteristic as shown in Fig. 8.2. The incremental resistance

Fig.8.2 C howing th ept . Lo .
8 Hive showiig Hhe coneep is also known as the diffusion resistance .

of the small-signal diffusion resistance.

8.3 Junction Capacitance

Since we have a separation of positive and negative charges in the depletion region, a capacitance is
associated with the pn junction. Fig. 8. 3 shows the charge charge density

densities in the depletion region for applied reverse-bias voltages +d0

of Vy and Vi +dVg. An increase in the reverse-bias voltage Vi

will uncover additional positive charges in the n region and s

additional negative charges in the p region. The junction -dQ :

capacitance is defined as C; = dQ/dVy and the following

expression can be derived : eN,

C =Co/(1 -VsV )" (8.4)

r<— With applied V, —>

i< With applied V+dV, —

where Cj, is the capacitance at zero applied voltage.

It is seen that the junction capacitance decreases as the bi- Fig.8.3 Illustrating the variation
as becomes more negative.  When V, <1V, 1, Cdecreases of depletion layer charge and
roughly as the inverse square root of the reverse voltage. ’ width with junction voltage.

The junction capacitance C; can also be expressed in terms of the depletion layer thickness, and we
find that we can write

C, =Ae/W(V,) (8.5)
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So the junction capacitance is identical with that of an ordinary capacitor of the same size, shape,
and permittivity as the depletion layer. ® Keep in mind that the depletion layer width is a function of the
reverse bias voltage so that the junction capacitance is also a function of the reverse bias voltage applied to
the pn junction. This fact can be put to good use in a variety of ways, since it represents a

voltage-controlled capacitance.® A diode specifically designed for such an application is called a varactor

diode

8.4 Diffusion or Storage Capacitance

In forward bias, the excess charge stored in the neutral, or diffusion region, of the diode leads to a
delay whenever an attempt is made to change the voltage across the junction. "’ Because this region is
n region electrically neutral, there is not only an excess of minority carriers

(already shown in Fig.8.4) but also an equal excess of majority

e
kT (Vi)

p(0)=p,,exp
/

p,(0)=p,exp

[eVﬂl carriers, so that their charges balance and the region is neutral. All
kT

of these carriers must be re-adjusted in number when, for example,

the external circuit causes an alternating voltage to appear across the

P,(0)=p,exp ﬁ(VQ—G) diode. This results in a flow of charge in and out of the diode which

is modeled by the diffusion capacitance sometimes called the storage

____________ ) capacitance. This small-signal capacitance can be calculated from the

P change AQ of the excess minority carrier charge Q, stored in the

0 neutral diffusion regions of the diode, which accompanies a small

Fig. 8.4 Minority carrier change AV in the applied voltage. " The AQ charge is alternately

concentration changes with being charged and discharged through the junction as the voltage
changing forward-bias voltage. across the junction changes.

Define C, as the dQ/dV, and the following result can be derived

C, = T[<q]|)Q/kT) = T.&4 (8.6)

where 7, is called effective transit time .
The small-signal diffusion capacitance C, is directly proportional to the current through the junction,
becoming larger than the depletion layer capacitance for all reasonable
forward biases. " C, is always associated with the diode differential capactianceT
resistance r, so the forward-biased diode is inevitably lossy, and can
not be used as a way of making a good capacitor.
From the foregoing we see that the relative significance of charge

storage in the quasi-neutral regions depends strongly on the junction 0

storage in the space-charge region (as represented by Cj) and charge

 —

14 . . . . . :
voltage. * Under reverse bias, storage in the quasi-neutral regions is bias voltage

negligible and the storage represented by the junction capacitance Fig. 8.5 Voltage dependence

d

dominates. Under forward bias, although C; increases (because W, of the small-signal junction
decreases ), the exponential factor in the formula for C, generally capacitance C; and the
makes  diffusion  capacitance and  its  associated  charge  small signal diffusion capacitance

storage dominant. C, of a junction diode.
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Fig. 8.5 illustrates the voltage dependence of the C, and C;, showing that with a forward bias of
more than a few hundred millivolts the diffusion capacitance normally dominates, and C; is often negli-

gible.  The converse applies for reverse bias voltages.

8.5 Diode Transients

The pn junction is typically used as an elecirical switch . A voltage or current pulse is applied to
change the operating state between forward bias ( ‘on’ state ) and reverse bias ( ‘off state ). Since a
pn junction has capacitance associated with it, it would be expected that some time would be required to
make the transition from off to on (turn-on time ) and from on to off (turn-off time ). These transients are
discussed qualitatively.

Of primary interest in circuit applications is the speed of the pn junction diode in switching states.
Usually the turn-off time is much larger than the turn-on time, and the total turn-off time is the sum of

storage time tg and fall time t,.

8.6 Circuit Models for Junction Diodes
Two ways of modeling a diode for circuit analysis are given in this section: a ‘small-signal’ model
suitable for hand calculations, and a more comprehensive, large-signal model as used in computer simu-

lations of circuit behavior.
When the diode is used in a circuit in which small alternating sig- 5
RS

nal voltages and currents are superimposed on static (d. c. ) values,

the diode can be replaced for the purposes of calculating signal voltages

and currents by the small-signal equivalent circuit shown in Fig. 8. 6. el [] G =

Let the static voltage across the junction be V, and treat the a. c.

signal as an infinitesimal voltage dV. The total current is similarly ex- °©

pressed as the sum of / and d/. The equivalent a. c. conductance g, is Fig. 8.6 Small-signal equivalent
the ratio dI/dV, which is obtained by differentiating the I-V relation circuit of a diode.

and given by Eq. (8.2) The inverse of g, is the resistance of the equivalent resistor r, in Fig. 8. 6,
whose value according to Eq. (8.2) depends on the d. c. quiescent diode current. The series resistance
Ry is also included in Fig. 8.6. It is often negligibly small compared to r,.

In reverse bias, leakage effects become important in determining the equivalent resistance, and the
equivalent capacitance has a much lower impedance than the resistor. The two capacitors in Fig. 8. 6
represent the two capacitive effects. C, called the diffusion capacitance, or storage capacitance, is a
current-dependent capacitance which models the storage of injected carriers in the neutral, or diffusion,
region of the diode. " C, is the depletion-layer, or junction capacitance given by either Eq. (8.4) or
(8.5). Both capacitances depend on the applied voltage or current in such a way that in forward bias
C,>C;, while in reverse bias C;> C, as seen in Fig.8.5.

An alternative way of modeling a diode is to use the full I-V relation. This approach is used in the
standard computer simulations, of which the best known is probably SPICE ( Simulation Program with

Integrated Circuit Emphasis) , which is widely used for simulating the behavior of integrated circuits. '’
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Reading Materials

Breakdown voltage V, depends on the doping density of a pn junction, in particular on the doping of

the more lightly doped side of the junction. Fig 8.7 shows a plot 1000F
of breakdown voltage for Si diodes of different doping. It Avalanche breakdown
indicates the general value of the quantities, but does not account 1007
for the grading of the junction, the doping of the more heavily ;:"g
doped side, nor the distinction between a planar and a spherical = 10f
Jjunction . "*
. . . . Zener or
The mechanism of breakdown for p-n junctions with 1+ tunnel breakdown
1 1 1
breakdown voltages less than about 4E /¢ is due to the tunneling 101 101 108
effect. For junctions with breakdown voltages in excess of 6F,/q, Niem)
the mechanism is caused by avalanche multiplication. At voltages Fig.8.7 Breakdown voltage
between (4 ~6 )Eq/ q, the breakdown is due to a mixture of both V,, versus doping density
avalanche and tunneling. N for a Si junction diode.

Although not large, the temperature variation of the two types
of breakdown is of opposite sign. For breakdown voltages in the range of about 5 ~6 V for a Silicon diode,
both avalanche- and tunnel-breakdown can occur simultaneously so that the net temperature variation is very

slight. This characteristic is useful for establishing a voltage reference in some integrated circuits.

Words and Expressions

collide v. Hlff&E reciprocal adj. 1R

predominant adj. FEM to be inversely proportional to-++ -+ MR
sinusoidal adj. 1EFZAY to be directly proportional to-+-  &----- WIE
to superimposed on  EJILE -+ = inverse square root 1 4> 2 —IKIT
accompany . PENE R differentiate  v. 3K

dominant adj. 5 EEHAIHY Keep in mind that--- g

associated with adj. 5+ BX

Glossary of Important Term

breakdown 5% a. c. signal ThHfES

avalanche breakdown &5 il %¢ sinusoidal signals 1F5%{55

ionize B4k infinitesimal voltage JG35 /)N
Zener breakdown 5445 incremental conductance ¥4H H §
tunneling mechanism % ZF AL diffusion resistance ¥ HLEH
thermal voltage ~#HH & linear amplifier circuits  Z& MR HL 1%
DC quiescent diode current A B A ELILHL I electrical switch —HL &

varactor diode ZFZ AR pulse  Jikid

junction capacitance Z%HL %% ‘on’ state PR

permittivity A HL H A ‘off’ state  WIFIRZS

diffusion capacitance " H{HL 2 turn-on time -3 A (]

storage capacitance B2 turn-off time W BsF[E]

transit time  J& A (] transient  BEZS
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storage time iy eindlE| integrated circuit A %

fall time T FHTA] planar junction T 4%

simulation 4L, {if L spherical junction —ER 4%

equivalent circuit SFRCHL K voltage reference Hi R FEME
Notes

1. Breakdown may result in the destruction of a device but this is not inevitable.

3R tresult in 2 [EERE, Fon “BF” ;is not inevitable 1H1E & T B, F1E inevitable TR
R WA E RS S, IR — R IR E A R . 5 BN T U Ry
FRIAH LE , SR FH IR A 5 A5 1977 20, AT s AOAE T o

2. Damage is caused by local melting, and if the current is held to a small value by an external
resistance, or is spread over a large area by careful design and manufacture, then the temperature
reached are not high enough for Silicon or SiO, to melt, nor for impurities to diffuse out of their intended
positions.

RN A A~ and P IFS)A] . Hd and S5 DR —MEEE S ORRIE NI E G 4D 5 51
A2 AEIRIBE AT T or R “Bli B, BEHEH is held Fl is spread 4™ 15 AL LAY I 511 15 5
enough N IZ IEBEAE A (138 19 5 T, 5 shim) A g AL Rl [ e #4580, i 7T LA for 51 3 8hiA AN g X
iR i, ARA]T enough &4 high, 5 to melt ZH A [E E 5B, to melt {12 5 F2 15 & for J5 1A HY
Silicon or Si0, ;nor J& [ HZ 1) /& X — 5 2 4 15 W shia A € =, 5 ar— 1 shia A e X551, |
TIEE A E 2, R B nor Zn 5 5E , A2 H] or.

3. In addition, the newly generated electrons and/or holes may acquire sufficient energy to ionize
other atoms, leading to the avalanche process.

RN rand/or EAERHEN “H/8” 3R “PIE RN 883 “Hh Z—7 ;leading to &3 iR
Wik, FaZ e iR B e i,

4. We have been considering the dc characteristics of the pn junction diode.

1R AR A 2 B 58 iR TN

5. When semiconductor devices with pn junctions are used in linear amplifier circuits , for example,
sinusoidal signals are superimposed on the dec currents and voltages, so that the small-signal
characteristics of the pn junction become important.

$RIR : When- - 5| SHF[EPIRIE 4], o4 A for example , 78 20K 178 M) 51 4% B9 S —Fh SE 491 1%
Olo B P 28H BHHER ] — 0 3R Ul Il , AR ) Z A 350A 45 Hth— A ts ol . By ml LA
IR

6. It is seen that the junction capacitance decreases as the bias becomes more negative.

27K : more negative FER R X R, LA /)N, DR L Bl R AR A T AN BE R
2SR DN

7. When V<1V, I, C; decreases roughly as the inverse square root of the reverse voltage.

1R sroughly F7n “Z1097 | “ERCA” A BN BN ORI 5 square root of -+ RN 7
M A2 K5 BTN inverse 717 AR B IR, o il #HPEN “0h — 002 —IR07”

8. So the junction capacitance is identical with that of an ordinary capacitor of the same size, shape,
and permiitivity as the depletion layer.

3271 sthat fCERFTTAH BLAY capacitance (L2 ) ;55— of JGTAIAY an ordinary capacitor (3518 ) FE
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B )VE that BYE T ; TE R capacitance #e/8 “HLZ” | capacitor 278 “HLA RN 355 1 of J5 1 2)/1)
YE capacitor FRETE

9. This fact can be put to good use in a variety of ways, since it represents a voltage-
controlled capacitance.

7R :put to good use & [EEFEAL , Fn “ForFIH” ;5 voltage-controlled F&—Fiiy 2 # F 1 AV 1
%ﬁ‘lﬁ‘]éﬁm ’ ﬁzfﬁlﬁ 5 1@@@%?”3@%‘] E‘JX#% Capacitance ’ ﬁﬁ?ﬁ‘%ﬁﬁﬁ VOltage %%ﬁjﬁﬂgiﬁﬁ% , ﬂ@
BN R AT

10. In forward bias, the excess charge stored in the neutral, or diffusion, region of the diode leads
to a delay whenever an attempt is made to change the voltage across the junction.

RN ror FR “RI7 CRNELRHEEN “al BT EEEAARYE LT SCRIE B whenever,

11. This small-signal capacitance can be calculated from the change AQ of the excess minority
carrier charge (), stored in the neutral diffusion regions of the diode, which accompanies a small change
AV in the applied voltage.

BN i 224310 stored &AM Q 3 which 51 5 AEBR il 14 & 1 MBI AQ .

12. The AQ charge is alternately being charged and discharged through the junction as the voltage
across the junction changes.

$R 7R :is alternately being charged and discharged J& ¥ ZE A THS 1B .

13. The small-signal diffusion capacitance C, is directly proportional to the current through the
junction, becoming larger than the depletion layer capacitance for all reasonable forward biases.

R becoming 20 1% A BRAE 49 16 48 TR AR R becoming B2 E IR AR i s
directly proportional to /R BOIE LU 5 1 AR L SC R B reasonable — 1]

14. From the foregoing we see that the relative significance of charge storage in the space-charge
region (as represented by Cj) and charge storage in the quasi-neutral regions depends strongly on the
junction voltage.

&7 : From the foregoing F/ “METTHI A AT 5 FHH we IR —E ZUATT I E , IR
A—TE IR “FeAi]-+-" ;significance Frn K/IN, NEHUENIFE N 2 7 | “EEME

15. Fig. 8.5 illustrates the voltage dependence, showing that with a forward bias of more than a few
hundred millivolts the diffusion capacitance normally dominates, and C; is often negligible. The converse
applies for reverse bias voltages.

1R : AL 1] showing K HLJ T B2 M RIVEARTE 5 showing J& TR Y and 4% AP B3
], Ak and BT RABHIFE A T 5 5 1 —4]H The converse applies 785 Aij [ — 7] 378 B9 15 OUAH I o

16. C, called the diffusion capacitance, or storage capacitance is a current-dependent capacitance
which models the storage of injected carriers in the neutral, or diffusion, region of the diode.

R’ FAFEIERZ C,, 1HIE /& is a current-dependent capacitance , 278 “5 HLI K/NA LI
A i E TR called - VEE T, BRI AN — R #4 BRUE THB M OC 28 B35 which - B A AR E TH M
] MEM capacitance ; 7] F-PHAL or IIVEHER R TR or AU RT G PN 18 [F] — D AR I P FPAS 4]
PRI, TE R B R RO A R DUE 44 T AR

17. This approach is used in the standard computer simulations, of which the best known is probably
SPICE (Simulation Program with Integrated Circuit Emphasis ), which is widely used for simulating the
behavior of integrated circuits .

1R s standard 78 “BLALRY” I N EEA U B “PRUERY” 5 of which 515 YRR
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P T M AIE simulations ; F)7K which--- 5] 5 (35 BRI RE T M ATE M SPICE ; SPICE 22—l
BAFRAFR, BRI A — 2 E R — AT SRR, RS RS SUIRREAE SPICE Ji 1 2 H X #9429

18. It indicates the general value of the quantities, but does not account for the grading of the junc-
tion, the doping of the more heavily doped side, nor the distinction between a planar and a spherical
junction.

$R7R : 1E R general .account for .grading F1 nor iX 4 >8] A B .

Exercises

Translate the reading material into Chinese.

How to avoid the destruction of a device resulted from the breakdown.

Compare the differences between the avalanche-breakdown and tunnel-breakdown.

Why docs the breakdown voltage of a pn junction decrease as the doping concentration increases?

Why does a junction capacitance exist in a biased pn junction?

[ N B S S

Explain the physical mechanism of diffusion capacitance.

7. Compare the differences between the Voltage dependences of the small-signal junction
capacitance C; and diffusion capacitance C, of a junction diode.

8. Explain what is diffusion resistance and why it is dependent on the de¢ quiescent diode current?

9. Why would some time be required to make the transition of a diode from off to on (turn-on time )
and from on to off (turn-off time ) ?

10. When and why must the small-signal equivalent circuit be used?
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Session 9 Metal-Semiconductor Contacts

Most of the electronic devices that make up an integrated circuit are connected by means of
metal-semiconductor contacts. Moreover, all integrated circuits communicate with the rest of an electrical
system via metal-semiconductor contacts. As we will see, the properties of these contacts can vary
considerably, and it is necessary to consider several factors in order to understand them.

It is well known that the quality of metal semiconductor contacts plays an important role in the
performance of various semiconductor devices and integrated circuits. For example, good ohmic contacts
are essential for achieving excellent performance of a semiconductor device, while Schottky (i. e. , rectif-
ying ) contacts can be used for a wide variety of device applications. In addition to different device and
circuit applications, Schottky contacts can also be used as test vehicles for investigating the physical and
electrical properties of a semiconductor material and its surfaces. ' For example, a Schottky diode can be
used to study bulk defects and interface properties of a metal semiconductor system. Therefore, it is
essential to obtain a better understanding of the fundamental physical and electrical properties of the metal
semiconductor systems so that technologies for preparing good ohmic and Schottky contacts can be
developed for a wide variety of device applications. >

Two types of metal semiconductor contacts are commonly used in the fabrication of semiconductor
devices and integrated circuits. They are the Schottky and ohmic contacts . A Schotiky barrier contact
exhibits an asymmetrical current voltage (I-V) characteristic when the polarity of a bias voltage applied to
the metal semiconductor contacts is changed. The ohmic contact, on the other hand, shows a linear I-V
characteristic regardless of the polarity of the external bias voltage. A good ohmic contact is referred to
the case in which the voltage drop across a metal semiconductor contact is negligible compared to that of

the bulk semiconductor material. ’

9.1 Schottky Contacts

One of the first practical semiconductor devices used in the early 1900s was the metal-semiconductor
diode. This diode, also called a point contact diode, was made by touching a metallic whisker to an
exposed semiconductor surface. Now, the Schottky barrier diode is actually a variation of the point-con-
tact diode in which the metal semiconductor junction is a surface rather than a point contact. * In fact, a
large contact area between the metal and the semiconductor in a Schottky barrier diode provides some
advantages over the point-contact diode. Lower forward resistance and lower noise generation are the most
important advantages of the Schottky barrier diode. The applications of a Schottky barrier diode are
similar to those of the point-contact diode. The low noise level generated by Schottky diodes makes them
especially suitable for uses in microwave receivers, detectors, and mixers. The Schottky barrier diode is
sometimes called the hot electron or hot carrier diode because the electrons flowing from the
semiconductor to the metal have a higher energy level than electrons in the metal. The effect is the same

as it would be if the metals were heated to a higher temperature than normal.
9.1.1 Schottky Contacts in Equilibrium

The most distinctive characteristic of the electronic energy states of the metal and the semiconductor
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is the relative positions of the Fermi levels within the densities of allowed states g(E). In the metal,
the Fermi level is immersed within a continuum of allowed states, while in a semiconductor, under
usual circumstances, the density of states is negligible at the Fermi level. Plots of g (E) versus energy

for idealized metals and semiconductors are shown in Figs. 9.1(a) and 9.1(b).

[ =allowed states=g(E)

W =filled states=f.(E) g(E)

— g(E)—
Metal Semiconeuctor
(a) (b)

Fig.9.1 (a) Allowed electronic-energy states g(E) for an ideal metal. The states

indicated by cross-hatching are occupied. Note the Fermi level K}, immersed in the

continuum of allowed states. (b) Allowed electronic-energy states g (E) for a semiconductor.

The Fermi level E,, is at an intermediate energy between that of the conduction-band edge

and that of the valence-band edge.

Fig. 9.2 shows the energy levels for the metal gold and the semiconductor silicon. The difference
between vacuum level E; and metal Fermi level E; is called the work function,usually given the symbol
gW in energy units and often listed as W in volts for particular materials. The work function for various
metals is shown in Fig. 9. 3. The minima of the work function exist for group-l elements. Since the
electron density in the metal conduction band is very high, the position of the metal Fermi level does not

change considerably when charge is exchanged between the metal and the semiconductor.

EO
W 4.75¢V
aW (475¢V) s 24 l )
EC
S E,
PR S
| | g
Au Si

(a) (b)

Fig. 9.2 Pertinent energy levels for the metal gold and the semiconductor silicon.

Only the work function is given for the metal, whereas the semiconductor is described

by the work function ¢W,, the electron affinity ¢X,, and theband gap (E, —E, ).

s

In the case of the semiconductor, the difference between K, and E, is a function of the dopant
concentration of the semiconductor, because K, changes position within the gap separating E  and E_ as
the doping is varied. The difference between the vacuum level and the conduction-band edge is,

however, a constant of the material. This quantity is called the eleciron affinity , and is conventionally

denoted by ¢X in energy units. Tables ofX in volts exist for many materials. (The symbol X is a Greek cap-
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Work function (eV)
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Atomic number Z

Fig. 9.3 Work function of various metals.

ital letter chi. )

The choice of E, as a common energy reference makes clear that if W is less than W, and the
materials do not interact, an electron in the metal has, on average, a total energy that is higher than the
average total energy of an electron in the semiconductor. On the contrary, if W, is greater than W_, the
average total energy of an electron in the semiconductor is higher than it is in the metal. For the sake of
discussion, we consider the latter case where W > W_. When an intimate contact is established, the
disparity in the average energies can be expected to cause the transfer of electrons from the semiconductor
into the metal.

To construct a proper band diagram for the metal and the semiconductor in thermal equilibrium, we
need to note two additional facts. The first is that the vacuum level E, must be drawn as a continuous
curve. This is because E, represents the energy of a "just-free" electron and thus must be a continuous,
single-valued function in space. Second, we note that electron affinity is a property associated with the

crystal lattice like the forbidden-gap energy. Hence, it is a constant in a given material. Considering

these three factors:constancy of K., continuity of E,, and constancy of X in the semiconductor, we can
sketch the general shape of the band diagram for the metal-semiconductor system. The sketch is given in
Fig. 9.4(a) for an n-type semiconductor for which W >W._.

Fig. 9.4 (a) indicates that electrons at the band edges (E_ and E,) in the vicinity of the junction in
the semiconductor are at higher energies than are those in more remote regions. ° This is a consequence of
the transfer of negative charge from the semiconductor into the metal. Because of the charge exchange,
there is a field at the junction and a net increase in the potential energies of electrons within the band
structure of the semiconductor. The free-electron population is thus depleted near the junction, as
indicated by the increased separation between E_ and K at the surface compared to that in the bulk.

Before considering the electrical properties of the metal-semiconductor junction we note that our
development thus far has relied on the important idealization that the basic band structures of the two
materials are unchanged near their surfaces. ’

The charge and field diagrams for an ideal metal-semiconductor junction are sketched in Figs. 9.4
(b) and 9.4 (c). To the extent that the metal is a perfect conductor, the charge transferred to it from the
semiconductor exists in a plane at the metal surface. In the idealized n-type semiconductor, positive
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charge can consist either of ionized donors or of free
holes while electrons make up the negative charge. We
have made several assumptions about the semiconductor v,
charge in drawing Figs.9.4(b) and 9.4 (c¢). First,

the free-hole population is assumed to be everywhere so

small that it need not be considered; second, the
electron density is much less than the donor density
from the interface to a plane at x = x,. Beyond x,,

the donor density IV, is taken to be equal to n. These

assumptions make up what is usually called the

depletion  approximation.  Although they are not

precisely true, they are generally sufficiently valid to

permit the development of very useful relationships.

9.1.2 Schottky Contacts Under Applied Bias

Up to this point, we have been considering ther-

)

mal equilibrium conditions at the metal-semiconductor

(c

junction. Now we add an applied voltage and consider o / / Metal Semicond% zuctor b—o
yad
T

the resulting nonequilibrium condition. We saw in Fig. e
rea=,

9.4(a) that there is an abrupt step in allowed electron (d)

energies at the metal-semiconductor interface. This
Fig. 9.4 (a) Idealized equilibrium band diagram

step makes it more difficult to cause a net transfer of . )
(energy versus distance ) for a metalsemiconductor

free electrons from the metal into the semiconductor rectifying contact (Schottky barrier). The physical

than it is to obtain a net flow of electrons in the junction is at x = 0. (b) Charge at an idealized

opposite direction. There is a barrier of g¢; electron metal-semiconductor junction. The negative charge
volts between electrons at the Fermi level in the metal  is approximately a delta function at the metal
and the conduction band states in the semiconductor  surface. The positive charge consists entirely of
near its surface [Fig. 9. 4(3) J To first order this bar- ionized donors (here assumed constant in space) in

the depletion approximation. (c) Field at an

rier height is independent of bias. Referring to Fig. 9.4

idealized metal-semiconductor junction. (d) th
(¢), we see that the voltage drop across the near delta 0 /¢ MeATsCIICOnAUEIon JURCHOn (d) the

function of space charge in the metal (equivalent to the cross section of the Schoitky contact.
area between the E-field curve and the axis) is effectively zero in equilibrium; that is, no voltage drop
can be sustained across the metal.

The total voltage drop across the space-charge region ¢; occurs within the semiconductor, as can be
seen in Fig. 9.4 (a). An applied voltage is similarly dropped entirely within the semiconductor and alters
the equilibrium-band diagram [ Fig.9.4 (a) ] by changing the total curvature of the bands, modifying the
potential drop from ¢,.* Thus, electrons in the bulk of the semiconductor at the conduction-band edge are
impeded from transferring to the metal by a barrier that can be changed readily from its equilibrium value
g, by an applied bias. The barrier is reduced when the metal is biased positively with respect to the sem-
iconductor, and it is increased when the metal is more negative.

Energy-band diagrams for two cases of bias are shown in Fig.9.5(a) and 9.5(b). Because these
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diagrams correspond to nonequilibrium conditions, they are not drawn with a single Fermi level. The Fer-
mi energy in the region from which electrons flow is higher than is the Fermi energy in the region into
which electrons flow. * Currents, of course, move in the direction opposite to the electron flow. To inves-
tigate bias effects on the barrier, we consider the semiconductor to be grounded and take forward bias to
correspond to the metal electrode being made positive. The applied voltage is called V, > and the bias

polarity is indicated in Fig. 9.5(c). Under reverse bias the metal is negatively biased (V, < 0).

Metal | Semiconductor }—‘
)=
vV
V>0 V,<0 o/

(a) (b) (¢) =

qu a@-)

Fig.9.5 Idealized band diagrams (energy versus distance) at a metal-semiconductor
junction (a) under applied forward bias (V, > 0) and (b) under applied reverse bias (V, < 0).
The semiconductor is taken as the reference (voltage ground) as shown in (¢). The vacuum

levels for the two cases are not shown.

The basic dependence of current on voltage in a Schottky-barrier diode can be deduced from qualita-
tive arguments. These arguments provide fundamental insight into the nature of the equilibrium behavior
of the metal-semiconductor system.

The band diagram at thermal equilibrium shown in Fig. 9.4 is the starting point for the derivation.
At equilibrium, the rate at which electrons cross over the barrier into the semiconductor from the metal is
balanced by the rate at which electrons cross the barrier into the metal from the semiconductor. From the
discussion of diffusion in previous lessons, we know that free carriers in crystals are constantly in motion
because of their thermal energies. For example, this fact was used to show that a density n, of free
carriers in thermal motion can be considered to cause a current density equal to gn,V,,/4 in an arbitrary
direction. At thermal equilibrium, of course, this current density is balanced by an equal and opposite
flow, and there is zero net current. Applying this concept to the boundary plane of the band diagram in
Fig. 9.4, we see that there is a tendency of electrons to flow from the semiconductor into the metal and an
opposing balanced flux of electrons from the metal into the semiconductor. These currents are proportional
to the density of electrons at the boundary. When a bias V, is applied to the junction as in Fig. 9.5, the
potential drop within the semiconductor is changed, and we can expect the flux of electrons from the sem-
iconductor toward the metal to be modified. We can, therefore, approximate the current-voltage charac-
teristic by
v,
nkT

J, =J’S[exp( )-1] (9.1)

where J is independent of voltage and n is taken to be a parameter having a value that is usually found
experimentally to be between 1. 02 and 1.15. Experimental measurements for a forward-biased, alumi-
num-silicon Schottky barrier are shown in Fig. 9.6. The good fit between the measured data in Fig. 9.6
and Equation (9.1 )with n = 1.07 is typical.
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9.2 Ohmic Contacts
In our discussion of metal-semiconductor contacts, 1ol
we have thus far considered cases in which the semicon-
ductor near the metal has a lower majority-carrier density '
than the bulk and in which there is a barrier to electron Z::: T
transfers from the metal. ' In such cases any applied g f=1,exp (r(r]TIT)
voltage is dropped mainly across the junction region, and Soir 1,066
currents are contact limited. The inverse case, in which ﬁ:ﬁggﬁ)flﬁ(&:ﬁ
the contact itself offers negligible resistance to current 0.011
flow when compared to the bulk, defines an ohmic con-
tact. ' Although this definition of an ohmic contact may 0.001 ) L
0.1 0.15 02 025 03 035 04 045

sound awkward, it emphasizes one essential aspect: Voltage(v) —>

when voltage is applied across a device with ohmic con-

. . Fig. 9.6 Measured values of current (plotted on
tacts, the voltage dropped across the ohmic contacts is 8 P

lieibl d ! d lsewh - the d a logarithmic scale ) versus voltage for an alumi-
negligible compared to voltage drops elsewhere 1n the de-
&1 P 8 p num-silicon Schottky barrier. Values for Iy and n
vice. Thus, no power is dissipated in the contacts, and ,

’ p P ’ are obtained from an empirical fit of the data to

the ohmic contact can be described as being at thermal Fauati
quation (9.1).

equilibrium even when currents are flowing. An impor-
tant and useful consequence of this property is that all free-carrier densities at an ohmic contact are
unchanged by current flow; the densities remain at their thermal-equilibrium values.

The metal-semiconductor contacts that we have considered in the previous section can, for example,
be made ohmic if the effect of the barrier on carrier flow can be made negligible. In practice this is
accomplished by heavily doping the semiconductor so that the barrier width x is very small. The space-
charge region, therefore, narrows as N, increases. When the barrier width approaches a few nanometers,
a new transport phenomenon, tunneling through the barrier, can take place.

Fig. 9.7(a) is a schematic illustration of the tunneling process through a very thin Schottky barrier.

When the barrier is of the order of nanometers and the metal is biased negatively with respect to the semi-

Tunneling Tunneling
9%, {

electrons

electrons

(a) (b)
Fig. 9.7 Melal-semiconductor barrier with a thin space-charge region through which electrons can tunnel.
(a) Tunneling from metal to semiconductor. (b) Tunneling from semiconductor to metal.
conductor, electrons in the metal need not be energetic enough to surmount the barrier to enter the semi-
conductor. * Instead, they can tunnel through the barrier into the conduction-band states in the semicon-
ductor. Likewise, when the semiconductor is biased negatively with respect to the metal, electrons from

the semiconductor can tunnel into electronic states in the metal [Fig. 9.7(b) |. Many electrons are
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available to take part in these processes and currents rise
very rapidly as bias is applied. Hence, a metal-semiconduc-
tor contact at which tunneling is possible has a very small
resistance. It is virtually always an ohmic contact. Ohmic
contacts are frequently made in this way in practice. To
assure a very thin barrier, the semiconductor is often doped
until it is degenerate (i. e., until the Fermi level enters
either the valence or the conduction band ). In modem
devices the conductivity of the semiconducting regions is
higher than in previous device generations. Consequently,
ohmic contacts must have even lower resistance so that no
appreciable voltage drop occurs across them.

Another method of obtaining an ohmic contact is to cause the
majority carriers to be more numerous near the contact than
they are in the bulk of the semiconductor. An ohmic contact
of this type results if the semiconductor surface is not
depleted when it comes into equilibrium with the metal, but
rather has an enhanced majority-carrier concentration.
Using the ideal Schottky theory, we see that this condition
occurs in a metal-semiconductor junction between a metal
and an n-type semiconductor with a larger work function
than that of the metal. ” In this case, electrons are
transferred to the surface of the semiconductor and the metal
is left with a skin of positive charge. For an ohmic contact to
a p-type semiconductor, the relative sizes of the work
functions in the two regions need to be reversed to achieve a
net positive charge in the semiconductor and, thereby, an
enhanced hole density near the contact.

The relevant energy diagram is sketched in Fig. 9. 8
(a), and the corresponding charge and field diagrams are
given in Fig. 9.8 (b) and 9.8 (¢ ). There is a qualitative
similarity between these figures and Figs. 9.4 (a) t0o 9.4

(¢ ) that referred to a rectifying contact; the important

p
LD Wl X
—qn: /
(b)

Fig. 9.8 (a) Idealized equilibrium energy

diagram for a Schottky ohmic contact between a
(b)

Charge at an ideal Schottky ohmic contact. A

metal and an n-type semiconductor.

delta function of positive charge at the metal
surface couples to a distributed excess-electron
(e)

Field, and (d) potential at an idealized Schott-

density n’ (x) in the semiconductor.

ky ohmic contact. The Debye length L, is a

characteristic measure of the extent of the

charge and field.

distinction between the two situations is that the semiconductor charge consists of free electrons in the

case of the ohmic contact, but it is fixed (on positive donor sites) in the barrier case. The charge distri-

bution, field, and potential for such a contact can be calculated using techniques similar to those em-

ployed for the rectifying contact.

Reading Materials

Barrier Height and Capacitance

The barrier height can be determined by the capacitance measurement. When a small ac voltage is
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superimposed upon a dc bias, incremental charges 14 14
of one sign are induced on the metal surface and 12 / 12
charges of the opposite sign in the semiconductor. 0 W-Si / 0
Fig. 9.9 shows some typical results where 1/C” is = <7/’ Z, o
2 g a g =
plotted against the applied voltage. E / X
2 -Gals =
To obtain the barrier height of semiconductor ¢ / 65
. . X £
which contain both shallow-level and deep-level = 4 4%
impurities, we need to measure the C-V curves at - -
Intercept, 2
two different temperatures at multiple frequencies. o
1 0 1 2 3 0
Drawing the Energy Bands 2 ViV)

Fig. 9.9 1/C* versus applied voltage for W-Si

Start with the metal, draw the Fermi level for and W-Gas diodes.

the semiconductor in the right place allowing for

any external voltage, then draw the energy bands for the bulk semiconductor to fit round the Fermi level.
Next locate the bottom of the conduction band at the surface by measuring up by W _ from the metal Fermi
level, measuring down by W_ and correcting for the gap between conduction band and Fermi level in the

semiconductor. This last stage can be more tidily expressed by saying that, at the surface, the bottom of

the conduction band is W, —X_ above the metal Fermi level, where X_ is the electron affinity of the semi-
conductor. Finally complete the bent bands in the semiconductor. Their thickness is once again governed
by charges in the depletion layer through Poisson’s equation. Notice that since the potential in the semi-
conductor is now no longer uniform, the carrier density will also vary. The local difference between the

band edges and the Fermi level must be used to find hole and electron densities.

Words and Expressions

intimate  adj. FEERY vicinity n. 48T, BT, $%E
disparity n. A~A—2, ANFE, A5 remote adj. &I, TRERYT, ANTRT)
infinitesimal  adj. IG5 /NG, BN curvature n. 2, diFE

ToFR/NEY impede v. FHIk

Glossary of Important Term

Schottky contacts P 4¢3 4% fi electron affinity 3% Fl#
ohmic contacts  ER U fif depletion approximation FE&/R T
work function I pRAK tunneling % 2f

Notes

1. In addition to different device and circuit applications, Schottky contacts can also be used as test
vehicles for investigating the physical and electrical properties of a semiconductor material and
its surfaces.

2R 1in addition to FYRLRJE “BR -+ Z AN s vehicle J54R S T A A" X H RN FBL
Ji

2. Therefore, it is essential to obtain a better understanding of the fundamental physical and
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electrical properties of the metal-semiconductor systems so that technologies for preparing good ohmic and
Schottky contacts can be developed for a wide variety of device applications.

FENtit is essential to obtain-+-H1,it &FEAT F 1 1o 51 A E X ZHIEM T, i T HIE 3
KA, B PR HIE AL s so that 51 SRTE AT, 0] LRI A 1 oo UL BE o7

3. A good ohmic contact is referred to the case in which the voltage drop across a metal-semiconduc-
tor contact is negligible compared to that of the bulk semiconductor material.

RIR s that F8C1 2 voltage drop,in which 5 S EE M) B cases

4. Now, the Schottky barrier diode is actually a variation of the point-contact diode in which the
metal-semiconductor junction is a surface rather than a point contact.

RN :in which 5| R E R NAMBMIR T T 2T 4, X — RUAE S IR RIEY & SO, BOZ R B
HHHTTATEY Schottky barrier diode T ANJ& point-contact diode

5. The effect is the same as it would be if the metals were heated to a higher temperature
than normal.

#27R :as it would be if the metals were heated to a higher temperature than normal & Fg L5 ; 45
B EN3C the effect TTLABHIE N “IX I oL T RER” o

6. Fig. 9.4 (a) indicates that electrons at the band edges (E, and E_) in the vicinity of the junction
in the semiconductor are at higher energies than are those in more remote regions.

B Oz R AR T EI25 12 58, 91 those fX#F T electrons; at the band edges,in the
vicinity 1 in the semiconductor 3X =P iEAKIKFE ) T electrons .band edges Fll junction T 7E )
(A

7. Before considering the electrical properties of the metal-semiconductor junction we note that our
development thus far has relied on the important idealization that the basic band structures of the two
materials are unchanged near their surfaces.

1RIR rthus far 8 Y24, FIHAT A IE” o development JRE A “UERE" |3k LAl B A “HH1 .

8. An applied voltage is similarly dropped entirely within the semiconductor and alters the equilibri-
um-band diagram [Fig. 9.4 (a) | by changing the total curvature of the bands, modifying the potential
drop from ¢;.

27K : modifying the potential drop from ¢, YE ARG , Fon gty B & A2 A R 4 2R .

9. The Fermi energy in the region from which electrons flow is higher than is the Fermi energy in the
region into which electrons flow.

BRI AR HFEN T T DI PR BB LL I A - DX B R BB L R AN, B
PR

10. In our discussion of metal-semiconductor contacts, we have thus far considered cases in which
the semiconductor near the metal has a lower majority-carrier density than the bulk and in which there is
a barrier to electron transfers from the metal.

B AR AR HEE TSRS, o “— B B, thus far 278 “Y24 ;in which5| F /1Y
AT bulk

11. The inverse case, in which the contact itself offers negligible resistance to current flow when
compared to the bulk, defines an ohmic contact.

RN ARM]H) FE 4] J& The inverse case defines an ohmic contact,in which 5| WA EA case

12. When the barrier is of the order of nanometers and the metal is biased negatively with respect to

72



the semiconductor, electrons in the metal need not be energetic enough to surmount the barrier to enter
the semiconductor.

R 71 rwith respect to-+-F7n “FXSFoeeee T ;of the order+- R/ “ovvee BHH” ;1o surmount the
barrier 1 to enter the semiconductor iX P/~ € =37~ H #

13. Using the ideal Schottky theory, we see that this condition occurs in a metal-semiconductor
junction between a metal and an n-type semiconductor with a larger work function than that of the metal.

3271 s with a larger work function than that of the metal /E 4 5B 1E , &/ an n-type semiconductor.
g yp

we see AR T EFIKAYTE L, o LAAEIE

Exercises

1. Translate the first paragraph in the reading material into Chinese.
2. Answer the following questions in English.
(1) Describe the charge flow in a forward-biased Schottky barrier diode.

(2) Describe what is meant by an ohmic contact.
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Session 10 Heterojunctions

In the discussion of pn junctions in the previous lessons, we assumed that the semiconductor material was
homogeneous throughout the entire structure. This type of junction is called a homojunction . When two differ-
ent semiconductor materials are used to form a junction, the junction is called a semiconductor heterojunciion .
When the two semiconductors have the same type of conductivity, the junction is called an isotype heterojunc-
tion . When the conductivity types differ, the junction is called an anisotype heterojunction which is a much
more useful and common structure than its counterpart.

A growing number of modern devices are based on semiconductor heterojunctions. Modern bipolar
transistors employ a p-n heterojunction in order to improve the emitter injection efficiency, while in HFET
technology a heterojunction is used to form a high mobility channel.

The heterojunction diodes offer a wide variety of important applications for laser diodes, light-
emitting diodes (LEDs), photodetectors, solar cells, junction field-effect transistors (JFETs ), modula-
tion-doped field-effect transistors ( MODFETs or HEMTs ), heterojunction bipolar transistors ( HBTs ),
quantum cascade lasers, quantum well infrared photodetectors (QWIPs ), quantum dot lasers, and quan-
tum dot infrared photodetectors. With recent advances in MOCVD and MBE epitaxial growth techniques
for -V compound semiconductors and SiGe/Si systems, it is now possible to grow exiremely high-quali-
ty -V heterojunction structures with layer thickness of 100A or less for quantum dots, superlattices,

and multiquantum-well (MQW ) device applications. '

10.1 Strain and Stress at Heterointerfaces

The simplest description of a bulk crystalline semiconductor is that it exhibits perfect or nearly per-
fect translational symmetry. In other words, suitable translations of the basic unit cell of a crystal restore
the crystal back into itself. > Implicit in this definition is the assumption that the atoms within the crystal
are regularly spaced throughout the entire bulk sample. This assumption is generally true for bulk materi-
als. However, two important exceptions can arise. The first is that a bulk crystal can include impurities
and dislocations such that the perfect periodicity of the material is disrupted locally. * The crystal can still
retain its overall highly ordered structure, yet contain local regions in which perfect periodicity is disrup-
ted by impurities or dislocations. These impurities and dislocations can significantly affect the properties
of the material. The second situation arises in multilayered structures. Using exacting crystal growth pro-
cedures, heterostructures can be grown with atomic layer precision. A very thin layer of material can be
grown on top of or sandwiched between layers grown with a different type of semiconductor material, even
materials in which the lattice constant is different. *

When a thin layer of material is grown either on or between layers of a different semiconductor that
has a significantly different lattice constant, the thin, epitaxial layer will adopt the lattice constant of the
neighboring layers provided that the lattice mismatch is less than about 10%.° As can be seen from Fig.
10. 1(a), when the thin, epitaxial layer adopts the lattice constant of the surrounding layers, it becomes
strained, 1. e. , it is either compressed or expanded from its usual bulk crystal shape. There exists a max-
imum thickness of the thin layer below which the lattice mismatch can be accommodated through strain.
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For layer thickness above the critical thickness, the lattice mismatch cannot be accommodated through
strain, dislocations are produced and the strain relaxes as is seen in Fig. 10.1(b). The strain within the
layer is homogeneous. The strained layer can be in either compressive or tensile strain. If the lattice con-
stant of the strained layer is less than that of the surrounding layers the system is in tension. Conversely,
if the lattice constant of the strained layer is greater than that of the surrounding layers, the strained layer

1s in compression.

<~— Epitaxial layer

Interface Note that the bonds are all filled
and the different lattice constants are
(a) accommodated by strain.

_— Epitaxial layer

Interface Note that the lattices do not align.

< Each layer retains its initial lattice constant.
Therefore,dislocations are formed at the
interface since the different lattice constants
are not accommodated by strain.

(b)
Fig. 10.1 (a) Thin epitaxial layer strained to accommodate the various latticeconstants of the underlying

semiconductor layer and (b) a thicker epitaxial layer thathas relaxed. In part (b) the epitaxial layer is

thicker than the critical thickness anddislocations appear at the interface.

10.2 Heterojunction Materials

Since the two materials used to form a heterojunction will have different energy bandgaps, the energy
band will have a discontinuity at the junction interface. We have an abrupt junction in which the semi-
conductor changes abruptly from a narrow-bandgap material to a wide-bandgap material. On the other
hand, if we have a GaAs-Al Ga, As system, for example, the value of x may continuously vary on dis-
tance of several nanometers to form a graded heterojunction. Changing the value of x in the Al Ga, As
system allows us to engineer, or design, the bandgap energy.

Heterojunctions are generally formed from materials that can be grown upon each other epitaxially
with low defect densities. Useful heterojunction systems are therefore comprised of materials that are
relatively closely lattice matched. ® Fig. 10.2 shows bandgaps versus lattice constants of common (a) cu-
bic M-V and Si-based materials, and (b and ¢) GaN and related materials. The AlGaAs-GaAs system
possesses only a small lattice mismatch over the entire composition range from GaAs to AlAs and thus was
one of the first heterojunction systems to be developed and exploited in device structures.

For a given strain, determined by the lattice mismatch, a maximum thickness exists, called the criti-
cal thickness h_, for the strained layer to be completely coherent with the substrate.’ The critical thick-
ness has a minimum under conditions of thermodynamic equilibrium, but can be enhanced by the epitaxi-

al process. For thicknesses greater than the critical thickness, dislocations are created to reduce the ener-
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Fig. 10.2 Lattice constant versus bandgap for common semiconductor alloys:
(a) cubic M-V and Si-based alloys; (b) GaN and related materials (wurtzite); (c¢) GaN

and related materials (cubic).

gy of the system. These dislocations can significantly degrade device performance and reliability.

The velocity-field characteristics for relevant heterojunction materials are shown in Fig. 10.3. These
characteristics determine the usefulness of a material in a given application, for example as the channel
for a HEMT or as a collector in an HBT. Generally speaking, the higher the frequency, or speed,
required for an application, the higher the desired velocity. * Thus the InGaAs alloys have shown excellent
performance for millimeter-wave applications. A trade-off, however, in materials properties often exists.
For example, the mobility of carriers in semiconductors tends to be greater for small-bandgap materials,
as shown in Fig. 10.4. However, the critical electric field for breakdown tends to be greater for wider-
bandgap materials. Thus, numerous material parameters must be considered for an application. A high
velocity of electrons is desirable for the collector of an HBT, but the collector must also be able to support
a high electric field resulting from a large output voltage. Thus InP is often used for an HBT collector for

microwave or millimeter-wave power amplifierapplications.
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10.3 Energy-Band Diagrams

In the formation of a heterojunction with a narrow-bandgap
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material and a wide bandgap material,

the alignment of the bandgap energies is important in determining the characteristics of the junction. Fig.

10. 5 shows three possible situations. In Fig. 10.5(a) we see the case when the forbidden bandgap of

the wide-gap material completely overlaps the bandgap of the
narrow-gap material. This case, called straddling , applies to
most heterojunctions. We will consider only this case here. The
other possibilities are called staggered and broken gap and are
shown in Figs. 10.5(b) and 10.5(c).

Fig. 10. 6 shows the energy-band diagrams of isolated n-type
and P-type materials, with the vacuum level used as a reference.
The electron affinity of the wide-bandgap material is less than
that of the narrow-bandgap material. The difference between the
two conduction band energies is denoted by AE_, and the differ-
ence between the two valence band energies is denoted by AE,.

From Fig. 10.6 we can see that
AE(‘,
AE, + AE, = E, - E, = AE,

e(Xn =X,) (10.1)

(10.2)

In the ideal abrupt heterojunction using nondegenerately doped s

E, E,
Evl
Ew2
(a)
Ecl 5
Evl ©
E\'Z
(b)
cl
E, E,
E
( c ) v2

Fig. 10.5 Relation between narrow-

bandgap and wide-bandgap energies:

(a) straddling, (b) staggered, and
(c¢) broken gap.

emiconductors, the vacuum level is par-

allel to both conduction bands and valence bands. If the vacuum level is continuous, then the same AE,

and AE | discontinuities will exist at the heterojunction interface.

This ideal situation is known as the elec-

tron affinity rule. There is still some uncertainty about the applicability of this rule, but it provides a good

starting point for the discussion of heterojunctions.

Fig. 10.7 shows a general ideal nP heterojunction in thermal equilibrium. In order for the Fermi

levels in the two materials to become aligned, electrons from the narrow-gap n region and holes from the

wide-gap P region must flow across the junction. As in the case of a homojunction, this flow of charge
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creates a space charge region in the vicinity of the metallurgical junction. The space charge width into
the-type region is denoted by x,, and the space charge width into the P-type region is denoted by x,. The
discontinuities in the conduction and valence bands and the change in the vacuum level are shown in the

figure.

4
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qu“ qx" l ¢ Eyl’
E, aV,
E, l iAEv ' gc"_ . _lf ] | £
e o
! n E an WP
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£, x==x x=0 X=X,
Fig. 10.6  Energy-band diagrams of a Fig. 10.7 Ideal energy-band diagram of an
narrow-bandgep and a wide-bandgap nP heterojunction in thermal equil ibrium.

material before contact.

Reading Materials

Two-Dimensional Electron Gas

Fig. 10.8 shows the energy-band diagram of an nN GaAs-AlGaAs heterojunction in thermal
equilibrium. The AlGaAs can be moderately to heavily doped n type, while the GaAs can be more lightly
doped or even intrinsic. As mentioned previously, to achieve thermal equilibrium, electrons from the
wide-bandgap AlGaAs flow into the
GaAs, forming an accumulation layer of
electrons in the potential well adjacent
to the interface.’ One basic quantum
mechanical result that we have found

previously is that the energy of an elec-

tron contained in a potential well is

quantized. The phrase two-dimensional Fig. 10.8

Ideal energy-hand diagram of an nN

electron gas refers to the condition in heterojunctiun in thermal equilibrium.
which the electrons have quantized ener-
gy levels in one spatial direction (perpendicular to the interface ), but are free to move in the other two
spatial directions.

The potential function near the interface can be approximated by a triangular potential well. Fig.
10.9(a) shows the conduction band edges near the abrupt junction interface and Fig. 10.9(b) shows
the approximation of the triangular potential well. The quantized energy levels are shown in Fig. 10.9

(b). Higher energy levels are usually not considered.
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Fig. 10.9 (a) Conduction-band edge at N-AlGaAs, n-GaAs Fig. 10.10 Electron density in
eterojunction; (b) triangular wellapproximation with discrete electron energiesl. triangular potential well.

The qualitative distribution of electrons in the potential well is shown in Fig. 10.10. A current par-
allel to the interface will be a function of this electron concentration and of the electron mobility. Since
the GaAs can be lightly doped or intrinsic, the two-dimensional electron gas is in a region of low impurity
doping so that impurity scattering effects are minimized. The electron mobility will be much larger than if

. . .. 10
the electrons were in the same region as the ionized donors.

Words and Expressions

egularly adv. A, ARUNHL, RE50H, SIRRHE elastically adv. A HPEH, %5 7 Uit

epitaxial ~adj. (FAH) BURBAER), SMER pseudomorphic  adj. THIEI &I
coherent adj. RiFE—RM), —BW, ETH metallurgical adj. 1420

Glossary of Important Term

homojunction  [F] 5 4% straddling 555

heterojunction SRk staggered ALk

isotype heterojunction [F] I 4 broken gap 452

anisotype heterojunction S AU 5% i 4 electron affinity rule  F, F-3& FI7E ]
Notes

1. With recent advances in MOCVD and MBE epitaxial growth techniques for -V compound semi-
conductors and SiGe/Si systems, it is now possible to grow extremely high-quality I[-V heterojunction
structures with layer thickness of 100 A or less for quantum dots, superlattices, and multiquantum-well
(MQW ) device applications.

27 AEBIERT , extremely high-quality -V heterojunction il layer thickness of 100 A or less #B
AT LIYE A structures A9 RE 1

2. In other words, suitable translations of the basic unit cell of a crystal restore the crystal back into
itself.

$E7R:In other words F&/8 “H]ifiud” .

3. The first is that a bulk crystal can include impurities and dislocations such that the perfect perio-
dicity of the material is disrupted locally.

27N rsuch that 51 FFRREGE R MNA], T BN A" o 456 13, the first J5 I IS T excep-
tion , 7EBIEPRLZA
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4. A very thin layer of material can be grown on top of or sandwiched between layers grown with a
different type of semiconductor material, even materials in which the lattice constant is different.

&R :grown on top of Fil sandwiched between A — L [E] [ E£ 1 layers, grown with a different type
of semiconductor material /f layers A 1 .

5. When a thin layer of material is grown either on or between layers of a different semiconductor that
has a significantly different lattice constant, the thin, epitaxial layer will adopt the lattice constant of the
neighboring layers provided that the lattice mismatch is less than about 10% .

7R rprovided F/n “RUN” . either---or-+- /R “aH --eeo oE RSS9 16 on A
between H A A [R])22 1 layer, LA on Eﬁ’é [ =y

6. Useful heterojunction systems are therefore comprised of materials that are relatively closely lattice
matched.

R 7R : comprised of &7 “H--ee-- R o relatively 1811 closely, closely f&4ffi matched .

7. For a given strain, determined by the lattice mismatch, a maximum thickness exists, called the
critical thickness h,, for the strained layer to be completely coherent with the substrate.

IR AA] Y E/4A]H a maximum thickness exists; M\A] called the critical thickness h, B maxi-
mum thickness;for the strained layer to be completely coherent with the substrate f&3%7~ H i FPR1E
For a given strain A IRE ; determined by the lattice mismatch 211 £ AIMEE1E , 1B strain.

8. Generally speaking, the higher the frequency, or speed, required for an application, the higher
the desired velocity.

?iEEZI_T:Generally speaking R “—IRIME" o the higher---the higher' ANEZRI B F A B
%%i—\‘ “ﬁ ...... f@ ...... 7

9. As mentioned previously, to achieve thermal equilibrium, electrons from the wide-bandgap Al-
GaAs flow into the GaAs, forming an accumulation layer of electrons in the potential well adjacent to the
interface.

BRI AP EIE N electrons, 1H1E A flow, from the wide-bandgap AlGaAs 7R it 8l B9 77 1A] o
forming an accumulation layer of electrons in the potential well adjacent to the interface "1, L7E 5105
SRLE LI T s Y 4

10. The electron mobility will be much larger than if the electrons were in the same region as the i-
onized donors.

R AL LB 2 electron mobility , >4 1 4] 74k, 7E than JSTHA WS T LAY, i A
BB T — R F RO 25 A D 8 HR A SRR XA TR B A 32, IR 4 il T B Ak e i
SR 2 S LY NES A8

Exercises

1. Translate the first paragraph in the reading material into Chinese.
2. Answer the following questions in English.
(1) Explain what is meant by a two-dimensional electron gas.

(2) summarize the advantages of heterojunction.
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