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ABSTRACT 

The tests used to characterize the performance of a virtual 

phase CCD imager are described. A test facility is required in order 

to operate the CCD and this facility is also reported. In addition, the 

development of a uniform-irradiance light source to provide spatially 

uniform CCD illumination is described. Finally, some possible improve

ments in the test facility are also presented. 
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CHAPTER 1 

INTRODUCTION 

Charge-coupled devices (or CCD's) have come into common use as 

imaging detectors since their invention in 1970 (Boyle and Smith, 

1970). Their fabrication requires the silicon-based technology devel

oped for semiconductor fabrication. That technology in silicon 

material promises to yield a photo-response which has a high degree 

of uniformity across a large array of detector sites. 

The virtual phase CCD is a recent improvement in CCD technology, 

having been conceived in 1981 (Hynecek, 1981). Virtual phase technology 

represents a simplification over conventional CCD's in that the virtual 

phase requires only one square wave signal generator to operate the 

device (versus 2, 3 or 4 signal generators). 

The purpose of this work was to characterize a CCD constructed 

with this new virtual phase approach. The characterization included 

evaluating the response uniformity, the noise characteristics, and the 

charge-handling efficiency. 

In order to measure the spatial and temporal uniformity of the 

photo-response it was necessary to develop a new light source. This 

source provided each photosite with the same amount of light flux. 

Any nonuniformity found in the CCD output was then due to the device 

alone, and not to the uniform-irradiance light source. 

1 
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In order to measure the device's uniformity several processes 

must be considered. The photo-generated charge must be collected at 

each photosite (also called picture element or "pixel"), the collected 

charges or "charge packet" must be transferred to the output stage, and 

the packet must be converted to a signal voltage. Each of these proc

esses has an associated efficiency that must be measured. 

A certain amount of background information must be presented 

before describing the device tests. Chapter 2 describes elements of 

the physics of a CCD. That chapter begins by showing how a metal-

insulator-semiconductor (MIS) capacitor stores charge. The charge 

transfer mechanisms which move the photo-generated charge from the 

array to an output stage are then discussed. 

Chapter 3 describes the noise mechanisms which are present in 

a virtual phase CCD. Noise is present in all electronic devices, and 

its presence will determine how small the minimum detectable signal 

will be. Knowing the source of a noise enables one to measure it and 

possibly reduce it. 

Chapter 4 describes the development of the uniform-irradiance 

light source used to provide the CCD array with a constant irradiance. 

A Tungsten-Halogen lamp was modified to provide illumination that 

provides an irradiance that is uniform to +1.2% over a-1-square-inch 

area. The lamp must also be bright enough that its output can be ad

justed to provide illumination over the full dynamic range of the CCD. 

In addition to the light source, the testing required elec

tronic equipment to operate the CCD. The CCD test facility described 
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in Chapter 5 was similar to the version used by Hudson (Hudson, 1982). 

The major components of this facility were a microcomputer to control 

the CCD operation and testing, an environmental chamber to house the 

CCD, and a test console to provide electronic timing signals and to 

measure the CCD output. 

Chapter 6 describes the system tests performed on the Texas 

Instruments model //VID246 virtual phase CCD imager. These tests in

clude the charge transfer efficiency, the conversion efficiency, the 

system noise, and the subtraction of fixed pattern noise. 

Chapter 7 compiles the results obtained for the uniform irrad-

iance light source and for the virtual phase CCD. It also compares 

the noise predictions of Chapter 3 with some noise figures measured or 

extrapolated from measured results presented in Chapter 6. Finally, 

Chapter 7 presents some suggested improvements in the test facility 

which may aid in the characterization of other types of charge-coupled 

devices. 



CHAPTER 2 

AN INTRODUCTION TO CHARGE-COUPLED 

DEVICE PHYSICS 

Before the discovery of the charge-coupled device, a two-

dimensional image was detected by placing a photographic film, an 

electron-beam tube or an array of single-element detectors at the 

image plane. Each of these approaches had a serious disadvantage. 

Photographic film is a well-known approach. Film can have a 

resolution as small as 1 micrometer, but the film can only be used for 

one image. Also, the film must be removed from the image plane and 

chemically processed to develop the image. This leads to a long delay 

between the acquisition and the display of the image. 

The electron-beam tube or "vidicon" has a photosensitive charge 

storage surface across which an electron beam is scanned. The beam can 

be made extremely small so that vidicon resolution is excellent, form

ing a spot 10 micrometers wide. The disadvantage is that the electron 

beam approach requires large voltages to form the scan beam. 

With the array of detectors each element requires at least one 

conductor to carry the signal from the image plane to the output stage. 

These conductors must be routed between the elements, which increases 

the minimum element spacing, the resolution limit, to at least 100 

micrometers. There is also a capacitance associated with each 

4 
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conductor so that the presence of many conductors leads to excessive 

capacitance and therefore to poorer detector performance. 

The charge-coupled device moves signal charge off the image 

plane without the many connectors required by an array of single ele

ments. Charge-coupling involves the transfer of the mobile electric 

charge between semiconductor storage elements (Beynon and Lamb, 1980). 

In the CCD case, external voltages are manipulated to transfer the 

mobile charge from its original storage element at the photosite to 

the intervening (identical) storage elements, and finally to an output 

stage. The transferred electric charge, called a "charge packet", 

will have a maximum value that depends on the capacitance of the stor

age element and on the applied voltages. 

Each storage element can be modelled as a parallel-plate capac

itor, formed by placing an insulator between a metal gate and a semi

conductor substrate. When a positive voltage is applied to the gate, 

electrons are attracted to the semiconductor surface; the increased 

surface potential seen by the electrons is called a "potential well" 

and holds the charge packet under the gate. The simple capacitor 

model and its potential well are discussed in Section 2.1. 

The CCD consists of many adjacent storage elements. The 

charge packet is transferred between elements by applying high and low 

gate voltages. This changes the electron potential and therefore the 

depth of the potential well of the capacitor. If the depth of the well 

decreases, and at the same time the depth of an adjacent well increases, 

then the charge packet will be transferred to the higher electron 
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potential of that adjacent well. The transfer process is described in 

Section 2.2. 

The region of the substrate along which the charge packet is 

transferred is called the channel. When the CCD storage element is 

fabricated from the simple capacitors of Section 2.1, the channel will 

be at the surface of the semiconductor (at the insulator-semiconductor 

interface). A modification of this "surface channel" device is built 

by pushing the channel away from the interface and forming a "buried 

channel" device. Section 2.3 deals with the controlled introduction 

of impurities at the semiconductor surface in order to form a buried 

channel CCD. 

In addition to the impurity implant which forms the buried 

channel, virtual phase technology uses implants to shape the potential 

well and to form a permanent well under an unclocked gate, the virtual 

phase gate. This additional structure of the potential well as devel

oped by Hynecek is discussed in Section 2.4 (Kynecek, 1981). 

2.1 The Semiconductor Potential Well 

Each CCD storage element is a capacitor at which a potential 

well is created in order to hold a charge packet. The capacitor is a 

metal-oxide-semiconductor (MOS) stack. The MOS stack is built on a 

silicon substrate on which a silicon oxide insulating layer (SiC^) has 

been grown. Over the oxide a metal layer is deposited to form a gate 

as the upper electrode of the capacitor. The MOS structure is shown 

in Figure la and its electrical equivalent circuit in Figure lb. 



V 
Gate q 

Metal 

a) 

Oxide 

p-type silicon 

Depletion 
Region 

Gate/ 

OX 

Oxide-Silicon 
Interface 

Figure 1. An MOS capacitor. 
a) The depletion region is depleted of holes and 

electrons accumulate at the silicon surface. 
b) In the equivalent electrical circuit the oxide 

and depletion region capacitances are in series. 
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The substrate normally used in CCD's is p-type silicon, which 

is the type considered throughout this work. In the lattice of even the 

purest silicon there are many sites where a silicon atom has been re

placed by a "substitutional" impurity (Grove, 1967). In p-type silicon 

the prevailing impurity is boron, having a one-electron shortage per 

site. The boron electron "acceptors" give the silicon a net positive 

charge (hence p-type). This abundance of positive charge means that 

holes will be the majority charge carrier. 

When a positive voltage is applied to the gate, positive charge 

at the silicon surface is repelled and the surface region becomes de

pleted of holes. As the gate voltage becomes more positive the poten

tial at the surface "depletion region" also increases until the surface 

potential V is positive enough to attract electrons to a surface 

"inversion region" inside the depletion region. These attracted 

electrons, the minority carriers in the p-type substrate, become the 

charge packet to be held in the potential well which is in the deple

tion region of the MOS capacitor. 

The equivalent electrical circuit shown in Figure lb is that 

of the oxide capacitance in series with the depletion layer capaci

tance. From this simple circuit it is possible to show that the sur

face potential depends on the gate voltage and the oxide capacitance. 

The total voltage dropped across the capacitors of Figure lb 

must equal the gate voltage , or 

VGate " V + VD t2"1' 



where V is the voltage across the oxide layer and Vn is the voltage OX L) 

across the depletion region. 

Another boundary condition on the system is the requirement for 

charge neutrality. If a charge Q is on the gate and the total charge 

on the capacitor is zero, then 

% - <W - % • <2-2) 

where QJ NV is the negative charge of the inversion region and Qq is the 

positive charge in the remainder of the depletion region. 

Combining equations 2.1 and 2.2, and knowing that V is Q /C , (JA  O DA  

we obtain 

v , vn + (Ql"; " V . (2.3) 
Cate D CQX 

It is usual to assume that the hole concentration inside the 

depletion region is negligibly small compared to the impurity concen

tration. This assumption is called the "depletion approximation" 

(Grove, 1967). This approximation has two important consequences: 

1. The hole concentration, in equation (2.3), can be 

neglected. 

2. When an opposite impurity specie is introduced, the addi

tional assumption can be made that both impurity concentra

tions are uniformly distributed throughout their respective 

parts of the depletion region. 

When equation (2.3) is rearranged and is neglected, the surface 

potential is described as 



v = V .  (2 4) 
D Gate C0X 

This shows that the surface potential is directly proportional to the 

applied gate voltage. An increased V will "deepen" the potential well CJ  

and increase the maximum possible size of the charge packet. 

The second term of equation (2.4) shows that increased (negative) 

inversion charge reduces the surface potential. Because the oxide cap

acitance is inversely proportional to the oxide thickness the reduction 

caused by the inversion charge will be a smaller effect if the oxide is 

made as thin as possible. Oxides thinner than about 100 nanometers 

contain pinholes across which shorting can occur, and therefore cannot 

be used as an insulating layer. 

2.2 Surface Channel Charge Transfer 

For the capacitor described in Section 2.1 charge is held at 

the surface and will move along that surface during transfer. The 

transfer is promoted by applying a positive gate voltage in order to 

attract electrons and pull them in the direction of transfer. 

Although the packet is physically at the surface, it is con

venient to model the potential well as a container in which the elec

trons are held like water at the bottom of a bucket. This view is 

extended in Figure 2 to describe charge transfer. 

In order to describe the transfer from well "A" to well "B", 

a voltage swing between 2 and 10 volts is assumed for a p-type 



a)  

"A" = 10 volts 
"B" = 2 volts 

b) 

"A" = 10 volts 
"B" = 10 volts 

Z//////////////////z 

c)  

"A" 
"B" 

6 volts 
10 volts 

d) 

"A" 
"B" 

2 volts 
10 volts 

X = 0 
I 

L 

t 
2L 

Figure 2. The transfer process. 
a) The packet is held in the well under gate "A". 
b) The "B" voltage has increased and the wells are at 

equal potentials. 
c) The "A" voltage is decreasing so the well potential 

is decreasing. 
d) The "A" well has reached the minimum potential and 

all charge has transferred to the "B" well. 
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substrate. In Figure 2a gate "A" is at 10 volts and gate "B" is at 2 

volts; all of the charge is held under gate "A". 

If now gate "B" is raised to 10 volts (Figure 2b), both gates 

are at the same potential and both wells are at the same depletion 

depth. The charge will distribute energy evenly between the two wells. 

In Figure 2c the voltage on gate "A" is decreasing toward 2 

volts. Much of the charge from well "A" has already moved spatially 

over to well "B". At the level shown some charge is still in well "A". 

This time sequence also illustrates that transfer requires a finite 

amount of time. 

In Figure 2d the gate voltage of well "A" has reached 2 volts 

and all of the charge has been transferred into well "B". The process 

continues into succeeding wells just as it did from well "A" to 

well "B". 

Note that Figure 2 shows wells "A" and "B" transferring charge 

while the adjacent area is held at a level corresponding to a 2 volt 

gate voltage. The area just left of gate "A" and the area just to the 

right of gate "B" are held at 2 volts by "C" gates which are omitted 

for simplicity from Figure 2. The three types of gate voltages ("A", 

"B" and "C") represent the three clock phases of this device. Each 

of these phases are switched between a high and low voltage level at 

the appropriate times. After the sequence shown in Figure 2 is com

pleted, the transfer from gate "B" to gate "C" will occur in a similar 

manner, and now the "A" gates will be held at 2 volts. 
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There are three mechanisms promoting this charge transfer 

(Boyle and mith, 1970): 

1. A self-induced electric field 
2. The thermal diffusion of electrons 
3. A fringing field 

In the first part of charge transfer (Figures 2a and 2b) gates 

"A" and "B" are brought to the same potential and approximately half 

of the charge is transferred. Figures 2c and 2d illustrate the com

pletion of the transfer from gate "A" to gate "B". Before the equili

brium of Figure 2b is reached there are more electrons under gate "A" 

than under gate "B". This nonuniform spatial distribution of electrons, 

n(x,t), leads to an altered potential 

vd - vs,o - • <2-5' 
CJX 

V is the empty well potential described by equation (2.4) and 
W )U 

the voltage drop across the oxide has been ignored, q is the charge on 

the electron, and C is the oxide capacitance. The second term in 
ux 

equation (2.5) is a potential due to the first mechanism, a self-

induced electric field, 

Esr " -IT- " ' <2'6) 
SI dx ox 

The current density associated with this self-induced field is 

f dv 

SI = qyn n(x't} d^ 

[qn (x, t) 

. cox J (2.7) 

where is the electron mobility. This has the form of a diffusion 
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equation where the bracketed term is an effective diffusivity comparable 

to thermal diffusivity. 

The self-induced field has associated with it a time constant 

(Carnes, Kosonocky and Ramberg, 1972) 

2l2cox 
TSI " V q n(x,t) (2'8) 

n 

where L is the interelectrode spacing. As n(x,t) decreases with time 

the denominator of equation (2.8) decreases and therefore the time con

stant increases. For typical CCD dimensions (L = 25 micrometers and 

—8 2  
oxide capacitance = 5.2x10 Farad/cm ) will be on the order of 

0.1 microseconds. 

The second mechanism is transfer by thermal diffusion of elec

trons. Random motion in the presence of an electric field will have a 

net displacement in the direction of charge transfer. The thermal dif

fusivity (Dq ^) given by Einstein's relationship (Grove, 1967): 

D = y — (2.9) 
thermal n q 

where k is Boltzmann's constant and T is the temperature in Kelvins. 

D , , for electrons in room temperature silicon is on the order 
thermal 

n 
of 10 cm /second; for a full well the corresponding diffusivity due 

5 2 
to a self-induced field is approximately 10 cm /second. The thermal 

time constant is 

/  T 2  

T . = 9 * L , (2.10) 
thermal ^2 

thermal 

where L is the inter-electrode spacing. A typical value for TL||CLmai 

at room temperature and L=25 micrometers is 0.3 microseconds. As the 



concentration remaining in the well drops, the self-induced process 

slows down and the thermal diffusion process assumes control of the 

charge transfer. 

The third mechanism leading to charge transfer is the fringing 

field. The surface potential under gate "A" of Figure 2 is affected by 

the voltage of an adjacent gate "B" due to the coupling of the electro

static potential. This is because the positive voltage on gate "B" 

pulls electrons away from the region of gate "A", and the strength of 

this attraction is nearly independent of the electron concentration 

which remains in the wells. The fringing field also helps pull the 

packet over the small potential barriers between wells which are caused 

by the finite gap between electrodes. 

The strength of the fringing field has been estimated by 

Carnes as (Carnes, Kosonocky and Ramberg, 1971) 

where d is the oxide width, V is the voltage swing, and x is the 

depletion width. 

The fringing field has associated with it a time constant 

where the quantities are as defined above. For a typical surface 

channel device the fringing field is 2 volt/cm, leading to a time 

constant on the order of 0.5 microseconds. Therefore the fringing 

E. 
FF 

(2.11) 
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field being present even at lesser charge concentrations will complete 

the transfer initiated by the self-induced field. 

2.3 Buried Channel Transfer 

The surface channel devices whose transfer characteristics were 

described in Section 2.2 lose charge carriers to fast surface states. 

These surface states are located at the silicon-oxide interface and are 

the single dangling chemical bond per atom of a disrupted silicon lat

tice. There should be one fast surface state for every surface atom or 

15 -2 
a surface state density of about 10 cm . Annealing procedures re

duce this density so that the density of surface states in the middle 

10 -2 
of the silicon energy band is about 5x10 cm (Grove, 1967). 

Some of the charge packet will make a transition from its nor

mal energy level in the conduction band down to a lower energy level. 

These electrons are then trapped by a lower level or surface states 

until the conduction band at that location is emptied by the transfer 

process. The emission time associated with these surface states will 

determine whether or not the carriers are able to rejoin the original 

packet. If the emission is too slow then this trapped charge is lost 

from the charge packet, and the loss detracts from the overall charge 

transfer efficiency. 

The easiest way to overcome the effect of surface states is to 

move the channel away from the interface by fabricating a buried 

channel CCD or BCCD. The channel is moved away from the interface by 

doping the silicon surface before the oxide is grown. For the p-type 

substrate case electrons are the minority carriers and can be moved 



away from the interface with a shallow N-type implant, and usually the 

donor impurity is phosphorus. 

Although CCD transfer is really a two-dimensional problem, a 

rigorous treatment is difficult. Considerable simplification is ob

tained with a one-dimensional semiconductor model like that of Figure 3. 

The profiles drawn in Figure 3 represent the area under the center of 

the gate when no transfer occurs. 

There are three distinct regions in the one-dimensional semi

conductor model. These are Region I, the oxide region (~t < x < 0); 

Region II, the implanted region (0 < x < t-^)j and Region III, the 

depleted p-type region at (t^ < x < • The potentials for these 

regions can be derived from their associated charge distribution using 

2 
Poisson's equation, V V = V(-E) = - p / e .  That is, in order to solve for 

the electric field in the three regions of the device the charge dis

tribution is integrated over the one-dimensional volume element dx. 

The potential is then found by integrating the field over the same 

volume element. 

Since the net charge in the semiconductor must be zero by con

servation of charge, the charge balance is 

qG o q Nd tl - , Na Xj, , (2.13) 

where Q is the total charge on the gate, q is the charge on the elec-

tron, N and N. are the donor and acceptor concentration respectively, 
U Pi 

t^ is the width of the implanted region and Xp is the depth of the 

p-type region that has been depleted. In equation (2.13) as in 
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Region I 

p-Type 
silicon Oxide 

(ti+Xp) -t 

p(x) 4 

-qN 

E(x) 
-qN 

SLOPE = 

SI 0 

"OX 0 

Gate 

Figure 3. A one-dimensional buried channel CCD model. 
a) The assumed BCCD layout. 
b) The corresponding charge distribution. 
c) The field distribution. 
d) The potential distribution. 



Figure 3b it has been assumed that the charge concentrations are distr 

buted uniformly throughout their respective regions. 

After integrating the charge distributions, the electric field 

for each region is found to be 

"qg 
Et ( X)  =  
I Kox eo 

-Qg q N X 
E  ( x )  =  — + i r - £ —  ( 2 . 1 4 )  
II SI 0 SI 0 

"qG q VI • q nA (x_ti) K ( v \  = ^ + - - £ — 
III Ksi Eo KSI eo Ksi eo 

where Knv and K are the relative permitivities of the oxide and the 
Ua SX 

silicon respectively, and is the permitivity of free space. These 

fields are shown in Figure 3c. 

After integration of the fields and substitution of the appro

priate boundary conditions the potentials are found to be 

Q (x+tn) 
V (x) = V +-| (2.15) 
1 G OX eo 

^G **0 1 2 V (x) = V + y- + r^— [Q x - X ] 
I! G Kqx tQ KSI G D 

Qq to 
VTTT (x) = V_ + 
111 G Kox e0 

+ IQgX " "iDtl(x-ltl)+iq,<A(x-tl)21 
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In equation (2.15) V represents the gate voltage, and the other quan-

tities are as previously defined. These potentials are shown in Figure 

3d. Note that both and are more negative (the well is 

"deeper") when either t^ is larger or smaller. This means using.either 

a thicker oxide or a higher donor concentration over a portion of a well 

tends to increase the depth of the potential well locally. 

Figure 3d shows a negative gate voltage which repels the nega

tive charge, pushing the charge packet away from it. This contrasts 

with the surface channel CCD which uses a positive gate voltage to pull 

charge toward it. If the gate voltage is not held low enough, the 

potential at the oxide interface is greater than zero. This means 

that electrons from the well can be attracted to the surface region, 

and that the surface states which reside there are able to capture 

electrons. 

It can be seen that the potential has a positive slope across 

the oxide region and into the implanted region. The potential has a 

peak value at the point where the field is zero, and thereafter 

follows a parabolic decrease to a value of zero at the edge of the 

depletion region, x=Xp. 

The charge is located at the position of maximum potential. 

The channel depth is found by setting = 0 in equation (2.14), 

giving Q g = q N d Xchannel or 

x = NDt;L ~ NaXp n in channel ~ , (z.lo) 
D 

where equation (2.13) has been substituted for Q . For typical buried 
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channel values X , , is 0.5 micrometers, well away from the silicon/ 
channel 

oxide interface and the surface states. 

When the charge packet does travel it will do so because of the 

same three mechanisms which propel surface transfers: 

1. A self-induced electric field. 
2. The thermal diffusion of electrons. 
3. A fringing field. 

The first two mechanisms will have the same time constants as did the 

surface channel case, 0.1 and 0.3 microseconds respectively. 

However the fringing field in a buried channel device is much 

larger than for the surface channel case. Using the depletion width 

of about 3 micrometers, an oxide thickness of 0.15 micrometers and a 

gate length of 22.4 micrometers, equation (2.11) predicts a fringing 

field of 8.5 volt/cm. This corresponds to a 0.1 microsecond time con

stant. Therefore even though the self-induced field may initially 

control the transfer process, it soon weakens and leaves the fringing 

field to control most of the buried channel transfer. 

2.4 Virtual Phase Technology 

The CCD is a virtual phase CCD imager. This is a buried n-

channel device built on a p-type substrate. The charge packet is 

transferred by a modification of two-phase clocking which has been 

named "virtual phase" clockings (Hynecek, 1981). 

A conventional two-phase device has a line of gates in which 

type "A" and "B" gates occur alternately. The gates are physically 

identical but are attached to "A" and "B" clock signals respectively. 

The clock signals are symmetrical square wave pulses having the "A" 
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signal 180° out of phase with the "B" signal. When one gate is on the 

other is off. 

When the potential level of well "A" is raised the charge could 

equally well spill into the "B" gate to the left or the "B" gate to the 

right of gate "A". This means charge packets in a simple two-phase 

would tend to spread out rather than be transported as a group in the 

correct direction. 

In order to remedy this dilemma, the well is made deeper in 

the direction of charge transfer. In Figure 4a a two-phase buried 

channel device designed to transfer to the right is shown. As de

scribed by equation (2.15) the potential well's right side can be made 

deeper by using a thicker oxide or by increasing the donor concentra

tion. The introduction of an additional n-type ion implant on the 

right side of all wells provides this shaping. When the negative gate 

voltages are applied the donors are ionized and this second implant re

gion becomes an n+ layer (shown as plus signs) which attracts more elec

tron;?. than the normal n-type buried channel implant layer. 

One variation of the two-phase device is the "l£ phase" CCD 

which has been described by Sequin and Tompsett (1975). In this case 

(using a p-type substrate) the phase "A" gates are clocked normally, 

and the phase "B" gates are connected to a negative DC voltage. This 

freezes phase "B" at an intermediate potential level, while phase "A" 

is biased so as to spill charge over and into phase "B" when phase "A" 

is at its upper position (a less negative voltage). The potential level 

of phase "B" with respect to phase "A" will determine the size of the 

largest charge packet transferred in the channel. 
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Figure 4. Buried channel CCD structures. 
a) 2-phase clocking and the corresponding potential wells. 
b) Virtual phase clocking and its potential wells. 
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Another modification of two-phase technology is to apply the DC 

bias of the 1^ phase, but to do so by introducing implants at the sili

con surface rather than by an external power supply. The version just 

described is called "virtual phase" clocking, and is shown schemat

ically in Figure 4b. The phase "B" gate of the normal device of Figure 

4a has its potential level frozen, becoming the virtual phase; the 

phase "A" gate remains the clocked phase. The right half of each 

phase is the actual well and is labelled "CW" and "VW" for clocked well 

and virtual well respectively. The left half of each phase is a barrier 

(CB and VB) since charge packets must transfer over it. 

The virtual phase potential structure is formed using several 

ion implantations. The n-type implants are ionized (n+) and are shown 

as plus signs; the ionized p-type implant is represented by minus 

signs. These are in addition to the buried channel implant (n-type) 

and channel stop implant (p-type) which are omitted from Figure 4b for 

reasons of clarity. The clocked well has a shallow n-type implant to 

promote charge transfer directionality. The virtual well has n-type 

doping which is denser and deeper. This makes the virtual region more 

negative and therefore lowers the potential well from that higher 

level it would occupy if the virtual region had not been implanted. 

In addition to the n-type implants just mentioned, there is a 

p boron implant shown as negative signs in Figure 4b. This is placed 

at the surface of the virtual region in order to pin the surface 

potential to zero (Kosonocky and Carnes, 1975). As the gate voltage 

goes negative the surface potential drops toward zero from its 



positive value. Continued lowering of the gate voltage would make the 

surface potential go negative, but the implant being at ground potential 

will supply holes to the channel and prevent the surface potential from 

ever going negative. 

All the implants mentioned above shape the buried channel so as 

to promote charge transfer using one phase clock. The second phase is 

a stationary well which is never pulsed by a phase clock but which con

tains the packet half of the time. Because the second phase is operated 

by a virtual clock it has been named the "virtual phase". 



CHAPTER 3 

NOISE IN VIRTUAL PHASE CCDS 

Electronic noise is a random fluctuation in the voltage or 

current associated with a device. One source of this fluctuation is 

the random (Brownian) motion from collision to collision of charge 

carriers; at each collision the overall magnitude and direction of the 

carriers can be changed. This means that the current will most accur

ately be described as an average value. 

Another source of noise is caused by the quantization of charge; 

there will not always be exactly the same number of electrons arriving 

at a point per unit time. Since the quantization and fluctuation phen

omena are natural events, they will be present no matter how perfect the 

system becomes and will always act to diminish CCD performance. 

These fluctuations manifest themselves in every stage of the 

detection process. Noise can arrive with the signal, or it can be 

created during the photon-electron conversion process, the transfer 

process, the output process, or the amplification process. This list

ing proceeds in the order in which the signal information passes 

through the CCD, and is the order followed below in describing noise 

types. 

The types of noise affecting the virtual phase charge-coupled 

device are: 
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1. Photon noise 
2. Bulk trapping noise 
3. Dark current noise 
4. Fixed pattern noise 
5. Spurious charge noise 
6. Output noise 

With the exception of spurious charge noise, these are present in all 

buried channel CCD's. A description of each noise type will be given in 

Sections 3.1 through 3.6 in an attempt to predict the amount of noise 

present. Section 3.7 presents sample calculations of the actual noise 

expected in the virtual phase imager which was tested. 

3.1 Photon Noise 

The first step in the reception, conversion and amplification of 

a signal is to generate an electron stream (current) from an arriving 

photon stream. Since the quantum efficiency is constant, the current 

will have the same statistical distribution as the photon stream. The 

number of photons emited by a source follows a Poisson distribution 

(Beynon and Lamb, 1980). For a Poisson distribution the variance 

equals the mean. The standard deviation is the noise amplitude and 

mathematically is the square root of the variance, so that the input 

photon noise or "photon" noise is: 

SD 
photon 

(3.1) 

where S is the average signal. 

3.2 Bulk Trapping Noise 

Once the signal is collected into a charge packet, it must be 

transferred in the buried channel to the output node. As mentioned in 



Section 2.3, buried channels are used to avoid the surface traps which 

are present in abundance at the silicon/oxide interface. But there are 

also traps in the bulk material. These bulk traps remove charges from 

the charge packet and prevent the device from having perfect charge 

transfer. 

Bulk traps capture and emit electrons in a recombination-

generation process (Mohsen and Tompsett, 1974). If N is the number of 

bulk states available per volume, then the number of electrons being 

trapped will vary as (Howes and Morgan, 1979): 

dn (N - n ) n 

dT = T " TT ' (3"2) 
t e 

where n^ is the number of electrons being trapped per volume, and 

and are the trapping and emitting time constants respectively. 

In the steady state no electrons are being trapped; equation 

(3.2) equals zero, and therefore 

N 
n = £ . (3.3) 

(1 + t/T ) 
C 

For a typical trapping center like gold in room temperature silicon, 

T = .1 microseconds and Tg = .5 milliseconds during well filling, so 

that trapping occurs much faster than does emission. 

Substitution of equation (3.3) into the expression for the 

amount of charge in the well at steady state gives 
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Q = Jq nt dV 

FQ (1 + T /T ) DV ' (3*4) J t e 

where Q is the total charge in the well and this is an integration over 

the volume element of the well, dV. For the time constants associated 

with well filling as given above, this will be 

Q = q N V (3.5) 
t well 

In order to understand the well-emptying time we must examine 

the time constant expressions. These are (Grove, 1967) 

T = ^ and T = exp(E/I? , (3.6) 
t a v , n e a v . N 

n th e n th c 

where is the scattering cross-section, v^ is the thermal velocity, 

n is the number of signal electrons in the conduction band, and N 
e & c 

is the density of states in the conduction band. Inserting equation 

(3.6) into equation (3.4) gives 

r q N dV 

Q = \ l + (N /n ) exp (-E/kT) ' (3'7) 
„J c e 

It can be seen that, as the well empties, ng becomes small compared to 

and the second terra in the denominator becomes important. At this 

time the electrons are emitted, and can rejoin the charge packet if the 

packet is still in the process of being transferred out of the well. 

The size of the trapping loss increases as the transfer speed increases. 

Since CCD's are usually clocked at megahertz rates, the charge 

packet transfers to the next well before the emission process has 



freed all the trapped electrons. The emitted electrons then become un

wanted carriers in later charge packets. Carnes has developed an ex

pression for this noise (Carnes and Kosonocky, 1972) 

SIW - <2eWV)1/2> (3-8) 

traps 

where N is the number of transfers, N is the number of signal carriers, 
(j b 

and N is the number of background carriers in the charge packet. The 
B 

quantity e is the charge transfer inefficiency, defined as the fraction 

of charge lost from a packet during a single transfer. The e of a 

-4 -5 
buried channel device is usually of order 10 or 10 

3.3 Dark Current Noise 

Another source of noise is the dark current. Dark current is 

caused by the thermal motion of free electrons present in the crystal 

lattice, and results in a current proportional to the temperature of 

the material. This current is a recombination current having three 

sources: the bulk dark current inside the depletion region, the dif

fusion current at the edge of the depletion region, and the surface 

generation current. 

The largest source of dark current in a buried channel CCD is 

the surface generation term (Howes and Morgan, 1979). In a virtual 

phase CCD the surface generation current density is (Hynecek, 1981) 

K*o[S} Jdark = ^ I- <3-9) 
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Here n. is the intrinsic carrier concentration, S„ is the surface re-
1 0 

combination velocity, and N is the doping concentration of the 

shallow p-type implant which pins the surface to ground potential. 

Equation (3.9) is the buried channel expression with a virtual 

phase correction factor in brackets. This factor is due to the holes, 

supplied by the p-type implant. The holes flow from the virtual phase 

surface area and neutralize some of the dark current. 

The noise associated with the dark current will be 

J A T \1/2 
= , dark S INT ) 

dark \ q / 

where Ag is the pixel area, and T^T is the integration time. The 

dark current noise can be reduced by having a shorter integration time 

(faster clocking) or by reducing the dark current itself by cooling 

the device. 

The dark current expression of equation (3.9) has one para

meter which can be altered during device operation. That parameter is 

the intrinsic carrier concentration, which is related to the density 

of states in the conduction band by 

n± = 2 ̂ 2TT "kT ̂ 3/ exp (-E/2kT) , (3.11) 

where m is the electron mass, k is Boltzmann's constant, T is the 

temperature in Kelvins, and h is Planck's constant. In silicon this 

is 



n = (4.292 x 1015cm 3) T3//2 EXP(-E/2kT). (3.12) 

It can be seen that the dark current in buried channels will normally 

3/2 
have a T dependence on temperature due to n_^. Since the virtual 

phase dark current correction factor in equation (3.9) is less than 

one, the dark current will start from a lower value than that of stan-

2 
dard CCD's. The virtual phase dark current is proportional to n^ and 

3 
therefore to T , so that cooling the array below the ambient tempera

ture should reduce the dark current even farther. 

3.4 Fixed Pattern Noise 

Fixed pattern noise is a localized generation of carriers at a 

rate which is higher than the average rate for the device, the dark 

current. This higher local value can be caused either by defects 

which were present in the original semiconductor wafer or by defects 

incurred in the manufacturing process. 

Fixed pattern noise can be "dark current spikes" where a single 

element will produce a relatively high dark current. Since the output 

signal from this spike is large the element seldom produces a useful 

output signal. 

In general though, the fixed pattern noise is only marginally 

larger than the average rate. For this type of imperfection the 

photosite can still be used as a sensor. The usual approach is to 

store an output "reference" frame and subtract it from a later "image" 

frame on a pixel-by-pixel basis. This means that the photosite with 

the larger signal will yield an output which is reduced by an amount 



proportional to its overshoot and on the average the fixed pattern noise 

site (after subtraction) will respond more like the average photosite. 

The subtraction technique only corrects fixed pattern noise at 

one signal level. There is another fixed pattern noise which is the 

difference in responsivity from pixel to pixel. Correction of this 

second fixed pattern noise is not attempted here. 

There is not one particular equation which relates the size of 

the fixed pattern noise to the device imperfections. However, a basic 

limit to device fabrication is the accuracy to which photolithographic 

masks can be aligned to the contours and fiducial positions used in 

previous mask steps. These mask variations can change the effective 

light-collecting area of some or all of the pixels. Most current tech

nology uses blue visible light or near ultraviolet light to expose the 

photographic pattern. This sets the basic mask placement accuracy to 

about one wavelength or 1/2 micrometer. 

3.5 Spurious Charge Noise 

When the clock voltage low level is below -14 volts, the high 

electric field at the silicon/oxide interface produces additional 

electron-hole pairs. The holes are generally pulled back to the power 

supply, but the electrons enter the wells as an undesired "spurious" 

charge (Janesick, Hynecek and Blouke, 1981). 

Since the wells must be inverted to transfer the charge 

packets (= -16 volts on the gate) spurious charge will be present when

ever charge is transferred, and is a limitation to virtual phase 

technology. 
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One simple method of reducing this spurious charge is to run the 

clocked phase with a tri-level clock. During non-transfer times the in

termediate third level -6 volts on the gate) is applied. Because the 

surface is not inverted, negligible amounts of spurious charge enter 

the wells. 

Electron-hole pairs can also be formed by impact ionization. 

Holes are accelerated out of the oxide by the rapid voltage change from 

a negative to a positive voltage. This acceleration can be reduced by 

adding slope to the clock waveform in its negative-to-positive transi

tion. So that the change occurs over a longer time. Also, if the de

vice is clocked from 0 to -16 volts the surface potential should never 

be positive enough to allow a major contribution from this second 

source of spurious charge. 

So it can be seen that spurious charge can be limited by 

modified clocking of the device. But in the case where three-level 

clocking is not available, the spurious charge is extremely large, and 

will seriously reduce the virtual phase device's usefulness. 

3.6 Output Noise 

There are generally three types of output noise. They are 

reset noise, MOS amplifier noise, and signal processing noise. 

In order to remove charge from the CCD output diode, the output 

capacitance of a MOS switch is charged up to a reference "reset" 

level. If the signal is then transferred to the switch, the output 

level will be of the signal referenced to the reset level. The fluctua

tion of that reset level can be shown to be (Carnes and Kosonocky, 1972) 
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SD = ^ (kTC)1/2 • (3.13) 
reset q 

This equation only applies when the transfer time is smaller than the 

capacitive time constant. If correlated double sampling is used on 

the output, then this noise will be much smaller than the other two 

output noises. Correlated double sampling will be explained in 

Chapter 5. 

The thermal noise of the on-chip MOS amplifier is (Carnes 

and Kosonocky, 1972): 

SD = - v 
preamp q n 

= - (8kTB)l/2 (3.3.4) 
q 3g 

where C is the gate capacitance, B is the bandwidth, and g is the 

channel conductance. 

The other output noise is due to the signal processing which 

occurs with an off-chip amplifier. If the amplifier has an equival

ent input noise current i^, then the noise can be described as: 

SD = - i — • (3.15) 
amp q n g 

Sample calculations of the output noises will be given in the next 

section. 



3.7 Noise Calculations 

The purpose of this section is to establish reasonable levels 

for the noise to be found in virtual phase imagers. For those noise 

types which can be described by an equation, a calculation will be per

formed. For other types of noise a representative number will be in

ferred from quantities found in the literature. 

4 
For photon noise and a signal packet of 10 electrons equation 

(3.1) states that the photon noise is then 

SD = /10,000 = 100 electrons. (3.16) 
photon ' v 

For bulk trapping noise, this imager has a charge transfer 

-4 4 
inefficiency of 4.6x10 and 10 charge carriers. For the pixel 

which is farthest away from the output in a 390x584 array there will 

be 390+584 or 974 transfers of the charge packet. Using these values 

in equation (3.8) yields 

SD. .. = / 2(4.6xl0~4) 974 (104) 
bulk 

= 95 electrons. (3.17) 

For dark current noise the dark current density must first be 

calculated. For a 1200 cm/second surface recombination velocity and 

14 -3 
a p-type concentration 10 cm the equation (3.9) dark current den-

2 
sity is .404 nanoamp/cm . Using this value in equation (3.10) with 

22.4 micrometer square pixels and an integration time of .228 seconds 

gives a noise: 
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4.04xl0~10 (22.4xlO~4)2 (.228 sec) 
b dark q 

= 54 electrons- (3.18) 

For fixed pattern noise the basic photolithographic error is 

1/2 micron in the 22.4 micrometer spacing or 2.23%. Since there are 

at least three mask steps used in the fabrication process, the noise 

power associated with each mask alignment adds and the root-sum-square 

4 
noise is 4.04%; four percent of 10 electrons is 400 electrons. (Most 

of this noise can be eliminated with the subtraction technique.) 

Spurious charge noise is caused by electrons jumping to the 

conduction band at the oxide interface. An estimate of the noise size 

can be made by realizing a good oxide may have as few as 10^ states/ 

2 
cm ev. Since a phosphorus-like state will be at about .07 electron 

volts, the noise is 

SD = lO^states (22.4x10 ̂ cm)2 (.07 ev) 
spur 

= 350 electrons. (3.19) 

If tri-level clocking were used then only half of the pixel would be 

in inversion and the noise would be half of this. 

For output noise with correlated double sampling used to 

eliminate the reset noise, for C=.l picofarad, g=250 micromho, B=4 

megahertz, and t=300 kelvins the pre-amp noise from equation (3.14) is 

SD = 10 13F 18kT x 4.106 * ly'2 

preamp q (8kT x 4.106 \ 

3 x 2.5x10 ̂  / 

= 8 electrons. (3.20) 
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1/2 
For an external amplifier with i = 1 pA/(HZ) the amplifier noise 

from equation (3.15) is 

SD = 10~13f 10"12AMP V*4X106 

amp - q ~7hz 2.5x10-4 

= 5 electrons. (3.21) 

The values are compiled in Table 1. The noise powers are the 

square of the noise amplitudes calculated above. Since the noise 

powers add, the total predicted noise amplitude is the root-sum-square 

of the table values. This "quadrature" sum is 552 electrons. 

Table 1. Noise predictions. 

Noise Type Size (Electrons) 

Photon 100 

Bulk traps 95 

Dark current 54 

Fixed pattern 400 

Spurious charge 350 

Output 9 



CHAPTER 4 

A UNIFORM-IRRADIANCE LIGHT SOURCE 

The method which is used to characterize a CCD is its response 

to the intensity level of the light. This response is expressed in 

terms of the CCD output signal level as measured with respect to the 

input irradiance level of the light. 

There are three flux-related descriptions of the device: in 

terms of the spectral responsivity, the response linearity, and es

pecially the spatial uniformity of the response. 

The spectral responsivity of virtual phase devices has been 

measured (Janesick et al., 1981). The responsivity curve contains 

several oscillations as it varies between 0.06 and 0.3 amps/watt at 

visible wavelengths. The peak CCD response is found in the longer wave

length part of the visible region. Due to this improved red response 

most of the detector tests to be described later were performed at a 

narrow spectral band centered at 633 nanometers. 

The linearity of response describes how much of the CCD 

response region produces a CCD response which is linearly proportional 

to the input signal. The device linearity is demonstrated by the cen

tral portion of the mean-variance curve, which will be discussed in 

Chapter 6 as part of the noise tests. 

Of the three flux-related descriptions of CCD response, the 

uniformity (or nonuniformity) is most useful in characterizing a 
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particular device. A spatially uniform light source places equal 

amounts of light flux on each pixel. If the source provides the CCD 

with this uniform irradiance, then the nonuniformity of the CCD output 

should be entirely due to nonuniform processes inside the CCD. When 

the output levels are measured on a pixel-by-pixel basis, the variation 

in the CCD output voltage levels can be expressed as a percentage non-

uniformity. In order for this measurement to be solely a measure of 

the CCD, and not a measure of the light source, the source should be 

more uniform than the device. 

A uniform-irradiance light source was developed as part of 

this work. The irradiance pattern at a distance of 5 to 7 feet was 

examined for each prototype light source as a measure of the lamp con

figuration' s suitability for CCD characterization. CCD's typically 

have nonuniformities from 5% for normal devices down to about 1% for 

devices used in television applications (Howes and Morgan, 1979). 

Therefore, a source with 1% or less nonuniformity was sought. 

The 1% nonuniformity criterion led to certain spectral and 

radiometric requirements. These source requirements are discussed in 

Section 4.1 in order to justify the choice of a Tungsten-Halogen lamp 

as the uniform-irradiance light source. 

After the basic source was selected, variations in the optical 

layout were investigated in an attempt to provide illumination which 

was both bright enough for the CCD to detect and homogeneous enough to 

meet the 1% nonuniformity requirement. The final lamp configuration 

as well as the measurements of its uniformity and stability are de

scribed in Section 4.2. 
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Once the source was installed and testing had begun, it was most 

convenient to use the uniform-irradiance source as the light source for 

any tests to be performed. The other requirement on a light source was 

that it be able to cast a small spot onto the array and scan the spot 

across the array. The spot scan illuminated a single pixel, and some

times a portion of that pixel. The uses of a spot scan are discussed 

in some detail in Section 4.3 in order to complete the description of 

the light source used to characterize the virtual phase CCD array. 

4.1 The Development of a Light Source 

CCD arrays typically have about 5% nonuniformity in their 

response (Howes and Morgan, 1979), although better performance can be 

obtained by specially screening the manufacturing product line. For 

that reason a CCD nonuniformity of 1% was considered acceptable for 

these tests. Eventually a light source having 0.1% nonuniformity will 

be built and used in conjunction with an improved test console and en

vironmental chamber. At present that improved test facility and 

source are not available; some improvements which may lead to it will 

be suggested by these test results. 

The simplest possible way to get a 1% nonuniform source is to 

move the source far away from the detector. When the source is far 

enough away, the spherical wave that left the quasi-point source 

arrives at the detector looking almost like a plane wave. Unfor-

2 
tunately, this displacement of the source also causes a (1/R) fall-

off in optical power, which may make the source irradiance too low 

for the detector to respond to it. 



For this simplest 1% nonuniform case the minimum separation be

tween a source and a detector is determined by simple geometry. The 

spherical wave which leaves the point at the center of the source must 

travel farther to reach the detector edge than the detector middle, 

giving a lower irradiance at the detector edge. When the tilt factors 

(9) between a disc source and a disc detector are considered, there is 

4 
a cos 0 factor between the intensity arriving at the detector center 

and that arriving at the detector edge. 

If a factor of 10 in nonuniformity is assumed for the differ

ence between a real and a hypothetical source, then a 0.1% nonuniform

ity is required for the calculation which follows. The irradiance at 

the detector edge will be .999 times that of the detector center (1 -

4 
.1% = .999). Using cos 0 = .999 to solve for the angle, the case of 

a 1" detector and a 1" diameter source disc gives tan 0 = 1"/R or 

R = —= 45". (4.1) 
tan 0 

The real source gives an additional field curvature due to a lensing 

effect caused by the glass envelope in which the lamp is mounted. 

The factor of 10 mentioned above probably allows for this lensing 

effect, but 45" should still be considered a minimum distance to the 

source. Using the calculated distance as a rough guideline, the 

first tests were conducted with the lamp removed to a distance of 60" 

from the detector position. 

It is important to choose a light source which can provide 

enough illumination at the specified 60" distance. The lamp chosen 



as a basis for the light source was an Ealing model #27-1411 Tungsten-

Halogen lamp with a power supply stabilized in voltage to 0.2%. Pre

liminary calculations show that the lamp, described in the catalog as 

a 3200 K Blackbody, provides a radiant exitance at wavelengths between 

5 2 
400 and 700 nanometers of 2.991 x 10 watts/m . 

The 3200 Kelvin Blackbody is a good match to the CCD response 

curve. Although the source peaks at 900 nanometers, it provides good 

power across the visible region to which the CCD is most responsive. 

The lamp filament is mounted 2" away from the 1" diameter 

openings in the lamp housing so that the opening subtends a .18 

steradian solid angle at the filament. The power arriving at the 

aperture is then 

$ = - A^ (4.2) 
7T S 

-5 2 
where M is the radiant exitance, Ag is the source area (10 m ), and 

n is the solid angle. This .18 watts is distributed in a 24" diameter 

2 
spot at the detector plane, giving .62 watt/m average detector 

irradiance. Since the manufacturer quotes a typical irradiance at 

2 
saturation of 0.011 watt/m on the device, this means the source out

put can be increased well beyond the CCD's saturation level and that 

the entire responsive region of the device can be tested. 

4.2 Lamp Description 

The CCD irradiance for a 60" source-detector separation showed 

a uniformity of +1% over a 2 inch field, and the irradiance level was 

2 2 
.77 watt/m (as opposed to the predicted .62 watt/m ). But the field 
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contained an image of the source filament; that structure was undesir

able and a better optical configuration was sought. 

A configuration would be "acceptable" when the nonuniformity was 

1% over a 1 inch image field and the broadband irradiance was at least 

2 
1 watt/m . Several optical configurations were assembled, tested, 

and abandoned before the acceptable geometry was established. 

That geometry is similar to critical illumination and is shown 

schematically in Figure 5. The condenser lens is installed in the 

original lamp chassis, and the spectral filter slides into a position 

at the intermediate focal plane, so the entire beam is filtered. 

The objective lens is positioned so that the beam leaving the lens is 

expanding slowly. 

The uniformity was tested with a UDT model // 11A radiometer. 

The "UDT" is a silicon P-I-N diode having a one square centimeter 

collecting area and a digital display in units of microwatts. 

The UDT was mounted behind a 240 micrometer pinhole on a plat

form containing two Newport Corporation translation stages. One stage 

adjusted the distance to the source so that the radiometer was in the 

same plane normally occupied by the CCD device. The other stage 

scanned the radiometer-pinhole combination across the focal region in 

steps as small as .001 inch. 

Scans made across the plane to be occupied by the CCD are shown 

in Figure 6 for the final lamp configuration. These uniformity meas

urements were made at several power levels, specified by the dial 
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Figure 5. A schematic representation of the light source. 
The spectral filter is inserted near the intermediate 

focal plane. 
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Figure 6. The spatial distribution of light at the CCD focal plane. 
The flux is measured through a 240 micrometer pinhole which 
is displaced along the focal plane. 
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reading of the lamp's power supply. At a mid-scale dial reading the 

power on the radiometer-pinhole was 3 microwatts and the CCD would have 

been saturated. Over the section of the traverse from 0 to 1 inch and 

with the lamp power supply dial at mid-scale, the power on the radio

meter was 3.025 microwatts +1.16%, giving a uniformity at highest 

illumination of +1.2%. The source-detector separation was 5 feet. 

In order to ensure that the radiance level was not changing 

during a scan or during prolonged testing, a reference detector was 

installed. During the course of a typical scan (about a half-hour in 

duration) the reference detector showed a variation of 5 parts in 1000. 

Additional checks of the lamp's stability are shown in Figure 7, 

which shows some of the tests conducted over a 24 hour period with the 

lamp power supply at mid-scale. The source was repeatable at a given 

position to 1.3% after four hours and to 1.8% after 24 hours. It 

should be noted that these repeatability measurements were made with 

a Tungsten-Halogen bulb which had only been used for about 40 hours; 

bulbs show less stability as they age. 

4.3 The Spot Scan 

A spot scan was needed to project a small beam of light onto the 

CCD. It was also necessary to move the spot across the face of the CCD 

in small increments. Therefore the lamp assembly was mounted on a plat

form which could be moved in small steps along either of two orthogonal 

directions. These directions roughly corresponded to movement along 

the CCD rows and columns. 
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Figure 7. Repeatability tests of the uniform-irradiance source. 
Shown are three of the focal plane scans made over a 
24 hour period. 



When the spot scan was being used a pinhole was mounted in a 

plate which was in turn mounted to the closer end (to the CCD) of the 

lamp assembly. The pinhole was imaged onto the CCD by a Leitz 

"Summicron" model 50 millimeter focal length F/2 lens. The lens was 

only installed on the environmental chamber in the spot scan configura

tion. The smallest spot that could possibly be formed by this lens, the 

diffraction-limited spot is 

2.44 AF / n . // q\ 
= 4.3 micrometers. (4.3) 

The lens was tested with a Zygo MK 11-01 interferometer and 

found to have 1/8 wave of spherical aberration at full aperture. When 

tested with the quartz window from the environmental chamber added, the 

aberration increased to 1/2 wavelength. When imaging at paraxial focus, 

third order aberration theory predicts a spot diameter 

E ^ 3? <»4  W • <4-4 '  

where R is the distance from pupil to image plane (50 mm), h is the 

pupil radius (12.5 mm), p is the normalized field radius, and w^q is 

A/2. The resulting smallest possible spot for the lens is eight wave

lengths in diameter at 633 Nanometers or 5.1 microns in diameter. 

With the lamp assembly mounted 7 feet away from the CCD, the 

pinhole magnification is 

M - S?F- (4"5) 

where F is the focal length of the imaging lens (50 mm), S is the 

object distance (7 feet), and M is the magnification factor (.024). 
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A 100 micrometer pinhole would be demagnified to 2.4 micrometers, but 

because of the aberrations introduced by the lens and window the spot 

would have a 5.1 micrometer diameter. A 200 micrometer pinhole would 

demagnify to a spot diameter of 4.8 micrometers, so it would still form 

a 5.1 micrometer spot, but would pass 4 times as much light. 

A 200 micrometer pinhole was installed at the light source, and 

an attempt was made to profile a single pixel. The stepper motor was 

geared to move in 5 micrometer steps, so that it should take 6 steps to 

move a 5 micrometer spot across a 22.4 micrometer pixel. At best focus 

9 steps were needed to cross a pixel. This was probably due to motor 

slippage under the light source's weight. 

The spot scan was successful in measuring the charge transfer 

efficiency (CTE). The CTE is a measure of how much signal is lost per 

CCD transfer. It can be measured optically by placing a spot on pixel 

"A" and measuring the CCD output. The spot is then moved to pixel "B" 

and the output is measured. It is not necessary to know how many 

steps were moved, only how many more transfers occur for pixel "A" 

than for pixel "B". The CTE measurements and results are described in 

Chapter 6. 

The light source is shown in Figure 8 mounted on the x-y 

translation frame. The source was mounted on this frame during all 

CCD testing. 
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Figure 8. The uniform-irradiance light source mounted on its 

translation stage. 



CHAPTER 5 

THE CCD TEST FACILITY 

Several pieces of special hardware are needed to operate and 

test a CCD. There are two major groupings of equipment comprising the 

test facility. Those groupings are the CCD environmental chamber and 

the test console. 

The CCD itself was mounted in an environmental chamber. This 

chamber controlled the CCD temperature and allowed the lamp illumina

tion to reach the CCD. The environmental chamber is described in 

Section 5.1. The chamber also held the electrical connections used to 

operate the CCD and to carry the CCD video output signal. 

The computer-controlled console, described in Section 5.2, 

sends out the timing signals necessary to operate the CCD, and it 

processes the video signal returning from the CCD (Hudson, 1982). It 

is necessary to understand the console operation in order to understand 

the purpose of some of the tests described in Chapter 6. 

5.1 The Environmental Chamber 

The environmental chamber is shown in Figure 9. The vacuum 

chamber side is cylindrical, holding a 2-stage thermoelectric (TE) 

cooler, the CCD package, and an amplifier circuit. The vacuum side is 

able to hold a 25 micron vacuum during prolonged testing. 
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Figure 9. The environmental chamber showing the vacuum chamber side. 
Item 1 is the amplifier circuit card, and item 2 is the 
CCD package. 
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The thermoelectric cooler is epoxy-sealed to the floor of the 

vacuum section. The TE cooler is operated by an external controller, 

a Marlow Industries model //SE-1012 temperature controller. The lowest 

temperature reached and held while operating the CCD was -10°C. 

The CCD package had three layers: a copper heat sink, a 20 pin 

dual-inline-package (DIP) in which to insert the CCD, and an aluminum 

cover plate to press the CCD against the heat sink. Indium foil was 

inserted and compressed at each of these interfaces to ensure good 

thermal contact. The aluminum plate had an opening to allow light to 

strike the imaging portion of the CCD. 

The amplifier was an emitter-follower circuit using a 2N918 

transistor. There was a MOS pre-amplifier on the CCD chip, but an 

off-chip amplifier was needed to drive the long video line. This off-

chip amplifier was originally a major source of heat inside the 

vacuum chamber. The amplifier's thermal influence was reduced by 

mounting the amplifier circuit card to the copper heat sink to which 

the thermoelectric cooler is permanently mounted. 

All of the electronic signals were carried on twisted wire 

pairs which passed through the same 32-pin hermetically sealed con

nector. The video signal might have capacitively coupled to the timing 

signals at this point. The TE cooler wires left the vacuum side 

through a separate port, since they carried high current. 

The side of the environmental chamber opposite the vacuum cham

ber is rectangular and consists of several heat-exchanger fins. These 

fins disperse the heat collected from the hot side of the 
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thermoelectric junction (mounted on the bottom of the vacuum section) by 

air convection. A 4.5 inch diameter fan was mounted to the bottom of 

the fins to provide additional air circulation and improve the cooling 

efficiency of the environmental chamber. 

5.2 The Test Console 

The test console used for these tests was similar to the one 

used by Hudson (1982). The main difference was that the Pet micro

computer used to control the testing of devices was replaced by a 

Hewlett-Packard HP-9836CS computer. 

The programming to operate the test console was written in 

Basic. The program allowed a timing pattern to be entered into com

puter memory as a series of ones and zeroes which represented the high 

and low voltage level states. The timing pattern used to operate the 

Texas Instruments 390x584 element virtual phase imager is presented in 

Appendix A. This pattern was recalled from its storage location on 

floppy disk and sent to the test console. The test console is pictured 

in Figure 10. A block diagram of the test facility is shown in 

Figure 11. 

The program information was sent by the HP-9836CS to an 

Interface Technology Model RS-432 timing generator. The timing gen

erator in turn sent a continuous repetition of these timing patterns 

to the clock drivers. The pattern received by a clock driver deter

mined the off/on sequence it will follow in operating the CCD. 

The timing generator channels actually were wired to a break

out box, which was in turn connected with BNC cables to the drivers. 



Figure 10. The test console. Item 1 is the correlated double 
sampler. Item 2 is the timing generator. Item 3 
is the environmental chamber. Item 4 is the 
reference detector. Item 5 is the folding mirror. 
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Figure 11. A schematic diagram of the CCD test console. 



The use of these breakout boxes facilitated a quick changeover to a new 

configuration by moving the cables to different connectors of the 

breakout box. This gave a flexibility which allowed the possibility 

of operating several different types of CCD's from this same console. 

The timing generator signals arriving at the clock drivers were 

at TTL levels, meaning that the high voltage (the one) was +5 volts, and 

the low voltage (the zero) was 0 volts. The clock drivers are Pulse 

Instruments Model //PI-451 drivers. These drivers provided a means of 

tailoring the high and low amplitudes of the waveforms. The drivers' 

signal amplitudes could be set from +25 to -25 volts and could control 

the rise and fall times of the otherwise square wave timing signal. 

There was also a row of DC power supplies to provide various bias 

levels to the CCD through the same breakout box. The values of all 

the clock driver and power supply amplitudes were set manually. 

The environmental chamber can be seen in Figure 10 mounted to 

the right side of the instrument rack. The source beam traveled 

horizontally to a large plate glass mirror which can be seen below 

the environmental chamber position. The mirror folded the light beam 

upward into the chamber and onto the CCD array. The reference detector 

was mounted against the equipment rack and just above the mirror. 

The CCD video signal was amplified inside the environmental 

chamber and sent to the Tustin Model #X-1500 correlated double 

sampler (CDS). The CDS received from the timing generator two signals, 

shown as TP1 and TP2 in Figure 12. The approximate position of TP1 

was information the computer sent to the timing generator as part of 
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Figure 12. The positioning of TPl and TP2 on the video signal for 
correlated double sampling. TPl is placed on the 
quiescent level and TP2 is on the video level for this 

pixel. 



the original program. Controls at the CDS fine-tuned the TP1 position 

and adjusted the delay time between TP1 and TP2. Rather than using 

the value of TP2 as the signal level, correlated double sampling used 

the difference between TP1 and TP2. Since the points were close to

gether their noise was correlated and the subtraction removed the kTC 

output noise (Barbe, 1975). 

As the signals were processed by the correlated double sampler 

the video amplitudes were converted from analog to digital numbers. 

The CDS output units were analog-to-digital units or more commonly 

ADU's. The CDS performed 14 bit digitization on the video input, 

14 
meaning that the signal was known to one part in 2 . For a 10 volt 

14 
signal range the sampling accuracy was 10 volt/(2 ) or 0.61 milli

volts. The signal values were sent from the CDS to the computer via a 

data base where their statistics could be evaluated, and an image 

could be displayed on the computer video display. 

There was one item in the console which was not strictly 

necessary to operate the CCD or measure its output. The top slot of 

the console contained a Keithley Model #619 electrometer. It measured 

small voltages across and small currents through a precision resistor. 

These values were used to determine the CCD conversion efficiency, 

described in Chapter 6. 



CHAPTER 6 

SYSTEM TESTS 

One of the first tests was to determine how the CCD responded 

to different colors. Filters having a 50 nanometer bandwidth were ob

tained for center wavelengths at 488 (blue), 514.5 (green), and 632.8 

nanometers (red). With these filters the uniform-irradiance light 

source was used to test the CCD at three important laser wavelengths. 

The CCD response was tested by generating a mean-variance 

curve for each color. The average CCD signal (mean) and the square of 

the CCD noise (the variance) increased with increasing irradiance. The 

curve was generated by plotting the mean on the abscissa and the 

variance on the ordinate while increasing the irradiance until the 

device is saturated. The mean-variance curve was also used to deter

mine the system gain, so it is discussed in more detail in Section 6.5. 

For this virtual phase CCD the variance was so large that the standard 

deviation (= /variance) was plotted instead of the variance. The mean-

standard deviation curves for the three colors had identical slopes 

and noise floors. When the three color runs are plotted on the same 

graph there are three parallel lines across the responsive region. The 

right-most curve has the largest signal mean for a given noise and 

therefore represents the most responsive case. That most responsive 

case (red) was used in the remaining system tests. 
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One way to characterize the system is to systematically examine 

the CCD operation at each stage in the detection process. It is possi

ble to identify and measure the main noise contribution associated with 

that stage, and perhaps find a way to improve the performance. 

Starting at the detection stage there will be photon noise 

associated with photoelectron conversion; the only real cure for photon 

noise is to eliminate the signal. The photon noise level is easily in

ferred from the signal level and its presence is inevitable. 

The other detection-related noise is the fixed pattern noise. 

If the fixed pattern noise is truly fixed, then it will not vary from 

frame to frame in either position or amplitude. If a frame is stored 

and then subtracted from another frame, as in Section 6.1, then the 

fixed pattern noise should be removed through the subtraction process. 

Once the signal is in the well it must be transported across 

the CCD to an output stage. Since some fraction of the charge is 

lost at every transfer, and since an area imager like the virtual 

phase device has 390+584 transfers, that lost fraction must be kept 

small. The fraction lost is called the transfer inefficiency and the 

fraction to be saved (per transfer) is called the charge transfer 

efficiency, or CTE. Section 6.2 describes the measurement of CTE for 

the virtual phase imager. 

When the signal has successfully reached the output stage it 

must be converted from a charge packet into a voltage proportional to 

the packet size. The measure of how well a device does this is the 

conversion efficiency or CE. The conversion efficiency is described 

in Section 6.3. 
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In addition to noise contributed by the CCD, the signal can be 

obscured by noise due to the clock drivers or to the correlated double 

sampler. The checks on external noise are described in Section 6.4. 

The final unit of this chapter, Section 6.5, is used to describe 

the mean-variance curve. This curve has a linear section whose slope 

represents the gain of the entire system. The system gain is the 

number of signal units per electron at the output of the CCD. 

6.1 Fixed Pattern Noise 

Fixed pattern noise is a localized generation of carriers at 

a rate which is higher than the average rate for the device. Fixed 

pattern noise is removed by the pixel-by-pixel subtraction of a refer

ence frame from an image frame. If the noise really is fixed then sub

tracting a picture element's baseline value from the present value will 

allow it to share a common zero-irradiance or "dark" value with all the 

other pixels which have been adjusted through subtraction. 

The measurement software package collected every fourth pixel 

value in an image frame. The computer then calculated and displayed 

an average signal value and a standard deviation. In addition to this 

package there was a routine which collected and stored a reference 

frame and then subtracted it from all succeeding frames until another 

reference frame was collected. 

A reference frame was taken with the environmental chamber 

shutter closed and the array at room temperature. The uniform irra-

diance light source was then used to illuminate the CCD. A mean-

standard deviation curve was generated by obtaining frames at several 



irradiance levels between the array's minimum and maximum response 

points, and subtracting the reference frame from each image frame before 

the statistics were calculated. The results are shown in Figure 13. 
\ 

The slope represents the system gain and must be the same as that of 

the unsubtracted case. 

The real test of frame subtraction was to subtract frames over 

an extended period of time. The results of a long run are shown in 

Figure 14 where the same reference frame was subtracted from image 

frames for over four hours. The noise stayed within +1% of a nominal 

40 ADU value for about an hour, and within +2% for about three hours. 

This shows that frame subtraction would make the array uniformity +1% 

if a new reference frame were taken every hour. 

In addition to the usual fixed pattern noise, it is possible to 

have a pixel-to-pixel variation in responsivity. This second fixed 

pattern noise would require a more complicated compensation technique, 

possibly like: 

1. Collect two reference frames, one at low illumination and 

one at high illumination. 

2. Calculate a responsivity slope for every pixel from the 

values stored in the reference frames. 

3. Acquire the raw data frame. 

4. Correct the normal fixed pattern noise by subtracting the 

low illumination reference from the raw data frame. 

5. Multiply the adjusted raw data frame by the slope values to 

obtain a fully-corrected video data frame. 
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Figure 13. A mean-standard deviation curve with the fixed pattern 
noise subtracted. This trial was run at room temperature. 
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Figure 14. Fixed pattern noise suppression by subtraction techniques. 
The reference frame was continually subtracted from new 
image frames over a four hour period. After four hours 
the reference frame was no longer appropriate for the new 
image frames. 



This expanded correction of fixed pattern noise requires additional 

processing time and computer capacity which were not available. Although 

not performed here, it might become a part of future device tests. 

6.2 Charge Transfer Efficiency 

The charge transfer efficiency (CTE) measures the fraction of 

charge retained in a charge packet after a single transfer. If the 

CTE is .999, then after 1000 transfers there will be only (.999)^^ 

= 37% of the original charge. A TV-compatible image frame has about 

1000 transfers for the pixel farthest from the output stage. This 

means that the farthest pixel would lose 2/3 of its signal while the 

nearest pixel lost only 0.1% of its signal; this would give the image 

an unacceptable shading. 

The CTE can be determined by electrically injecting a series of 

pulses, and by measuring the fractional reduction in the leading pulse 

after a known number of transfers. The electrical method is simple and 

is unrelated to possible responsivity variations at the injection site. 

With the virtual phase device there are no provisions for such 

an electrical input. The CTE was measured optically by projecting a 

spot onto the array and recording the output amplitude. The spot was 

then moved to a new location and the new amplitude was measured. If 

the first position is farther from the output stage than the second, 

then the CTE is 



where VI is first amplitude, V2 is the second (largest) amplitude, 

and N is the number of transfers occurring between VI and V2. In order 

for this to be accurate the position must be accurately located, the 

spot must be well focussed, the two sites must have equal responsiv-

ities, and the two sites must be illuminated with equal radiant power 

levels. 

The f/2 lens was installed in the environmental chamber to 

project a small spot onto the array. A target was temporarily placed 

on the front of the lamp as an aid to focus. A rough focus was ob

tained by sharpening the contour of a line of pixels while observing 

the output on an oscilloscope. After the pinhole was mounted on the 

light source image frames were captured and displayed by the computer 

to verify the state of focus. 

At this point a searching algorithm was installed in the test 

software to aid in finding the spot. This allowed the user to specify 

a threshold amplitude and list the brightest pixels. After the sorter 

gave the number of the brightest pixel, the pixel-reading option dis

played the amplitude of that pixel. In all cases the spot had blooming; 

that is, the spot image had a thin tail several elements long down the 

column. The data are listed in Table 2. These values were obtained 

with a 1 microsecond clock period (a 2 microsecond pixel period). 

When plugged into equation (6.1) the values gave an average CTE=0.99954; 

that is somewhat poorer than the value quoted by the manufacturer of 

from 0.99990 to 0.99997 (Texas Instruments, 1983). The CTE improves 



with pixel rate and the Texas Instruments value was obtained at a pixel 

rate of 5.8 megahertz versus the clock driver - limited 0.5 megahertz 

rate used here. 

Knowing there are 584+390 transfers, a CTE = .99954 and an 

average signal of 348,000 electrons, equation (3.8) predicts a bulk 

noise of 558 electrons. 

Table 2. Charge transfer efficiency measurements. 

Run # Pixel Amplitude Transfers CTE 

1 8207 4074 

5615 4631 258 .999534 

2 24528 8921 

16106 12646 642 .999541 

6.3 Conversion Efficiency 

The conversion efficiency (CE), sometimes called conversion 

gain, is a measure of how well a packet of electrons are converted to 

an output voltage. In order to make the CE measurement, the Keithley 

electrometer is attached to the reset circuit as shown in Figure 15. 

When the CCD is operating the reset current flows through the ammeter 

to the reset gate in order to equalize the charge held under the gate 

The current flowing through the ammeter is then a direct measure of 
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Figure 15. Measuring conversion efficiency at the output stage. 
The current flowing through the electrometer is 
proportional to the charge packet size. 



the amount of charge held under the output diffusion, the signal charge 

packet. 

For increasing illumination, the video signal voltage was meas

ured from an oscilloscope, the corresponding electrometer current was 

recorded, and a plot of the signal voltage reset current was made as 

shown in Figure 16. The conversion efficiency was calculated from 

CE = qF , (6.2) 

where the term in parentheses is the slope of the straight line portion 

of Figure 16, q is the charge on the electron, and F is the reset fre

quency. The conversion efficiency for this virtual phase device was 

.87 + .04 microvolt/electron that compared favorably with the manu

facturer's typical value 1.0 microvolt/electron (Texas Instruments, 

1983). 

Due to clock feedthrough a small signal is present on the 

video line even when the shutter is closed. This extraneous signal 

is probably the cause of the small voltage offset seen in Figure 16. 

On one measurement trial of the conversion efficiency, the 

correlated double sampler signal reading was recorded rather than the 

signal voltage at the oscilloscope. Equation (6.2) can be manipulated 

to give an expression for the system gain when the CDS output is used 

as 

G * (a) '• (6'3) 

where G is the system gain, and AADU is the difference in analog-to-

digital units corresponding to Al. The calculated result is that the 



72 

.5 

.4 

.3 

. 2  

. 1  

Nanoamps 

50 

0 

0 10 20 40 30 

Figure 16. A reset current versus signal voltage plot. 
The slope of this line is used to determine the conversion 
efficiency. 
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system gain is 68 electrons/ADU. This value will be compared in 

Section 6.5 to the value deduced from the mean-variance curves. 

6.4 System Noise Test 

Every stage in the extraction of the signal contributes noise to 

the final measured value of the signal. The previous sections of this 

chapter dealt with measuring some of the noise types and the efficien

cies which are inherent to the device. The system noise is that noise 

contributed by the operating and measuring equipment of the test facil

ity and is also called read noise. 

The noise due to the entire console was measured at 11 ADU, as 

listed in Table 3. This number was obtained with the entire facility 

operating, the CCD operating with the shutter closed, and with the com

puter averaging the signal values over the entire array. 

Table 3. System noise measurements. 

Case 
Description 

Single Pixel 
(ADU) 

Array Average 
(ADU) 

1. Only the CDS on 1.869 1.657 

2. Video drivers on, 3.512 4.212 
phases off 

3. All drivers on, 6.509 11.125 
shutter closed 
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It is possible to infer the noise contribution of the test 

facility components by turning an instrument off and noting the noise 

reduction. The noise amplitude is determined by root-sum-squaring of 

the individual amplitudes as mentioned in Chapter 3 that is, 

N = / Nl2 + N22 , (6.A) 

where N is the total noise and Nl and N2 are noise components. 

The minimum noise was obtained by having the correlated double 

sampler powered up with its input shorted. This meant that only the 

CDS was actually in the measured system. The result was about 1.7 ADU. 

The next step, turning on all the clock drivers except the 

virtual phase clock drivers, contributed another 3.9 ADU. 

The final step was to turn on the phase clock drivers. Here 

the phase clock drivers added 10.3 ADU of noise to the total noise. 

Measured values of the noise are listed in Table 3 for the 

cases mentioned above. These measurements were made for both the case 

of a single pixel (#5040) and the case of a spatial average over the 

array. 

The values in the table were taken after the system had been 

improved by: 

1. Heat-sinking the amplifier circuit to the CCD mount. 

2. Completely re-wiring the environmental chamber internal 

circuits. 

3. Replacing clock drivers that had become electrically 

noisy. 
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4. Ensuring good thermal contact between the CCD chip and 

the copper heat sink. 

5. Anchoring the otherwise warm video output lead to one 

stage of the TE cooler to keep heat away from the CCD. 

6.5 The Mean-Variance Measurements 

The mean-variance curve of an imager displays the average signal 

and the square of the noise (the variance) as a function of the input 

irradiance. Figure 17 shows the three distinct regions of an idealized 

mean-variance curve. The three regions can be called the read noise 

region, the responsive region, and the saturation region. 

The region to the left side of the graph is the read noise re-

2 
gion. Here the variance is primarily the (read noise) . Operating 

the imager with the shutter closed provides a good data point in this 

region. The read noise varied from 11 to 36 ADU which corresponds to 

the value obtained for system noise in Section 6.4. 

As the irradiance increases the signal-related shot noise is 

the main source of increased noise. As the signal mean increases the 

curve turns upward; the device has entered the responsive region and 

the imager's response is proportional to the incoming light. The 

straight line in this region is a plot of the amplified signal versus 

2 
(shot noise) . In the ideal case the system would not contribute 

noise and the "read noise" floor would not occur. 

The linear portion of the curve has been described as (Mortara 

and Fowler, 1980) 

a2 = G S + G2N2 . (6.5) 



Log (Variance) 

• 

Shutter 
Closed 

Saturation 

Linear Region 

Read Noise 

Log (Mean) 

Detector 
Saturated 

Figure 17. A simplified mean-variance curve. 
The slope of the linear region is proportional to 
the system gain. 



Here a  is the variance, G is the system gain, S is the mean signal, 

and N is the RMS noise associated with the measurement electronics. It 

can be seen from equation (6.5) that the slope of the curve equals the 

system gain. 

The upper region is where the CCD is entering saturation and the 

curve is rolling over. The device is approaching maximum amplitude, and 

there is less room left in the well to accommodate variations in the 

number of carriers. At the end of the actual curves is a section not 

shown in Figure 17 where the variance is dropping with increasing sig

nal. By this point the well is nearly full and there is no room for 

the additional electrons which might have provided a variation about 

the mean. Eventually the well is full and the variance is zero. 

In approaching the mean-variance curve an attempt was made to 

measure the curve for single pixels. This data proved so erratic that 

even when the pixel reading was averaged over 50 samples, curves had 

spikes superimposed on the normal slope. It was therefore decided to 

use the array spatial average for all mean-variance curves. 

For this spatial average the virtual phase device showed an 

equivalent variance at saturation of 2x10^ ADU. This is a large number 

and the corresponding (measured) standard deviation is approximately 

500, so the data-taking run was altered to construct and display a 

mean-standard deviation curve. The standard deviation values were 

later squared before a linear regression technique was used to deter

mine the slope (G) of the mean-variance curve. 

The mean-variance curves were run several times between +25 and 

-7°C. The slope for different room temperature runs varied as much as 
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did the difference between room temperature and -7°C. That is to say, 

no temperature dependence could be found for the slope and therefore 

the system gain is a constant. 

Mean-variance curves taken with the red filter in the uniform 

irradiance source are so repeatable that only the two extremes (-5 and 

+25°C) are shown in Figure 18. Note that since Figure 18 shows the 

computer display it is actually a plot of the mean versus the standard 

deviation. 

The results of several mean-variance tests are compiled in 

Table 4. When the linear regression was applied to these curves to ob

tain a slope value the correlation coefficients were at least 0.90. 

Table 4. Mean-variance results. 

Trial # Temp Slope SC Value* Comments 

1 +25 149.8 292.8 

2 -5 160.3 217.6 

3 +25 151.3 621.5 No vacuum 

4 +25 180.0 685.0 No vacuum 

5 +25 149.0 472.0 No vacuum and 
subtract FPN** 

6 +6 147.0 - Subtracting FPN 

7 -7 131.0 - Subtract FPN 

*Value with shutter closed. **Fixed pattern noise. 
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Figure 18. Mean-standard deviation curves at two temperatures. 
a) Taken at room temperature. 
b) Taken at -5°C (without fixed pattern noise 

subtraction). 
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The average slope from Table 4 is 152.63 ADU. The correlated 

double sampler had a gain factor of 10 when the standard deviation was 

measured. Since the variance should have been measured with that gain 

factor, and since the standard deviation = /variance, the mean-variance 

slope was divided by /l0 to give a system gain 

G = 48.3 electrons/ADU. (6.6) 

That compares poorly with the value obtained in Section 6.3 from the 

conversion efficiency, G = 68 electrons/ADU, and gives an average con

version efficiency of 58 electrons/ADU. 

The gain was also used to describe the full-well capacity of 

the CCD. In the mean-variance tests the mean goes from 4400 to 6500 

in the responsive region. The difference represents a range of 2100 

ADU. With a gain of 58 electrons/ADU this means the signal range was 

122,000 electrons, and the full-well capacity was 377,000 electrons. 

The only difference between trials #1 and #2 was the operating 

temperature. The 30° drop in temperature represented a drop of 75 ADU 

in the noise floor. This represented a difference in dark current 

noise of 4350 electrons. (Dark current is the major noise having a 

temperature dependence.) This reduction represents 1.2% of the full-

well value obtained by cooling to -5°C. 

It would be useful to compare the shutter-closed values related 

to fixed pattern noise subtracting, but they were not always recorded. 

The value for trial #5 cannot be compared because the environmental 

chamber did not have a vacuum during that run. Comparing trials //3, 4 

and 5, the subtracted value represents about .7 of the normal value. 
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If the subtracting for the case of a good vacuum were to represent .7 of 

the value for run #1, then it would have netted 205 ADU. This means that 

the fixed pattern noise being subtracted was approximately 88 ADU, which 

represented 5100 electrons or 4% of the signal dynamic range. 

A second virtual phase device was obtained as a check on the 

first CCD. Tests performed on this second device generated identical 

curves with slopes of 135. It therefore seems that the device which 

was tested was typical of virtual phase technology when operated under 

the conditions used here. 

In summary, the tests performed on the virtual phase CCD and 

test facility showed that: 

1. If fixed pattern noise is reduced by subtracting a 

reference frame from the image plane, then the spatial 

uniformity of the array will be: 

a) + 1% after 1 hour 

b) + 2% after 3 hours. 

2. The charge transfer efficiency is CTE = 0.99954 + .00001 

3. The conversion efficiency is CE = .87 + .04 microvolt/ 

electron. 

4. The system gain is 58 electrons/ADU + 10 

5. The system noise is 11 ADU or 638 electrons. 

6. The device dynamic range is 122,000 electrons. 

7. The full well potential for this device is 377,000 

+ 10,000 electrons. 



CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

The primary objective of testing and evaluating a virtual phase 

CCD imager was achieved. It had been hoped that the imager would have 

highly uniform responsivity and low noise, but this was not the case. 

The performance specifications can be broken down into two categories, 

the light source and the CCD itself. 

The light source was an Ealing Tungsten-Halogen lamp model 

#27-1411. The lamp had been modified to produce a critical illumination 

configuration giving at least +1.2% nonuniformity over the 1" field 

in which the CCD resides. The irradiance at a given position was re-

peatable to 1.3% after 4 hours time, and to 1.8% after 24 hours time. 

The lamp intensity level itself was not entirely repeatable and 

contributed to the 1.3 to 1.8% error mentioned above. Therefore a ref

erence detector was placed in the beam and used to monitor the relative 

power levels occurring during the CCD tests. 

In the tests of the CCD the virtual phase device was found to 

have: 

CTE = .99954 + .00001 (per transfer) 

CE = 0.87 yv/electrons + .04 

Dynamic range = 122,000 electrons 

Well capacity = 377,000 + 10,000 electrons 

82 
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For the CCD/console combination the gain was found to be 58 electrons/ 

ADU and the system noise was 638 electrons. 

The fixed pattern noise can be removed by subtracting a refer

ence frame from the video frame. Tests conducted at room temperature 

and with the CCD response in the middle of the linear part of the mean-

variance curve showed that even though the noise level is high, the 

noise is reduced to + 2% when a new reference frame is taken every 3 

hours. If a new reference frame is taken hourly the noise is reduced 

to + 1%. 

The noise in general is cataloged in Table 5. This table in

cludes values predicted in Chapter 3 for a "typical" CCD, and values 

estimated from the tests of this specific device. From the measure

ments the mean signal level is assumed to be 6000 ADU and the noise 

level is at 250 ADU. 

Table 5. The noise budget (in electrons). 

Chapter 3 Chapter 6 
Noise Type Prediction Result 

Photon 100 4470 

Fixed pattern 400 5100 

Spurious charge 350 (12,000) 

Dark 54 4360 

Bulk trapping 95 558 

System + Amplifier 9 638 

552 14,500 
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The photon noise calculated from equation (3.1) is 77 ADU. The 

fixed pattern noise is determined in Section 6.5 to be 88 ADU. The 

spurious charge is the largest noise in virtual phase devices but was 

not directly measurable. The dark current was shown in Section 6.5 to 

be 75.2 ADU or 4360 electrons. The bulk trapping is calculated from 

the CTE, as described by Section 6.2, as 558 electrons. Finally, the 

system noise was shown to be 11 ADU (638 electrons) in Section 6.4. 

Although the value of spurious charge was not measured, it was 

deduced from the total noise. At a signal level of 6000 ADU the typi

cal noise was 250 ADU, or 12,000 electrons. Subtracting the table 7.1 

noise values in quadrature gives a spurious charge noise of 12,000 

carriers. This is very high at 9.8% of the dynamic range and verifies 

the earlier impression that the virtual phase device should be run with 

tri-level clocks in order to reduce the influence of spurious charge 

noise. 

Some improvements that should improve the results of any further 

testing, whether applied to the virtual phase array or to any CCD at 

the test console are: 

1. The environmental chamber needs better cooling to reduce 

the dark current. This can be achieved by a 3-stage TE 

cooler or by water-cooling the chamber bottom. 

2. A more uniform light source should be built. When an 

array uniform to .1% is obtained a source of the same 

uniformity will be required. 



The stepper motor installation should be modified. The 

use of counterweights could reduce the problem of step 

slippage along one axis and of no movement along the other. 

The turning mirror should be replaced. It appears to be 

scratched, which will contribute some nonuniformity to the 

illumination. 

More automation is required of the software. Although the 

program evolved during the tests, it would be desirable to 

have mean-variance values stored and printed out, and 

possibly to have other types of tests added to the menu. 

Three-level clocking must be used. Not only will this 

lower the spurious charge associated with virtual phase 

devices, but many newer CCD's perform better when run 

from tri-level clocking. 



APPENDIX A 

THE TIMING PATTERN USED FOR ALL 

TESTS ON VIRTUAL PHASE CCD'S 
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