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Introduction

The book is organized into five parts:

Part I:  Semiconductor Physics
Part II:  Device Building Blocks
Part I1I: Transistors

Part IV: Negative-Resistance and Power Devices
Part V:  Photonic Devices and Sensors

Part I, Chapter 1, is a summary of semiconductor properties that are used
throughout the book as a basis for understanding and calculating device characteris-
tics. Energy band, carrier concentration, and transport properties are briefly surveyed,
with emphasis on the two most-important semiconductors: silicon (Si) and gallium
arsenide (GaAs). A compilation of the recommended or most-accurate values for
these semiconductors is given in the illustrations of Chapter 1 and in the Appendixes
for convenient reference.

Part I1, Chapters 2 through 4, treats the basic device building blocks from which
all semiconductor devices can be constructed. Chapter 2 considers the p-» junction
characteristics. Because the p-» junction is the building block of most semiconductor
devices, p-n junction theory serves as the foundation of the physics of semiconductor
devices. Chapter 2 also considers the heterojunction, that is a junction formed
between two dissimilar semiconductors. For example, we can use gallium arsenide
(GaAs) and aluminum arsenide (AlAs) to form a heterojunction. The heterojunction
is a key building block for high-speed and photonic devices. Chapter 3 treats the
metal-semiconductor contact, which is an intimate contact between a metal and a
semiconductor. The contact can be rectifying similar to a p-» junction if the semicon-
ductor is moderately doped and becomes ohmic if the semiconductor is very heavily
doped. An ohmic contact can pass current in either direction with a negligible voltage
drop and can provide the necessary connections between devices and the outside
world. Chapter 4 considers the metal-insulator-semiconductor (MIS) capacitor of
which the Si-based metal-oxide-semiconductor (MOS) structure is the dominant
member. Knowledge of the surface physics associated with the MOS capacitor is
important, not only for understanding MOS-related devices such as the MOSFET and
the floating-gate nonvolatile memory but also because of its relevance to the stability
and reliability of all other semiconductor devices in their surface and isolation areas.
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1.5 CARRIER-TRANSPORT PHENOMENA 49

1.5.8 Space-Charge Effect

T he space charge in a semiconductor is determined by both the doping concentrations
and the free-carrier concentrations,

p=@-n+Np-NJq . (115)

1n the neutral region of a semiconductor, n= Ny and p = N, so that the space-charge
density is zero. In the vicinity of a junction formed by different materials, dopant
types, or doping concentrations, n and p could be smaller or larger than Nj, and N,
respectively. In the depletion approximation, n and p are assumed zero so that the
space charge is equal to the majority-carrier doping level. Under bias, the carrier con-
centrations » and p can be increased beyond their values in equilibrium. When the
injected » or p is larger than its equilibrium value as well as the doping concentration,
the space-charge effect is said to occur. The injected carriers thus control the space
charge and the electric-field profile. This results in a feedback mechanism where the
field drives the current, which in turn sets up the field. The space-charge effect is
more common in lightly doped materials, and it can occur outside the depletion
region.

In the presence of a space-charge effect, if the current is dominated by the drift
component of the injected carriers, it is called the space-charge-limited current. Since
1t 1s a drift current, it is given by, in the case of electron injection,

= (00 (116)

The space charge again is determined by the injected carriers giving rise to the
Poisson equation of the form

LV anfs (117)

dx? z
The carrier velocity v is related to the electric field by different functions, depending
on the field strength. In the low-field mobility regime,

= I (118)

In the velocity-saturation regime, velocity v, is independent of the field. In the limit
of ultra-short sample or time scale, we have the ballistic regime where there is no
Scattering, and

Pi=s S2dlaE g (119)
m.
From Eqgs. 116-119, the space-charge-limited current in the mobility regime (the
Mott-Gurney law) can be solved to be (see Vol. 4 of Ref. 4)

Jie SEHE (120)
8L3
1n the velocity-saturation regime
L ene (121)
e
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52 CHAPTER 1. PHYSICS AND PROPERTIES OF SEMICONDUCTORS—A REVIEW

dk;
A
In semiconductors, the absorption coefficient is a strong function of the wave-
length or photon energy. Near the absorption edge, the absorption coefficient can be
expressed as’

a (126)

aoc(ln'-Eg)‘V (127

where /v is the photon energy and yis a constant. There exist two types of band-to-
band transitions: allowed and forbidden. (Forbidden transitions take into account the
small but finite momentum of photons and are much less probable.) For direct-
bandgap materials, transitions mostly occur between two bands of the same & value,
as transitions (a) and (b) in Fig. 29. While allowed direct transitions can occur in all
k values, forbidden direct transitions can only occur at A # 0. In the one-electron
approximation, y equals 1/2 and 3/2 for allowed and forbidden direct transitions,
respectively. Note that for £ = 0 at which the bandgap is defined, only allowed transi-
tion (¥= 1/2) occurs and thus it is used in determining the bandgap experimentally.
For indirect transitions [transition (c) in Fig. 29], phonons are involved in order to
conserve momentum. In these transitions, phonons (with energy £) are either
absorbed or emitted, and the absorption coefficient is modified to

ax (hv-E*E,) . (128)

Here the constant y equals 2 and 3 for allowed and forbidden indirect transitions,
respectively.

In addition, increased absorption peaks and steps can be due to formation of exci-
tons, which are bound electron-hole pairs with energy levels within the bands that
move through the crystal lattice as a unit. Near the absorption edge, where the values
of (£, — hv) become comparable with the binding energy of an exciton, the Coulomb
interaction between the free electron and hole must be taken into account. The photon
energy required for absorption is lowered by this binding energy. For hv < E, the

A ’
K El (iﬁfiirect)

(b) (a) (c)

g
direct
( lfef) Fig. 29 Optical transitions: (a) allowed

| e and (b) forbidden direct transitions; (c)

Ey \ indirect transition involving phonon emis-
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1.6 PHONON, OPTICAL, AND THERMAL PROPERTIES 53

absorption merges continuously into the fundamental absorption. When hv>» B2
higher energy bands participate in the transition processes, and complicated band
structures are reflected in the absorption coefficient.

Figure 30 plots the experimental absorption coefficients & near and above the fun-
damental absorption edge (band-to-band transition) for Si and GaAs. The shift of the
curves toward higher photon energies at lower temperature is associated with the tem-
perature dependence of the bandgap (Fig. 6). An « of 10* cm™! means that 63% of
light will be absorbed in one micron of semiconductor.

When light passes through a semiconductor, absorption of light and generation of
electron-hole pairs (G,) occur, and the light intensity P,, diminishes with distance
according to

M = —aP, (x) = Ghv. (129)
dx & <
Solution of the above gives an exponential decay of intensity
P,,(x) = Po(1 -R)exp(- ax) (130)

where P, is the external incident light intensity and R is the reflection of the ambient-
semiconductor interface at normal incidence,

S (l_nr)z'*'kg
C (1+n)2+k2

(131)

107

106 Tﬁ,
y

10°

4 /
10 GaAs 1,
W/ .

103

i
102 4

10!

Absorption coefficient (cm™')

ll_

Fig. 30 Measured absorption coefficient
Si and GaAs. (After Refs.
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2.2.1 Abrupt Junction

Built-in Potential and Depletion-La

in a semiconductor changes abruptly fro

N, as shown in Fig. 1

: : e :
vice versa), one obtains a one-sided abrupt p™-1 (or n*-p) junction.
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88 CHAPTER 2. p-n JUNCTIONS

. gami
e 85 (323
Integrating Eq. 30 once again gives the potential distribution shown in Fig. 5¢
Wp)’ Wp\? W W
a D D ‘3 _Q < D
5 &[2(7) 5 3(7) i J T Tt (33)
from which the built-in potential can be related to the depletion width
S anVg
e 1o, (34)
or
12 E\ Whl\ did
W, = (____. : ‘
i qa (35

Since the values of the impurity concentrations at the edges of the depletion
region (— Wp/2 and Wj/2) are the same and equal to a/¥/,/2, the built-in potential for
a linearly graded junction can be approximated by an expression similar to Eq. 5:

le {(a”",)’Z)(uH'D 2)7
n

Wbi &= ; ”:: ]
5 M]n(a” D) (36
= q 2n./ Soue

Equations 35 and 36 can thus be used to solve for H, and ;.
Based on an accurate numerical technique.® the built-in potential can be calcu-
lated explicitly by an expression as a gradient voltage V

2kT (a-gka). (37

Vg = 3_61- n
The gradient voltages for Si and GaAs as a function of impurity gradient are shows
in Fig. 6. These voltages are smaller than the i, calculated from Eq. 36, using the
depletion approximation, by more than 100 mV. The depletion-layer width and the
corresponding capacitance for silicon using this V, as the built-in potential are plotied
in Fig. 7 as a function of net potential 7.
The depletion-layer capacitance for a linearly graded junction is given by

2 3
CD — -g—s 2= [—_qags :|l/ (38}
Wp 12(y;, - V)

where V' is positive/negative for forward/reverse bias.

8n3q?

2.2.3 Arbitrary Doping Profile

In- th'is section we consider the doping near the junction to be of any arbitrary shape.
Limiting the discussion to the n-side of a p*-n junction, the net potential change atthe

Junction is given by integrating the total field across the depletion region;
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12.3 LIGHT-EMITTING DIODE (LED) 611

bound by layers of opposite types. This double-heterojunction design yields the
highest efficiency and is the preferred approach.

Furthermore, if the central active layer is reduced to the range of 10 nm or smaller,
a quantum well is formed. In this case, the 2-dimensional carrier densities become
relevant and have to be calculated based on quantum mechanics. The effective
3-dimensional carrier densities (per unit volume), however, is given by the 2-D values
divided by the quantum-layer width. This phenomenon pushes the carrier densities to
higher levels and can result in higher efficiency. Another advantage of a thin active
layer comes about in epitaxial growth, since a thin strained layer can accommodate
higher level of lattice mismatch (see Section 1.7). Another feature of a quantum well
is that quantization levels can theoretically extend the radiation energy (or to shorter
wavelength) beyond the energy gap, but this feature is rarely used.

12.3.2 Materials of Choice

The most-important semiconductors for LED applications are listed in Figure 10,
where the relative luminosity for the human eye is also added for reference. The spec-
trum covers most of the visible and extends into the infrared region. For display appli-
cations, since the human eye is only sensitive to light of energy hv>1.8 eV
(4<0.7 pm), semiconductors of interest must have energy bandgaps larger than this
value. In general, all of these semiconductors are direct-bandgap materials except for
some of the alloy composition in the GaAsP system which will be discussed in more
details later. Direct-bandgap semiconductors are particularly important for electrolu-
minescent devices, because the radiative recombination is a first-order transition
process (no phonon involved) and the quantum efficiency is expected to be much
higher than that for an indirect-bandgap semiconductor, where a phonon is involved.

AlGaAs. The Al,Ga,  As systems covers a wide range of wavelengths from red to
infrared. In the form of GaAs, it is the earliest material used for high-efficiency LEDs

B8 2'6 2.4 282 2 1.8 E(eV)
T T 1 = T T T
In, (Al Ga,_)P Al,Ga;_As
In,Ga, N n,_ (Al ,.)* ,Ga,_A
: A <N GaAs, P,
GaP:N GaAs,_P <P
Relative Gy
luminosity ! 1 L el
| I Yellow !
1 | & v 1
Violet 1 Blue I Green I Orange Red |
1 | 1 ) : - |
0.4 0.5 0.6 0.7 A(um)

Fig. 10 Semiconductors of interest for LEDs, including the relative luminosity function of the
human eye.
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614 CHAPTER 12. LEDs AND LASERS

and reemits light of different wavelengths. The wavelength converters can be phos-
phors,?? dyes, and other semiconductors. They usually convert to lower energy
(longer wavelength) and have a wider spectrum compared to the original light. Their
efficiencies are usually quite high. These are the reasons that they are quite common
in white-light LEDs. Not as common is conversion to higher energy. Blue LEDs can
be obtained from infrared-to-visible up-converters,”* where the infrared emission
from a GaAs LED is absorbed by phosphor doped with rare-earth ions, such as ytter-
bium (Yb3*) and erbium (Er**). The operation depends on the successive absorption
of two photons in the infrared region followed by the emission of a single photon in
the visible region.

12.3.3 Definitions of Efficiencies

The main function of an LED is to convert electrical energy into light in the visible
part of the spectrum for display and illumination purposes. In this section, the dif-
ferent terms of LED efficiencies are discussed. Knowing the origins of these efficien-
cies, optimization can be made accordingly.

Internal Quantum Efficiency. For a given input power, the radiative recombination
processes are in direct competition with the nonradiative ones. Each of the band-to-
band transitions and transitions via traps can be either radiative or nonradiative.
Examples of nonradiative band-to-band recombination are those in indirect-bandgap
semiconductors. Conversely, examples of radiative recombination via traps are those
via isoelectronic levels.

The internal quantum efficiency 7, is the efficiency of converting carrier current
to photons, defined as

= number of photons emitted internally (8)
i3 number of carriers passing junction

It can be related to the fraction of the injected carriers that combine radiatively to the
total recombination rate, and may also be written in terms of their lifetimes as

0 = Rr = Tor (9)
Rr il Rnr Tor + 7

where R, and R, are the radiative and nonradiative recombination rates, and 7, and 7,,
are their associated radiative and nonradiative lifetimes, respectively. For low-level
injection, the radiative recombination rate in the p-side of the junction is given by

R, = R, .np
~R,,AnN,, (10)

where R, is the recombination coefficient and An is the excess carrier density which
is much larger than the minority carrier density in equilibrium An > n,,. R, isa func-
tion of the band structure and temperature. Its value would be very small for indirect-
bandgap semiconductors. (R,, ~ 10-1° cm3/s for direct-bandgap materials, and
~ 10~!% cm?¥/s for indirect-bandgap materials.)

IPR2025-00689
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12.5 LASER OPERATING CHARACTERISTICS 633
out that the wavelength ranges in.d‘icated grg from interband transitions across their
bandgaps. For intersubband transitions within the conduction band as in 3 quantum

 cascade laser (Section 12.6.3), the wavelength can be much extended for a material

: system. i
Since heterojunction lasers are most common, the bandgap-lattice constant rela- ”{
ttonship is critical in choosing the appropriate material combination. Such relation- ;

sships for some common material systems are shown in Fig. 32 of Chapter 1. To 1
zzchieve heterojunctions with negligible interface traps, the lattices between the two 5
ssemiconductors must be closely matched. Meanwhile, large bandgap difference is ]
ddesirable for carrier confinement, and large refractive-index difference is beneficial
uin waveguiding. Also, as shown in the figure, some of the materials span from direct
bbandgap to indirect bandgap where lasing is prohibited. Therefore, this composition
bihas to be avoided.

One of the most-important applications for lasers is optical-fiber communication.
FFigure 23 shows the loss characteristics achieved in experimental fibers. Three wave-
Igengths of particular interest are also indicated on the figure. Around 0.9-um wave-
lcength, the GaAs/Al Ga,  As heterostructure lasers serve as the optical source, and the
Ssi photodiode can be used as the less-expensive photodetector. Around 1.3-pm wave-
leength the fiber has low loss (0.6 dB/km) and low dispersion; and around 1.55-pum
wwavelength, the loss reaches a minimum of 0.2 dB/km. For these two wavelengths,
ITII-V quaternary compound lasers, such as In Ga,_,As,P,_, /InP lasers, are candidates
faor optical sources, and photodiodes in ternary or quaternary compounds as well as
Gie avalanche photodiodes are candidates for optical detectors.*’?

e —— Y Sk b ] PONAN

Doevice Structures. The basic structure of a laser is a p-n junction surrounded by
opptically designed surfaces, as shown in Fig. 24. A pair of parallel planes are cleaved
orr polished perpendicular to the plane of the junction. The two remaining sides of the

100
E GeO,-doped silica optical fiber
~ 10 0.9 pm 1.3 um
8 L:5idBcn 0.6 dB/km
/m 4 '
) l !
2 f 1
3 1 ! |
E |
- I i
£ I I
E | I
| 1 1 \ i
C S BBl il

o,

~
o
(e <]

Wavelength A4 (um)

e S ilica optical fiber. The three we
e teristics of si ee
Loss charac
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13.2 PHOTOCONDUCTOR 667

ise. This is due to random effects associated with surface traps and generally has lf
. daracteristics that are more pronounceq at low frequencies. The generation-recom-
! Snation noise comes from the fluctuations of these generation and recombination
: svents. Generation noise can originate from both optical and therma] processes.

Since all the noises are independent events, they can be added together as the total
=2aise. A related figure-of-merit? is the noise-equivalent power (NEP) that corre-
<sponds to the incident rms optical power required to produce a signal-to-noise ratio of
ooe in a 1-Hz bandwidth. To the first order, this is the minimum detectable light
spower. Finally, the detectivity D is defined as

_ JiB
~ NEP
wihere 4 is the area and B is the bandwidth. This is also the signal-to-noise ratio when
cmne watt of light power is incident on a detector of area 1 cm?, and the noise is mea-
suured over a 1-Hz bandwidth. The parameter is normalized to the area since the
deevice noise is generally proportional to the square root of area. The detectivity
cSekpends on the detector’s sensitivity, spectral response, and noise. It is a function of
waavelength, modulation frequency, and bandwidth, and is recommended to be
sanpressed as D*(A,1.B).

The last section of this chapter deals with solar cells which to some extent share
sonme similarity with photodetectors in that they both convert light to electricity. The
paarpose of the solar cells, however, is for power generation from the sunlight, as
oppposed to detection of faint light. So one difference between them is the intensity of
Fzzht involved. The second difference being that solar cells are power generators and
2s usuch no external bias is required, whereas photodetectors usually require some bias
znad the change of current is detected as signal.

V0 s cm-Hz!"2/W, 4)

13..2 PHOTOCONDUCTOR

_A pphotoconductor consists simply of a slab of semiconductor, in bulk or thin-film
forTm, with ohmic contacts affixed to the opposite ends (Fig. 2). When incident light
#allls on the surface of the photocondugtf)r, ca.rriers are gene'rated either by band-to-
&2n0d transitions (intrinsic) or by transitions m\_'o.lvmg forbidden-gap energy levels
| extiringic), resulting in an increase in conductlylty: The processes of intrinsic and
=%trinsic photoexcitations of carriers are shown in Fig. 3% ;

" For the intrinsic phOtOC?n_ducmr’ the cong uctvity 15 glven bygossaEog * HP),
cr2d 1 the jncrease of conductivity under 1llummat1.on 1s mainly due to the increase in
B9€ Dumber of carriers: The wayelengtt;:cuu;lff e e where AE s th
w#Miicon yctor bandgap Le 1 e case.anc(i) relse ?ef ;Véllveler.lgths, e Incideny 4
SN IS ahoorbed by the Sem;::tg:‘;g?;ion occirs(g:t\:e:rf ?;saz:ie g:neratzd B
%47 Tinsje o otoconductor: P ceaancan

£ * €Negy Jevel in the €0CTEY B3P
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13.3 PHOTODIODES 671

tonrs are cooled to lower temperatures (such as 77 K and 4.2 K). The lower
enmperatures reduce thermal effects which cause thermal ionization and deplete the
zneergy levels, and increase the gain and detection efficiency. Near 0.5 um, a CdS
~huotoconductor has high sensitivity, whereas at 10 pm a HgCdTe photoconductor is
oreeferred.® In the wavelength range from 100 to 400 um, a GaAs extrinsic photocon-
Suactor is a better choice because of its high detectivity.” This photoconductor has high
dvimamic range and can give comparable performance for high-level (strong light
atitensity) detection. For low-level detection at microwave frequencies, however, a
~haotodiode will provide considerably more speed and higher signal-to-noise ratio.
Thhus photoconductors have limited use in high-frequency optical demodulators, such
s iin optical mixing. They have been, however, extensively used for infrared detec-
Zoon especially beyond a few microns of wavelength.

1343 PHOTODIODES

138.3.1 General Consideration

A photodiode has a depleted semiconductor region with a high electric field that
semrves Lo separate photogenerated electron-hole pairs. For high-speed operation, the
Zeppletion region must be kept thin to reduce the transit time. On the other hand, to
macrease the quantum efficiency (the number of electron-hole pairs generated per inci-
Zeent photon), the depletion layer must be sufficiently thick to allow a large fraction of
thee incident light to be absorbed. Thus, there is a trade-off between the speed of
ressponse and quantum efficiency.

For the visible and near-infrared wavelength range, photodiodes are usually
revverse-biased with moderate biasing voltages, because this reduces the carrier transit
sinme and lowers the diode capacitance. The reverse voltage is, however, not large
ennough to cause avalanche multiplication or breakdown. This biasing condition is in
coontrast to avalanche photodiodes, where an internal current gain is obtained as a
ressult of the impact ionization under avalanche breakdown conditions. All photc?-
dicodes, with the exception of the avalanche photodiode which is not included in this
s<oetion, thus have a maximum gain of one (Table 1). The photodiode family inc!udes
thee p-i-n photodiode, p-n photodiode, heterojunction photodiode, and metal-semicon-
Suuctor (Schottky barrier) photodiode. s .

We shall now briefly consider the general characteristics of a photodiode: its
quuantum efficiency, response speed, and device noise.

Quuantum Efficiency. As mentioned previously, quantum efficiency is the numbe}' qf
eleectron-hole pairs generated per incident photon (Eq. 2). A related figure of merit is
thee responsivity, which is the ratio of the photocurrent to the optical power (Eq. _3)-
Thherefore, for a given quantum efficiency, the responsivity increases ll.nearly with
wzavelength. For an ideal photodiode (7 = 1),% = 4/1.24 (A/W) where 4 is expressed
in | microns,

Since the optical absorption coefficient « is a strong function 9f the waveleng@h,;
four a given semiconductor the wavelength range in which appreciable photocurr,‘e_'n.t,
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674 CHAPTER 13. PHOTODETECTORS AND SOLAR CELLS

2hv ’(S/N)]L,(B
POP‘lmin b n q : (22)

where

2kT

gRE

The noise-equivalent power (NEP) is given by (S/N =1, B=1 Hz)

qu = Ig+Ip+

(23)

NEP = rms optical power P | .

27
= (’%V) [Fles  Wiem2-Hz12. (24)
q

To improve the sensitivity of a photodiode, both 7 and R,, should be increased while
Ig and /j, should be minimized. The NEP decreases with R, until it saturates to a con-
stant value limited by dark-current or background-current shot noise.

13.3.2 p-i-n and p-n Photodiodes

The p-i-n photodiode is a special case of the p-n junction photodiodes, and is one of
the most-common photodetectors, because the depletion-region thickness (the
intrinsic layer) can be tailored to optimize the quantum efficiency and frequency
response. Figure 6 shows schematic representation of a p-i-n diode and its energy-
band diagram under reverse-bias conditions, together with optical absorption charac-
teristics. We shall discuss the operation of p-i-n photodiode in some detail with the
help of Fig. 6. This discussion applies also to p-» junction photodiodes. Light absorp-
tion in the semiconductor produces electron-hole pairs. Pairs produced in the deple-
tion region or within a diffusion length of it will eventually be separated by the
electric field, leading to current flow in the external circuit as carriers drift across the
depletion layer.

Quantum Efficiency. Under steady-state conditions the total photocurrent density
through the reverse-biased depletion layer is given by!?

ot = Jar +Jisr (25)

where J,, is the drift current due to carriers generated within the depletion region and
Jgigr is the diffusion current due to carriers generated outside the depletion layer in the
bulk of the semiconductor and diffusing into the reverse-biased junction. We shall
now derive the total current under the assumptions that the thermal generation current
can be neglected and that the surface p-layer is much thinner than I/c. Referring to
Fig. 6c, the electron-hole generation rate is given by

G.(x) = Pyaexp(—ax) (26)

where @, is the incident photon flux per unit area given by b= R)/Ahv, R is the
reflection coefficient, and 4 is the device area. The drift current J,, is thus given by
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682 CHAPTER 13. PHOTODETECTORS AND SOLAR CELLS

toward the semiconductor contribute to the photocurrent. The internal photoemission
process is energy dependent, and the quantum efficiency is given by

(hv—qd5)?
i Cr hv

: (40)

where Cr. is the Fowler emission coefficient. This phenomenon is often applied to
measure the barrier height. When a Schottky-barrier diode is scanned with light of
variable wavelength, Fig. 11c shows that the quantum efficiency has a threshold of
qdp, and it increases with the photon energy. When the photon energy reaches the
energy-gap value, the quantum efficiency jumps to a much higher value. In practical
applications, the internal photoemission has typical quantum efficiencies of only less
than 1%.

A typical configuration is illustrated in Fig. 9c. To avoid large reflection and
absorption losses when the diode is illuminated through the metal contact, the metal
film must be very thin, 10 nm, and an antireflection coating must be used. By using
a low-doping i-layer, a metal-i-n photodiode similar to a p-i-n diode can be made.
This structure is advantageous mainly for band-to-band excitation. A special metal-
semiconductor diode is the point-contact photodiode shown in Fig. 9¢.'® The active
volume is very small, and as a result both the drift time and capacitance are small. It
1s thus suitable for very-high modulation frequencies.

For detectors with internal photoemission, it is more efficient to direct the
incoming light through the substrate. Since the barrier height is always smaller than
the energy gap, light with gz <hv<E|, is not absorbed in the semiconductor, and
intensity is not reduced at the metal/semiconductor interface. The metal layer, in this
case, can be thicker for easier thickness control and to minimize series resistance. For
Si devices, options are available using silicides in place of the metal. A silicide
usually has a more reproducible interface since it is formed by reacting metal with Si
so that the new interface is never exposed. Common silicides used for this purpose are
PtS1, Pd,Si, and IrSi. Another advantage of a Schottky-barrier diode is that high-tem-
perature processing for diffusion or implantation anneal is not required.

Metal-semiconductor photodiodes are particularly useful in the visible and ultra-
violet regions. In these regions the absorption coefficients « in most of the common
semiconductors are very high, of the order of 10° cm™! or higher, corresponding to an
effective absorption length of 1/a= 0.1 um or less. It is possible to choose a proper
metal and antireflection coating so that a large fraction of the incident radiation will
be absorbed near the surface of the semiconductor.

The dark current in a Schottky diode is known to be due to thermionic emission
of majority carriers and it does not suffer from charge storage of minority diffusion
current, which limits the speed capability in a p-n photodiode. Ultrafast Schottky-
barrier photodiodes operating beyond 100 GHz have been reported. The main advan-
tages of the Schottky-barrier photodiode are high speed and long-wavelength detec-
tion capability without having to use a semiconductor with a small energy gap-
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