8.1 Microwave Semiconductor Devices

T'he microwave frequency range, which extends from 1GHz(10? Hz) upto 100 GHz and
further. 1s becoming more and more important in ‘modern’ communication systems.
Also, nanosecond (10~ sec) response is a major demand in ‘inodern’ computer systems.
The first active semiconductor device, especially intended for microwave use, appeared
about 30 years ago. More advance such devices are gaining control of this field in
the low power (upto a few watts) part of it. The high-power microwave field is still
dominated by vacuum tubes. The requirements for high power and high frequency, at
present, are contradictory in many aspects of the semiconductor-device design.

8.1.1 Schottky Barrier Diode

The first semiconductor device was a rectifier made by using a metal whisker contacting
a piece of semiconductor material. Such an arrangement is called a metal-semiconductor
Junction (or contact).

When two substances are brought into contact, a redistribution of charge occurs:
finally a new equilibrium condition is reached where the Fermi levels of the two
substances are at equal heights (chapter 2). This rule holds not only for contacts
between two metals but also for the contact between a metal and a semi-conductor.
A dipole layer is formed at the contact owing to the redistribution of charge. In a
metal-metal contact this dipole layer is always caused by surface charges on both sides
of the contact; such a contact is an ohmic contact, since the electrons can move freely
from one metal into the other. However, the contact may be either ohmic or rectifying
in a metal-semiconductor contact. By rectifying contact we mean that current flows
much more easily in one direction than in the opposite one.
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Fig. 8.1 Schottky barrier diode (a) Energy-level diagram with ¢ ,>¢. before contact, (b) Energy level diagram after
contact for metal-n-type— semiconductor, (c) Symbol of a Schottky diode with characteristics

As an example, let us consider a contact between a metal with work function ¢,,
an n-type semiconductor with work function ¢s. Let also the donor concentration in
the semiconductor be relatively large and let almost all donors be 1onized at room
temperature. We first consider the case ¢, > ¢,. Here, the semiconductor Fermi level
ers must initially be higher than that of the metal before the contact 1s made, as

Scanned by CamScanner



shown in Fig. 8.1(a). To align the two Fermi levels, the electrostatic potential of the
semiconductor must be raised (i.e., the electron energies must be lowered) relative to
that of the metal. Hence. an exchange of charge occurs—electrons from the surface layer
of the semiconductor enter the metal. leaving behind ionized donors in that surface layer
(for charge-neutrality condition). After the exchange of charge (electrons) is completed,
the Fermi levels in both materials are at the same height. This means that the energy
levels in the bulk semiconductor are lowered by an amount (¢, —¢s). As a consequence
a potential barrier is formed at the interface, and a dipole layer and a depletion region
of width w is created near the contact, as shown in Fig. 8.1(b). Expressed in volts, the
height of the barrier follows from

eVy = @m — Ps (811)

The width of the depletion region depends upon the concentration of ionized donors
and the magnitude of V.

Use of Boltzman statistics to calculate the number of those that ha.v‘e high enough
energy, due to the application of an applied voltage V across the contact, to cross it
gives the current that will flow as

I eV
= —_— 8.1.2
I =1y (exp kT 1) | ( )

where 7 is called the ideality factor. Owing to the thermal agitation some electrons of
~ the metal will have sufficient energy to cross the potential barrier into the semiconductor

and vice versa. In equilibrium this gives rise to equal and opposite currents Iy crossing
the barrier. Similar equation holds for a metal-p-type semiconductor contact. Such

contacts are rectifying. |
The class of contacts just described was originally investigated by W. Schottky

of Germany, and the potential hill appearing in such cases is called the Schottky
barrier. and the diodes utilizing it are called Schottky-barrier diodes or simply Schottky

diodes. In the metal part of a Schottky diode, carrier storage (or the storage effect)
is nonexistent in contrast to p — n junctions, and hence Schottky diodes have a faster

speed of response since there is no time lag associated with the storage time (defined
as the time interval between the application of the reverse bias and cessation of the

reverse current surge).

Though the current-
Junction diode there are various

voltage relation of a Schottky diode is similar to that of a pn-
differences between them :

de the reverse leakage current is due to minority carriers
layer edges to be swept across to recombine; hence it is
r Schottky diodes it is the result of the majority
That would give a much higher value of Iy

(i) In a pn-junction dio
diffusing to the depletion
very temperature sensitive. Fo
carriers that overcome the barrier.
which is less sensitive to temperature.
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11) Under forwa ' iniection is f
(i1) Hetlo ro rwi::d bl‘as, !:he Injection 1s from semiconductor only. Hence there is very
. ombination in the depletion region and the ideality factor 7 is ~ 1 (1.03
practical value) while for pn-junctions 1.2 < n < 2.

(ii1) glle.CUt—ill voltage V., is ~ 0.3 V (comparable to Ge-diodes) but much less than
1-diode, (~ 0.7 V) (Fig. 8.1(c)).

(iv) The ma:Jority electrons injected over the Schottky barrier into the metal have
IIIU(.?h. h?gher energy than the rest of the metal electrons which are in thermal
equilibrium with metal lattice atoms. The injected electrons are therefore called

hot, and the diodes are often called hot-electron diodes.

diodes. Only the depletion

(v) The diftusion capacitance Cy is negligible in Schottky
iency model. Therefore,

capacitance Cr (see section 2.3.5) appears 11 high-freqt
Schottky diode operate at a much higher frequency.

(vi) V-1 characteristic of Sc:?hottky diode being steeper than pn-junction diode, its
9V is much less.

differential resistance gy
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5.7.1 Schottky Barriers

In Section 2.2.1 we discus:sed the work function g®,, of a metal in a vacuum.
An energy of g®_ is required to remove an electron at the Fermi level to the

vacuum outside the metal. Typical values of &, for very clean surfaces are
4.3V for Al and 4.8V for Au. When negative charges are brought near the

fnetal surfacF, positive (image) charges are induced in the metal. When this
Image force is combined with an applied electric field, the effective work func-
tion s somewhat reduced. Such barrier lowering is called the Schottky effect,
and this terminology is carried over to the discussion of potential barriers aris-
Ing 1n metal-semiconductor contacts. Although the Schottky effect is only a
part of the explanation of metal-semiconductor effects, rectifying contacts are
generally referred to as Schottky barrier diodes. In this section we shall see
how such barriers arise in metal-semiconductor contacts. First we consider

barriers in ideal metal-semiconductor junctions, and then in Section 5.7.4 we
will include effects which alter the barrier height.

When a metal with work function g®,, is brought in contact with a semi-
conductor having a work function g&,, charge transfer occurs until the Fermi
levels align at equilibrium (Fig. 5-31). For example, when @, > &, the semi-
conductor Fermi level is initially higher than that of the metal before contact is
made. To align the two Fermi levels, the electrostatic potential of the semicon-
ductor must be raised (i.e., the electron energies must be lowered) relative to
that of the metal. In the n-type semiconductor of Fig. 5-31 a depletion region
W is formed near the junction. The positive charge due to uncompensated
donor ions within W matches the negative charge on the metal. The electric
field and the bending of the bands within W are similar to effects already dis-
cussed for p-n junctions. For example, the depletion width W in the semicon-
ductor can be calculated from Eq. (5-21) by using the p*-n approximation

Figure 5-31 | Metal Semiconductor
A Schottky barrier ——— _
formed by o > b, n-type

contacting an
n-type I l |

semiconductior

rith a metal having
a larger work 4P
function: (a) band
diagrams for the
metal and the
semiconductor
before joining;
(b) equilibrium
band diagram for
the junction.

+ 4+ +

Y Y '_'i ‘I"“.‘t -.I?-F_- ’.: ’,
i I.,* '#',_'.-;'._: "E“i _5‘:.: *1 &
Vet o s _

"%, Semiconductor

(a)
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(i.e., by assuming the negative charge in the dipole is a thin sheet of charge to
the left of the junction). Similarly, the junction capacitance is A€, /W, as in the
p*-n junction.”

The equilibrium contact potential V;, which prevents further net electron
diffusion from the semiconductor conduction band into the metal, is the differ-
ence in work function potentials ®, — ®,. The potential barrier height ®, for
electron injection from the metal into the semiconductor conduction band

is ®_— x, where gx (called the electron affinity) is measured from the vac-

Umhvm@m%cmd edge. The equilibrium poten-

tial difference V, can be decreased or increased by the application of either

forward- or reverse-bias voltage, as in the p-n junction. |
Figure 5-32 illustrates a Schottky barrier on a p-type semiconductor, with
®_ < @,. In this case aligning the Fermi levels at equilibrium requires a posi-
tive charge on the metal side and a ne gative charge on the senﬁcqnducto'r side
of the junction. The negative charge s accommodated by a depletion region W

:n which ionized acceptors (N;) are left uncompensated by holes. The poten-
tial barrier V, retarding hole diffusion from the semiconductor 1O the metal 18

® — @, and as before this barrier can be raised or lowered by the application

uncti isualiz] ] oles, we recall
e across the junction. In visualizing the barrier for holes, W
el J itive charge 1S Oppo-

from Fig. 5-7 that the electrostatic potential barrier for posi
site to the barrier on the electron energy diagram.

‘Metal

Semiconductor

p-type

Om < Ps

. ' i
------

,—_-‘
-——l.-r-l"-
p—__

ar to the p'-n, 1

ion are simil i
is dominant for

arrier depletion 1€ which

ard-bias hole injection,

Figure 5-32
Schottky barrier

between a p-type€
semiconductor and
1 metal having 2
smaller work
function: (a) band
diagrams before
ioining; (b) band
diagram for the
junction at
equilibrium.
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The tw_o other cases of ideal metal-semiconductor contacts (P, < D, for
n-type semiconductors, and ®,, > ®, for p-type) result in nonrectifying con-

tacts. We will save treatment of these cases for Section 5.7.3, where ohmic
contacts are discussed.

5.7.2  Rectifying Contacts

When a forward-bias voltage V is applied to the Schottky barrier of Fig. 5-31b,
the contact potential is reduced from V, to V, — V (Fig. 5-33a). As a result,
electrons in the semiconductor conduction band can diffuse across the deple-
tion region to the metal. This gives rise to a forward current (metal to semicon-
ductor) through the junction. Conversely, a reverse bias increases the barrier to
Vo + V,, and electron flow from semiconductor to metal becomes negligible.
In either case flow of electrons from the metal to the semiconductor is retarded
by the barrier @, — x. The resulting diode equation is similar in form to that
of the p-n junction

I =I(e™™ - 1) (5-76)

as Fig. 5-33c suggests. In this case the reverse saturation current /,, 1S not sim-
ply derived as it was for the p-n junction. One important feature we can predict
intuitively, however, is that the saturation current should depend upon the size

Figure 5-33 p—— Y —— - - —V,—+

Effects of forward
and reverse bias on
the junction of

Fig. 5-31:

(a) forward bias;
(b) reverse bias;

(c) typical q(Vo + V,)
current-voltage
characteristic.
£
Forward bas 'y  =—m———— Er,
(a)
/

Reverse bias

(b)

()
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of the barrier ®, for electron:injection from the metal into the semiconductor.
This barrier (which is @, — x for the ideal case shown in Fig. 5-33) is unaf-
fected by the bias voltage. We expect the probability of an electron in the
metal surmounting this barrier to be given by a Boltzmann factor. Thus

I, « e ~I¥8/KT (5-77)

|

1 The diode equation (5-76) applies also to the metal—p-type semiconductor

i junction of Fig. 5-32. In this case forward voltage is defined with the semicon-
ductor biased positively with respect to the metal. Forward current increases as
this voltage lowers the potential barrier to Vo — V and holes flow from the

~ cemiconductor to the metal. Of course, a IEVEIse voltage increases the barrier
for hole flow and the current becomes negligible.

In both of these cases the Schottky barrier diode is rectifying, with easy
current flow in the forward direction and Tiftle current in the reverse direction.
We also note that the forward current +-éach case-is-due to the injection of ma-

jority carriers from the semiconductor into the metal. The absence of minority
carrier injection and the associated storage delay time 1s an important feature of
Schottky barrier diodes. Although some minority carrier injection occurs at
high current levels, these are essentially majority carrier devices. Their high-
frequency properties and switching speed are therefore generally better than

typical p-n junctions. |
In the early days of semiconductor technology, rectifying contacts were

made simply by pressing a wire against the surface of the semiconductor. In
modern devices, however, the metal-semiconductor contact 18 made by

depositing an appropriate metal film on a clean semiconductor surface and

defining the contact pattern photolithographically. Schottky bagier_devices are
particularly well suited for use in densely packed integrated circuits, because

fewer photolithographic masking steps are required compared to p-n junc-
tion devices.

5.7.3° Ohmic Contacts
In many cases we wish to have an ohmic metal—semiconductor contact, having
For example, the surface

a linear /-V characteristic in both biasing directions.

tacted and interconnected. It is important that such contacts
minimal resistance and no tendency to rectify signals.

Ideal metal-semiconductor contacts are ohmic when the charge induced 1n
the semiconductor in aligning the Fermi levels is provided by majority carriers
(Fig. 5-34). For example, in the ®_< &, (n-type) case of Fig. 5-34a, the
Fermi levels are aligned at equilibrium by transferring electrons from the metal
to the semiconductor. This raises the semiconductor electron energies (lowers
th? electrostatic potential) relative to the metal at equilibrium (Fig. 5-34b). In
this case the barrier to electron flow between the metal and the semiconductor
is small and easily overcome by a small voltage. Similarly, the case @, > P,
(p-type) results in easy hole flow across the junction (Fig. 5-34d). Unlike the
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Metal Semiconductor

(a) (b)

Figure 5-34
Ohmic metal-
semiconductor
contacts:
(@) &, < d, for an E
~ o e enis Fg

n-type
semiconductor, and
(b) the equilibrium
band diagram for
the junction;
(c) @, > b, for a
p-type
semiconductor, and
(d) the junction at
equilibrium. (c)

_ » N0 depletion region occurs in the semicon.
ductor 1n these cases since the electrostatic potential difference required to

align the Fermi levels at equilibrium calls for accumulation of majority carriers
in the semiconductor.

A practical method for forming ohmic contacts is by doping the semicon-
ductor']heavﬂy in the contact region. Thus if a bmﬁ“'mtéffafe;the
"depletion width is small enough to allow carriers to tunnel through the barrier.
For example, Au containing a small percentage of Sb can be alloyed to n-type
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Si, forming an n' layer at the semiconductor surface and an excellent ohmic
contact. Similarly, p-type material requires a p* surface layer in contact with
the metal. In the case of Al on p-type Si, the metal contact also provides the

acceptor dopant. Thus the required p* surface layer is formed during a brief
heat treatment of the contact after the Al is deposited. As we shall see in the

discussion of integrated circuits in Chapter 9, Al makes good ohmic contact to

p-type Si, but n-type material requires an n* diffusion or implantation before
contacting by Al.

5.7.4 Typical Schottky Barriers

The discussion of ideal metal-semiconductor contacts does not include certain
effects of the junction between the two dissimilar materials. Unlike a p-n junc-
tion, which occurs within a single crystal, a Schottky barrier junction includes
a termination of the semiconductor crystal. The semiconductor surface con-
tains surface states due to incomplete covalént bonds and other effects, which
can lead to charges at the metal-semiconductor interface. Furthermore, the
contact is seldom an atomically sharp discontinuity between the semiconductor
crystal and the metal. There is typically a thin interfacial layer, which is nei-
ther semiconductor nor metal. For example, silicon crystals are covered by a
thin (10-20 A) oxide layer even after etching or cleaving in atmospheric condi-
tions. Therefore, deposition of a metal on such a Si surface leaves a glassy in-
terfacial layer at the junction. Although electrons can tunnel through this thin
layer, it does affect the barrier to current transport through the junction.

Because of surface states, the interfacial layer, microscopic clusters of
metal-semiconductor phases, and other effects, it is difficult to fabricate junc-
tions with barriers near the ideal values predicted from the work functions of
the two isolated materials. Therefore, measured barrier heights are used in de-
vice design. In compound semiconductors the interfacial layer introduces states
in the semiconductor band gap that pin the Fermi level at a fixed position, re-
gardless of the metal used (Fig. 5-35). For example, a collection of interface

Figure 5-35

Fermi level pinning
by interface states
in compound
semiconductors:
(a) £ is pinned
near £ — 0.8 €V in
n-type GaAs,
regardless of the
choice of metal:
(b) E is pinned
above £¢ in n-type
InAs, providing an
excellent ohmic

(a) (b) contact.

Metal n-GaAs
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of D-type GaAs, and the Schottky barrier hej

a number between 1 and 2, similar to the deality factor in Eq. (5-71) but aris-
ing from different reasons. The mathematics of this derivation is similar to that

of thermionic emission, and the factor B corresponds to an effective Richard-
son constant in the thermionic problem.



8.1.3 Varactor Diode and Parametric Ampliﬁef ,

The term varactor is an abbreviation for variable capacitor. As noted in section 2.3.5,
a reverse-blased pn-junction behaves like a parallel-plate’ capacitor the magnitude of
which depends on the reverse bias : | |

Cr = '——;——CE— TR - - (8.1.11)
(1+V/Va)™ o
where m depends on the type of the junction and V; is the barrier thelltia.l. For reverse

biases large compared to V; we can write eqn. (8.1.11) in the form

L i ]

L]

Croc V™™ it - (8.1.12)

Let us consider a p™ — n junction so N
that the depletion region extends primar- -~ Na }NKX
ily into the n-side. Three common types
of doping profiles are shown in Fig.-8.4.. Doping profiles

Donor distribution is assumed to be pt+ side : N=Na
nside :N=ax" |

linearly graded n = 1

abruptn =0

. hyperabruptn:%
where a is a constant and the exponent A e
n = 0,1, or —% corresponds to abrupt, -+ g no
linearly graded, or hyperabrupt junction. " Fig. 8.4 Graded junction Profiles
It can be shown that N | |
. 1 | |
— N 8.1.14)
e n+2 (

matter, nT — p junction). The hyperabrupt
distance away from the junction) is particularly
ions. In this case, m = 2 and according to
tional to V2. When such a varactor is
the resonant frequency will be

for the pt+ — n junction (or, for that
Junction (which is true only for a short-
mteresﬁng for certain varactor applicat

eqn. (8.1.12) the capacitance will be propor
used in a resonant circuit with inductance L,

1 ol > - (8.1.15)

/= o/ LOT
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Reversed-biased junction diodes are often used as small signal capacitors whose
- capacitance can be electrically controlled by their dc bias. Diodes especially made
for this purpose are called tuning diodes or varactors. They are used for electromc
- tuning of high-freugency resonant circuits to the desired frequency as needed, e.g., i
selection of proper T.V. channel. Other important uses are in microwave a111pliﬁcation
(parametric amplifiers) or generation (frequency multipliers). - '
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' 8.1.4 IMPATT Diode

A diode biased in the reverse direction, so that it operates in the avalanche region,
can generate microwave frequencies. The word IMPATT stands for “Impact-tonization
Avalanche Transist Time’. These diodes employ impact-ionization and transit-time
properties of semiconductor structures to produce negative resistance at microwave
frequencies. The negative resistance arises from two delays which cause the current to
lag behind the voltage. One is the avalanche delay caused by finite build-up time of the
avalanche current: the other is the ‘transit-time delay from the finite time for the carriers
to cross the drift region, as shown in Fig. 8.6(a). When these two delays add up to
half-cycle time (i.e., 180° phase shift), the current decreases as the voltage increases: in
other words, the diode electronic resistance is negative at the corresponding frequency.

1_A.. *t.;n der Ziel, Solid State Physical Electronics, 2nd ed. Ch. '14, Prentice Hall India Pvt. Ltd.,
1971 ' L - |
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This dynami ac) neoat; ' ' ' '
ynal'mc (or ac) negative differential resistance is used to generate microwave
OXV_ - oy . » -
P Cl,f EllS In the case of tunnel diode. The IMPATT diode is now one of the most
ower 1d- Aty : .
p ul solid-state sources of microwave power. At present, this diode can generate

- the highest continuous wave (cw) power output at mm-wave frequencies (i.e., above 30
GHz) of all solid state devices.

A Potential

Avalanche
region

e drift region —»
|
:

Drift region Anode pr

— —— ST \

I - Wp El_H dd Pwﬂ
(a) - ()
Fig. 8.5_ IMPATT diode (a) Schematic diagram, (b) Potential distribution

Avalanche region

Although detailed calculations of IMPATT operation are complicated and generally
require computer solutions, the basic physical mechanism is simple. The structure of
a pt — n device is shown in Fig. 8.6(a). When a large enough reverse bias is applied
to the device, carriers are generated by the avalanche break-down process in the high-
field region (shown in Fig. 8.6(b)) at the p™ — n interface. These avalanche-generated
carriers move in the electric field, not by diffusion but by drift, creating the electric
- current at the p™ —n interface. There 1s a relatively thin part of the space-charge region
on the n-side of the junction, where avalanche multiplication occurs. In the remainder
of the space-charge region the carriers drift but do not multiply. Because of the high
fields involved, the drift velocity saturates. In other words, this drift will occur with
the limiting drift velocity vg for most of the space-charge region. Since the p-region of
the junction is heavily doped, N4 > Np, and consequently width of the space charge
region in p-type material will be much less than that of the n-type material (eqn. 2.3.6),

i.e., w, < wp, as shown in Fig. 8.6(b). Then the total impedance can be divided into

three groups : |
Lot = Rs + L + Zd

where Z, and Z4 are the impedances of the avalanche and driﬂ; regions respectively,
and R, 1s the series resistance for the remaining part of the diode. If such a diode is
S .

subjected to a varying electric field
E(t) = Eg + Emel®

, & ,
that it can be shown that

i 2 a |
dj  2(l—cosf)/e® 1 1- e - (1+ %) (8.1.26)
Ztor = dis + 2ecodvy 1 —w?/ws JjwCy 1 —w?/w? T

2A  van der Ziel, Solid State Physical Electr_omcs, 2nd. ed. ch 17, Prentice Hall IndiaPvt. Ltd.,

1971



N R
_ | 2ecnAuv, | JwC 1l — w"/wr-:.
1f the transit angle 0 = wd, /14 1s assumed to be small. In eqn (8.1.27)
1 20 vl -
Wy = s = £ a’p (8.1.28)
'\/L”. C”* EE(, A '
da/v; cepA - . s
L, = _,/"’, G, = (8.1.29)
2(1’“[(_] dq

(= EE()A/((la -+ dd)’ (8130)

\Vl . o . . | . — ul \
l1ere A is the junction area, o the dc current through the diode, and &), is somehow
r : v 4 . . ; a ; . : ;
elated to the rate of lonization in the avalanche region. C is the net capacitance of
the space-charge region. ' '
I . ) . ‘ . | . ’ r .
. t dls seen fi oI eqn. (8..1.27) that its second term is an active resistance (a resistance
1at epe1}ds ?11 frequency) that is negative for w > w,. The third term is a parallel
i‘lesog?,llt circuit which includes the diode capacitance C" and shunt inductor. To malke
1€ _10de oscillate, we must add a parallel inductance L¢ to the equivalent circuit to
tune 1t, as shown in Fig. 8.7.

®
o d? —0%/0)2 . . I i
- 2eg5Avy(1-0%02) - joe(1-02/w2) ' S
Rs = :::‘
 Drift region = ks 7 ol
: C ey N
I *

- Fig. 8.7 E_Iectrical analogue of IMPATT diode

r

It 15-11112e1'est1}1g to note that str(?ng negative resistance effects occur for relatively
small transit angles. This negative resistance effect explains why the diode will osci]htue
| . ¢ clLC

for frequencies w > w,.

From the discussion above it is understandable that avalanche diodes will oscillate N
microwave frequencies and that the oscillator is current-tunable and tunable by (‘\;(,111 ]
neans. Powers of t_he order of 100 mW ¢W at 2GHz are obtainable, Hox;rm:m; r]d
obtainable power depreases "wit‘h increasin_g,f'reql,loncy,‘ and frequencies aboveJSO C‘Hw
have been generated. Pulsed operation results in much higher output power | [":Ir :
order of 100 watts at 2GHz. | PRy B S

It has been seen that the peak value of negative resistance: occurs near § > 7
For pactical purpose IMPATT diode works only in a frequency range around = transit

angle, 1.e.,
D 3 L 1 y
=T =WwWTg or, [ = — = _C
27}[ ?'dd

_, Ly ~5 :
For vy ~ 107 cm/sec and dy ~ 10~° cm, this comes around 100 GHyz

(8.1.31)
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