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CHAPTER 12
LIGHT-EMITTING DIODES

Roland H. Haitz

M. George Craford
Robert H. Weissman
Hewlett-Packard Co.,

San Jose, California

GLOSSARY

¢ velocity of light
semiconductor energy bandgap

h Planck’s constant

Iz total LED current

J LED current density

k Boltzmann's constant

M magnification

N low index of refraction medium
ny high index of refraction medium
q electron charge

T temperature

V' applied voltage

i internal quantum efficiency

6.  critical angle

A emission wavelength

total minority carrier lifetime

T nonradiative minority carrier lifetime
7,  radiative minority carrier lifetime

INTRODUCTION

Over the past 25 years the light-emitting diode (LED) has grown from a laboratory
curiosity to a broadly used light source for signaling applications. In 1992 LED production
reached a level of approximately 25 billion chips, and $2.5 billion worth of LED-based
components were shipped to original equipment manufacturers.

This article covers light-emitting diodes from the basic light-generation processes to
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descriptions of LED products. First, we will deal with light-generation mechanispg
light extraction. Four major types of device structures—from simple grown or gjg
homojunctions to complex double heterojunction devices are discussed next, followeq
description of the commercially important semiconductors used for LEDs, from
pioneering GaAsP system to the AlGalnP system that is currently revolutionizing y
technology. Then processes used to fabricate LED chips are explained—the STOW(h o
GaAs and GaP substrates: the major techniques used for growing the epitixal mate
which the light-generation processes occur; and the steps required to create LED chipg
to the point of assembly. Next the important topics of quality and reliability—in payy
chip degradation and package-related failure mechanisms—will be addressed. Fjy
LED-based products, such as indicator lamps, numeric and alphanumeric display,
optocouplers, fiber-optic transmitters, and sensors, are described.
This article covers the mainstream structures, materials, processes, and applicatjgy
use today. It does not cover certain advanced structures, such as quantum well or stra;
layer devices, a discussion of which can be found in Chap. 13, “Semiconductor Lage
The reader is also referred to Chap. 13 for current information on edge-emitting [ gp,
whose fabrication and use are similar to lasers.
For further information on the physics of light generation, the reader should cgy
Refs. 1-11. Semiconductor material systems for LEDs are discussed in Refs. 13
Crystal growth, epitaxial, and wafer fabrication processes are discussed in detail in
25-29.

12.3 LIGHT-GENERATION PROCESSES

When a p-n junction is biased in the forward direction, the resulting current flow across thy
boundary layer between the p and n regions has two components: holes are injected f;
the p region into the n region and electrons are injected from the n region into th
region. This so-called minority-carrier injection disturbs the carrier distribution from
equilibrium condition. The injected minority carriers recombine with majority carriers u
thermal equilibrium is reestablished. As long as the current continues to flow, mino
carrier injection continues. On both sides of the junction, a new steady-state ca
distribution is established such that the recombination rate equals the injection rate.'”
Minority-carrier recombination is not instantaneous. The injected minority carriers hav
to find proper conditions before the recombination process can take place. Both en
and momentum conservation have to be met. Energy conservation can be readily met s
a photon can take up the energy of the electron-hole pair, but the photon doe
contribute much to the conservation of momentum. Therefore, an electron can
combine with a hole of practically identical and oppcsite momentum. Such pro
conditions are not readily met, resulting in a delay. In other words, the injected mino
carrier has a finite lifetime 7, before it combines radiatively through the emission
photon.” This average time to recombine radiatively through the emission of light can
visualized as the average time it takes an injected minority carrier to find a majority carri
with the right momentum to allow radiative recombination without violating momentu!
conservation. 1
Unfortunately, radiative recombination is not the only recombination path. There af¢
also crystalline defects, such as impurities, dislocations, surfaces, etc., that can trap
injected minority carriers. This type of recombination process may or may not gene
light. Energy and momentum conservation are met through the successive emissio
phonons. Again, the recombination process is not instantaneous because the mino
carrier first has to diffuse to a recombination site. This nonradiative recombination pro
is characterized by a lifetime 7,.> !
Of primary interest in design of light-emitting diodes is the maximization of the
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radiative recombination relative to the nonradiative recombination. In other words, it is of
interest to develop conditions where radiative recombination occurs fairly rapidly
compared with nonradiative recombination. The effectiveness of the light-generation
process is described by the fraction of the injected minority carriers that recombine
radiatively compared to the total injection. The internal quantum efficiency, n; can be
calculated from 7, and 7,. The combined recombination processes lead to a total
minority-carrier lifetime 7 given by Eq. (1):

1 S S
—_———t—
T T T (])

7, is simply computed from Eq. (1) as the fraction of carriers recombining radiatively:*

Tn

 gemray (2)

Of interest are two simple cases: in the case of excellent material quality (large 7,) or
efficient radiative recombination conditions (small 7,), the internal quantum efficiency
approaches 100 percent. For the opposite case (7,<«<7,), we find n,=71,/7,«<1. As
discussed under ‘‘Material Systems,” there are several families of III-V compounds with
internal quantum efficiencies approaching 100 percent. There are also other useful
semiconductor materials with internal quantum efficiencies in the 1 to 10 percent range.

To find material systems for LEDs with a high quantum efficiency, one has to
understand the band structure of semiconductors. The band structure describes the
allowed distribution of energy and momentum states for electrons and holes (see Fig. 1

Energy
A

Indirect Minimum

Conduction Band

««——Direct Minimum

Eg vV
he

Radiative Transition A= B
Valence Band y g

+"-'|\

P
Momentum

FIGURE 1 Energy band structure of a direct semiconductor showing radiative recombina-
tion of electrons in the conduction band with holes in the valence band.
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Conduction Band

Indirect Minimum

Forbidden Transition

Valence Band

Momentum
FIGURE 2 Energy band structure of an indirect semiconductor showing the conduction-band

minima and valence-band maximum at different positions in momentum space. Radiative
recombination of conduction-band electrons and valence-band holes is generally forbidden,

and Ref. 2). In practically all semiconductors the lower band, also known as the val
band, has a fairly simple structure, a paraboloid around the (0,0, 0) crystalline direc
Holes will take up a position near the apex of the paraboloid and have very sm:
momentum. The upper band, also known as the conduction band, is different for va
semiconductor materials. All semiconductors have multiple valleys in the conduction ban
Of practical interest are the valleys with the lowest energy. Semiconductor materials a
classified as either direct or indirect.'™ In a direct semiconductor, the lowest valley in fl
conduction band is directly above the apex of the valence-band paraboloid. In an ind
semiconductor, the lowest valleys are not at (0,0,0), but at different position
momentum/energy space (see Fig. 2). Majority or minority carriers mostly occupy
lowest energy states, i.e., holes near the top of the valence band paraboloid and elect
near the bottom of the lowest conduction-band valley. _
In the case of a direct semiconductor the electrons are positioned directly above
holes at the same momentum coordinates. It is relatively easy to match up electrons
holes with proper momentum-conserving conditions. Thus, the resulting radiative life
7, is short. On the other hand, electrons in an indirect valley will find it pracll
impossible to find momentum-matching holes and the resulting radiative lifetime
long. Injected carriers in indirect material general]y recombine nonradiatively throug
defects. _
In a direct semiconductor, such as GaAs, the radiative lifetime 7, is in the rang¢'
1-100 ns, depending on doping, temperature, and other factors. It is relatively easy t0 8%
crystals with sufficiently low defect density such that 7, is in the same range as 7.
For indirect semiconductors, such as germanium or silicon, the radiative recombinatid
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process is extremely unlikely, and 7, is in the range of seconds.' In this case, 7, > 7, and
practically all injected carriers recombine nonradiatively.

The wavelength of the photons emitted in a radiative recombination event is
determined by the energy difference between the recombining electron-hole pair. Since
carriers relax quickly to an energy level near the top of the valence band (holes), or the
bottom of the conduction band (electrons), we have the following approximation for the
wavelength A of the emitted photon (see Fig. 1):

A=hc/E, (3)

where h = Planck’s constant, ¢ = velocity of light, and E, = bandgap energy.

This relation is only an approximation since holes and electrons are thermally
distributed at levels slightly below the valence-band maximum and above the conduction-
band minimum, resulting in a finite linewidth in the energy or wavelength of the emitted
light. Another modification results from a recombination between a free electron and a
hole trapped in a deep acceptor state. See Ref. 2 for a discussion of various recombination
processes.

To change the wavelength or energy of the emitted light, one has to change the
bandgap of the semiconductor material. For example, GaAs with a bandgap of 1.4 eV has
an infrared emission wavelength of 900 nm. To achieve emission in the visible red region,
the bandgap has to be raised to around 1.9 eV. This increase in E, can be achieved by
mixing GaAs with another material with a wider bandgap, for instance GaP with
E,=2.3eV. By adjusting the ratio of arsenic to phosphorous the bandgap of the resulting
ternary compound, GaAsP, can be tailored to any value between 1.4 and 2.3eV.}

The resulting band structure with varying As to P ratio is illustrated in Fig. 3. Note, the

Energy
GaAs, P Alloys
x=10 =x"x
(Green) A
x = 0.85

Indirect Minimum
{Yellow)

x =04
(Red) [
x = 0.0
{Infrared) \
Direct Minimum

i ™

FIGURE 3 Energy band diagram for various alloys of the GaAs, P, material system
showing the direct and indirect conduction-band minima for various alloy compositions.

-

Momentum
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two conduction-band valleys do not move upward in energy space at the same rape
direct valley moves up faster than the indirect valley with increasing phosph;,
composition. At a composition of around 40 percent GaP and 60 percent GaAs, the g
and indirect valleys are about equal in energy. When the valleys are approximate]y e
in energy, electrons in the conduction band can scatter from the direct valley imoq
indirect valley. While the direct valley electrons still undergo rapid radiative recompy !
tion, the indirect valley electrons have a long radiative lifetime and either haye toin
scattered back to the direct valley or they will recombine nonradiatively. In other Wwo
near this crossover between direct and indirect valleys, the radiative efficiency dropg
dramatically, and for compositions with greater than 40 percent phosphorous the dirs
radiative recombination is practically nonexistent.** 4
The above discussion indicates that indirect semiconductors are not suitable for effig;,
generation of light through minority-carrier recombination. Fortunately, the introdye
of so-called isoelectronic impurities can circumvent this limitation and introduces 5
radiative recombination process.’” A commonly used isoelectronic trap is generateq
substituting a nitrogen atom for phosphorous in the GaAsP system®"' (see Fig. 4). Since
and P both have five electrons in their outer shell, the trap is electrically neutral. Howeyar
the stronger electronegativity of N relative to P can result in capture of an electron from
the conduction band. Since the electron is very tightly bound to the impurity atom, jg
wave function in momentum space is spread out and has reasonable magnitude at (k <
in momentum space.'” The negatively charged defect can attract a free hole to form
loosely bound electron-hole pair or “‘exciton.” This electron-hole pair has a high
probability to recombine radiatively. The energy of the emitted light is less than f
Another isoelectronic trap in GaP is formed by ZnO pairs (Zn on a Ga site and O on g p

Energy
A

Conduction Band

Indirect Minimum

N Trap Level —————p il ——————
| Zn-0 Trap Level —m————d b e e e

Green Emission Red Emission

Valence Band

Momentum

FIGURE 4 Formation of excitons (electron-hole pairs) by the addition of isoelectronic dopants N
and ZnO to an indirect semiconductor. The excitons have a high probability to recombine
radiatively.
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site) (see Fig. 4). The ZnO trap is deeper than the N trap, resulting in longer wavelength
emission in the red region of the spectrum.'

The recombination process for exciton recombination is quite complex. For a detailed
analysis, the reader is referred to Ref. 10. One result of this analysis is the recognition that
the bound exciton has a relatively long lifetime in the range of 100-1000 ns. Light emission
by exciton recombination is generally slower than emission due to direct band-to-band
recombination.

LIGHT EXTRACTION

Generating light efficiently within a semiconductor material is only one part of the problem
to build an efficient light source. The next challenge is the extraction of light from within
the LED chip to the outside. The designer must consider total internal reflection.'
According to Snell’s law, light can escape from a medium of high index of refraction n,
into a medium of low index refraction n, only if it intersects the surface between the two
media at an angle from normal less than the critical angle 6, with 8, being defined by Eq.
(4):

6, = arcsin ny/n, (4)

Most semiconductor LEDs have an isotropic emission pattern as seen from within the
light-generating material. Assuming a cubic shape for the LED chip, because of internal
reflections, only a small fraction of the isotropically emitted light can escape any of the six
surfaces. As a case in point, let us calculate the emission through the top surface. For
typical light-emitting semiconductors, n; is in the range of 2.9 to 3.6. If n, =3.3 and
n, = 1.0 (air), we find 8. =17.6°. The emission from an isotropic source into a cone with a
half angle of 6, is given by (1 —cos 6,.)/2. After correcting for Fresnel reflections, only 1.6
percent of the light generated escapes through the LED top surface into air. Depending on
chip and p-n junction geometry, virtually all of the remaining light (98.4 percent) is
reflected and absorbed within the LED chip.

The fraction of light coupled from chip to air is a function of the number of surfaces
through which the chip can transmit light effectively. Most LED chips are called
“absorbing substrate™ (AS) chips. In such a chip, the starting substrate material (discussed
later under **Substrate Technology™) has a narrow bandgap and absorbs all the light with
energy greater than the bandgap of the substrate. Consider the case of a GaAsP LED
grown on a GaAs substrate. The emitted light (E, >1.9eV) is absorbed by the GaAs
substrate (E, =1.4eV). Thus, a GaAsP-emitting layer on a GaAs substrate can transmit
only through its top surface. Light transmitted toward the side surfaces or downward is
absorbed.

To increase light extraction, the substrate or part of the epitaxial layers near the top of
the chip has to be made of a material transparent to the emitted light. The ““transparent
substrate™ (TS) chip is designed such that light transmitted towards the side surfaces within
6. half-angle cones can escape. Assuming that there is negligible absorption between the
point of light generation and the side walls, this increases the extraction efficiency by a
factor of five (five instead of one escape cones).

In a TS chip, additional light can be extracted if the side walls are nonplanar, i.e., if
light from outside an escape cone can be scattered into an escape cone. This process
increases the optical path within the chip and is very dependent on residual absorption. In
a chip with low absorption and randomizing side surfaces, most of the light should escape.
Unfortunately, in practical LED structures, there are several absorption mechanisms left
such as front and back contacts, crystal defects, and absorption in areas where secondary
radiative recombination is inefficient.
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TABLE 1 Extraction Efficiency into Air or Plastic for Three
Types of Commonly Used LED Chips

Typical extraction efficiency

Chip type No. cones Air, % Plastic, %
AS 1 1.5 4
Thick window 3 4.5 12
TS 5 7.5 18

A common approach is to use a hybrid chip with properties between AS and TS ¢
These chips utilize a thick, transparent window layer above the light-emitting layer, |
layer is sufficiently thick, then most of the light in the top half of the cones transm;
toward the side surfaces will reach the side of the chip before hitting the substrate, I
case of hybrid chips, the efficiency is between that of AS and TS chips as shown in Tay

Another important way to increase extraction efficiency is derived from a step
reduction in the index of refraction from chip to air. If the chip is first imbedded i,
material with an intermediate index, i.e., plastic with n, = 1.5, then the critical angle
between chip and plastic is increased to 27°. The extraction efficiency relative tq
increases by the ratio of (n,/n,)* plus some additional correction for Fresnel-refle
losses. The gain from plastic encapsulation is usually around 2.7X compared to air
with multipath internal reflection will result in lower gains. It is important to note tha
gain can be achieved only if the plastic/air interface can accommodate the incre
angular distribution through proper lenslike surface shaping or efficient scattering o
Table 1 illustrates the approximate extraction efficiencies achieved by the three domi
chip structures in air and in plastic. The numbers assume only first-pass extraction, limij
absorption, and no multiple reflections within the chip.

LED devices come in a broad range of structures. Each material system (see follo
section) requires a different optimization. The only common feature for all LED stru
is the placement of the p-n junction where the light is generated. The p-n junction
practically never placed in the bulk-grown substrate material for the following reasons:

» The bulk-grown materials such as GaAs, GaP, and InP usually do not have the
energy gap for the desired wavelength of the emitted light.

* The light-generating region requires moderately low doping that is inconsistent with!
need for a low series resistance.

* Bulk-grown material often has a relatively high defect density, making it difficult
achieve high efficiency.

secondary growth step on top of a single-crystal bulk-grown substrate material
secondary growth step consists of a single-crystal layer lattice matched to the subs®

Because of these reasons, practically all commercially important LED structures utiliz
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This growth process is known as epitaxial growth and is described in a later section of this
chapter.
The commonly used epitaxial structures can be classified into the following categories:

« Homojunctions
* grown
e diffused
» Heterojunctions
+ single confinement
* double confinement

fown Homojunctions

Figure 5 illustrates one of the simplest design approaches to an LED chip. An n-type
GaAs layer with low to moderate doping density is grown on top of a highly doped n-type
substrate by a vapor or liquid-phase epitaxial process (see “Epitaxial Technology™). After
a growth of 5-10 pwm, the doping is changed to p-type for another 5-10 pm. A critical
dimension is the thickness of the epitaxial p-layer. The thickness should be larger than the
diffusion length of electrons. In other words, the electrons should recombine radiatively in
the epitaxially grown p layer before reaching the surface. The p-layer should be of
sufficiently high quality to meet the condition for efficient recombination, i.e., 7, >> 7,.. In
addition, the side surfaces may have to be etched to remove damage. Damage and other
defects where the p-n junction intercepts the chip surface can lead to a substantial leakage
current that reduces efficiency, especially at low drive levels.

The structure of Fig. 5 was used in some of the earliest infrared emitters (wavelength
900 nm). Efficiency was low, typically 1 percent. Modern infrared emitters use Si-doped

Aluminum Contact .7-

lt— p-GaAs

—n—-GaAs

n+ - GaAs Substrate

Au-Ge Contact

FIGURE 5 Cross section of an infrared LED chip. A p-n junction is formed
by epitaxially growing n- and p-doped GaAs onto an n-+-doped GaAs
substrate.
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p - GaAs : Si

n - GaAs : Si

n+ - GaAs Substrate

e e e g |

FIGURE 6 A high-efficiency IR LED made by LPE growth of GaAs that is
doped with silicon on both the p and »n sides of the junction. To increase external
quantum efficiency, a partly reflective back contact is employed.

GaAs (see Fig. 6). The detailed recombination mechanism in GaAs:Si even today is qu
controversial and goes beyond the scope of this publication. The recombination prog
has two important characteristics: (1) the radiative lifetime 7, is relatively slow, i.e., in
range of 1 ps; and (2) the wavelength is shifted to 940 nm. At this wavelength the G
substrate is partly transparent, making this device a quasi-TS structure with efficiencies
into plastic of 5 to 10 percent. '

Diffused Homojunction

The chip structure of Fig. 5 can also be produced by a zinc (Zn) diffusion into a
n-layer. The commercially most significant structure of this type is shown in Fig. 7.
replacing 40 percent of the As atoms with P atoms, the bandgap is increased to 1.92eV
make a GaAsP LED that emits visible red light. In this case, the p-n junction is diffu
selectively by using a deposited layer of silicon-nitride as a diffusion mask. This struc
of Fig. 7 has several advantages over the structure of Fig. 5. Lateral diffusion of Zn mo
the intersection of the junction with the chip surface underneath the protecting Si;N, lay
This layer protects the junction from contamination and adds to the long-term stability
the device. In addition, it is important for applications requiring more than one clea
separated light-emitting area. For instance, seven-segment displays, such as those used
the early hand-held calculators, are made by diffusing seven long and narrow stripes into
single chip of GaAsP material. (See Fig. 8.) This chip consists of eight (seven segmel
plus decimal point) individually addressable p-regions (anodes) with a common #n-ty
cathode. Such a chip is feasible only in an AS-type structure because the individud
segments have to be optically isolated from each other. A TS-type structure results il
unacceptable levels of crosstalk. "

Figure 7 shows another feature of practical LED devices. The composition with %
percent P and 60 percent As has a lattice constant (atomic spacing) that is different Irof
the GaAs substrate. Such a lattice mismatch between adjacent layers would result in a Ve&
high density of dislocations. To reduce this problem to an acceptable level, one has ¥
slowly increase the phosphorous composition from 0 percent at the GaAs interface 0%
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Zn Diffusion Sig N4 Layer
] \ bz = vl :—Z
| LY b ] 7
n-GaAs_ P
x =04 0.6 0.4
T n-GnAa.‘_xP*
*x=0.0

n+ - GaAs Substrate

FIGURE 7 GaAsP LED which emits at 650nm. On a GaAs substrate, a
layer is grown whose composition varies linearly from GaAs to GaAs, (P ..
followed by a layer of constant composition. Zinc is selectively diffused
using an Si;N, mask to form the light-emitting junction.

percent over a 10-20-um-thick buffer layer. Typically, the buffer layer is graded linearly.
The phosphorous composition is increased linearly from bottom to top. The thicker the
buffer layer, the lower is the resulting dislocation density. Cost constraints keep the layer
- in the 10-15-pum range. The layer of constant composition (40 percent P) has to be thick
enough to accommodate the Zn diffusion plus the diffusion length of minority carriers. A
thickness range of 5-10 um is typical.

Another variation of a homojunction is shown in the TS-chip structure of Fig. 9. Instead
of an absorbing GaAs substrate, one starts with a transparent GaP substrate. The graded
layer has an inverse gradient relative to the chip shown in Fig. 7. The initial growth is 100
percent GaP phasing in As linearly over 10-15 pm. At 15 percent As, the emission is in
the yellow range (585 nm), at 25 percent in the orange range (605 nm), and at 35 percent in
the red range (635nm). Figure 3 shows the approximate band structure of this material
system. The composition range mentioned above has an indirect band structure. To obtain
efficient light emission, the region of minority-carrier injection is doped with nitrogen
forming an isoelectronic recombination center (see exciton recombination in the first
section).

Figure 9 shows an important technique to increase extraction efficiency. In a TS-chip,
the major light loss is due to free carrier absorption at the alloyed contacts. Rather than
covering the entire bottom surface of the chip with contact metal, one can reduce the
contact area either by depositing small contact islands (see Fig. 6) or by placing a dielectric

rly mirror (deposited SiO,) between the substrate and the unused areas of the back contact
in (Fig. 9). This dielectric mirror increases the efficiency by 20 to 50 percent at the expense of
12 higher manufacturing cost.

gle Heterojunctions

Heterojunctions introduce a new variable: local variation of the energy bandgap resulting
in carrier confinement. Figure 10 shows a popular structure for a red LED emitter chip. A
p-type layer of GaAlAs with 38 percent Al is grown on a GaAs substrate. The GaAlAs
B alloy system can be lattice-matched to GaAs; therefore, no graded layer is required as in
Al the GaAsP system of Fig. 7. Next, an n-type layer is grown with 75 percent Al. The
variation of E, from substrate to top is illustrated in Fig. 11. Holes accumulate in the
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p - type diffused area

{each segment) ﬁ

light
b°“di"9___ emitting
pad segment
and ohmic
contact
decimal
|/ point

Z GaAsP n-type epi layer

on n-type GaAs substrate

FIGURE 8 Monolithic seven-segment display chip with eight separate diffused
regions (anodes) and a common cathode (the GaAs substrate).

GaAlAs p-layer with the narrower bandgap. Electrons are injected from the #-layer into
this p-layer. The holes have insufficient energy to climb the potential barrier into
wide-bandgap material. Holes are confined to the p layer. In the p layer, the radiatiy
recombination time is very short because of the high concentration of holes. As a res
the internal quantum efficiency is quite high. A variation of this structure is a widely
infrared emitter that emits at 880 nm.

The double heterostructure shown in Fig. 12 repeats the p-side confinement of Fig. 10
the n side. An n-type buffer layer is grown on the GaAs substrate to create a high-quall
surface onto which the first n-type GaAlAs-confinement layer with 75 percent Al is gro
The active or light-generation layer is a 3-um-thick p-type layer with 38 percent Al 1%
top p-type confinement layer again uses 75 percent Al. This structure with the energy-bal
diagram of Fig. 13 has two advantages: (1) There is no hole injection into the n-type laye
with reduced efficiency and a slow hole recombination in the lowly doped # layer. (2) 1
high electron and hole density in the active layer reduces 7,, thus increasing device SP
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_ n-GaAs‘l-yPy ‘N |
x=y
|
n-GeAs, P
=X x
x =10

n-GaP Substrale

si0, — |
el R g |

y = 0.85 (yellow), y = 0.75 (orange), y = 0.65 (red)

FIGURE 9 Cross section of a GaAs,_ P, LED which, by changing the
composition *“x,” produces red, orange, or yellow light. The top layer is
doped with nitrogen to increase the quantum efficiency. The GaP substrate is
transparent to the emitted light. Also shown is a reflective back contact
made by depositing the contact metallization on top of SiO,.

and efficiency. The increased speed is quite important for LED sources in fiber-optic
communication applications. (See “Fiber Optics™ subsection later in this chapter.)

The double heterostructure of Fig. 12 represents a one-dimensional containment of
injected carriers. Injection and light emission occurs across the entire lateral dimension of
the chip. For fiber-optic applications, the light generated over such a large area cannot be
effectively coupled into small-diameter fiber. A rule of thumb for fiber coupling requires
that the light-emitting area be equal to or, preferably, smaller than the fiber core diameter.
This rule requires lateral constraint of carrier injection. The localized diffusion of Fig. 7 is
not applicable to grown structures such as those in Fig. 12. The preferred solution inserts

Ga Al As
0.25 0.75

p-G Al

a As
0.62 0.38

p+ - GaAs Substrate

FIGURE 10 Cross section of a single heterostructure LED.
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FIGURE 11 Variation in energy bandgap for the various layers in the
GaAlAs LED shown in Fig. 10.

an n layer between buffer and lower confinement layer (see Fig. 14). A hole etched inty
the n layer allows current flow. Outside of this hole, the p-n junction between n layer and
lower confinement layer is reverse-biased, thus blocking any current flow. The disadvan-
tage of this approach is a complication of the growth process. In a first growth process, the
n layer is grown. Then a hole is etched into the n layer using standard photolithographic
etching techniques. Finally, a second epitaxial growth is used for the remaining layers,

Another technique to constrain current injection utilizes a small ohmic contact.”” It is
used frequently in conjunction with InP-based fiber-optic emitters (see Fig. 15). A Si0,
layer limits contact to a small-diameter (typically 25 um) hole that results in a relatively.

T
p - Ga Al As 35um
0.25 0.75 l"
—Ga__ Al As
il 0.62 0.38 3um
n- Ga Al As f
0.25 0.75 15 pm

n+ - GaAs Substrate

(e ke R L — e e S
FIGURE 12 Structure of a double heterostructure (DH) GaAlAs LED.
The DH is composed of a Ga, Al 3gAs layer surrounded on either side
by a Ga,,sAl,5sAs layer. The thick top layer acts as window to increase
light extraction through the side walls of the chip.
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FIGURE 13 Energy band diagram of the GaAlAs LED shown in Fig. 12. The LED is forward-biased. Electrons
and holes are confined in the p-doped Ga, Al ;5As layer, which increases the radiative recombination efficiency.

small light-emitting area. The etched lens shown for this structure helps to collimate the
light for more efficient coupling onto the fiber."

12.6 MATERIALS SYSTEMS

The GaAs,_, P, System

The most widely used alloy for LEDs is the ternary GaAs,_ P, system, including its two
binary components GaAs and GaP. This system is best described by the composition
parameter “x”" with 0=x =1. For x =0, we have GaAs and for x =1 the composition is
GaP. For x = 0.4, the alloy has a direct bandgap. GaAs was developed in the early 1960s as
an infrared emitter with a wavelength of 910 nm and an efficiency in the range of 1 percent.
This emitter was soon followed by a Si-doped variety. As discussed earlier, this leads to an
emission wavelength of 940 nm, a wavelength at which the GaAs substrate is partly
transparent. The resulting efficiency is increased substantially and, depending on con-
figuration, is in the 5 to 10 percent range. However, the recombination process is quite
slow, resulting in rise and fall times in the 0.5-1.0 ps range (see Table 2). One other
drawback is caused by the low absorption coefficient of Si detectors at 940 nm. To absorb
90 percent of the light requires a detector thickness of 60-70 wm. Conventional photo
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n-Ga Al
075" 0.25"°
-Ga_ Al
"= Gay 940,06
P = Ga 7570 254
= | < n - GaAs

p - GaAs Substrate

FIGURE 14 Cross section of an LED with three-dimensional carrier confinement.
A DH structure is used to confine injected carriers in the Gag g AlypsAs layer
(direction perpendicular to the junction). The patterned, n-type GaAs layer is used to
limit current flow in the lateral direction. The small emitting area and the 820-nm
emission of this LED makes it ideal for fiber-optic applications.

Etched Lens

Contact
n = InP Substrate
n=InP
p = InGaAsP
p = InP
p - InGaAsP

'.=3i02

Contact

FIGURE 15 Structure of a 1300-nm LED used for optical fiber communications. The
cross section shows the DH-layer configuration, limited area back contact for
emission-size control, and an etched lens at the top of the chip which magnifies
(M = 2) the source area and collimates the light for effective coupling into a fiber.
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TABLE 2 Performance Summary of LED Chips in the GaAs, _ P, System

Dominant Luminous  Quantum

Growth Isoel. wavelength efficacy§  efficiency§  Speed
x process®*  dopant Substratet (nm) Colort (Im/A) (%) (ns)
0 LPE — AS 910 IR 1 50
0 LPE - TS 940 IR 10 1000
0.3 VPE — AS 700 IR 0.5 50
04 VPE - AS 650 Red 0.2 50
0.65 VPE N TS 635 Red 2.5 300
0.75 VPE N TS 605 Orange 2.5 300
0.85 VPE N TS 585 Yellow 2.5 300
1.0 LPE N TS 572 Y/green 6 300
1.0 LPE — TS 565 Green 1
1.0 LPE Zn0O TS 640 Red 1

* LPE = liquid phase epitaxy: VPE = vapor phase epitaxy.
+ AS = absorbing substrate; TS = transparent substrate.

% IR = infrared.

§ Into plastic (index = 1.5).

transistors are quite suitable as detectors. Integrated photo ICs with their 5-7-pm-thick
epitaxial layers are very inefficient as detectors at 940 nm.

To shift the wavelength toward the near-infrared or into the visible spectrum, one has
to grow a ternary alloy, a mixture between GaAs and GaP. Of commercial interest are two
alloys with x = 0.3 and x = 0.4 grown on a GaAs substrate (see Table 2). The x = 0.4 alloy
was the first commercially produced material with a wavelength in the visible range of the
spectrum. Grown on an absorbing substrate, it has a modest luminous efficacy of around
0.2Im/A. [Luminous efficacy is the luminous (visible) flux output measured in lumens
divided by the electrical current input.] The absorbing substrate allows the integration of
multiple light sources into a single chip without crosstalk. Such monolithic seven-segment
displays became the workhorse display technology for hand-held calculators from 1972 to
1976.”"* Today this alloy is used in LED arrays for printers."*

The x = 0.3 alloy with a wavelength of 700 nm became important in the mid 1970s as a
light source in applications using integrated photodetectors. It has three to five times the
quantum efficiency of the x =0.4 alloy (see Table 2), but has a lower luminous efficacy
because of the much-reduced eye sensitivity at 700 nm.

For x >0.4, the GaAsP material system becomes indirect (see earlier under “Light-
Generation Process™ and Fig. 3). The quantum efficiency decreases faster than the increase
in eye sensitivity.” The only way to achieve a meaningful efficiency is through the use of
isoelectronic dopants as described earlier. The choices for isoelectronic dopants that have
been successful are N for GaAsP'' and N or ZnO for GaP. Nitrogen doping is used widely
for alloys with x =0.65 to x =1.0.°" The resulting light sources cover the wavelength
range from 635 nm to approximately 565 nm (see Table 2). Since these alloys are either
GaP or very close in composition to GaP, they are all grown on GaP substrates. The
resulting transparent-substrate chip structure increases the luminous efficacy.

In the case of the binary GaP compound, the dominant wavelength depends on N
concentration. With low concentrations, practically all N atoms are isolated in single sites.
With increasing concentration, N atoms can arrange themselves as pairs or triplets. The
resulting electron traps have lower energy states which shift the emitted light toward
longer wavelength. Phonon coupling can also reduce the emission energy. Commercially
significant are two compositions: (1) undoped GaP which emits at 565 nm (dominant
wavelength) with a reasonably green appearance and a low efficiency of around 11Im/A,
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and (2) GaP with a nitrogen concentration in the range of 10" cm™ with a substanjn.
higher luminous efficiency of around 6Im/A at 572nm. At this wavelength, the o
appearance is yellow-green, often described as chartreuse.

Three nitrogen-doped ternary alloys of GaAsP are commercially important fop .
orange, and yellow. The red source with x =0.65 has an efficiency in the fange
2-3Im/A. With increasing bandgap or decreasing wavelength, the drop in quapy, ’
efficiency is compensated by an increase in eye sensitivity, resulting in a practj,
wavelength-independent luminous efficiency for the range of 635 to 585 nm.*"* '

ZnO-doped GaP is an interesting material. The quantum efficiency of such chip
relatively high, around 3 percent. However, the linewidth is quite broad. The quang,,
efficiency peaks at 700nm, but the luminous efficiency peaks at 640 nm (domip,,
wavelength). In other words, most of the photons are emitted at wavelengths with Joy,
sensitivity. Another problem of GaP:ZnO is saturation. The deep ZnO electrop ¢
causes very slow exciton recombination. At high injection currents, all traps are saturg
and most of the injected carriers recombine nonradiatively. At low injection lgy,
(s1A/em’), the efficacy is relatively high, 3-5Im/A. At a more useful density
10-30 A/cm?, the emission saturates, resulting in an efficacy of around 1 Im/A.

The Al,Ga,_,As System

The Al,Ga,_,As material system has a direct bandgap for 0 =x =0.38. This system .
one very significant advantage over the GaAsP system described above. the entire 3
range from x =0 to x =1 can be lattice-matched to GaAs. In other words, every a
composition can be directly grown on any other alloy composition without the need for
transition layers. This feature allows the growth of very abrupt heterojunctions, i.e., ab
transition in composition and bandgap. These heterojunctions add one important prope
not available in the GaAsP system: carrier containment (see earlier under “De
Structures™). Carrier containment reduces the movement of injected carriers in a directig
perpendicular to the junction. Thus, carrier density can be increased beyond
diffusion-limited levels. This results in increased internal quantum efficiency and hig
speed. Another benefit is reduced absorption and improved extraction efficiency (under
“Light Extraction™).

Of practical significance are two compositions: x = 0.06 and x = 0.38 (see Table 3). Both
compositions exist in single and double heterojunction variations (see under “Devic
Structures”™). The double heterojunctions usually have a 1.5-2.0-times advantage
efficiency and speed. In all cases, the efficiency strongly depends on the thickness of
window layer and, to a lesser degree, on the thickness of the transparent layer betw
active layer and absorbing substrate (see Fig. 12). Chips with a transparent substrate h
an additional efficiency improvement of 1.5-3.0 times again, depending on layer thickn

[1C]

TABLE 3 Performance Summary of LED Chips in the Al Ga,_,As System

Efficiency
x A (nm) Substrate® Structuret or efficacy Speed (ns)
0.06 820 AS, TW DH 8% 30
0.06 820 TS DH 15% 30
0.38 650 AS, TW ‘SH 41m/A
0.38 650 AS, TW DH 81m/A
0.38 650 TS DH 161lm/A

* AS = absorbing substrate; TW = thick window layer; TS = transport substrate.
+ DH = double heterostructure; SH = single heterostructure.
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and contact area. The efficiency variation is best understood by counting exit cones as

described in the text in conjunction with Table 1. For x =0.06, the internal quantum

efficiency of a double heterojunction approaches 100 percent. For x = 0.38, the direct and

indirect valleys are practically at the same level and the internal quantum efficiency is '
reduced to the range of 50 percent, again dependent upon the quality of the manufacturing

process.

The best compromise for efficiency and speed is the x =0.06 alloy as a double
heterostructure. Depending on layer thickness, substrate, and contact area, these devices '
have efficiencies of 5 to 20 percent and rise/fall times of 20-50 ns. This alloy is becoming |
the workhorse for all infrared applications demanding power and speed. A structural
variation as shown in Fig. 14 is an important light source for fiber-optic communication.

The x =0.38 alloy is optimized for applications in the visible spectrum. The highest
product of quantum efficiency and eye response is achieved at x =0.38 and A =650 nm.
The single heterostructure on an absorbing substrate has an efficacy of around 4 Im/A. The
equivalent double heterostructure is in the 6-8Im/A range. On a transparent GaAlAs
substrate, the efficacy is typically in the 15-20 Im/A range and results of as high as 30 Im/A
have been reported in the literature.'” The major application for these red LEDs is in
light-flux-intensive applications, such as message panels and automotive stoplights. A
variation optimized for speed is widely used for optical communication using plastic fiber.

i he AllnGaP System

i The AlInFaP system has most of the advantages of the AlGaAs system with the additional
i advantage that it has a higher-energy direct energy gap of 2.3 eV that corresponds to green
t emission at 540 nm. AlInGaP can be lattice-matched to GaAs substrates. Indium occupies
y about half of the Group III atomic sites. The ratio of aluminum to gallium can be changed
e without affecting the lattice match, just as it can in the AlGaAs material system, since AIP

and GaP have nearly the same lattice spacing. This enables the growth of heterostructures
( ! that have the efficiency advantages described in the previous section.

¢ Various AlInGaP device structures have been grown. A simple DH structure with an
T AlInGaP active layer surrounded by higher bandgap AllnGaP confining layers has been
_ effective for injection lasers, but has not produced efficient surface-emitting LEDs.'” The
h main problem has been that AlInGaP is relatively resistive and the top AlInGaP layer is
not effective in distributing the current uniformly over the chip. This is not a problem with
n lasers since the top surface is covered with metal and the light is emitted from the edge of
® the chip.
o The top layer must also be transparent to the light that is generated. Two window layers
3 used are AlGaAs or GaP on top of the AllnGaP heterostructure.'™"” AlGaAs has the
= advantage that it is lattice-matched and introduces a minimum number of defects at the

interface, but it has the disadvantage that it is somewhat absorptive to the yellow and green
light which is generated for high-aluminum compositions. The highest AllnGaP device
efficiencies have been achieved using GaP window layers.'®*” GaP has the advantage that it
is transparent to shorter wavelengths than AlGaAs and that it is easy to grow thick GaP
layers, using either VPE or LPE, on top of the AllnGaP DH that was grown by MOVPE.
Both VPE and LPE have substantially higher growth rates than MOCVD. The various
growth techniques are discussed later under *“Epitaxial Technology.”

AlInGaP devices with 45-pum-thick GaP window layers have achieved external quantum
efficiencies exceeding 5 percent in the red and yellow regions of the emission spectrum.”
This is more than twice as bright as devices that have thinner AlGaAs window layers.

Green-emitting AllnGaP devices have also been grown which are brighter than the
conventional GaP and GaP:N green emitters."****" Substantial further improvement in
green is expected since the quantum efficiency is not as high as would be expected based
on the energy position of the transition from a direct to an indirect semiconductor.
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FIGURE 16 External quantum efficiency as a function of peak wavelength for
various types of visible LEDs, Below 590nm the efficiency of AllnGaP LEDs
decreases due to the approaching transition from direct to indirect semiconductor,
The human eye sensitivity curve is also shown. Since the eye response increases
sharply from 660 to 540nm, it partially makes up for the drop in AllnGaP LED
efficiency. The resulting luminous performance is shown in Fig. 17.

The performance of AllnGaP LEDs compared to the most important other types of
visible emitters is shown in Figs. 16 and 17. GaAsP on a GaAs substrate and GaP:ZnQ
not shown since their luminous efficacy are off the chart at the bottom and
lower-right-hand corner, respectively. It is clear from Fig. 17 that the luminous efficacy
AllnGaP is substantially higher than the other technologies in all color regions except f
red beyond 640 nm. Since forward voltage is typically about 2V, the lumen/watt value f
given device is about one-half the lumen/ampere value that is given in Tables 2 and 3. T
quantum efficiency of AlInGaP is also better than all of the other technologies except
the highest-performance AlGaAs devices operating at about 650 nm. Because of the eye

100
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FIGURE 17 Luminous efficacy for AllnGaP LEDs versus wavelength compared to
other LED technologies. AllnGaP LEDs are more than an order of magnitude
brighter in the orange and yellow regions than other LEDs. AllnGaP LEDs compare
favorably to the best AlGaAs red LEDs.
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sensitivity variations (see C.LLE. curve in Fig. 16), the 620nm (red/orange) AllnGaP
devices have a higher luminous efficiacy than 650 nm AlGaAs LEDs (see Fig. 17).

. LED Technology

Blue emitters have been commercially available for more than a decade, but have only
begun to have a significant impact on the market in the last few years. SiC is the leading
technology for blue emitters with a quantum efficiency of about 0.02 percent and
0.04 Im/A luminous performance, SiC devices are not much used due to their high price
and relatively low performance efficiency.

Other approaches for making blue LEDs are the use of II-VI compounds such as ZnSe
or the nitride system GaN, AlGaN, or AlGalnN. It has been difficult to make good p-n
junctions in these materials. Recently improved p-n junctions have been demonstrated in
both ZnSe** and GaN.* Device performance is still in the 0.1 Im/A range and reliability
is unproven. However, this recent progress is very encouraging for blue-emission
technology and could lead to a high-performance device in the next few years. Both ZnSe
and the nitride system have a major advantage over SiC because they are direct bandgap
semiconductors, so a much higher internal quantum efficiency is possible. However, it is
difficult to find suitable lattice-matched substrates for these materials.

;5 2.7 SUBSTRATE TECHNOLOGY

syof | substrate Criteria

it for '

fora There are several requirements for substrates for LEDs. The substrate must be as
. The conductive as possible both thermally and electrically to minimize power loss. In order to
st for minimize defects it should match the epitaxial layers as closely as possible in atomic lattice
> eye spacing, and in the coefficient of thermal expansion. The substrate should also have a low

defect density itself. Finally, the substrate should, if possible, be transparent to the light
generated by the LED structure since this will enhance the external quantum efficiency.

Substrate Choices
The substrates used for nearly all visible LEDs are GaAs and GaP. GaAs or InP is used
for infrared devices, depending upon the device structure required. Substrate parameters
are summarized in Table 4, along with Si and Ge for comparison. GaAs is used for the
AlGaAs and AlInGaP material systems since they can be lattice-matched to it. GaAs is

TABLE 4 Properties of Common Semiconductor Substrates

Lattice Energy gap Melting point
Substrate  parameter @ 300K (eV) (*C)
GaAs 5.653 1.428 Direct 1238
GaP 5.451 2.268 Indirect 1467
InP 5.868 1.34 Direct 1062
Si 5431 1.11 Indirect 1415
Ge 5.646 0.664 Indirect 937
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also used for the GaAs, P, system for x =0.4 because it is more nearly latticed.maté
and, since it is absorbing, it is useful in multiple-junction devices where optical _-5:':
must be minimized (see under “Diffused Homojunction™ and Fig. 8). GaP is USe(f
compositions of x > 0.6 due to its transparency and closer lattice match. However, Nejth:
GaP nor GaAs are well matched to GaAsP, and grading layers are required g e
epitaxial layers with decent quality. InP is the choice for long wavelength emitterg
using the InGaAs or InGaAsP materials systems, due to the better lattice match,

Substrate Doping

Generally, substrates are n-type and are doped with Te, S, or Si, although sometimeg g
and Sn are also used. In some cases, particularly for some AlGaAs LEDs anq jpq
structures, p-type substrates are required and Zn is nearly always the dopant. The (g
levels are typically in the 10'*-cm " range. Basically, the substrates are doped as heayjjy
possible to maximize conductivity. However, the doping must be below the solubility i
to eliminate precipitates and other defects. In the case of substrates that are transparepyy
the light which is generated, such as GaP, with a GaAs, P, epitaxial layer, the dgp
should also remain below the level at which substantial free carrier absorption occyrs,

Growth Techniques

Substrates can be grown by either the Bridgeman or Liquid Encapsulated Czochrals
(LEC) technique. The LEC technique is the most widely used. Both techniques g
described in detail elsewhere and will be only briefly summarized here.*

The LEC technique for GaAs consists of a crucible containing a molten GaAs solutig
into which a single crystal “seed” is dipped. The temperature is carefully controlled so
the molten GaAs slowly freezes on the seed as the seed is rotated and raised out of
molten solution. By properly controlling the temperature, rotation rate, seed lift rate, ete,
the seed can be grown into a single crystal weighing several kilograms and having
diameter of typically 2-4 inches for GaAs and for 2-2.5 inches for GaP. At the GaAs and
GaP melting points As and P would rapidly evaporate from the growth crucible if the
were not contained with a molten boric oxide layer covering the growth solution, Tt
layer is the reason for the name “liquid encapsulated.” The seed is dipped through
boric oxide to grow the crystal. The growth chamber must be pressurized to keep.
phosphorus and arsenic from bubbling through the boric oxide. The growth pressure
GaP is 80 atm, and for GaAs is 20 atm or less, depending upon the approach for synth
and growth. The LEC technique, used for GaAs, GaP, and InP, is similar to
Czochralski technique used for silicon, but the silicon process is much simpler sing
encapsulation is not required and the growth can be done at atmospheric pressure.

The Bridgeman and the gradient-freeze technique, which is a variation of #
Bridgeman technique, can also be used to grow compound semiconductors. In U
technique the growth solution and seed are contained in a sealed chamber so ligh
encapsulation is not required. Growth is accomplished by having a temperature gradi
the solution, with the lowest temperature at the melting point in the vicinity of the s
Growth can be accomplished by lowering the temperature of the entire chamber (grad
freeze), or by physically moving the growth chamber relative to the furnace (Bridge!
technique) to sweep the temperature gradient through the molten solution. The growt
crystal can be in either a vertical or horizontal position. N

GaAs for LEDs is commonly grown using either LEC or horizontal gradient freet
also called “boat grown,” but sometimes a vertical Bridgeman approach is used. Gaf' @
InP are almost always grown using LEC but sometimes a vertical Bridgeman approaci®
also been used.
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g EPITAXIAL TECHNOLOGY

wth Techniques Available

Epitaxial layers are grown using one of several techniques, depending upon the material
system. The most common techniques are liquid phase epitaxy (LPE), which is primary
used to grow GaAs, GaP, and AlGaAs; and vapor phase epitaxy (VPE), which is used to
grow GaAsP. Metalorganic vapor phase epitaxy (MOCVD) is also used to grow AlGaAs,
GalnAsP, and AlInGaP. Molecular beam epitaxy (MBE) is used for lasers and high-speed
devices but is not used for high-volume commercial LEDs at this time. It has been used to
grow blue ZnSe-based lasers and LEDs and could be important in the future. All of these
epitaxial techniques have been discussed extensively elsewhere and will be only briefly
described here.

LPE growth consists of a liquid growth solution, generally gallium, which is saturated with
the compound to be grown.”® The saturated solution is placed in contact with the substrate
at the desired growth temperature, and cooled. As the solution cools, an epitaxial film is
grown on the substrate. The technique has the advantage that it is relatively easy to grow
high-quality epitaxial layers, and materials containing aluminum (such as AlGaAs) can be
readily grown. The disadvantages are that composition control can be difficult. Also, the
growth of epitaxial structures involving more than two or three layers, particularly thin
layers, can be mechanically complicated since each layer requires a separate growth
solution that must be carefully saturated and sequentially brought into contact with the
substrate.

One important use of the LPE technique has been for the growth of GaP:ZnO and
GaP:N for red and green LEDs, respectively. These devices each consist of two relatively
thick layers: an n-type layer, followed by the growth of a p-type layer. While other growth
techniques can be used to grow GaP LEDs, the best results have been obtained using LPE.
As a result of a high-volume, low-cost production technology has evolved, which produces
more visible LED chips than any other technique. Another major use of LPE is for the
growth of GaAs:Si for infrared emitters. LPE is the only technique with which it has been
possible to produce the recombination center that gives rise to the 940nm emission
characteristic of this material. The GaAs:Si structures are generally grown from a single
growth solution. At high temperatures the silicon is incorporated on Ga sites and the
layers are n-type. As the solution cools the silicon becomes preferentially incorporated on
the As sites and the layer becomes p-type.

AlGaAs devices for both visible (red) and IR devices are also generally grown by LPE.
AlGaAs devices can also be grown by MOCVD, but LPE has the advantage that thick
layers can be more easily grown. This is important for high extraction efficiency (see under
“Device Structures” and Fig. 12]. In the case of visible devices at 650 nm, the internal
quantum efficiency is also higher using LPE than MOCVD. This is not understood, but the
result is that virtually all of the visible AlGaAs LEDs are produced using LPE.

VPE is the other major commercial epitaxial technology for LEDs.”*’ VPE consists of a
quartz chamber containing the substrate wafers at the appropriate growth temperature.
The reactants are transported to the substrates in gaseous form. The technique is mainly
used for the growth of GaAsP which, along with GaP, dominates the high-volume visible
LED market. In this case HCI is passed over Ga metal to form gallium chlorides, and
AsH; and PH; are used to provide the As and P compounds. Appropriate dopant gases are
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MOCVD

MBE

12.9 WAFER PROCESSING

added to achieve the n- and p-type doping. NH, is used to achieve nitrogen doping f
growth of GaAsP:N. The VPE technique has the advantages that it is relatively eqq
scale up the growth chamber size so large quantities of material can be grown ang
composition and thickness can be easily controlled by adjusting the flow conditiop,
limitation of VPE is that it has not been possible to grow high-quality compg
comalmng aluminum because the aluminum-bearing reactants attack the quartz chy
resulting in contaminated films. Thus, AlGaAs and AlInGaP, the emerging high-brigy ne
technologies, cannot be grown using this technique.

MOCVD growth, like conventional VPE, uses gases to transpose the reactants tg 4
substrates in a growth chamber.”® However, in this case metallorganic compounds syg
trimethylgallium (TMG) are used for one or more of the reactants. A major differgy
between VPE and MOCVD is that in the case of MOCVD the decomposition of j
source gas (e.g., TMG) occurs as a reaction at or near the substrate surface, ang {,
substrate is in the hottest area of the reactor such that the decomposition occyr
the substrate instead of the walls of the growth chamber. The walls of the growth chamy,
remain relatively cool. This is the key factor that makes MOCVD suitable for the gr
of aluminum-bearing compounds which, unlike the VPE situation, do not react si
nificantly with the cooler reactor walls. Thus AlGaAs and AlInGaP can be readily gr,
with MOCVD, and this technology is widely used for infrared AlGaAs LEDs and lasers.
and for the emerging visible AllnGaP laser and LED technology. i

MOCVD is also used for the growth of GaN and AlGaN that are candidates for blya
emission, and for the growth of II-VI compounds, such as ZnSe, that is also a pote
blue emitter. However, at this time the key limitation in obtaining blue ZnSe emitters
the growth of low-resistivity p-type ZnSe. For reasons that are not yet understood,
low-resistivity p-type ZnSe has been grown using MBE only. f

MBE is a high vacuum growth technique in which the reactants are essentially evaporated
onto the substrates under very controlled conditions.” MBE, like MOCVD, can be used
deposit compounds containing aluminum. The growth rates using MBE are generall_
slower than the other epitaxial techniques, so MBE is most suitable for structures requiring
thin layers and precise control of layer thickness. MBE equipment is somewhat mor_
expensive than the equipment used for the other types of epitaxial growth, so it has not
been suitable for the high-volume, low-cost production that is required for most types of
LEDs. MBE has generally been utilized for lasers and high-speed devices where control of
complicated epitaxial structures is critical and where relatively low volumes of devices are
required. One advantage that MBE has over the other growth technologies is that the
reactants utilized are generally less hazardous. Consequently, MBE equipment is often
cheaper and easier to install since there are less safety issues and safety-code restrictions to
deal with, '

Wafer Processing Overview

Wafer processing of compound semiconductors for LED applications has many of thé
same general steps used to process silicon integrated-circuit wafers, namely passwatlo ,
diffusion, metallization, testing, and die fabrication. The LED device structures are muct '
simpler, so fewer steps are required; but, due to the materials involved, the individual steps
are generally different and sometimes more complicated.
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Compound semiconductor processing has been described in detail elsewhere, so only a
brief summary is discussed here.” Some types of LED structures require all of the
processing steps listed here, but in many cases fewer process steps are required. An
example is a GaP or AlGaAs device with a grown p-n junction. For these devices no
passivation or diffusion is required.

Some types of LED structures, particularly multijunction structures, require a passivation
layer prior to diffusion, as shown in Fig. 7. This layer must be deposited relatively free of
pinholes, be patternable with standard photolithographic techniques. and must block the
diffusing element, generally zinc. In the case of silicon, a native oxide is grown which is
suitable for most diffusions. Unfortunately, the compound semiconductors do not form a
coherent native oxide as readily as silicon. Silicon nitride (SisN,) is the most widely used
passivation layer for LEDs. Si;N, is grown by reacting silane (SiH,) and ammonia at high
temperature in a furnace. S;N, blocks zinc very effectively, and is easily grown, patterned,
and removed. Sometimes an SiO, layer is used in conjunction with Si;N, for applications
such as protecting the surface of the compound semiconductor during high-temperature
processing. Silicon oxynitride can also be used instead of or in addition to pure SisN,.
Silicon oxynitride is somewhat more complicated to deposit and control, but can have
superior properties, such as a better match of coefficient of expansion, resulting in lower
stress at the interface.

Generally, only p-type impurities, usually Zn, are diffused in compound semiconductors.
N-type impurities have prohibitively small diffusion coefficients for most applications. Zn is
commonly used because it diffuses rapidly in most materials and because it is nontoxic in
contrast to Be, which also diffuses rapidly. Mg is another reasonable p-type dopant, but it
diffuses more slowly than zinc. Diffusions are generally done in evacuated and sealed
ampoules using metallic zinc as source material. A column V element such as As is also
generally added to the ampoule to provide an overpressure that helps to prevent
decomposition of the semiconductor surface during diffusion. Diffusion conditions typically
range from 600-900°C for times ranging from minutes to days, depending upon the
material and device involved. Junction depths can range from a fraction of a pm to a more
than 10 pm.

Open-tube diffusions have also been employed but have generally been harder to
control than the sealed ampoule approach, often because of surface decomposition
problems. Open-tube diffusions have the advantage that one does not have to deal with the
expense and hazard of sealing, breaking, and replacing quartz ampoules.

A third type of diffusion that has been used is a ‘‘semisealed”™ ampoule approach in
which the ampoule can be opened and reused. The diffusion is carried out at atmospheric
pressure and the pressure is controlled by having a one-way pressure relief valve on the
ampoule.

The contacts must make good ohmic contact to both the p- and n-type semiconductor, and
the top surface of the top contact must be well suited for high-speed wire bonding.
Generally, multilayer contacts are required to meet these conditions. Evaporation,
sputtering, and e-beam deposition are all employed in LED fabrication. The p-type
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contact generally uses an alloy of either Zn or Be to make the ohmic contact. Ap
alloy is the most common due to the toxicity of Be. The Au-Zn can be covered with 5
of Al or Au to enable high-yield wire bonding. A refractory metal barrier layer
included between the Au-Zn and top Al or Au layer to prevent intermixing of
layers and the out-diffusion of Ga, both of which can have a deleterious effect g
bondability of the Al or Au top layer. The n-type contact can be similar to the
contact except that an element which acts as an n-type dopant, commonly Ge, jg
instead of Zn. An Au-Ge alloy is probably most frequently used to form the n-type o
contact since it has a suitably low melting point. If the n-type contact is the top, or bg
contact it will be covered by one or more metallic layers to enhance bondability,

Testing

The key parameters that need to be tested are light output, optical rise and fal] g
emission wavelength, forward voltage. and leakage current. The equipment used is g;
to that used to test other semiconductor devices except that a detector must be adq
measure light output. Rise and fall times and wavelength are generally measured on o
sample basis and not for each device on a wafer. In order to test the individual LED
devices must be isolated on the wafer. This occurs automatically for LEDs that are m
and diffused, but if the LEDs are sheet diffused or have a grown junction the top Ia
must be processed to isolate individual ]uncnons This can be accomplished by etch'
sawing with a dicing saw. Generally, sawing is used, followed by an etch to remov
damage, because the layers are so thick that etching deep (>10 pm) grooves is required
is advisable to avoid deep groove etching because undercutting and lateral etching of
occur and the process becomes hard to control. In many cases LED junctions are no
percent tested. This is particularly true of GaP and AlGaAs red-emitting devices in
the top layer may be 30 wm thick. Wafers of this type can be sampled by “coring™ thr
the top layer of the wafer in one or more places with an ultrasonic tool in order to ve
that the wafer is generally satisfactory. Later, when chips are fully processed, chips can
selected from several regions of the wafer and fully tested to determine if the wafer shoy
be used or rejected.

Die Fab

Die fab is the process of separating the wafer into individual dice so they are ready
assembly. Generally, the wafer is first mounted on a piece of expandable tape. Next |
wafer is either scribed or sawed to form individual dice. Mechanical diamond scrlbmg
laser scribing were the preferred technologies in the past. Mechanical scribing has ze
kerf loss, but the chips tend to have jagged edges and visual inspection is required.
scribing provides uniform chips but the molten waste material from between the ch
damages neighboring chips, and in the case of full function chips the edges of the junct
can be damaged by the laser. As a result of the limitations of scribing, sawing (using
dicing saw with a thin diamond impregnated blade) has become the technology of cho
for most LEDs. |
The kerf loss for sawing has been reduced to about 40 pm and the chip uniformi
excellent such that a minimum of mspecuon and testing is required. For most mater
“cleanup” etch is required after sawing to remove work damage at the edges of the cf
which can both affect the electrical performance and absorb light. The wafer remains.
the expandable tape during the sawing process. After sawing, the tape is expanded so i
the chips are separated. The tape is clamped in a ring that keeps it expanded and the cf
aligned. In this form the chlps are easily individually picked off the tape by the die-a
machine that places the chips in the LED package.
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1710 LED QUALITY AND RELIABILITY

LEDs offer many advantages over other types of light sources. They have long operating
life, they operate over a wide temperature range, and they are unaffected by many adverse
environmental conditions. LED devices also are mechanically robust, making them
suitable for applications where there is high vibration, shock, or acceleration. Excellent
quality and reliability are obtainable when an LED product is properly designed,
fabricated, packaged, tested, and operated.

Product quality is defined as *fitness for use” in a customer’s application. Quality is
measured in units of the average number of defective parts per million shipped (i.e., ppm),
and is inferred from product sampling and testing. LED product quality is assured by: (1)
robust chip and product design, (2) high-quality piece parts, (3) well-controlled fabrication
processes, (4) use of statistical process control during manufacturing, (5) careful product
testing, and (6) proper handling and storage. Most I1I-V LEDS are comparable in quality
to the best silicon devices manufactured today. Well-designed LED products have total
defect levels well below 100 ppm.

Reliability measures the probability that a product will perform its intended function
under defined use conditions over the useful life of the product. Probability of survival is
characterized by a failure rate, which is calculated by dividing the number of failures by
the total number of operating hours (number of products tested per x hours operated).
Common measures for reliability are percent failures per 1000 hours (percent/khr) and
number failures per 10” hours (FITS). LED failure rates typically are better than 0.01
percent per khr at 50°C.

The reliability of an LED product is dependent on the reliability of the LED
semiconductor chip and on the robustness of the package into which the chip is placed.
Interactions between the chip and package can affect product reliability as well. Aspects of
LED packaging and LED chip reliability are discussed in the following paragraphs.

LED Package Reliability

The package into which the LED chip is assembled should provide mechanical stability,

electrical connection, and environmental protection. To evaluate package integrity, stress

tests such as temperature cycling, thermal and mechanical shock, moisture resistance, and
r vibration are used to establish the worst-case conditions under which a product can
3 survive. Generally, product data sheets contain relevant information about safe conditions
i for product application and operation. |
0 Plastic materials are commonly used to package LEDs (see under “LED-Based
T Products™). Thermal fatigue is a limiting factor in plastic-packaged LEDs. Take the case of
bl the plastic LED lamp shown later in Fig. 21. Because of the different materials used
mn (epoxy plastic, copper lead frame, gold wire, III-V LED, etc.) and the different coefficients
a of expansion of these materials, temperature changes cause internal stresses. If the
te package is not well designed and properly assembled, thermal changes can cause cracking,
chip-attach failure, or failure of the wire bond (open circuits). Careful design can reduce
these problems to negligible levels over wide temperature ranges. Today's high-quality
plastic lamps are capable of being cycled from —55 to +100°C for 100 cycles without
failure.

Long-term exposure to water vapor can lead to moisture penetration through the
plastic, subjecting the chips to humidity. High humidity can cause chip corrosion, plastic
delamination, or surface leakage problems. Plastic-packaged LEDs are typically not
harmed when used under normal use conditions. Accelerated moisture resistance testing
can be used to test the limits of LED packages. Plastic materials have been improved to
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the point that LED products can withstand 1000 hr of environmental testing at ¢)
temperatures and high humidity (i.e., 85°C and 85 percent RH).

The thermal stability of plastic packaging materials is another important Paramege.
Over normal service conditions, the expansion coefficient of plastic is relatively cong, y
Above the so-called glass transition temperature Tg the coefficient increases rapig
Reliable operation of plastic-packaged LEDs generally requires operation at amb;,
temperatures below Tg. Failures associated with improper soldering operations, such
too high a soldering temperature or for too long a time can cause the package g
Excessive storage temperatures also should be avoided. When an LED prodye
operated, internal ohmic heating occurs; hence, the safe operating maximum tempergy,
is generally somewhat lower than the safe storage temperature.

evyy

The reliability characteristics of the LED chip determine the safe limits of operation of
product. When operated at a given temperature and drive current there is some probap
that the LED will fail. In general, LED failure rates can be separated into three tjm.
periods: (1) infantile failure, (2) useful life, and (3) the wearout period (see Fig, j
During the infant mortality period, failures occur due to weak or substandard yp
Typically, the failure rate decreases during the infantile period until no weak units rem;
During the “useful life” period, the failure rate is relatively low and constant. The num
of failures that do occur are random in nature and cannot be eliminated by more testj,
The useful life of an LED is a function of the operating temperature and drive conditig
Under normal use conditions, LEDs have useful lives exceeding 100,000 hours.
wearout period is characterized by a rapidly rising failure rate. Generally, wearout
LED:s is not a concern, as the useful life far exceeds the useful life of the product that the
LEDs are designed into.
The principle failure mode for LED chips is light-output degradation. In the case of ;

Failure Rate (%/1000 hr)

Infantile
failure period

Useful life period Wearout period

Y

Time (hr)

FIGURE 18 Plot of LED failure rate versus time, showing the infantile failure period
(decreasing rate), the useful life period (constant, low rate) and the wear-out period
(rapidly rising rate).
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IGURE 19 Curves of light output versus time for GaAsP indicator lamps stressed under various
aditions. Light output is normalized to the initial value. Each curve shows the average degradation of 20

visible lamp or display, failure is typically defined as a 50 percent decrease in light output
from its initial value, since that is the level where the human eye begins to observe a
noticeable change. For infrared emitters or visible LEDs where flux is sensed by a
semiconductor detector, failure is commonly defined as a 20 to 30 percent decrease in flux
output.

Figure 19 shows degradation curves for a direct bandgap GaAsP LED packaged in a
5-mm plastic lamp.*" Current must flow for degradation to occur, as negligible change is
observed after 1 khr of 100°C storage. Degradation is a function of the temperature at the
p-n junction and the junction current density. As shown in Fig. 19, a larger decline in light
output is observed as junction current density and/or temperature at the junction
increases. The dependence of degradation on current density J is superlinear, varying as J*
with 1.5 <x <2.5. Hence, accelerated-aging tests typically use high currents and tempera-
tures to shorten the time needed to observe LED degradation. The maximum stress level
shown in Fig. 19 is 200 percent of the maximum allowable drive current specified in the
data sheet.

Light-output degradation in GaAsP LEDs is due to an increase in the nonradiative
space-charge recombination current. Total current flowing through the LED is made up of
the sum of diffusion current and space-charge recombination current, as shown in the
following equations:

I(V, 1) = A(t)e™" " + B(1)e®"" (5)

where ¢ is electron charge, k is Boltzmann’s constant, and T is temperature.”® The first
term is diffusion current that produces light output, while the second term is space-charge
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FIGURE 20 Light output degradation of AlGaAs LEDs. Three modes are shown: “good™ devices wip
negligible light-output decrease over time, devices which degrade gradually over time, and “catastrophic®
degradation devices where the flux rapidly decreases over a short time period. 1

recombination that is nonradiative. At fixed I, if B(¢) increases, then the diffusion term
must decrease and, hence. the light output decreases. The reason for the increase in
space-charge recombination in GaAsP LEDs is not fully understood.

The degradation characteristics of GaAlAs LEDs differ from those of GaAsP LEDs,
Typical curves of normalized light output versus time for GaAlAs LEDs are shown in Fig
20. “Good™ units show negligible decrease in light output when operated under normal
service conditions. Gradual degradation may occur, but it is relatively uncommon. The
predominate failure mode in GaAlAs LEDs is catastrophic degradation. The light
emission decreases very rapidly over a period of less than 100 hr and simultaneously
nonradiative regions (“‘dark-spot” or ‘‘dark-line defects™) are observed to form. The
catastrophic degradation mechanism is described in detail in Refs. 33 and 34. In brief, the
dark regions are caused by nonradiative recombination at dislocation networks that grow
rapidly from a crystal dislocation located in the light-emitting region of the LED. l\lv?.t\!-'ﬂ.l't
formation depends on carrier recombination, both nonradiative, which creates mobile
point defects, and radiative recombination, which enhances the movement of the poinl
defects to the growing network. .

Formation of dark-line defects is enhanced by mechanical stress either present in the
LED chip or occurring during assembly. Properly designed products reduce such stress
minimizing bending caused by the different coefficients of expansion in the LED, and bf
stress-free die attach, wire bond, and encapsulation of the LED during assembly. ,

Failures due to dark-spot or dark-line defects can be effectively screened oul by
operating the LED at high current and temperature. Units with defects typically fail WI
the first few hundred hours. GaAlAs LEDs with dark-spot or dark-line defects &
screened out by means of visual inspection and/or by eliminating units with Jarge
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decreases in light output. GaAlAs LEDs used for fiber-optic applications have small
emitting areas (see under “‘Fiber Optics™ discussion and Fig. 14). Due to the high current
densities present in such devices, high temperature and current burn-in is used extensively
for these types of LEDs.

Another degradation mode in LEDs is change in the reverse breakdown characteristics
over time. The reverse characteristics become soft and the breakdown voltage may
decrease to a very low value. Several mechanisms have been observed in LEDs. One cause
is localized avalanche breakdown due to microplasma formation at points where electric
fields are high. Microplasmas have been observed in GaAs and GaAsP LEDs.

Damage or contamination of the edges of an LED chip can cause increased surface
leakage and reduced reverse breakdown. Incomplete removal of damage during die
separation operations and damage induced during handling and assembly are known to
cause reverse breakdown changes. Die-attach materials also can unintentionally contamin-
ate the edges of LEDs. Copper, frequently found in LED packaging materials, can diffuse
into the exposed surfaces of the LED, causing excess leakage and, in some cases,
light-output degradation.* Chips whose p-n junction extends to the edges (i.e., Fig. 6) are
very susceptible to damage and/or contamination.

11 LED BASED PRODUCTS

cator Lamps

The simplest LED product is an indicator lamp or its infrared equivalent. The most
frequently used lamp is shown in Fig. 21. A LED chip with a typical dimension of

T

1

L

FIGURE 21 Plastic indicator lamp. The LED chip
is placed in a reflector coined into the end of one
electrode lead. The top of the chip is connected with
a gold wire to the second electrode. The electrodes
are encapsulated in plastic to form a mechanically
robust package.
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(a}

{b)

FIGURE 22 Radiation pattern of two types of LED indicator lamps: (a)
lamp with clear plastic package with a narrow beam; (b) lamp with a
diffusing plastic package (glass powder added) with a broader radiation

pattern.

250 X 250 pm is attached with conductive silver-loaded epoxy into a reflective cavity co
into the end of a silver-plated copper or steel lead frame. The top of the LED ch
connected with a thin 25-wm gold wire to the second terminal of the lead frame. The
frame subassembly is then embedded in epoxy. The epoxy serves several functions: (1)
holds the assembly together and protects the delicate chip and bond wire; (2) it incre
the light extraction from the chip (see under “Light Extraction,” discussed earlier); an
it determines the spatial light distribution.

There are a large number of variations of the lamp shown in Fig. 21. Besides t
obvious variation of source wavelength, there are variations of size, shape, radiatic
pattern, etc. The cross section of the plastic body ranges from 2-10 mm, The radi
pattern is affected by three factors: the shape of the dome, the relative position 0
chip/reflector combination, and by the presence of a diffusant in the epoxy. Figure 2
shows the radiation pattern of a lamp using clear plastic as an encapsulant. The
emanating from chip and reflector are collimated into a narrow beam. For many indicat
lamps a broader viewing angle is desired such as that shown in the radiation pattern of |
22b. This effect is achieved by adding a diffusant, such as glass powder, to the clear plé
Another variation is shape. Common shapes are round, square, rectangular, or triang

Another variation is achieved by placing two different chips into the reflector cup:
instance, a lamp with green and red chips connected to the second post in an antipa
fashon can operate as a red indicator if the reflector post is biased positive, and as 2
indicator if it is biased negative. Rapidly switching between the two polarities oné
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achieve any color between the two basic colors, i.e., yellow or orange, depending on
current and duty cycle.

A number of chips can be combined in a single package to illuminate a rectangular
area. These so-called annunciator assemblies range in size from one to several cm. They
typically use 4 chips per cm®. By placing an aperture-limiting symbol or telltale in front of
the lit area, these structures are cost-effective means to display a fixed message, such as
warning lights in an automotive dashboard.

ymeric Displays

Numeric displays are usually made up of a nearly rectangular arrangement of seven
elongated segments in a figure-eight pattern. Selectively switching these segments
generates all ten digits from 0-9. Often decimal point, colon, comma, and other symbols
are added.

There are two main types of LED numeric displays: (1) monolithic displays and (2)
stretched segment displays. All monolithic displays are based on GaAs-GaAsP technology.
Seven elongated p-doped regions and a decimal point are diffused into an n-type epitaxial
layer of a single or monolithic chip (see Fig. 8). Electrically, this is a structure with eight
anodes and one common cathode. This monolithic approach is relatively expensive. For
arms-length viewing, a character height of 3-5 mm is required. Adding space for bonding
pads, decimal point, and edge separation, such a display consumes around 10 mm® of
expensive semiconductor material per digit. One way to reduce material and power
consumption is optical magnification. Viewing-angle limitation and distortion limit the
magnification M to M =2.0. Power consumption is reduced by M*—an important feature
for battery-powered applications.

For digits >5 mm, a stretched segment display is most cost effective. The design of Fig.
23 utilizes a 250 X 250 um chip to generate a segment with dimensions of up to 8 X2 mm
for a 20-mm digit height. This corresponds to a real magnification of M?=256, or an
equivalent linear magnification of M =16. This magnification is achieved without a
reduction in viewing angle by using scattering optics. An LED chip is placed at the bottom

Digit Segment
Formed by
Diffusing Cavity

Lit Segment

LED Chi Display

i

I Package
by Lead Frame

I FIGURE 23 Cutaway of a seven-segment numeric
i LED display, showing how light from a small LED chip
I is stretched to a large character segment using a
i diffusing cavity. Characters 0-9 are created by turning

on appropriate combinations of segments.
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Epoiy=Fillad White Plastic
Diffusing Cavity
Package

j LED Chip

Lead Frame

FIGURE 24 Cross section through one segment of
the seven-segment numeric display shown in Fig. 23.
A LED chip is placed at the bottom of a highly
reflective, white plastic cavity which is filled with
clear plastic containing a diffusant. Light is scattered
within the cavity to produce uniform emission at the

segment surface.

of a cavity having the desired rectangular exit shape and the cavity is filled with a diffus
plastic material (see Fig. 24). The side and bottom surfaces of the cavity are made
reflective as possible. Highly reflective white surfaces are typically used. A good wh
plastic surface measured in air may have a reflectivity of 94 percent compared with
percent for Ag and 91 percent for Al. Ag and Al achieve this reflectivity only if evaporatg
on a specularly smooth surface. Measured in plastic, the reflectivity of the white su
increases from 94 to 98 percent, the Ag surface remains at 98 percent, while the Al su
decreases to 86 percent. Both metallic surfaces have substantially lower reflectivities if
are evaporated onto a nonspecular surface, or if they are deposited by plating. Practi
all numeric LED displays above 5-mm character heights are made using white cavity
and diffusing epoxy within the cavity.

This case of magification by scattering does not result in a power saving as in the
magnification of monolithic displays. Since there is practically no reduction in emissi
angle, the law of energy conservation requires an increased light flux from the chip th
equals the area magnification plus reflection losses in the cavity.

There are two ways LEDs are used to display alphanumeric information: either by u
more than seven elongated segments, i.e., 14, 16, or 24; or by using an array of LED chi
in a 5 X7 dot matrix format. The mu!tip!e segment products are similar in design to the
monolithic or stretched segment numeric displays described above.

In the case of small monolithic characters, the number of input terminals quick
exceeds conventional pin spacing. These products are usually clusters of 4 to 16 characte
combined with a decoder/driver integrated circuit within the same package. To reduce
and power, some modest optical magnification is usually used. The segmented dlspla)’ :
usually larger, i.e., 12-25 mm and limited to 14 segments per character. At this size, there
is no pin density constram: and the decoder is usually placed outside the package.

The most frequently used alphanumerlc LED display is based on a 5X 7 matrix P&
character. For small characters in the range of 5-8 mm, the LED chips are directly viewee
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and pin density limitations require an on-board decoder/driver IC. Products are offered as
end-stackable clusters of 4, 8, and 16 characters,

For larger displays, the LED chip is magnified by the same optical scattering technique
described above for numerics. Exit apertures per pixel have a diameter of 2-5 mm.
Products are offered as 5X 7 single characters or end-stackable 20X 20 tiles for large
message- or graphics-display panels. At this size, pin density is not a limitation.

Locouplers

An optocoupler is a device where signal input and signal output have no galvanic
connection. It is mainly used in applications as the interface between the line voltage side
of a system and the low-voltage circuit functions, or in systems where the separate ground
connection of interconnected subsystems causes magnetic coupling in the galvanic loop
between signal and ground connections. By interrupting the galvanic loop with an optical
signal path, many sources of signal interference are eliminated.
The oldest optocouplers consist of an IR LED and a photodetector facing each other in
an insulating tube. The second generation utilized the so-called dual-in-line package widely
used by logic ICs. In this package an IR emitter and a phototransistor are mounted
face-to-face on two separate lead frames. The center of the package between emitter and
detector is filled with a clear insulating material. The subassembly is then molded in ‘
opaque plastic to shield external light and to mechanically stabilize the assembly (Fig 25).
The second generation optocouplers have limited speed performance for two reasons: (1)
the slow response time of the GaAs:Si LED and (2) the slow response of the photo- .
transistor detector because of the high collector-base capacitance. |
B The third generation of optocouplers overcomes the speed limitation. It uses an
; integrated photodetector and a decoupled gain element. Integration limits the thickness of |
the effective detection region in silicon to 5-7 wm. This thickness range forces a shift of the .
source to wavelengths shorter than the 940 nm sources used in the second-generation I
couplers. Third-generation couplers use GaAsP (700 nm) or AlGaAs emitters (880 nm). |
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| chips., An insulating film is placed between the chips to increase the ability of

P” the optocoupler to withstand high voltages between input and output

weﬂ electrodes.
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Fiber Optics

Within the last decade, the optocoupler product family has seen further prolife,,
adding features on the input or output side of the coupler. One proliferation peg
couplers behaving like logic gates. Another variation used MOS FET devige
output side, eliminating the offset voltages of bipolar devices. These cqy
comparable to the performance of conventional relays and are classified ag solig
relays. Other types use a CMOS input driver and CMOS output circuitry to achjay.
transfer rates of 50 Mb/s and CMOS interface compatibility. -

LEDs are the primary light source used in fiber-optic links for speeds up to 200 My
distances up to 2 km. For higher-speed and longer distances, diode lasers are the pref,
source. '

For fiber-optic applications, LEDs have to meet a number of requirements thyy 20
beyond the requirements for lamps and displays. The major issues are: minimyp,
maximum flux coupled into the fiber, optical rise and fall times, source diameter.
wavelength. Analysis of flux budget, speed, fiber dispersion, wavelength, and may;
distance is quite complex and goes far beyond the scope of this work. A simp
discussion for the popular standard, Fiber Distributed Data Interface (FDDI) will hjg
the issues. For a detailed discussion, the reader is referred to Ref. 36.

Flux budget. The minimum flux that has to be coupled into the fiber is determin,
receiver sensitivity (=31 dBm), fiber attenuation over the 2-km maximum distance (3
connector and coupler losses (5dB), and miscellaneous penalties for detector res
variations, bandwidth limitations, jitter, etc. (3 dB). With this flux budget of 11 dB
minimum coupled power has to be —20 dBm. Another flux constraint arises from th
that the receiver can only handle a maximum level of power before saturation (—14 d
These two specifications bracket the power level coupled into the fiber at a minim
—20 dBm (maximum fiber and connector losses) and at a maximum of —14 dBm (no fibe
or connector losses for the case of very short fiber).

Speed. The transmitter speed or baud rate directly translates into a maximum rise §
fall time of the LED. The 125 Mdb FDDI specifications call for a maximum rise an
time of 3.5 ns. As a rule of thumb, the sum of rise and fall time should be a little sh
than the inverse baud period (8 ns for 125 Mbd).

Source Diameter and Fiber Alignment. Efficient coupling of the LED to the fib
requires a source diameter that is equal to or preferably smaller than the diameter
fiber core. For sources smaller than the core diameter, a lens between source and fiber ¢
magnify the source to a diameter equal to or larger than the core diameter.
magnification has two benefits: (1) It increases the coupling efficiency between sourc
fiber. The improvement is limited to the ratio of source area to core cross-sectional
(2) It increases the apparent spot size to a diameter larger than the fiber core. This
relaxes the alignment tolerance between source and core and results in substan
reduced assembly and connector costs.

Wavelength. The LEDs used in fiber-optic applications operate at three narrowly de
wavelength bands 650, 820-870, and 1300 nm, as determined by optical fiber trans
characteristics. '

650 nm. This band is defined by an absorption window in acrylic plastic fiber. It is 2 ¥

narrow window between two C-H resonances of the polymer material. The bottom
window has an absorption of approximately 0.17 dB/m. However, the effective absorP*
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is in the 0.3-0.4 dB/m range because the LED linewidth is comparable to the width of the
absorption window and the LED wavelength changes with temperature. The 650-nm LEDs
use either GaAs, P, with x =0.4 or GaAl As,_, with x =0.38. Quantum efficiencies are
at 0.2 and 1.5 percent, respectively. Maximum link length is in the range of 20-100m,
depending on source efficiency, detector sensitivity, speed, and temperature range.

820-870 nm. This window was chosen for several reasons. GaAlAs emitters (see Fig. 14)
and Si detectors are readily available at this wavelength. Early fibers had an absorption
peak from water contamination at approximately 870 nm. As fiber technology improved,
the absorption peak was eliminated and the wavelength of choice moved from 820- to the
850-870-nm range. Fiber attenuation at 850 nm is typically 3 dB/km. Maximum link length
in the 500-2000 m range, depending on data rate. In the 850-870-nm window the
maximum link length is limited by chromatic dispersion. GaAlAs emitters have a
half-power linewidth of approximately 35nm. The velocity of light in the fiber is
determined by the index of refraction of the fiber core. The index is wavelength-dependent
resulting in dispersion of the light pulse. This dispersion grows with distance. The
compounded effect of LED linewidth and fiber dispersion is a constant distance-speed
product. For a typical multimode fiber and GaAlAs LED combination, this product is in
the range of 100 Mbd-km.*

1300 nm. At this wavelength, the index of refraction as a function of wavelength reaches
a minimum. At this minimum, the velocity of light is practically independent of
wavelength, and chromatic dispersion is nearly eliminated. The distance-speed limitation is
caused by modal dispersion. Modal dispersion can be envisioned as a different path length
for rays of different entrance angles into the fiber. A ray going down the middle of the core
will have a shorter path than a ray entering the fiber at the maximum acceptance angle
undergoing many bends as it travels down the fiber. The resulting modal dispersion limits
multimode fibers to distance bandwidth products of approximately 500 Mbd-km. LED
sources used at this wavelength are GalnAsP emitters, as shown in Fig. 15. At this
wavelength, fiber attenuation is typically <1.0 dB/km and maximum link length is in the
range of 500-5000 m, depending on data rate and flux budget.

LED/detector combinations are used in a wide range of sensor applications. They can be
grouped into three classes: transmissive, reflective, and scattering sensors.

Transmissive Sensors. The most widely used transmissive sensor is the slot interrupter. A
U-shaped plastic holder aligns an emitter and detector face-to-face. It is used widely for
such applications as sensing the presence or absence of paper in printers, end-of-tape in
tape-recorders, erase/overwrite protection on floppy disks and many other applications
where the presence or absence of an opaque obstruction in the light path determines a
system response.

A widely used slot interrupter is a two- or three-channel optical encoder. A pattern of
opaque and transmissive sections moves in front of a fixed pattern with the same spatial
frequency. Two optical channels positioned such that they are 90° out-of-phase to each
other with regard to the pattern allow the measurement of both distance (number of
transmissive/opaque sequences) and direction (phase of channel A with regard to channel
B). Such encoders are widely used in industrial control applications, paper motion in
printers, pen movement in plotters, scales, motor rotation, etc. A third channel is often
used to detect an index pulse per revolution to obtain a quasi-absolute reference.

Reflective Sensors. In a reflective sensor an LED, detector, and associated optical
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DTGS deuterated triglycine sulfate
P pyroelectric coefficient
electrical resistance
R, thermal resistance
Nl responsivity
) Seebeck coefficient
TGS  triglycine sulfate
Z  figure of merit
T. electrical time constant
T thermal time constant

Thermal detectors (transducers) of optical radiation are generally considered to be those
devices that absorb the radiation, increase their own temperature, and provide a resultant
electrical signal. There are several types, divided according to the physical mechanism that
converts the temperature change to a resultant electrical one. The oldest are bolometers
and thermocouples. The bolometer changes its electrical resistance as a result of the
lemperature increase; the thermocouple changes its contact potential difference. There are
several different types of bolometers, including thermistor, semiconducting, superconduct-
ing, carbon, and metallic. They may also be subdivided according to whether they operate

191
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at room or cryogenic temperature. Thermocouples vary according to the mat
joined, and are sometimes connected in series to generate thel’mDpiles
detectors make use of the property of a change in the internal polarizatiop aé
the change in temperature, the pyroelectric effect. Golay cells and certaip v,

use of the expansion of a gas with temperature. All of these detectors are gover
fundamental equation of heat absorption in the material. Many reviews anq kL
collected reprints® provide additional information. '

Thermal Circuit Theory

In the absence of joulean heating of the detector element, the spectrum of the
difference d AT is given in terms of the spectrum of the absorbed power P (the

eP

dAT =———
G(l +iwT)

where G is the thermal conductance, given by the product of the thermal condy
times the cross-sectional area of the path to the heat sink and divided by the Jeng
path to that heat sink. The time constant 7 is the product of the thermal resista
heat capacitance. The thermal resistance is the reciprocal of the thermal cop
while the thermal capacitance is the thermal capacity times the mass of the dete

absence of Joulean heating, this is a simple, single time constant thermal circuit,
the change in temperature is given by

eP

dT = ———
G(1 +iwr)

07Td 048 u;amﬁg "JojSSay ‘WS

The absorbed power is equal to the incident power times the absorptance a ¢
material: '

t

P

The absorptance « is usually written as € (which is legitimate according to Kirchhoff’
since « is also used for the relative temperature coefficient of resistance (some W
use 7).

_1dR
*TRdT

As radiation is absorbed, part of the heat is conducted to the sink. Some of it
to an increase in temperature. Some is reradiated, but this is usually quite sm
ignored here. The dc responsivity of a thermal detector is proportional to the e1
and to the thermal resistance. The greater proportion of radiation that is absorb
greater will be the responsivity. The less heat that is conducted to the sink, the gr
be the temperature rise. The time constant is a true thermal time constant, the P
thermal resistance and capacitance. The greater the heat capacitance, the mOrf
necessary for a given temperature increase, and the less heat conducted to the
more available for temperature increase. A high absorptance is accomplished b
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of a black coating, and a sufficient amount of it. Thus, there is a direct conflict between
high speed and high responsivity.

o) Thermal Detector®®

The ideal thermal detector has a noise that is associated only with the thermal fluctuations
of the heat loss to the heat sink, and this coupling is purely radiative. Then the noise
equivalent power (NEP) is given by

NEP = V16AckT /e (5)

where it is assumed that the detector is irradiated by a hemisphere of blackbody radiation
at the same temperature 7 as the detector. The corresponding specific detectivity,
assuming that the signal varies as the area and the noise as its square root, is

12

e W

where the detector and background are at the same temperature.

For circumstances in which the detector is in a cooled chamber, the total radiation from
the sources at various temperatures must be calculated. Figure | shows the specific
detectivity of a background limited ideal thermal detector as a function of the temperature
of the surround.

No detector is ideal, and every one will be limited by the signal loss due to incomplete
absorption at the surface and any transmission losses by the optical system that puts the
radiation on the detector. The detector will also have noise that arises from its conductive
coupling to the heat sink, and probably Johnson noise as well. The conductive mean
square power fluctuation is given by

(P = 4kT?G (7)

The Johnson noise power density is 4k7. Therefore, the total mean square power
fluctuation is given by

(P?) = 4kT[GT + 4€AcT* +1] ®)
110'2 = —_—
\

1+10" ~

£ S

'_“N —

e —

= .

S 110" =
1+10°

100 200 300 400 500 800
T(K)

FIGURE 1 Theoretical specific detectivity for ideal thermal detectors.
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FIGURE 2 Balanced voltage divider circuit for a
thermal detector.

Bolometers

Most single-element bolometers are connected in a voltage divider network, as sj
Fig. 2. A stable voltage supply is used to develop a current and consequent voltag,
across the two resistors. One is the detector, while the other should be a matching e}
to eliminate signals arising from a change in the ambient temperature. It should ma

detector in both resistance and in the temperature coefficient of resistance. .
another, but blinded, detector is used. The expression for power conservation is

dAT _d(i’R)
C= A=

AT +P

V*(R, — R)dR

G GAT =
dt @ (R, +R)’ dT

d AT V?Ra (R,—-R)

C & +[G (R, + R\°(R, + R)

Jar=r

774 104§ RSP0 ARy WA

The solution to this is a transient that has an RC time constant, where the R is
reciprocal of the bracketed term, and C is the thermal capacitance, and the
steady-state term given above. The transient decays as long as G is greater than the

the bracket, but the detector burns up if not. This is still another reason for matching
resistances. The dc responsivity is a function of the construction parameters, includi
path to the sink, the bias voltage, and the relative change of resistance with tempe!
The different bolometers are divided according to how their resistances chang
temperature. (R, and R represent slightly different values of R,.)

Metal bolometers. These have a linear change in resistance with temperature that o
be expressed as

R= Rc[l i+ 'J’(T = TQJ)]
Therefore the thermal coefficient is
a= —7.
1+9(T-T)

This coefficient always decreases with temperature, and burnout does not occur:
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coefficient is approximately equal to the inverse of the temperature, and is therefore never |
very high. |
I

 Semiconductor bolometers. These have an exponential change of resistance with
temperature, given by

R =R,e?" (12)
so that |

a=-B/T? (13) {

The value of B depends upon the particular material. These detectors can burn out. Two |

basic types exist: (1) those that are used at low temperatures and (2) those that are used at

about room temperature. M
The most-used low-temperature bolometer’ is germanium in a bath of liquid helium.

Pure germanium is transparent in the infrared, but with enough compensated doping it

becomes a good conductor with a high-temperature coefficient of resistance.® Typical

concentrations are about 10'*cm™ of gallium and 10" of indium. Even these are not

sufficient at wavelengths shorter than 10 um since the free-carrier absorption is propor-

tional to wavelength. In such a case a black coating is sometimes used. Improvements have

been made since Low’s first work.*"!

Superconducting bolometers. These make use of the extremely large thermal coefficient
of resistance at the transition temperature.”** Originally they needed to be controlled
very carefully, or a small change in ambient conditions (on the order of 0.01 K) could
cause an apparent signal of appreciable magnitude. A more recent version'® incorporates
an evaporated thin film on an anodized aluminum block that is coupled to a helium bath
by a brass rod. The detector has a time constant of about 3 us due to this high thermal
conductance and a good NEP of about 107 WHz 2, It still must be controlled to about
107" K, and this is accomplished with a heater current and control circuit.

Recently developed materials not only have high-temperature transition points but also
have more gradual transitions, and provide a better compromise between good respon-
sivity and the requirement for exquisite control."®

Carbon Bolometers. These are a form of semiconductor bolometers that have been
largely superseded by germanium bolometers. They are made of small slabs of carbon
resistor material, connected to a metal heat sink by way of a thin mylar film. Although
their responsivities are comparable to germanium bolometers, their noise is several orders
of magnitude higher."”

lermocouples and Thermopiles™™®

A thermocouple is made by simply joining two dissimilar conductors. A good pair has a
large relative Seebeck coefficient and gives rise to a potential difference. The materials also
have large electrical conductivities and small thermal ones, so there is little voltage drop
across the length and a small thermal gradient. Although there are many different couples
(many are not even used for radiation detection), those most often used for this
application are bismuth telluride, copper, and constantan. The expression for the
responsivity is given in terms of the relative Seebeck coefficient S,, (the difference in the
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voltage change with temperature between the two materials) and the expression deriye

above for the thermal circuit
Se

R

Gl +iwt)

Good materials are those that have a large Seebeck coefficient, a high elegys:
conductivity, and a small thermal conductivity, and the figure of merit is often defineq

St

le:["‘G]fa'l % “Gzl’ﬂ'z]z

Thermopiles are arrays of thermocouples connected in series. They are manufactureg &
two ways. Some care carefully wound wires with junctions aligned in the desired pattep,
while others are evaporated with the pattern determined by masking operations. Mog; .
the “bulk” thermopiles are wrapped on appropriate mandrels to obtain rigidity,
kinds are obtainable in a variety of sizes and patterns that correspond to such things-
spectrometer slits, centering annuli, and staggered arrays for moderate-sensitivity thepy
imaging.

aSp00 SRy WS

The Golay Cell*®

This detector is used mostly for laboratory operations, as it is slow and fragile, althou
has high sensitivity. It is a gas-filled chamber that has a thin membrane at one end and
blackened detector area at the other. Light on the blackened surface causes the increase |
temperature; this is transferred to the gas which therefore expands. The membrane bul
and the amount of the bulge is sensed by some sort of optical lever” or even change
capacity of an electrical element.”” Other versions do not use a blackened surface, b
allow the radiation to interact with the gas directly, in which case they are spe
detectors that are “tuned” to the absorption spectrum of the gas.”

!

1T74 W04}

Pyroelectric Detectors®*

Some crystals which do not have a center of symmetry experience an electric field along a
crystal axis. This internal electric field results from an alignment of electric dipoles (known
as polarization), and is related to the crystal temperature. In these ferroelectric crysta
this results in a charge being generated and stored on plates connected to the crysta
Polarization disappears above the so-called Curie temperature that is characteristic of ea
material. Thus, below the Curie temperature, a change in temperature results in a currenk
The equation for the response of a pyroelectric detector is

oy prdERean
(1 +iwt,)(1 +iwt,)

where o is the radian frequency, p is the pyroelectric coefficient, A, is the detector area, e
is the electrical resistance, R,, is the thermal resistance 7, is the thermal time constal'_ll,_ a
7, is the electrical time constant. The relation is shown in Fig. 3, where the responsiVl
plotted as a function of frequency. In the low-frequency region the responsivity

directly as the frequency. This is a result of the ac operation of a pyroelectric. At t
(radian) frequency that is the reciprocal of the slower (usually the thermal) time constans
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Reciprocal time constants
thermal electric

respons-
vity

Log Radian Frequency
FIGURE 3 Responsivity asymptotes vs frequency.

the response levels off. This is the product of the ac rise and the thermal rolloff. Then,
when the frequency corresponding to the shorter time constant is reached, the response
rolls off.

Type II pyroelectric detectors work on a slightly different mechanism, which is still not
fully understood. The electrodes are on the sensing surface of the detector and parallel to
the polar axis. In these crystals, the temperature change is not uniform at the onset of
radiation and the primary and secondary pyroelectric effects take place, thereby generating
a body electric charge distribution.” Materials most often used for these detectors are TGS
(triglycine sulfate), DTGS (deuterated TGS), Li,SO,, LiNbO,, LiTaOs, and PLZT (lead
lanthanum zirconate titanate). TGS is the most used for specialized sensor systems, but has
a relatively low Curie point. For higher-temperature operation, usually LiTaO; or PLZT is
used in the general laboratory environment.

The two advantages of the pyreoelectric detector over the other thermal detectors,
bolometers, and thermopiles, are its responsivity and its capability of rapid response. The
response time and responsivity are traded by choice of the load resistor in the circuit. For
instance, with a 100-MQ load the time constant can be 1 ms and the responsivity 100 V/W,
but with a 1-MQ load the values would be 10 ps and 1.

mmary of Elemental Thermal Detector Properties

Although the user should contact suppliers for detailed information, this section provides
overall property information about thermal detectors. There are several cautions about
summary data. Most detectors can be tailored to have somewhat different properties.
Improvements may have been made since the publication of these results. Not all
parameters are available in all combinations. Table 1 does, however, give the general
flavor of the performance of different thermal detectors.

As pointed out earlier, thermal detector response is governed by the thermal response
time, which is the ratio of the pixel heat capacity C to the thermal conductance G of the
heat leakage mechanism. High pixel responsivity is associated with high thermal isolation,
i.e., low thermal conductance. Thermal detector design is driven by the thermal isolation
structure. It is the structure which determines the extent to which the pixel performance
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TABLE 1 General Properties of Thermal Detectors

Operating Time
Temperature D* x 108 NEPx107'®  constant Size
Type (K) (emHZ'"*W™") (WHz™'?) (m) (mm?)
Silicon bolometer 1.6 3x1073 8 0.25-0.70
metal bolometer 2-4 1 10
Thermistor bolometer 300 1-6 1-8 0.01-10
Germanium bolometer 2-4 0.005 Y04 1.5
Carbon bolometer 2-4 0.03 10 20
Superconducting 15 0.2 0.5 5%0.25
bolometer (NbN)
Thermocouples 300 2-10 10-40 0.1x1
to
03x3
Thermopiles 300 3.3-10 1-100
Pyroelectrics 300 2-5 10-100* 2X2
Golay cell 300 10 0.6 10-30 10

*Shorter values can be obtained at the expense of NEP (for laser detection).

can approach the temperature fluctuation noise limit and, ultimately, the backgroupg
fluctuation noise limit. Given the value of G associated with the heat loss mechanism
pixel heat capacity must be designed appropriately to attain the required thermal resp
time. Response times in the millisecond range are compatible with high thermal isolation:
response times in the microsecond range are not. Thus, two-dimensional arrays of therm

detectors which operate at TV frame rates (30 Hz in the United States) are ung
development for applications in thermal imagers.

Noise Equivalent Temperature Difference (NETD)

Whereas elemental detectors are usually described by such figures of merit as NEP and
D*, arrays have been described by an NETD associated with their use in a camera und
certain specific conditions. It is defined as the change in temperature of a blackbody w
fills the field of view of a pixel of an infrared imaging system that gives rise to a change of
unity in the signal-to-noise ratio at the output of the system. The measurement of the
NETD should, however, be with the flooding of several pixels to avoid fringing effects
with an SNR (signal-to-noise ratio) well above 1 to obtain good accuracy. The pixel

defined as the subtense of a single element of the array. The NETD can be written
several different forms. Perhaps the simplest is

VA,B
NETD=——"—
D*(dP,/dT)

bandwidth and (dP,/dT) represents the change in power on the detector element per ui
change in temperature in the spectral band under consideration. This form does
include the system noise, which is often included by the manufacturers in th
calculations. In Eq. (17) the change in power with respect to temperature is

dP, A1, J*zgg
A

dT ~4FN* ), dT
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where 7, is the optics transmission, FN is the focal ratio (defined as the effective focal
length divided by the entrance pupil diameter), and M is the radiant emittance of the
source. This is almost the definition of the specific detectivity. The NETD can also be
written in terms of the responsivity ), since the detectivity and responsivity are related in
the following way:

D¥=—-——=VA,B— 19
P Vi TV e

where V, is the signal voltage at the sensor and V) is the rms noise voltage of a pixel in the

bandwidth B. Therefore

Vv

NETD = P JdT), .

(20)

The power on the detector is related to the power on the aperture by the optical
transmission 7,. The expression can also be formulated in terms of the source radiance, L

4FN*VB -
NETD = 21
D*1,7,xD AB(dL/dT),, ., @h

where D is the diameter of the aperture, Af is the angular subtense of a pixel, L is the
source radiance and 7, is the atmospheric transmission. One last form can be generated by
recognizing that, for an isotropic radiator, the radiance is the radiant emittance divided
by m:

4FNV,,

Th=
NETD = (T3)(dM]dT)

(22)

In this form of the expression for NETD, it is not necessary that the noise be white, nor is
it necessary that the noise not include system noise. Whether or not system noise is
included should be clearly stated.
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heoretical Limits

Figure 4 illustrates the theoretical limits of thermal arrays having the parameters shown F
and operating at 300 and 85 K as a function of thermal conductance. The performance of

real thermal arrays with those parameters lies on or above the sloping line. As the
conductance G is reduced (better thermal isolation), the noise equivalent temperature
difference NETD is reduced (improves) until the background limit is reached, when
radiant power exchange between the array and the background becomes the dominant
heat transfer mechanism. Reducing the detector temperature to 85K appropriate to a
bolometer operating at the transition edge of the high-temperature superconductor
YBa,Cu,O,_, (YBCO) reduces the NETD by V2 and allows the limit to be reached with
less thermal isolation (higher G value).

Arrays fall into two categories: monolithic and hybrid. Monolithic arrays are prepared
on a single substrate, e.g., silicon, upon which the detecting material is deposited in the
form of a thin film which is subsequently processed into an array. Hybrid arrays are
prepared in two parts: (1) the readout electronics array, usually in silicon, and (2) the
detecting material array, usually in wafer form which is thinned by lapping, etching, and
polishing. These two arrays are mated by a technique such as flip-chip bonding. Here the
interconnection at each pixel must have a sufficiently high electrical conductivity, yet a
sufficiently low thermal conductivity—a difficult requirement. If array cost considerations
are important, then the monolithic approach, especially in silicon, is the more desirable.
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Assumptions
* Pixel = 50 um x 50 um
» Pixel absorption = 50
« Pixel fill factor = 50%
» Optics transmission = 90%
4 * Frame rate = 30 Hz
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FIGURE 4 Temperature fluctuation noise limit and background fluctuation noise limit of
and cryogenic thermal detector arrays.

!

Resistive Bolometer Arrays

The development of resistive bolometric arrays has proceeded along two paths; un
arrays and cryogenic arrays. Large, uncooled bolometric arrays have been develop
Honeywell by a team lead by R. A. Wood.”* Silicon microstructure technol
employed to produce the arrays, a process resembling the fabrication of integrated circuits
Twelve arrays are prepared on a 4-inch-diameter silicon wafer. Each monolithic
consists of 240 X 336 pixels; each pixel is 50 X 50 pm. The detecting material is a thin f
of vanadium oxide. A Si;N, membrane having a thermal conductance of 1% 1077 W(
supports the vanadium oxide at each pixel, as shown in Fig. 5. Bipolar transist
implanted in the silicon substrate act as pixel switches for the matrix-addressed array
response is optimized for the 8-14 pm spectral interval. The thermal response tim
adjusted for a 30 Hz frame rate. Each pixel is addressed once per frame by a 5-ps pulse.

thermoelectric stabilizer maintains the array at ambient temperature. Other than @
one-shot shutter, the camera has no moving parts.

The measured NETD of the camera with F/1 optics at 300K is 0.04 K. Given the
value of 1 X 1077 WK™ it can be seen from Fig. 4 that the array is within a factor of 4
the temperature fluctuation noise limit. Furthermore, the pixel thermal isolation
complete that there is no measurable thermal spreading among the pixels.

Linear resistive bolometric arrays of the high-temperature superconductor YBC
silicon microstructures have been prepared by Johnson et al.,”® also of Honeywe
two-dimensional array is under development.” The monolithic arrays operate at
transition edge from 70 to 90 K. As was true for the uncooled arrays, the superconduct
ones employed a silicon nitride membrane to support the thin film and provide ther
isolation. Excess noise at the contacts limited the performance of the 12-element

TR
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IR Sensor

Bipolar
Transistor

CURE 5 Monolithic silicon microbolometer.”* (@ 1992 IEEE.)

array. With no excess noise, the calculated NETD?® of a 240 X 336 array with 50 um pixels
and F/1 optics would be 0.002 K, which is near the 300 K background limit, as shown in
Fig. 4.

pyroelectric Hybrid Arrays

Linear and two-dimensional Pvroelectric uncooled arrays have been under development
for more than two decades.** The arrays employ hybrid construction, in which a bulk
pyroelectric ceramic material such as lithium tantalate or lead zirconate is mechanically
thinned, etched, and polished, then bump-bonded to a silicon substrate containing readout
electronics,™ as shown in Fig. 6. Reticulation is usually employed to prevent lateral heat
conduction through the pyroelectric material. The theoretical system NETD of a
two-dimensional uncooled array with F/1 optics is estimated to be 0.1K.* Two-
dimensional uncooled arrays operating in the 8-14-pm region having 100 X 100 pixels,
each 100 X 100 um, are available commercially.** Their NETD (with F/1 speed) is 0.35 K.
A two-dimensional pyroelectric monolithic array employing a thin film of lead titanate on
a silicon microstructure is under development.*

Ferroelectric bolometer arrays, also known as field-enhanced pyroelectric arrays, have
been developed by Texas Instruments.*®”’ Operation depends upon the temperature
dependence of the spontaneous polarization and dielectric permittivity in a ferroelectric
ceramic near the Curie temperature. Barium strontium titanate (BST), the selected
material, has its composition (barium-to-strontium ratio) adjusted during preparation so
the Curie point is 22°C. A thermoelectric stabilizer is employed to hold the BST near 22°C
such that the absorbed infrared radiation changes the temperature and thus the dielectric
properties. The effect is similar to the pyroelectric effect; however, a voltage is applied to
enhance the signal. Construction of this array is naturally similar to that of the pyroelectric
array, described above, as shown in Fig. 7. Reticulation of the ceramic is frequently
applied to these arrays as well. A radiation chopper is required as both the pyroelectric
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FIGURE 6 Hybrid pyroelectric array structure.™

and ferroelectric effects depend upon the change in temperature. The Texas Inst

BST array, incorporating 80,000 pixels, each about 50X 50 um, which are
addressed, has an NETD of about 0.05°C (with F/1 optics).

Thermoelectric Arrays

Thermoelectric arrays prepared by silicon micromachining have been described by C
and Wise.* Series-connected, thin-film thermocouples, i.e., a thermopile, are prepare
a silicon microstructure, the “hot™ junctions (receiving the thermal radiation) on a s

BST N
Pixel
Backside | | Mesa—>] | | <= Vetal IR Absorber
Contact ' KigiRedt
Silicon & oo
: A - Electrode

Semi-transparent
Metal

Organic

Reflecting
Metal
FIGURE 7 Ferroelectric bolometer hybrid array.”*’
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FIGURE 8 Monolithic thermoelectric array.”” (@ 1991 Instrument Society of America.
Reprinted with permission from the Symposium for Innovation in Measurement Science.)

nitride/silicon dioxide membrane and the *‘cold” shield junctions on the surrounding
silicon substrate. Both 64- and 96-pixel microthermopile linear arrays in silicon microstruc-
tures have been prepared by Honeywell,” each microthermopile consisting of several
nickel iron/chromium thermocouples connected in series, as shown in Fig. 7. The “hot”
junctions are deposited on silicon nitride membranes, whereas the “cold™ junctions are on
the silicon substrates. A camera incorporating the linear array has been employed to image
moving targets such as automobiles. With an F/0.73 lens, the measured NETD is 0.10°C.
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CHAPTER 22
VISIBLE ARRAY DETECTORS

Timothy J. Tredwell

Eastman Kodak Company

Sensor Systems Division

Imager Systems Development Laboratory
Rochester, New York

1 GLOSSARY
A area of the pixel
Cws total capacitance of the floating diffusion in a CCD output :
6 gate capacitance per unit area #
C, readout line capacitance L
i total dark current per unit area l:;_

N surface generation current
L. diffusion length of electrons in silicon
Vs diffusion length of holes in silicon
N,  p-type dopant concentration in silicon
Np n-type dopant concentration in silicon
N, total number of electrons collected in a pixel
N(0) number of photons entering the silicon
N(x) number of photons remaining a distance x below the surface
n; intrinsic carrier concentration in silicon

P(x) probability that an electron-hole pair generated a distance x from the surface
will be collected before recombination

q electron charge
Sy surface recombination velocity
T integration time of light in an image sensor
T(A) transmission of light
Vi built-in voltage for a silicon pn junction

W(V) width of the depletion layer at a given bias voltage in the MOS capacitor or
junction-photodiode

0071



22,2 IMAGING DETECTORS

a(}) absorption coefficient of light
& silicon dielectric constant
i  electron mobility in silicon
i,  hole mobility in silicon
7,  depletion-layer lifetime
7,  minority carrier hole lifetime in silicon

P, electrostatic potential at the silicon-silicon dioxide, also called §
potential

22,2 INTRODUCTION

Since the invention of the image sensor in 1964, solid state image sensors have advang,
resolution, sensitivity, and image quality to the point where they have replaced q
methods of converting visible light to electronic signals in nearly all imaging applicat
There are two types of image sensors: area image sensors, which are used in cameras, 4
linear sensors, which are used in scanning applications. Cameras using area image sensq
dominate the camcorder, video and broadcast, machine vision, scientific, and me
fields. Area image sensors for camcorder applications are typically 400,000 pj
elements in resolution, 60 dB in dynamic range, and have noise levels of a few tens
electrons. Area image sensors for scientific applications may have resolutions of over
million elements, dynamic ranges exceeding 80 dB, and noise levels approaching the sin
electron level. Production of area image sensors exceeded eight million devices in 19
Scanners employing linear solid-state image sensors dominate facsimile, document scann
digital copier, and film scanner applications. Linear sensors range from 2000-element
monochrome arrays with 40 dB of dynamic range used in facsimile applications to 8000
more element trilinear arrays with 80dB of dynamtc range for high-performance col
scanning applications. Production of linear CCD image sensors also exceeded eight milli
devices in 1993.

The steps involved in image sensing consist of (1) converting the incoming photons
charge at picture element (pixel), and (2) transferring that charge to an output amplifi
and converting the charge to a voltage or current signal which can be sensed by circu
external to the sensor. The image-sensing elements will be described first, followed
readout elements. Sensor architectures for area and linear sensors will then be described.

(0 fiiadaid au!
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22.3 IMAGE SENSING ELEMENTS

There are four basic types of structures which are used for image sensing: the juncti

photodiode, the photocapacitor, the pinned (p“np) photodiode, and
photoconductor.* The first three are generally fabricated in single-crystal silicon as part
the image sensor; the photoconductor is usually fabricated from amorphous silic
deposited over the image sensor. The photoconversion process begins with the absorpti

* For some scientific applications in which high quantum efficiency and fill factor are essential, the silicon W
will be thinned to 10 pm or less in thickness and illuminated from the backside. The frontside contains an &%
charge coupled device, which is used to collect the photogenerated carriers.
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FIGURE 1 Absorption coefficient for light in
single-crystal silicon, heavily doped polycrystalline
silicon, and hydrogenated amorphous silicon as a
function of wavelength.

of a photon in the silicon resulting in the generation of a single electron-hole pair. The
absorption of light at a particular wavelength is given by:

N(x, A) = N(0)e ™= (1)

where N(x) is the number of photons remaining a distance x below the surface, N(0) is the
number of photons entering the silicon, and a(A) is the absorption coefficient.! The
absorption coefficient is shown as a function of wavelength A for single-crystal silicon,
doped polycrystalline silicon, and hydrogenated amorphous silicon in Fig. 1. The
absorption depth is defined as the inverse of the absorption coefficient [d(A) = 1/a(A)]. In
single-crystal silicon the absorption depth is 0.4 pm in the blue (450 nm), 1.5 pm in the
green (550 nm), and 3.0 pm in the red (640 nm). In the infrared, the absorption depth
increases to 10.5 pm at 800 nm. Beyond 1100 nm, the absorption is virtually zero because
the photon energy is less than the 1.1-eV silicon bandgap.

ion Photodiode

The junction photodiode is one of the most common image-sensing elements. The physical
structure and band diagram of the junction photodiode are shown in Fig. 2a for a p-type
substrate. The n-type region is formed by ion implantation or diffusion of phosphorous or
arsenic to a depth of 2000 to 10,000 A into the p-type silicon. The n-type dopant region is
usually graded, with the highest concentration at the surface. The gradient in n-type
dopant concentration results in a gradient in electrostatic potential which accelerates
photogenerated carriers (holes in the n-type region) away from the surface. This reduces
loss of photogenerated carriers to surface recombination. The photodiode is typically
operated with a reverse bias V of 1 to 5 volts. A depletion layer is formed between the n-
and p-type regions.* The width of the depletion layer W(V') for an abrupt n + p junction is
given by:

2e,(V + V)

W(V)= s

2

*For a detailed review of the device physics of junction diodes and MOS capacitors, see Sze, Physics af
Semiconductor Devices, Wiley, New York, 1969,
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FIGURE 2 Cross-sectional diagrams and band diagrams for
(a) junction photodiode; (b) surface-channel MOS capacitor;
(c) buried-channel MOS capacitor; (d) pinned, or hole-
accumulated, diode; (e) amorphous silicon photoconductor.
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where q is the electronic charge, ¢, is the silicon dielectric constant, N, is the p-type dopant
concentration, and V}; is the built-in voltage given by

Vu=—In—* (3)

where n; is the intrinsic carrier concentration. For silicon doped at 1X10"em™, the
depletion width at 5-V reverse bias is 0.8 pm.

If the diode is illuminated, some of the photons will be absorbed in the n-region, some
in the depletion layer, and the remainder in the p-type substrate. The quantum efficiency
n(A) is the ratio of the charge collected to the number of photons incident on the diode
(i.e., 100-percent quantum efficiency refers to one electron-hole pair collected for every
incident photon). The quantum efficiency depends on three factors: transmission 7'(A) of
light through the overlying layers into the silicon, absorption of light in the silicon, and the
probability P(x) that an electron-hole pair generated a distance x from the surface will be
collected before recombination:

A0 =T [ (- e 9pe) dx @

The transmission of light through the overlying layers into the silicon can be calculated
using standard multilayer interference models.

The collection of the photogenerated charge takes place by two processes: drift and
diffusion. Drift is the movement of electrons and holes due to an electric field. Even for
small electric fields, transport of carriers by drift will dominate diffusion. This is the case in
the depletion region. Outside the depletion region, such as in the p-type substrate, there is
no electric field, and carrier transport occurs by diffusion. For example, a photon absorbed
in the p-type region will excite an electron from the valence band to the conduction band.
The electron will move in a three-dimensional random walk until it recombines or until it
encounters the edge of the depletion region, where it is swept across the junction by the
electric field. The probability that an electron a distance x' from the junction can diffuse to
the junction before recombining is given by:

P(x")=e "  where L = 4 {%}‘:,u,r, (5)

in which L, is the diffusion length, u. is the electron mobility, and 7, the electron lifetime
(typically ~1 ps). For a 1-ps lifetime, the electron diffusion length in p-type silicon is
50 pwm. Electrons generated from photons absorbed less than the diffusion length from the
junction have a high probability of collection.*i Similarly, photons absorbed in the n-type

*1In image sensors, the collection of photogenerated carriers can be complicated by a variety of factors. The
doping concentration may not be uniform on either the n- or p-sides. On the n-side, the dopant concentration is
designed to decrease from the surface to the junction, building in a potential gradient for holes away from the
surface and toward the junction, preventing surface recombination. On the p-side, the dopant concentration may not
be uniform owing to the use of epitaxial layers or wells diffused into the silicon. Additionally, the carrier lifetime
may not be uniform. Impurity gettering, a process used in many image sensors to remove metallic contaminants
during processing, will leave a region of crystalline defects in the silicon starting 20 to 50 um beneath the silicon
surface. The defects resull in a very short electron lifetime in this region. Finally, diffusion takes place in three
dimensions; a carrier absorbed beneath a given pixel in an array will diffuse laterally by the same amount it diffuses
vertically. This could cause it to be collected in adjacent pixels.

T See, for example, Lavine et al., “Steady State Photocarrier Collection in Silicon Imaging Devices,” [EEE
Transactions on Electron Devices ED-30:1123-1133 (Sept. 1983).
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FIGURE 3 Quantum efficiency as a function of
wavelength for photocapacitor, photodiode, and
amorphous silicon photoconductor.

layer create electron-hole pairs. The holes must travel by diffusion to the junction
collected. The probability that a hole a distance x' from the junction can diffuse ¢

junction is given by
'’ =x'IL, kT
P(x")=e™"* where L, = i T,

in which L,, is the diffusion length, u, is the hole mobility, and 7, is the hole lifetime. F
1-ps lifetime, the hole diffusion length in n-type silicon is 30 pm. Since the n-type region
an n + p junction is less than 1 pm thick, the holes have no difficulty diffusing through
n-type region to the junction unless the n-type region is so heavily damaged or so hea
doped that the hole lifetime is very short. More typically, loss of quantum efficiency on
n-side results from recombination at the surface.

The quantum efficiency of a junction photodiode is illustrated as a function o
wavelength in Fig. 3. In the ultraviolet, the light is absorbed very near to the surface
some of the photogenerated charge can be lost to surface recombination. In the 420-
700-nm region, most of the light is absorbed close to the junction and is easily colle
The structure in the quantum efficiency illustrated in Fig. 3 results from the multila;
reflections of light in the oxide layer which overlies the photodiodes used in image se
The positions of the minima and maxima depend on the thicknesses and induces 0
refraction of the layers overlying the silicon. Beyond 800 nm, some of the photons
absorbed sufficiently deep in the silicon that the carriers recombine before they can d
to the junction; this results in the decrease in quantum efficiency at longer wavelengths

In most image sensing applications, the junction diode at each picture element is
not only to collect the photogenerated carriers but also to store the carriers until they
be read out. In an imaging array, each photodiode would be reset to a reverse bias V, b
MOS gate. The capacitance of the diode of area A for an abrupt n + p junction is given
C(V)=¢gA[[W(V)] where W(V) is the depletion width.

When a photogenerated carrier is collected by the junction, it is stored on the jun
until it is read out. Storage of a carrier will cause the voltage on the junction to decrease
g/C(V). When the photogenerated charge is removed from the junction during read
the junction voltage is restored to its original value.

If so much photogenerated charge is stored on the photodiode that the voltage drops®
zero before the charge can be read out, additional charge cannot be collected and Wi
diffuse into the p-type substrate. This condition is referred to as saturation. The diffu
of excess charge into neighboring photosites is called blooming.
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One of the difficulties encountered in using the junction photodiode in image sensor
applications is image lag. The combination of the capacitance of the photodiode and the
channel resistance of the MOS transfer gate used to read out the diode give rise to a time
constant for transferring the photogenerated charge from the diode to the readout
structure. As a result, not all the charge can be completely drained from the diode during
the short reset times typically used in imaging applications. The remaining charge is
drained in successive readouts, causing an afterimage. This effect is called image lag.’

g Capacitor

The MOS capacitor consists of the silicon substrate (taken to be p-type in this section), a
thin layer of silicon dioxide (typically 200 to 1000 A thick), and an electrode (typically
polycrystalline silicon doped heavily n-type with phosphorous). The physical structure and
the band diagrams of the surface channel MOS capacitor are shown in Fig. 2b for a p-type
substrate. If the gate of the MOS capacitor is biased positive, a depletion layer is created in
the p-type silicon substrate. The depth of the depletion layer depends on the substrate
doping, gate voltage, and oxide thickness. The calculation of the depth of the depletion
layer is somewhat more complex than the photodiode* and depends on the electrostatic
potential at the surface, called the surface potential ®,. For values typical of image sensors
(N.=1x10%, 5-V gate bias, 500-A oxide thickness) the depletion layer is 2.4 pm deep.
On the edges of the photocapacitor (see Fig. 2b) is a heavily doped p-type region overlaid
by a thick (2000 to 5000-A) oxide layer. This is called the field or channel stop region.
Because of the heavier p-type doping, the field is not depleted by the voltage on the gate.
The channel stops confine the electrons to the channel region.

If the MOS capacitor is illuminated, a fraction of the light will be reflected, a fraction
will be absorbed in the polysilicon, and the rest will be transmitted into the silicon
substrate. The absorption coefficient of heavily doped polysilicon is shown as a function of
wavelength in Fig. 1. The absorption coefficient is 4 X 10°cm ™' at 450 nm and 1.2
10*cm™' at 550 nm. For a 3000-A-thick polysilicon electrode, less than 30 percent of the
blue light and less than 70 percent of the green light is transmitted through the polysilicon.
The photons entering the silicon are absorbed, either in the depletion layer of the MOS
capacitor or in the undepleted p-type silicon beneath the depletion layer. Those
photogenerated electrons created in the undepleted p-type region move by diffusion until
they are captured by the depletion layer or until they recombine. The electrons are held at
the silicon-S8i0, interface, where they remain until they are read out. The quantum
efficiency as a function of wavelength is illustrated in Fig. 3. The efficiency is low in the
blue owing to absorption in the polysilicon. The structure in the quantum efficiency as a
function of wavelength is due to multilayer interference in the polysilicon-oxide-silicon
stack.

Charge is stored in the MOS capacitor at the silicon-silicon dioxide interface as a layer
of sheet-charge only a few hundred angstroms thick. As additional photogenerated charge
is added, the surface potential decreases. If sufficient photogenerated charge is added, the
surface potential becomes zero and no additional charge can be stored. This condition is
saturation.

The capacitance per unit area on which photogenerated charge is stored is the parallel
capacitance of the oxide and the depletion layer:

c*=(;;:+ﬂ?) 7)

#To determine the depletion depth, the surface potential &, must be calculated. ®, depends on the voltage on the
gate of the MOS capacitor, the oxide thickness, substrate doping, and weakly on temperature. See Sze, Physics of
Semiconductor Devices.
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where the depletion width is W (®,).

zssims

W@)=[
A

in nearly all cases, the oxide capacitance is the dominant term. As a result, tp,
capacity of the MOS capacitor is significantly larger than the junction diode in y;
charge is stored only on the depletion capacitance.

A variant of the surface-channel photocapacitor is the buried-channel photgegy
The structure and band diagram are shown in Fig. 2c. In this device, a lightly-dopeq’
region is diffused or implanted into the silicon surface early in the fabrication proces
n-type region is sufficiently lightly doped that it is fully depleted. The n-type dopant
buried channel results in a band diagram with a potential minimum, or well, for g,
just below the surface.* This well is separated from the surface by a few gy
angstroms in distance and about 1V in potential. When the buried-channel photoca
is illuminated, the electrons collect in the buried channel and do not contact the
The primary purpose of the buried channel is to prevent electrons from being trap
interface states at the silicon-silicon dioxide interface.

The photocapacitor has several advantages over the junction photodiode. These j
higher storage capacity per unit area, zero lag readout, and generally lower dark ¢
The principal disadvantage is the low quantum efficiency in the blue. In some applicat
a transparent electrode, such as indium-tin-oxide (ITO) may be substituted to imprg
blue response.® ITO has very low absorption over the visible (420 to 750 nm) and
deposited sufficiently conductive for use as a gate electrode in an image sensor, M
and processing complexity have prevented incorporation of ITO into commercial i
sensors in volume until recently.

Another approach to achieving high quantum efficiency is the thinned ba
illuminated charge-coupled device (CCD). In this approach, the CCD (which is an a
MOS capacitors) is fabricated on the frontside of a silicon wafer. The wafer is then
from the backside to 10 um or less in thickness. The backside is passivated to p
surface recombination. Photons entering the backside are absorbed in the silicon ben
the MOS capacitors (usually buried channel). The photogenerated carriers diffuse to
capacitors, where they are held until they are read out. This device has quantum efficie
similar to the photodiode in the visible. However, because the silicon is thin, some of th
photons at wavelengths beyond 700 nm will not be absorbed and so the quantum effici
falls off beyond 700 nm. Owing to their extreme complexity in process and their extre;
fragile design, backside-illuminated image sensors are limited to special scientific applica
tions, especially astronomy.

Pinned Photodiode

The third type of photosensitive element is the pinned (p“np) photodiode.” This|
sometimes called the hole accumulation diode, or HAD. This element combines the
features of the photodiode and photocapacitor, offering the high blue response of
photodiode with the high charge capacity, zero lag, and low dark current of
buried-channel photocapacitor. The pinned photodiode consists of a very shalloy
(<2000 A) P~ layer overlying an n-type buried-channel region. The structure and ban@

* For a review of the calculation of electrostatic potential and charge capacity of buried-channel MOS cap? ’
and charge-coupled devices, see B. C. Burkey, G. Lubberts, E. A. Trabka, and T. I. Tredwell, [EEE Transactions @
Electron Devices ED-31(4):423 (April 1984).
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diagrams are shown in Fig. 2d. The p~ surface layer, which contacts the p™~ channel stop
region on the sides, holds the electrostatic potential at the surface at 0V. When the
photodiode is illuminated, the photogenerated electrons are held in the n-type buried-
channel region just below the surface.

The quantum efficiency of the pinned photodiode is nearly identical to that of the
photodiode shown in Fig. 2. Because there is no overlying polysilicon electrode, the blue
response is very high, similar to that of the photodiode. Because the buried-channel region
can be completely emptied, the pinned photodiode does not have the lag of a normal
junction (n”p or p "n) photodiode. The pinned photodiode is becoming the most widely
used image-sensing element in interline area CCDs used for camcorders and for industrial
and medical cameras. The pinned photodiode is also used in some linear image sensors,
particularly where low image lag is critical.

oconductor

The last type of photosensitive device is the photoconductor. The most common material
for the photoconductor is hydrogenated amorphous silicon, although other material
systems have been explored. Amorphous silicon photoconductors have been used for two
types of image sensors: area image sensors, where it is deposited on top of an area array to
improve fill factor (i.e., the proportion of the picture element which is photosensitive), and
contact linear sensors, where it is deposited on large ceramic or glass substrates to
fabricate very long line or linear arrays.

The structure of an amorphous silicon photoconductor on a CCD image sensor and the
corresponding band diagrams are shown in Fig. 2e. The hydrogenated amorphous silicon
photoconductor consists of a back electrode, an undoped amorphous silicon layer
approximately 1 um thick, and a transparent top electrode.® Additional doped amorphous
silicon or silicon nitride layers may be added to the amorphous silicon front or back
surfaces to improve performance. Photons absorbed in the amorphous silicon generate
electron-hole pairs. Photogenerated electrons and holes are quickly swept to the back and
front electrodes, respectively, because of the high electric field in the photoconductor.
When the amorphous silicon is used as part of an area image sensor, the electrons on the
back electrode can be transferred into the readout element; when used as part of a contact
linear array, the voltage change can be amplified and read out through a multiplexer.

The quantum efficiency of an amorphous silicon photoconductor is shown in Fig. 3.
Owing to the wider bandgap of the amorphous silicon, photons of wavelength greater than
about 650nm are not absorbed. The advantage of the amorphous silicon is the high
quantum efficiency across the visible wavelengths and the ability to fabricate devices either
on top of area CCDs for higher fill factor or to process on glass or ceramic for very large
linear sensors. The disadvantages include charge trapping at defects in the amorphous
silicon and low carrier mobility, both of which lead to field-dependent nonlinear response
and image lag when used in an image sensor. Recent improvements in material and device
technology have mitigated many of these disadvantages at the expense of process and
device complexity.’

iblooming in Charge-sensing Elements

Blooming in image sensors occurs when the charge generated in an image-sensing element
exceeds its capacity. If no method is provided to remove this excess charge, it will be
injected either onto the readout element (CCD or MOS readout line) or into the substrate.
If the excess charge is injected onto the readout element, it will usually appear as a bright
line in the image. If it is injected into the substrate, the charge can diffuse in a circular
pattern and be collected by neighboring elements.
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FIGURE 4 Antiblooming methods for image sen-
sors: (@) cross section of lateral antiblooming struc-
ture; (b) illustration of electrostatic potential and
charge overflow in lateral antiblooming; (¢) cross
section of vertical antiblooming structure; (d) band
diagram and illustration of charge overflow in verti-
cal antiblooming.

There are two basic types of antiblooming circuits: lateral and vertical.”* In late
antiblooming, illustrated in Fig. 4a and Fig. 4b, an MOS antiblooming gate and :
antiblooming drain are provided adjacent to each image-sensing element. Excess charge
the sensing element overflows the antiblooming gate onto the antiblooming drain.
antiblooming drains of all elements on the array are connected and the current sunk
bias supply. -

In a vertical antiblooming structure, illustrated in Fig. 4c and 4d for a pinn
photodiode sensing element, the image-sensing element is fabricated in a shallow,
doped p-well. A large (10- to 30-V) bias is applied to the n-type silicon substrate, caus
the p-well underneath the photodiode to become completely depleted. Once the char;
the diode exceeds its capacity, the excess charge flows over the saddle-point in the p-Wé

* Other types of antiblooming are occasionally used in image-sensing arrays. One of these is charge pumpine
which an MOS gate is repeatedly clocked in order to cause excess charge held underneath it to recombv:
interface states at the silicon-silicon dioxide interface. In charge pumping, the MOS gate is pulsed sufficie!
negative to cause accumulation, resulting in the interface stated filling with holes. When the gate is pulsed
accumulation, excess electrons can recombine with the holes,
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under the diode, and into the substrate. The substrate is connected to a bias supply which
sinks the blooming current. The vertical antiblooming structure has the advantage of
requiring no additional silicon area, so that antiblooming is achieved with no reduction in
fill factor. Lateral antiblooming, on the other hand, requires additional silicon area in each
pixel, reducing fill factor. The vertical antiblooming has the disadvantage of lower
quantum efficiency at wavelengths longer than about 500 nm, Because any light absorbed
below the photodiode or photocapacitor is drained into the substrate, the quantum
efficiency of photodiodes or photocapacitors with vertical antiblooming is reduced.

current in Photosensing Elements

Signal in photosensing elements is the result of collection of electron-hole pairs generated
by the absorption of light. However, charge is generated at each photosensing element
even in the absence of light. This generation is called dark current and is a result of
thermal generation of electron-hole pairs. The thermal generation occurs at defects, such
as impurities or crystalline defects, in the bulk of the silicon and at surface states at the
silicon-silicon dioxide interface.

There are four sources of dark current: (1) diffusion current, which is the thermal
generation of carriers in the undepleted n- and p-type regions; (2) depletion layer
generation current, which occurs in the depletion layer of a diode or MOS capacitor; (3)
surface generation current, which is the generation of electron-hole pairs at interface states
at the Si-SiO, interface; and (4) leakage, which refers to generation at extended defects
such as impurity clusters or stacking faults, particularly in the presence of a large electric
field. These sources of dark current are illustrated for a photodiode and a photocapacitor
in Fig. 5. The generation of the electron-hole pairs in both diffusion current and
depletion-layer generation-recombination current occurs almost exclusively at impurity
sites. Impurities with energy levels near midgap, such as gold, copper, and iron, are

(a) Leakage at

Defect Site Surface Generation

SRS DIV AL S T s R
@m&m@mﬁm&%ﬁ%&ﬂmwm@

T
Diffusion Current Depltion Layer
Generation

(b)

Surface
Generation

Diffusion
Current

Depletion Layer

Generation

FIGURE 5 (a) Cross section of buried-channel
MOS capacitor; (b) band diagram of buried-channel
MOS capacitor illustrating mechanisms for dark
current generation.
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particularly effective in the thermal generation of charge. The depletion-[aYer gel
current is given by:* )

1(V)= qﬂfl‘:(v)

where W(V) is the width of the depletion layer at a given bias voltage iy th
capacitor or junction-photodiode, n; is the intrinsic carrier concentration, ang :
depletion-layer lifetime, for carriers. Typical values of 7, in clean MOS processeg
1 to 10 ms and values of J,, would be 30 to 300 pA/cm’.

The diffusion current generation current for a p-type region is given by:}
_aniL.

J i o
el

Since the intrinsic carrier concentration n; depends on temperature as e 27 de
layer generation current and diffusion current will have different temperature
dences. Depletion-layer generation current will increase as e “<**”, which correspopg
doubling in dark current for every 9 to 11°C increase in temperature pe
temperature. Diffusion current will increase as e ®*” which corresponds to a dg
every 4.5 to 5.5°C increase in temperature. ;

The surface generation current J; occurs almost exclusively at regions whe
depletion layer intersects the Si-SiO, interface, such as the surface region between ¢
and p-regions around a photodiode or in the depleted surface under a MOS capaci
given by:

.. L
J, >

where s, is the surface recombination velocity. A typical value of J, for a MOS surfag
would be 100 pA/em®”% The surface generation depends on temperature in the sam
manner as the depletion-layer current. In very clean MOS processes (i.e., low concen
tion of metallic impurities in the silicon), the surface current is often the largest componey
of the overall dark current.

Leakage current occurs at extended defects in the silicon, such as impurity clusters
stacking faults, particularly when these defects are in a depletion layer and so are sul
to a high electric field. While there is no single analytical expression for the ¢
generated by an extended defect, they are characterized by very high values of
current (>>1nA/cm?), a very strong dependence on the electric field, and, in region

*The expressions here are for the generation current. The total current is the sum of the generation and
recombination current and is given by

Ia(V) = (@n,W(V)/7,)(e" " ~1)

However, for diodes under 0.2 V or more of reverse bias (qV /kT > 8), such as would be the case in an image se
the recombination current is negligible.
F The full expression for the diffusion current from the undepleted p-region in a diode is:

2
Jo =Bk (V4T )
ace

However, for reverse biases more than 0.2V (qV /kT > 8), as would be the case in a photodiode in an image SENS88
only the generation term is important.

% In calculating the total surface current, the current density J, is multiplied by the area of depleted surface.
pn junction diode, this would be the area of depleted surface région around the diode between the - and p-reé
(i.e., approximately the junction perimeter times the depletion-layer width); for a MOS capacitor it woull
entire area under the MOS capacitor unless sufficient sheet charge of electrons had formed at the surface 10
the surface. The surface recombination velocity is gi\;en by s, =Nyv,,Vo,o, where N, is the density of §
states near midgap, vy, is the thermal velocity (2.0 x 10" em/s) and &, and a, are the electron and hole cross secis
for midgap surface states. See Sze, Physics of Semiconductor Devices, for a complete explanation.

0082



VISIBLE ARRAY DETECTORS  22.13

high electric field, only a very slight dependence on temperature. In an image sensor, they
are visible as *‘bright spots™ in a few isolated pixels against the otherwise low level of
background thermal generation."

Values for the dark current vary widely because of variation in the amount of impurities
in the silicon; the dark current can range from 0.01 nA/cm? in very high quality image
sensors to >10nA/em® in sensors with significant metallic contamination. The total
number of electrons N, collected in a pixel is:

Ne=JAT;,/q (12)

where J is the total dark current per unit area, A is the area of the pixel, and T, is the
integration time. For a 1/2-in format CCD such as would be used in a camcorder, typical
values would be a dark current of 0.5nA/cm?, a pixel area of 100 pm?®, and an integration
time of 1/30s; the number of thermally generated electrons would be 105 electrons per
pixel. Image sensors developed for scientific purposes might have a dark current 5 to 10
times lower at room temperature. These same devices might also be operated below room
temperature to reduce the thermal generation to levels below one electron per pixel.
There are two types of noise associated with the charge generated by the dark current:
shot noise and pattern noise. The shot noise due to the dark current is the square root of
the number of dark electrons in a pixel. Pattern noise is due to pixel-to-pixel variations in
the dark current and is often highly correlated between neighboring pixels. A numerical
value for the dark pattern noise is typically obtained by using the standard deviation of the
pixel values in the dark from a large region of an imager, where the values are obtained by
averaging over many frames to eliminate shot noise and other temporal noise sources.*

READOUT ELEMENTS

The readout element transfers the charge from the image-sensing element (photodiode,
photocapacitor, or photoconductor) to the output of the image sensor. In a linear sensor,
the readout is only in one direction. In an area sensor, both x and y readout is required.
There are two basic types of readout elements: charge-coupled devices, or CCDs, and x-y
addressed photodiode arrays (typically called MOS arrays owing to the MOS transistors
used in the addressing of the pixels). CCDs are by far the most widely used readout
elements owing to their very low noise. Nearly all consumer camcorders, facsimile
machines, scanners, copiers, and professional and scientific cameras utilize CCDs.
Applications of MOS arrays are largely restricted to those where addressing of an
individual pixel or subarray is required.

arge-Coupled Device (CCD)

CCD Operation. The CCD works by moving packets of charge physically at or near
surface of the silicon from the image-sensing element to an output, where the charge
packet is converted into a voltage. The CCD is formed by an array of overlapping MOS
capacitors.'™* There are a number of different types of CCD, including four-phase,
three-phase, two-phase, virtual (single-) phase, and ripple-clocked CCDs. The number of
phases refers to the number of separately clocked elements within a single stage of the

* A histogram of the dark current values of the pixels is rarely gaussian. In most cases, it exhibits an extended tail
at high dark current values due to pixels with crystalline defects. The histogram may also exhibit quantization due to
pixels with integral numbers of impurities (i.e., 1, 2, or 3 gold atoms); the quantization may even be used as a
signature of the impurity present. See, for example, McColgin et al., “Effects of Deliberate Metal Contamination on
CCD Image Sensors,” Materials Research Society Symposium Proceedings, 262: 769 (1992) and “Dark Current
Quantization in CCD Image Sensors,” Proc. 1992 International Electron Device Meeting, Washington, D.C., 113-116
(1992).
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FIGURE 6 (a) Cross-sectional diagram of unit cell of a
four-phase CCD: (b) scanning electron micrograph of a unit cell
of a four-phase CCD; (c) illustration of charge transfer along a
four-phase CCD, showing both transfer along the register and at
the sensor output.
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CCD. These will be described later. For understanding the principle of charge transfer in
CCD, consider the four-phase CCD illustrated in Fig. 6a. 1
The four-phase CCD physically comprises a silicon substrate (assumed to be p-type {6
purposes of illustration), a gate oxide 300 to 1000 A thick, and overlapping polysi
electrodes 1000 to 5000 A thick which have been heavily doped with phosphorus to |
their resistance. For a four-phase CCD, two levels of electrode are required. The first
is deposited, then defined photolithographically to form two phases (¢1 and ¢3). A
(500-A) oxide is grown over the first level of polysilicon to insulate it from the se
level. The second level of polysilicon is then deposited, doped with phosphorus,
defined to form the other two phases (¢2 and ¢4). An electron micrograph of a four-p
CCD with six-micron long gates is shown in Fig. 6b. 3
The process of charge transfer in a four-phase CCD is illustrated in Fig. 6¢. In ord
hold a packet of electrons, two adjacent gates ($2 and 3, for example) would be held:
high positive potential (~+5V) while the other two phases would be held at a
potential (~0 V). A depletion layer, or well, is formed under ¢2 and ¢3, allowing elec
to be held at or below the surface. The other two phases, ¢1 and ¢4, serve as pote
barriers, keeping the charge packet under ¢2 and ¢3. To transfer the electrons through
silicon, the electrode ahead of the charge packet (¢4) is clocked positive and the electr
behind ($2) is clocked negative. The electrons move along the silicon surface folloWi
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the positive potential. This is repeated through all four phases, during which the charge
packet is moved forward one pixel.

The CCD may be either surface-channel or buried-channel. In a surface-channel CCD
(Figs. 2b and 6a) the electrons are held at the silicon surface. Surface-channel CCDs are
rarely used owing to the trapping of electrons at interface states at the silicon surface. At
the silicon-SiO, interface there is a density of states of about 1x 10" cm eV ™. These
states can trap electrons from one charge packet and reemit the electrons into a later
charge packet. This results in transfer efficiency. In the buried-channel CCD (Figs. 2c and
6d), a lightly doped n-type layer is formed in the silicon. This n-type layer results in a
potential well for electrons just below the surface rather than at the surface (Fig. 2b). As a
result, the electrons remain separated from the interface and are not trapped by interface
states. This results in the ability to transfer charge from one stage to another with very
high efficiency. Virtually all CCDs for image-sensing applications utilize buried-channel
CCDs. The clock voltages used to drive CCD gates typically swing by 5 to 8 V between
high and low levels.

For buried-channel CCDs, transfer rates of up to 20 megapixels per second can usually
be achieved without special design considerations. Above this rate, special attention must
be paid to optimizing the electric field along the direction of transfer to speed up charge
transfer.mTransfer rates exceeding 50 MPix/s have been achieved in optimized CCD
designs.

CCD Output. At the output of the CCD is a circuit to convert the charge packets into a
voltage signal. By far the most common type of output circuit is the floating diffusion with
source follower amplifier. The floating diffusion output is shown schematically in Fig. 7a
and a photograph of the end of a CCD shift register with the first stage of the amplifier is
shown in Fig. 7b. The floating diffusion output consists of an output gate (OG), a floating
diffusion, a reset gate (RG), and a reset drain. The floating diffusion is an n"-type region
in between the output gate and the reset gate. The floating diffusion is connected to the
gate of a source-follower amplifier. The output gate is held at a fixed dc voltage, creating a
barrier potential over which the packet of electrons can be transferred onto the floating
diffusion when the last phase of the CCD register is clocked to its low (~0 V) voltage.

The sequence of events in the CCD output is shown in Fig. 6c. As the charge packet is
transferred along the CCD, it arrives at the last phase (¢4) before the output gate (time ¢,
in Fig. 6c). When ¢4 is clocked low (time ¢;), the packet of electrons is transferred over
the output gate onto the floating diffusion (time t,). The voltage of the floating diffusion
changes by an amount

vV =Ngq/C (13)

where N is the number of electrons and C is the total capacitance of the floating diffusion
itself, the interconnect to the source-follower amplifier and the input capacitance of the
amplifier. In typical CCDs, this capacitance would be in the 10-fF to 50-fF range. Because
this capacitance is so small, there is a large change in voltage for a small change in charge.
The charge-to-voltage conversion is an important parameter in CCD design; for a 10-fF
capacitance the charge-to-voltage conversion is 16 microvolts per electron. After the
change in voltage has been sensed by the amplifier, the charge packet must be removed
from the floating diffusion before the next packet arrives. This is achieved by clocking the
reset gate positive (time ¢, in Fig. 6¢), allowing the charge packet to flow from the floating
diffusion to the reset drain. The reset drain is held at a constant positive voltage, typically
~10 V. The reset drain is then turned off and the floating diffusion is prepared to accept
the next packet of electrons.

The change in voltage from the floating diffusion is typically buffered on-chip by a
source-follower (Fig. 7c¢). A two-stage source follower is most often used. The first stage
utilizes very small-dimensioned FET transistors in order to minimize the input capacitance.
The second uses much larger FET transistors in order to achieve sufficient drive current to
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FIGURE 7 (a) Cross section of the floating
diffusion output for a CCD; (b) photomicrograph of
a floating diffusion output including the first stage of
the source-follower amplifier; (¢) two-stage source-
follower amplifier with on-chip loads.

overcome off-chip capacitances such as package and lead capacitances on the circuit board
The source-follower amplifier is typically designed to have a bandwidth on the order of
times the CCD pixel rate. For high-pixel-rate applications (>10 MPix/s), thre
source-follower amplifiers are employed. 1

For special purpose applications, such as CCD signal processing, nondestructi
readout is required. Floating gate output amplifiers are used in these applications. T
amplifiers are similar to the floating diffusion except that the floating diffusion is repl
by a MOS gate which is connected to the MOS amplifier. Other outputs, such
buried-channel JFET structures, have seen limited use in very low noise applications.™

Types of CCDs. In addition to the four-phase CCD described here, there are a nun
of other types of CCD shift registers, including three-phase, two-phase, and virtual ph
The different types are illustrated in Fig. 8. The four-phase CCD (Fig. 8a) was descrit
previously. The three-phase (Fig. 8b) consists of three different layers of polys
electrodes. The charge is normally held under one of the three; during transfer, the
ahead of the charge packet is clocked positive and the gate holding the charge is clo
negative in order to transfer the charge one gate ahead. The three-phase CCD has
advantage of a shorter unit cell than the four-phase but at the expense of additi
processing complexity (i.e., a third polysilicon layer). 3
In the two-phase CCD, each phase has a barrier and a well region. The
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FIGURE 8 Types of CCD registers: (a) four-
phase: (b) three-phase: (c¢) pseudo-two-phase: (d)
true two-phase; (e) virtual phase. In the pseudo-two-
phase CCD, each phase consists of two polysilicon
gates, one of which is offset in potential from the
other by an implanted threshold adjustment. In the
true two-phase CCD, each phase consists of a single
polysilicon gate in which the implanted threshold
adjust region is formed underneath a portion of the
gate.

formed by doping the barrier region slightly less n-type than the well region, making the
electrostatic potential in the barrier region a few volts lower than the well region for the
same gate voltage. Electrons will flow over the barrier region and be held in the well
region. There are two methods of fabricating a two-phase CCD. In the first method (Fig.
8c), two separate gates are used for each phase; one gate receives a threshold adjust ion
implantation in order to create the barrier region. The two gates, however, are connected
and thus driven at the same voltage. In the other method (Fig. 8d), the barrier and well
regions are created under a single polysilicon gate. The two-phase CCD is very commonly
used for three reasons. First, it requires only two clocks (¢1 and &2), simplifying drive
circuitry. Second, the clocks are complementary. This reduces clock feedthrough. Third,
the two-phase has a higher horizontal density, especially the two-phase with barrier and
well regions under the same gate.

The virtual phase CCD'*"" (Fig. 8¢) consists of one gate with both barrier and well
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regions within it and a second region, the virtual phase, in which a shallow, high
implantation is used to create a heavily doped surface region which ping lhe
potential at 0 V. The virtual phase has both barrier and well regions within it 4,
same as a polysilicon gate held at a constant voltage. Charge is first transferreq .
clocked phase into the virtual phase, then the charge is transferred from the Virtys
into the next clocked phase. The virtual phase CCD has a number of advantageg --
higher quantum efficiency then two-polysilicon-level area CCD sensors an‘d '
clocking. The disadvantages of the virtual phase include the need for larger "U’tage
on the single-clock and high-clock feedthrough into the output due to the .

complementary clocks. '

CCD Characteristics. The four major performance parameters of a CCD shjf;
and output amplifier are charge-handling capacity, charge-transfer efficiency, g},
voltage conversion ratio, and noise. The charge capacity is the number of electrong
can be held and transferred in the CCD shift register. As charge is added to a shify
a point is reached at which excess charge cannot be held; the excess charge
overflows into adjacent pixels or overflows into the bulk beneath the CCD or, in
of a buried-channel CCD, overflows the barrier to the Si-SiO, surface. The charge
is a function of the device design, device layout, and CCD process. Figure 94 sh
electrostatic potential and charge distribution in a buried-channel CCD at three |
charge: approximately one-quarter of saturation, at saturation, and beyond sg
Below saturation, the electrons fill the center of the buried channel in the region of |,
potential, separated from the surface by approximately 0.2 um in distance and -
500 mV in potential. As additional charge is added. the electron distribution sp
towards the surface and the potential barrier to the surface drops. Beyond saturatioy
electrons contact the surface directly, resulting in charge-transfer inefficiency and blog
to nei%hboring pixels. The charge capacity of most CCD shift registers is of the |
1 X 10" electrons/cm’ of area in which the charge is held. In most CCD cells, the ¢
held in only a fraction of the total cell area both along the CCD register and acr
register. Typically, area CCD image sensors are designed with CCD charge capa
the range of 50,000 to 200,000 electrons. Linear CCD image sensors, because of the |
amount of silicon area available for the CCD shift register, often are designed for 10
to 1,000,000 electrons. '

The second major performance parameter for CCD shift registers is charge
efficiency. The transfer of charge from one stage to the next is neither instantaneo
complete, limiting both transfer rate and the total number of stages in the CCD. The:
two intrinsic mechanisms governing charge transfer: drift and diffusion. Drift i
movement of charge in the presence of an electric field. There are two origins o
electric field seen by an electron during charge transfer: the self-induced field resi
from the other electrons under the gate and the externally induced, or fringing,
During the early stages of charge transfer, the self-induced field is large and i
dominant factor. After the charge concentration under the gate has decreased to
value, the remainder of the charge transfer will be governed either by diffusion or by d
due to externally induced, or fringing, fields.

For a surface-channel CCD, the self-induced fields can be estimated from the formui

- 4dN
< Cdx
where C is the gate capacitance per unit area and N(x) is the density of electrons @
function of distance x from the edge of the electrode. In the early stages of charge trans
both N and dN/dx are large. As the transfer proceeds, both N and dN/dx become SEE
and the charge transfer is governed by fringing fields and diffusion. B

Fringing fields are due to the two-dimensional nature of the electrostatic potentias
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FIGURE 9 (a) Charge distribution and electrostatic potential as a
function of distance from the surface for a buried-channel CCD for
three levels of charge density; (b) charge density as a function of
distance along a CCD for various times following the beginning of
charge transfer from one 8-pum stage to another.

the charge is being transferred from gate 1 to gate 2, the potential will change smoothly
between the two gates. The effect of the potential from one gate will typically extend 1 to
3 pm into a neighboring gate. The charge within the range of the fringing field will move
by drift to the neighboring gate. Charge out of the range of the fringing fields will move by
diffusion,

Figure 9b shows an example of charge transfer calculated for charge transfer from one
8-pm-long CCD gate into an adjacent gate. The charge density is shown as a function of
distance along the CCD at several times after the start of charge transfer. At the start of
the transfer, all the charge is under the first gate. At 0.01 ns into the transfer, the charge
has moved from the edge of the first gate into the second gate, as a result of self-induced
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FIGURE 9 (Continued) (c) charge transfer in-
efficiency as a function of time from the start of charge
transfer for the same example.

drift. By 0.2ns, approximately half the charge has been transferred. By 0.7 ns
90 percent of the charge has moved into the second gate, leaving a residual in the f
this point, the self-induced drift is sufficiently small that drift due to fringing fiel
diffusion are the dominant mechanisms. Figure 9¢ shows the charge transfer inefficie
a function of time for this example. Two slopes are evident in the transfer inefficie
the first 0.5 ns, the charge is transferred rapidly owing to the self-induced drift. For
longer than 0.7 ns, the transfer is due to fringing fields in this example.

For CCDs with longer gates or lower fringing fields than the example above, th
~10% of the charge must transfer by diffusion. Charge transfer by diffusion foll
exponential time dependence.

N(t) = N(0)e "™
where the time constant 7, for diffusion is

2
Tair = %

where L, is one gate length and D = KTy, /q.

For electrons at room temperature, D =25.8cm?/s, For an 8-pm long &
diffusion time constant is ~10ns. To achieve a transfer inefficiency below 2 X 10
transfer, 11 time-constants, or 110 ns in this example, are required. For this reason
are typically designed with gate lengths shorter than ~8 um and are also designed
in fringing fields. _

In the simplest case for very low levels of transfer inefficiency, the total 3
inefficiency in a CCD register is the product of the number of stages N in the regist€
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the transfer inefficiency per stage. Each stage will require two or more transfers. Virtual
phase and two-phase require two transfers per stage, three-phase requires three transfers,
and four-phase requires four transfers. The inefficiency per stage, however, will likely
depend in a complicated manner on the amount of charge in the charge packet, the
amount of charge in preceding charge packets,* the voltages, and frequency of operation.

In addition to the intrinsic sources of transfer inefficiency, there are a variety of
extrinsic sources. These include surface and bulk traps and potential wells and barriers,
The traps and the potential obstacles hold back an amount of charge from a charge packet.
The charge is reemitted to later charge packets. The inefficiency due to traps depends on
whether the traps have been filled by preceding charge packets and the emission time
constants of the traps, and so is not modeled in a simple manner.

The intrinsic sources of noise in CCD shift registers include dark current and output
amplifier noise. In addition, other sources of noise not intrinsic to the CCD itself include
noise due to clock feedthrough from the CCD clocks to the output signal and noise in
external electronics. The generation of dark current in CCD shift registers is the same as
described at the end of Sec. 22.3 for photosensing elements. Associated with the dark
current are both shot noise and pattern noise. The magnitude of the pattern noise in a
CCD shift register is reduced over that of a single element since the charge packet
averages the dark current over many pixels as it is transferred to the output.

The noise associated with the CCD output consists of the Johnson or thermal noise, the
1/f noise of the output amplifier, and the kTC noise associated with resetting the floating
diffusion. The kTC noise is due to uncertainty in the amount of charge remaining on the
floating diffusion following reset owing to thermal fluctuations in the reset gate. The rms
noise o, in the number of electrons caused by kTC noise is given by

kT
o, = ? CFD (1 7}

where Cpp is one total floating diffusion capacitance. For a 10-fF floating diffusion
capacitance, the rms noise is ~40 electrons.

The kTC noise may be eliminated entirely by use of a signal-processing technique called
correlated double sampling (CDS). In correlated double sampling, the output level is
sampled before the charge packet is transferred onto the floating diffusion and again after
transfer of the charge packet (times ¢, and f, respectively in Fig. 6¢). The two values are
subtracted either by an analog circuit or by digital subtraction. Any uncertainty in the
voltage level of the floating diffusion following reset is subtracted and thus the kTC noise
eliminated. The output amplifier low-frequency noise, called 1/f noise because of the
inverse frequency (1/f) shape of the noise power spectrum, is also reduced but not
eliminated by correlated double sampling. The total noise of a CCD output amplifier is in
the range of 7 to 40 rms electrons per pixel depending on the amplifier design and the
operating speed. Values of a single rms electron or less have been obtained for very slow
pixel rates under cooled conditions.'®

Readout

The other major category of readout structures is the MOS readout. The individual
light-sensing elements (photodiodes, photocapacitors, or photoconductors) at each pixel
are connected to a readout line by means of a transfer gate. Each pixel along the readout
line is addressed separately by addressing circuitry. When a particular pixel is addressed,
the transfer gate is turned on and the charge transferred from the pixel to the readout

*The charge in the preceding packets will affect the filling of both bulk and interface traps. See, for example,
Sequin and Thompsett, pp. 70-108.

0091



2222 IMAGING DETECTORS

line. An amplifier at the end of the readout line senses the change in voltage o ol
resulting from the charge transfer, T
Typically, the pixels would be addressed serially along the line. The first pixe] y
addressed, causing the charge from the image-sensing element to be transferreq
readout line. The voltage change or current would be sensed, the readout line rese
original voltage if necessary, and the next pixel addressed. This is different from 4 ¢
the CCD, charge from all pixels is transferred into the CCD register Simllllan
Individual pixels or groups of pixels cannot easily be addressed in a random fashion
CCD, but this random addressing can be accomplished readily by the MOS readoy, *

There are several types of MOS readout devices. These include the CID," the
and the CMD?' in addition to the normal MOS array. The CID has no readout line
pixel consists of two overlapping gates, one controlled by a row address and the ¢
column address.'" When neither row nor column of a particular pixel is being adq
the photogenerated charge is held under both gates and can be transferred betweey,
When a row of a pixel is addressed, the charge transfers onto the column gate, The
row and column are addressed, the charge is injected into the substrate, and the gy,
sensed. The CID is not widely used in visible imaging applications because the
conversion sensitivity is very poor and noise very high compared to the CCD o
other MOS architectures.

In the amplified MOS imager (AMI), the image-sensing element at each pixel ¢
of a phototransistor rather than a simgle photodiode. The photogenerated charge is
on the gate of the MOS transistor.” When a particular pixel is addressed, the
generated charge modulates the transistor current. This current amplification at eg
helps to overcome many of the noise and speed limitations of conventional MOS a;

MOS readout differs in an important way from CCD readout. In MOS readout
charge is transferred from a single pixel onto a readout line and the change in volt,
current in the readout line is sensed. In a CCD, the charge packets are kept intact
being transferred physically to a low-capacitance output. The lower sensitivity of a.
MOS array can be illustrated as follows. The change in voltage on the readout line is
by V = Ngq/C where N is the number of electrons, q the electron charge, and C the r
line capacitance. Because the readout line covers the full length of the arr
capacitance is in the picofarad range (typically 2 to 10 pF depending on desig
process). This compares to the 10-femtofarad capacitance for the CCD output. As a
the voltage swings on the readout line are very small (16 nV/electron for a 10-pF =
line capacitance). This leads to a high sensitivity to clock noise due to cap
feedthrough of the row and column address clocks onto the readout line. The feed
may be many times larger than the signal in most MOS sensors. Once the charge h
transferred onto the readout line, it is sensed either by a current-sensitive amplifier
voltage-sensitive amplifier, followed by a reset of the readout line to its original vols

CCD readout has the advantages of very high sensitivity and low noise. However.
readouts are limited in charge-handling capacity, while MOS readouts are capa
carrying very large amounts of charge and so are not as limited on the high end
dynamic range. However, because the MOS readout line has much higher capacitan
the CCD, the sensitivity is lower and the noise is higher. Another difference 1s
readout architecture. The CCD readout is essentially a serial readout device; it
suited to random readout or partial-array readout. The MOS array, however,
addressed in a manner similar to a memory, making it well-suited to pixel or partial
addressing,

225 SENSOR ARCHITECTURES

Solid-state image sensors are classified into two basic groupings: linear and area.
sensors include single-line arrays, multilinear arrays for color scanning, and time delay
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integrate (TDI) arrays for low-light-level scanning. Area sensor architectures include the
frame transfer CCD, the interline transfer CCD, and various forms of MOS x-y addressed
arrays.

ar Image Sensor Arrays

Linear sensors are used almost exclusively in scanning systems for scanning of documents,
film, and three-dimensional still objects. There are two basic classes of scanning systems:
contact scanners and reduction scanners. These are illustrated in Figs. 10a and 10b. In
reduction scanners (Fig. 10a), the sensor is smaller than the document to be scanned;
lenses are used to image the document onto the sensor. In contact scanners (Fig. 10b), the
sensor is the same width as the item to be scanned, usually a document. Relay optics is
used between the sensor and the document. Selfoc lenses (Fig. 10c¢ and 10d) and
roof-mirror-lens arrays are the two types of relay optics used most frequently.

There are three basic architectures for linear sensing arrays: MOS line arrays, CCD
linear and multilinear sensors, and time-delay and integrate (TDI) sensors. These
architectures are illustrated in Fig. 11. The MOS array is used most often in contact
scanning applications where material or processing problems make CCD arrays impracti-
cal. These applications include arrays fabricated from polysilicon or amorphous silicon on
nonsilicon substrates, arrays covering large distances, or arrays requiring special processing
(such as logarithmic amplification) at each pixel. The CCD linear and multilinear arrays
are used most often in reduction scanning where wide dynamic range and small pixel size is
required. However, contact arrays are also often realized by butting multiple CCD arrays
end-to-end. TDI arrays are used in very low light level scanning applications where
integration over many lines is required to achieve adequate signal-to-noise.

The MOS linear array (Fig. 1la) consists of individual photosensing elements, an

(a) . (b)
Original Document Original Document

Fluorescent &>
Lamp

Fluorescent
Lamp

ccD

(c) (d)
Plate
Selfoc Lens Selfoc Lens »‘g{\n

T
iﬂfk«
FIGURE 10 (a) Reduction document scanner using linear image
sensor, in which the image on the page is reduced by a lens onto the
line array; (b) contact document scanner in which the length of the
image sensor is the same as the document width and one-to-one relay
optics is used to transfer the image from the document to the array;
(c) diagram of a selfoc lens array used as transfer optics between
document and array in a contact scanner; (d) operation of a selfoc
lens array.
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FIGURE 11 Architectures for linear image sensors: (a) MOS
line array consisting of photodiodes, preamplifier, MOS switches
addressed by an address register, and a readout line with
amplifier; (b) linear CCD image sensor consisting of photo-
diodes, transfer gate, and CCD readout; (¢) linear CCD image
sensor with two CCD output registers, one for the odd diodes
and the other for the even diodes, for higher horizontal pitch; (d)
staggered linear CCD image sensor with two rows of photodiodes
offset by one-half pixel to increase horizontal sampling.

amplifier, an address switch, and a readout line and amplifier. The photosensing eleme
usually a photodiode, although photoconductors are used in contact scanning
fabricated from amorphous silicon. Since the charge generated in the diode is ge
very small (in the hundreds to thousands of electrons), a simple amplifier is usuall
at each pixel to drive the high-capacitance readout line. The use of amplification
pixel can allow some signal-processing functions, such as logarithmic amp
clipping, triggering and latching, etc., to be performed at the pixel. A MOS switch
after the amplifier allows each pixel to be addressed in sequence; the switch is driven .
address register. At the end of the readout line is an amplifier which may buffe
amplify the signal. The MOS array has the advantage of process simplicity and th
to perform signal processing at each pixel: it has the disadvantage of low sig
(because of the large readout line capacitance) and pattern noise introd
feedthrough from the switching transistor. ~ i
The linear CCD image sensor is the most often used architecture for
applications owing to its low noise, high sensitivity, wide dynamic range, and sIf
pitch. Figure 11b shows the simplest type of linear CCD, in which a single
photodiodes is connected to a single CCD register via a transfer gate. In operd
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FIGURE 11 (Continued) (e) trilinear CCD in which three CCDs
are fabricated on the same silicon die, each with its own color filter;
(f) time-delay and integrate (TDI) array, in which the charge in
the vertical registers is clocked in phase with the motion of the
scene or document being imaged in order to increase signal-to-
noise.

signal is integrated on the image-sensing element (generally a photodiode) for a line time.
The horizontal CCD is then stopped, the transfer gate opened, and the charge transferred
from all the photodiodes simultaneously to the CCD. The transfer time is typically a few
microseconds. The transfer gate is then closed, integration resumed for the next line, and
the CCD clocked to read out the charge packets. Many arrays also feature antiblooming
for situations where the light level may not be controlled, as well as electronic shuttering,
which allows an integration time on the photodiodes to be less than the readout time of the
CCD.

For linear-sensing applications requiring a higher pixel density, a double-sided readout
is often used (Fig. 11c¢). In this architecture, a CCD array is placed on either side of the
line of photodiodes and charge transfer from the diodes alternates between the top and
bottom CCDs. This architecture uses lower horizontal clock rates and a higher pixel pitch,
since the diode pitch can usually be made smaller than the CCD pitch. The charge packets
from the two arrays may be multiplexed into one output if desired. The disadvantage of
this architecture is slight differences between even and odd pixels, due to slight differences
in the two outputs (or slight differences due to multiplexing the two registers).

Another architecture which is used to further decrease the sampling pitch is the
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staggered linear array (Fig. 11d). In the staggered array, two rows of photodjyq.
offset by a half pixel. The two rows are read out by CCD arrays. The first array j5 4

(usually in a digital line store) and then combined with the second q fe
double-density scan. ;

Multilinear arrays (Fig. 11d) have recently been developed for color
applications. In this architecture, several (usually three) linear arrays are combineg
same silicon die separated by a distance equivalent to an integral number of ¢,
Color filters (either integral or in close proximity) are aligned over the arrays, =
digital line delays are used to realign the three arrays. Separate electronic shugtar:.
be provided for each array in order to adjust for differences in intensity in egq
bands.

The third major class of line arrays is time-delay and integrate, or TDI, arrg
TDI architecture is shown in Fig. 11f. TDI arrays are used when inadequate signg|.
ratio from a single-line array requires averaging over multiple lines. Applicationg
arrays include high-speed document scanners and space-based imaging systems, |y
a single row of photodiodes, the TDI array utilizes CCD stages in the vertica]
which are clocked synchronously with the movement of the document to be scap;
signal level in a TDI array increases linearly with the number of stages. The pgj
however, increases most as the square root of the number of stages.

Area Image Sensor Arrays

There are three major classes of area image sensor architectures: MOS di
frame-transfer CCDs, and interline-transfer CCDs. Within each there are a ny
variations. CCDs have come to dominate the majority of applications owing to the
sensitivity. However, MOS arrays are still used for specialized applicatio
addressability or high readout rate is important.

Historically, the physical dimensions of the active imaging areas of CCD :
consumer and commercial applications are specified by the size of the vidicon tube
replaces. The common format sizes include -in, 3-in, 3-in, and 1-in. In most
aspect ratio is 4:3, reflecting the television standard. Table 1 lists the forma
corresponding dimensions of the imaging area of the array.

TABLE 1 Image Area Dimensions and Pixel Dimensions for Various
Format Image Sensors
The format name is given in inches based on historic image tube formats. The
pixel dimensions are based on a 484 X 768 pixel array.

L.in Lin in

1L

i Optical format 1-in -in

Active area (4:3 aspect ratio)

Height (mm) 9.6 6.6 4.8 33 24
Width (mm) 12.8 8.8 6.4 44 32
Diagonal (mm) 16 11 8 55 4

Pixel dimensions (434 lines X 768 pixels)
Height (pm) 19.8 13.6 9.9 6.8 4.9
Width (um) 16.7 115 8.3 5.7 42
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The standards for the number of vertical lines in arrays for consumer and professional
video are usually based on the corresponding television standards, including NTSC, PAL,
and the various HDTYV standards. NTSC has 484 active lines, PAL has 575, the Japanese
HDTYV standard has 1035, and the European HDTV standard has 1150. In all cases the
lines are interlaced; i.e., odd lines are read out in one field and even lines in the next.
Historically, for sensors for NTSC television, the number of pixels horizontally in a line
has been associated with multiples of the color subcarrier frequency; common horizontal
pixel counts include 384, 576, and 768. Sensors for the Japanese HDTV standard typically
have 1920 horizontal pixels. The pixels are rectangular rather than square. Table 1 lists
approximate pixel dimensions in micrometers for a few common formats for a 484 (V) X
768 (H) pixel image sensor.

For industrial, scientific, graphics electronic photography, digital television, and
multimedia applications, however, the nonsquare pixels and interlaced readout of sensors
based on television standards are significant disadvantages. Image sensors designed for
these industrial and commercial applications typically have square pixels and progressive
scan readout. In interlaced NTSC readout, for example, the first field consists of lines 1,
3,5 --483 and is read out in the first 1/60 second of a frame. The second field consists of
lines 2, 4, 6- - -484 and is read out in the second 1/60second of a frame. The resulting
temporal and spatial displacement between the two fields is undesirable for these
applications. In addition, digital compression of interlaced scan moving images, especially
with motion estimation, is difficult and also introduces artifacts.

In progressive scan readout each line is read out sequentially. There is no even or odd
field, only a single frame. As a result there are no temporal and spatial sampling
displacement differences. However, for a given resolution and frame rate, the readout rate
of a progressive scan image sensor is double that of an interlaced scan. In addition, for
these applications, the number of pixels is often based on powers of 2: such as 512 X 512 or
1024 X 1024—facilitating memory mapping and image processing.

MOS Area Array Image Sensors. The architecture of MOS area arrays is illustrated in
Fig. 12.*" It consists of the imaging array, vertical and horizontal address registers, and
output amplifiers. The pixel of a MOS array consists of an image-sensing element
(photodiode, photocapacitor, phototransistor, or photoconductor), a row-address gate, and
a vertical readout line. The row-address gate is bussed horizontally across the array and is
driven from a row-address register on the side(s) of the array. At the start of a line, a
single row is addressed, causing the charge from all the photodiodes in a row to be
transferred onto the vertical readout line. Horizontal address gates are placed at the
bottom of the vertical readout line. Buffer amplifiers to drive the horizontal readout line
may also be placed at the end of the vertical readout line. The horizontal address register
then serially addresses each vertical readout line, sequentially turning on the horizontal
address gates. After the horizontal addressing is completed, the readout lines may be reset
and precharged and the next row addressed.

There is a wide range of variations on this basic architecture. An example is the charge
modulation device, or CMD,”?* array in which a phototransistor is placed at each pixel
site in order to achieve amplification and to achieve high currents to drive the capacitance
of the vertical and horizontal readout lines. Other examples include arrays with
sophisticated charge collection circuits at the end of each vertical readout line.

Frame Transfer CCD Image Sensors. CCD area arrays fall into two categories: frame
transfer and interline transfer. The simplest form of frame transfer CCD is the full-frame
CCD, shown in Fig. 13a. A photograph of a few pixels of a frame transfer CCD is shown in
Fig. 14a. The array consists of a single image area composed of vertical CCDs and a single
horizontal register with an output amplifier at its end. In this architecture, the pixel
consists of a single stage of a vertical CCD. This type of device requires an external
shutter. When the shutter is opened, the entire surface of the sensor is exposed and the
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FIGURE 12 MOS photodiode array, consisting of vertical
and horizontal address registers and readout line.

charge is collected in the CCD potential wells at each pixel. After the shutter is closed
the sensor is read out a row at a time by clocking a row of the vertical register into tf
horizontal register, then clocking the horizontal register to read out the row throug
the output amplifier. For higher readout rates dual horizontal CCDs are used in parall
The full-frame CCD has the advantage of progressive scan readout high fill factor,
low noise, and wide dynamic range. However, it requires an external shutter. It is
often used in still electronic photography, scientific, industrial, and graphics applications.

For motion imaging applications, a shutter is not practical. In order to overcome the
need for a shutter, frame transfer CCDs incorporate a storage area in addition to imagis
area. For interlaced video applications, this storage area is sufficiently large to hold a fie
(242 lines in NTSC television). The image area consists of vertical CCDs. For interla
NTSC video, there are 242 pixels vertically in the image area. Interlace is achieved
changing the gates under which integration is performed in the even and odd fields. F¢
example, for a four-phase CCD, integration would be performed under phases 1 and 2
one field and 3 and 4 in another, effectively shifting the sampling area by half a pixel
each field. The storage area consists also of 242 pixels vertically. The device operation is
follows. The image area integrates for a field time and the photogenerated charge held
the vertical CCDs. The vertical CCDs are then clocked in order to rapidly transfer tl
charge from the image area into the storage area. Because the sensor is still und
illumination, this transfer time must be much shorter than the integration time. Il
transfer typically requires 0.2 to 0.5 ms. The storage area is then read out a row at a til
by transferring a row into the horizontal register and clocking the horizontal registe
While this readout is occurring, the image area is integrating the next field. The mo
significant disadvantage of frame transfer CCDs is the image smear caused by illuminatl
during the transfer from the image to the storage area. This smear can be on the order
3 percent.
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FIGURE 13 (a) Architecture of full-frame CCD; (b) architecture of interlaced
interline transfer CCD; (c) architecture of frame interline transfer CCD, in which a
storage area is provided to reduce smear during readout; (d) progressive scan
interline transfer CCD, in which every photodiode is read out into the vertical CCD
simultaneously.

In both frame transfer and full-frame devices, the light must pass through the
polysilicon electrodes before being absorbed in the silicon. Owing to the high absorption of
short wavelengths in the polysilicon, the quantum efficiency in the blue is only about
20 percent and the quantum efficiency in the green is about 50 percent. Figure 14bh shows
the quantum efficiency for a full-frame image sensor with polysilicon gates, Three
approaches have been used to improve the efficiency: the virtual phase CCD, transparent
electrodes, and backside illumination. In the virtual phase CCD (see “Types of CCDs” in
Sec. 22.4), the second polysilicon electrode is replaced with a very shallow highly doped p~
layer, very similar to the pinned photodiode (Fig. 2d). Since there is no electrode over this
phase to absorb the light, higher quantum efficiency is achieved, particularly at wave-
lengths less than 500 nm. Backside illumination provides nearly unity quantum efficiency
but requires that the sensor be thinned to less than 10 wm. Owing to its cost, backside
thinning is employed only in sensors for very specialized scientific or aerospace
applications. Indium-tin-oxide, or ITO, is the most commonly used transparent electrode.”
Usually it is substituted for the second level of polysilicon. Figure 14b also shows
the quantum efficiency of a full-frame device in which ITO has been substituted for
one of the polysilicon gates.

Interline Transfer CCD Image Sensors. The interline transfer CCD is fundamentally
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FIGURE 14 (a) Photograph of a few pixels in the image area of a full-frame
CCD; (b) quantum efficiency as a function of wavelength for a full-frame CCD with
polysilicon and with transparent indium-tin-oxide electrodes.

different from the frame-transfer CCD in that, in addition to the vertical CCD, the
also contains a separate image-sensing element (photodiode, pinned photodiode, ph
capacitor, or photoconductor) and a transfer region between the photodiode and
vertical CCD. Interline CCDs with photodiodes for sensing elements are considered f
Figure 13b illustrates the architecture of an interline transfer CCD and Fig. 15 illustra
pixel of the CCD. The CCD and the transfer region between the diode and CCD
covered with a light shield (typically aluminum, although metal silicides are also used).
light shield prevents any light from entering the vertical CCD registers, allowing th
be read out while the sensor is illuminated. When the sensor is illuminated,
photogenerated charge is held on the photodiode. During the vertical retrace inté

the end of a field, the photogenerated charge is transferred into the vertical CCD.
clocking the CCD gate over the transfer region. Once the charge has been tranSf_
from the diodes into the vertical CCDs, the diodes resume integrating and the Ver
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CCDs are clocked in order to transfer a row at a time from the image arey
horizontal CCD.

For consumer and most commercial applications, interlaced interline CCDs are u
be consistent with television standards. In interlaced interline CCDs there is one ves
CCD stage for every two photodiodes. During the retrace time before the firsg fie
charge from the odd rows of photodiodes is transferred into the vertical CCDs; the o,
is then transferred out a row at a time into the horizontal CCD. During the retrace it
before the second field the charge from the even rows of photodiodes is transfened-:
the vertical CCDs; once again, the charge is transferred out a row at a time jpyq
horizontal CCD. In NTSC television the fields are approximately 1/60 second long; , p
the field time is 1/50 second.

Because the vertical CCDs in an interline CCD are covered by a light shield, very
stray light is absorbed in the CCD. However, due to light scattering under the lightsh;
and lateral diffusion of photogenerated electrons, some charge can reach the ey
registers as they are read out during a field. This results in smear. For copgy,
applications the level of smear is not noticeable. However, for especially demap,
applications such as television broadcast cameras, a field storage area is added tg
bottom of the image area. This architecture is called the frame interline transfer, op
CCD?* (Fig. 13c). Following transfer of the photogenerated charge from the diodes
the vertical CCDs, the vertical CCDs are clocked to rapidly shift the charge fro,
image area into the storage area. This transfer typically takes less than 0.5 ms, redycing
smear 30-fold. One line at a time is transferred from the storage area to the horizonta
register and the horizontal register readout.

For still electronic photography, scientific, computer-related, graphics and professig
applications, interlaced video is not desirable. For these applications a progressive s
architecture is utilized. In a progressive scan interline CCD there is a full CCD stage
every photodiode.”® Following integration, the photogenerated charge from all
photodiodes is transferred into the vertical CCDs. The photodiodes resume integra
and the charge packets from the vertical registers are transferred into the horizontal a y
at a time. The progressive scan interline CCD requires twice the vertical CCD density
is therefore more complicated to fabricate. However, progressive scan readout provi
many advantages in image quality for both motion and still imaging and is emerging :
likely standard for future digital HDTV systems as well as multimedia.

Nearly all interline CCDs used in camcorder, broadcast camera, or comme
applications utilize vertical antiblooming in order to prevent blooming when the se
illuminated beyond saturation. A cross-section diagram of an interline CCD with vert
antiblooming is shown in Fig. 15b. The device illustrated uses a pinned photodi
photosensing element. The CCD is built on an n-type silicon substrate. A p-well is fo
about 2 pm deep in the n-type silicon. An n-type buried-channel is then formed follo
by a p+ surface layer. The n-type substrate is reverse biased with respect to the p
When the photodiode is illuminated above saturation, the excess electrons spill out of
n-type buried channel and into the substrate. Owing to the vertical overflow, howe
photogenerated carriers from photons absorbed below the p-well are drawn into.
substrate and are not collected by the diode. Thus the quantum efficiency of these dey
falls rapidly at wavelengths beyond 550 nm. Figure 16 shows the quantum efficiency 0
interline CCD with vertical antiblooming as a function of wavelength. The inte
quantum efficiency of the photodiode is nearly 100 percent to about 550 nm, after Whic
decreases. However, since the photodiode only occupies about 20 percent of the pixel;:
this aperture is typically reduced further by the light shield in order to eliminate OP!
scattering into the vertical CCD, the actual efficiency of the device is only 0
15 percent. The photoresponse is linear at low signal levels but becomes nonlinedt
charge levels near saturation.”

Two major approaches are used to improve the fill factor (and therefore the
efficiency) of interline CCDs. These are the use of microlens arrays to focus the
incident on a pixel onto the photodiode and vertical integration of image sensors ¥

intg
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FIGURE 16 Quantum efficiency as a function of
wavelength for an interline transfer CCD with and
without microlens array.

amorphous silicon photoconductors to achieve a high fill factor. Figure 17 shows a
microlens array on top of an interline CCD.* The lenses are formed by coating a spacer
layer on the wafer of CCD devices followed by a lens-forming layer. The lens forming
layer is patterned and then reflowed to form the lens arrays. The quantum efficiency of an
interline CCD with and without a microlens array is shown in Fig. 18. A 3-fold
improvement in quantum efficiency is achieved because light from nearly the entire pixel
area is focused onto the photodiode.

The second approach to improving fill factor in interline CCD devices is to vertically
integrate the device by use of an amorphous silicon photoconductor.” The structure of the
photoconductor and its band diagram are illustrated in Fig. 2e. The amorphous silicon is

FIGURE 17 Scanning electron micrograph of microlens array on top of an interline
transfer CCD. |
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FIGURE 18 Quantum efficiency of interline CCD
with and without microlens array.

about 1 pm thick; owing to its high absorption coefficient in the visible, it can j
nearly 100 percent internal quantum efficiency. The back contact of the photocongye
contacts the diode in the interline CCD. Light absorbed in the amorphous silicon gep
electron-hole pairs. The amorphous silicon is biased such as to create a high field
sweeps out the electrons to the back contact, where they can be stored on the diode y
they are transferred into the CCD. Because the photoconductor is fabricated on top of
CCD pixel, it can have nearly 100 percent fill factor. In addition, because of the
bandgap of the amorphous silicon, its dark current (due to thermal generation of c3
is often lower than the single-crystal silicon. However, the amorphous silicon phol
ductors suffer difficulties related to charge trapping. Owing to impurities and dangli
strained bonds, there is a high density of traps in amorphous silicon. These can trap ¢
carriers and reemit them at a later time, causing image lag. Because the trappin
detrapping is field-dependent, it can also result in nonlinear response.

CCD Performance. In all CCDs, both interline and frame transfer, the signal output |
linear with the illumination except at levels approaching saturation. This linear respo
in marked contrast to image tubes, which exhibit highly nonlinear response. For in
CCDs, the total charge capacity ranges from 100,000 electrons for larger cells (such as
13.6 (V) % 11.6 (H)-pm cell typical for a %-in format) to 20,000 electrons or less for smaller
cells (such as the 6.8 X 5.8-pum cell in a }-in format 484 X 768-pixel CCD). 1

The principal noise sources in both interline and full-frame image sensors are
current pattern and shot noise and output amplifier noise. To illustrate the conlnbutl
modern CCDs have dark current levels at 40°C of less than 1 nA/cm®. For a 3-in f
sensor, this would correspond to about 320 electrons per pixel dark level.
corresponding shot noise would be 18 rms electrons and the pattern noise would typic:
be at a similar level. However, because of the nonrandom nature of pattern noise,
appearance is considerably more noticeable. The output amplifier noise would also
about the 15-rms electron level. Thus, the overall noise for this example would be in
30-electron range and the dynamic range would be over 2000 for a charge capaci
90,000 electrons. For scientific applications where the sensor can be cooled and the re
performed at a lower frequency, noise levels less than 5 electrons can be achieve
even subelectron noise has been reported.'®

Silicon based CCDs are monochrome in nature. That is, they have no natural abili
determine the varying amounts of red, green, and blue (RGB) illumination presen
the photodetectors. There are three techniques to extract color information.
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FIGURE 19 Methods of color separation in cam-
eras with area image sensors: (a) color sequential
using a color wheel; (b) a prism with dichroic beam
splitters and three image sensors; (c¢) single-chip
image sensor with integral color filter array.

1. Color Sequential (Fig. 19)—A color image can be created using a CCD by taking
three successive exposures while switching in optical filters having the desired RGB
transmittances. This approach is normally used only to provide still images of stationary
scenes. The resulting image is then reconstructed off-chip. The advantage to this technique
is that resolution of each color can remain that of the CCD itself. The disadvantage is that
three exposures are required, reducing frame times by more than a factor of three. Color
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misregistration can also occur due to subject or camera motion. The filter
assembly also adds to the mechanical complexity of the system.

2. Three-chip Color (Fig. 19)—Three-chip color systems use an optical system, o
the scene into three separate color images. A dichroic prism beam splitter is “Ormallu
to provide RGB images. Color images can then be detected by synchronizing the out
of the three CCDs. The disadvantage to such a system is that the optical complexity jg
high and registration between sensors is difficult.

3. Integral color Filter Arrays (CFA) (Fig. 19)—Instead of performing the coloy il
off-chip, filters of the appropriate characteristics can be fabricated above ing;
photosites.*'** This approach can be performed during device fabrication using dyeq ¢
cyan, magenta, yellow) photoresists in various patterns. The major problem iy,
approach is that each pixel is sensitive to only one color. Off-chip processing is requ
“fill in” the missing color information between pixels.****

In order to minimize size, weight, and cost, most consumer color camcorders ye,
CCD sensor with an integral CFA. The photosites are covered with individug] .
filters—for example, a red, green, and blue striped filter, or a green, magenta, cyan
yellow mosaic filter. Some popular CFA patterns are shown in Fig. 20. Because |
photosite can sense only one color, the color sampling is not coincident. For examp
blue pixel might be seeing a white line, while nearby red and green pixels are seeing 3 gy
line in the scene. As a result, high-frequency luminance edges can be aliased intg
color bands. These color bands depend not only on the color filter pattern used, bug
on the optical prefilter and CFA interpolation algorithm. The color bands are cause
aliasing, which is a property of any sampled system. Aliasing occurs when the frequen;
the input signal is greater than the Nyquist limit of one-half the sampling frequency, [
input frequency is well below the Nyquist limit, there are many samples per cycle.
allows the input to be reconstructed perfectly, if a proper reconstruction filter is
When the input frequency is greater than the Nyquist limit, there are less than two sam
per cycle. The sample values now define a new curve, which has a frequency lower
the input frequency. In effect, the high frequency takes on the alias of a lower frequency

Qe |o|o
Qle|lo|o

Q| |e|e

Note: Color R = Red, G = Green, B = Blue
Y = Yellow, M = Magenta, C = Cyan, W = White

FIGURE 20 Common color filter array patterns.
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FIGURE 21 Birefringent blur filter used to reduce
aliasing in single-chip color image sensors.

Aliasing is a particular problem with color sensors, since the sampling phase is different for
the different color photosites. Therefore, the aliased signal has different phases for
different colors. This creates the color bands.

The color aliasing is reduced by using an optical anti-aliasing or “‘blur” filter, positioned
in front of the color CCD sensor.* Blur filters are typically made of birefringent quartz,
with the crystal axis oriented at a 45° angle, as shown in Fig. 21. In this orientation, the
birefringent quartz exhibits the double refraction effect. An unpolarized input ray emerges
as two polarized output rays. The output ray separation is proportional to the filter’s
thickness. A 1.5-mm-thick plate will give a separation of about 9 pm. Figure 21 shows a
simple “two-spot™ filter. More complex filters use three or more pieces of quartz cemented
in a stack.
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