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ABSTRACT 

An analytical model is proposed to simulate charge transfer in GaAs 

Cermet-gate Charge-Coupled Devices (CCDs). Expressions are derived for 

the potential profiles under the gate electrodes. To simulate charge t ransfer, 

the values of the fringing fields under the gate electrodes are required and 

they are computed based on the solutions of the two-dimensional Poisson's 

equation. A one-dimensional t ransport equation is used to study charge 

transfer between the adjacent electrodes. 

The effects of device geometry , channel dopings and profiles on the trans­

fer times have been investigated . The fundamental speed limitations related 

to velocity saturation in GaAs CCDs are explored . 

An equivalent circui t model for a GaAs CCD is developed based on the 

analytical model. This model includes the input and output circuits and 

can be simulated using SPICE as the simulator. Typical simulations using 

the equivalent circuit model are found to compare favourably with analytical 

results for a much reduced computing time. Transient simulations of the 

charge transport have been carried out and proved to be highly satisfactory. 
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Chapter 1 

Introduction 

The concept of the charge-coupled device (CCD) was proposed in 1970 by 

Boyle and Smith [l] . The essential feat ure of their scheme was to store 

information in the form of electrical charge packets in potential wells created 

in a semiconductor by the influence of overlying electrodes separated from 

the semiconductor by a thin insulating layer. Under the control of external 

voltages applied to the electrodes, the potential wells, and hence the charge 

packets, could be shift d through the semiconductor. By introducing the 

charge packets at one point and detecting them at another , one could create 

a shift register or a delay line. 

The potential wells are capable of storing variable amounts of charge and 

hence the CCD is capable of providing analog signal delay. The fact t hat 

charge may be introduced into the potential wells by optical means, enables 

the CCD to act as an image sensor. 

Unlike all other integrated circuits, which could also be made in discrete 

forms, the CCD cannot be realized using discrete devices. Hence, one can 

say it is the first truly integrated circuit. 

The operation of a CCD is explained and illustrated m Appendix A. 
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In the following paragraphs , the basic principles of surface channel CCDs 

(SCCDs) and bulk channel CCDs (BCCDs) and the characteristics of Silicon 

and GaAs CCDs are introduced. 

The initial CCDs were surface-channel devices wh re the signal charge 

(in the form of charge packets) is stored and shifted along the potential wells 

formed at the interface between an insulator and a semiconductor. The chan­

nel is placed in a deep-depletion condition and potential wells proportional to 

the applied gate voltages, are generated to store and shift the charge packets. 

The SCCDs have a few shortcomings. Interactions with surface stat s at the 

interface cause the signal charge to be captured and subsequently emitted at 

a later time, resulting in a reduced transfer efficiency. In addition, the drift 

fields induced by the externally applied voltages are usually low, limiting the 

frequency of operation of SCCDs to relatively low values [2]. 

These limitations are overcome with the advent of the bulk channel CCDs 

(BCCD) [3]. The main advantage offered by BCCDs is that the signal charge 

now resides in the bulk of the channel and hence, the interaction with the 

interface states is reduced. This results in a higher transfer efficiency and 

a higher speed due to the increased carrier mobility in the bulk. Although 

bulk traps or recombination centers can also interact with the signal charge, 

their density is more controllable. 

The devices described above require an insulating layer on the semicon­

ductor on which the gate electrod s were formed. Whil this works well for 

Silicon, where an SiO2 layer of high quality can be formed on the semiconduc­

tor with a controllable level of interface states, it is not as easy to produce a 

similar insulating layer for other semiconductor materials. Functional CCDs 

have indeed been built using a wide variety of semiconductors such as Ge 
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[4), InSb [5), GalnSb [6] and HgCdTe [7]. GaAs is a semiconductor on which 

a native oxide of high quality cannot be obtained as easily as in Silicon. In 

order to make use of the superb physical properties that GaAs has to offer 

as a semiconductor, such as a very high electron mobility and the availabil­

ity of a semi-insulating substrate, the concept of Schottky-gate CCDs, first 

suggested by Schuermeyer et al. [8), was utilized. One of the earliest imple­

mentations of Schottky-gate GaAs CCDs was report din 1978 by a research 

group at Rockwell [9]. 

One of the main reasons in using GaAs as a CCD material is the higher 

electron mobility observed in comparison with Silicon. Room temperature 

electron mobility as high as 5000-6000 cm2 /V.s has been observed in GaAs in 

comparison with the value of 750 cm2 /V. s in Silicon. Furthermore, another 

important factor in choosing GaAs is the possibility of adding to the CCD 

high-speed peripheral amplifier circuitry. In most CCDs , the operational 

frequency is limited by the on-chip output amplifier, typically to around 100-

200 MHz in Silicon [10]. In GaAs, however, MESFET amplifiers operating 

at frequencies such as high as 20 GHz can be built [11] . Since they use 

the same technology, it is possible to integrate the CCDs and the amplifier 

circuitry on the same chip. It is now possible to have CCDs with operational 

frequencies above 1 GHz if GaAs is used as the substrate. As a cons quence, 

high-speed analog signal processing automatically falls within the domain 

of GaAs CCDs as potential applications . Another advantage in using GaAs 

technology for building CCDs is the low parasitic line capacitances associated 

with the semi-insulating substrate. Semi-insulating GaAs substrate typically 

has resistivities of around 108 fkm. Due to the reduced line capacitances, 

the power consumption is lowered . This is particularly crucial for high-speed 
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applications [10]. 

In the past few years, many groups have reported GaAs CCDs, operating 

in GHz range and demonstrated very high charge transfer efficiencies of up 

to 0.9999 for frequencies at or above 1 GHz [12, 13] . 

In Schottky-gate GaAs CCDs (also known as capacitive-gate CCDs), the 

width of the interelectrode gaps is an important parameter. Typically sub­

micron gaps are required so as to avoid the formation of energy troughs in 

the channel under the interelectrode gaps. These energy troughs can result 

in a significant reduction of the transfer effici ncy [14]. The trapped charge is 

usually released at a later time of the transfer or can be lost through recom­

bination. This problem is avoided if a suitable resistive material is used in 

the interelectrode gaps of the CCD. The resistive material acts as a surface 

potential divider for the CCD resulting in a monotonic variation of the sur­

face potential [15]. An equally important advantage in these resistive-gate 

CCDs is the relaxation of the requirements on the dimensional tolerance and 

one can work with wider interelectrode gaps . 

Cermet is one resistive material that has been used as the resistive gate in 

GaAs CCDs. The properties expected of a resistive material to be used in a 

CCD are a high sheet resistance ranging from a few kilo-ohms to a few mega­

ohms per square, a low-leakage Schottky contact to the semiconductor, and 

for imaging appli cations, transparency in the wavelengths of interest [15, 16]. 

Cermet is an insulator-metal composite material that exhibits most of the 

above properties. It consists of SiO (the insulator) and Cr (the metal) in 

its raw composition. The resistivity of cermet is a strong function of the 

relative weight percentage of the two constituents. Cermet-gate CCDs have 

been built and operated successfully at very high frequ ncies [12, 17]. 
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The cermet-gate CCD has been used in many signal processing applica­

tions. A high-speed GaAs detector array /CMCCD multiplexer [18] and a 

GaAs VHF /UHF agile bandpass filter [12] were developed at Rockwell Inter­

national Microelectronics Research and Development Center. A GaAs CM­

CCD signal processing system is presently being developed at TRIUMF (Tri­

U niversity Meson Facility, Vancouver) [19]. Other potential applications for 

high-speed signal processing work include fast readout imaging CCDs (linear 

and two-dimensional), regenerated delay lines for Gigahertz serial-access dig­

ital memory and radar correlation reference signal storage, fixed tap weight 

transversal filter for wideband spectrum analyzers, variable centre-frequency 

bandpass filters and continuously-variable tap weight transversal filters as 

fully variable (shape, bandwidth and frequency) analog filters [14]. 

To develop new applications for GaAs CCDs, a good understanding of the 

physics of the CCD is of supreme importance. Charge transfer is the most 

fundamental phenomenon that takes place in a CCD and a lot of researchers 

have been studying the mechanisms of charge transfer since the first time 

the concept of the CCD was proposed [20, 21, 22, 23]. The interplay of 

the different charge transfer mechanisms during different stages of transfer 

have been the focus of research. To design better devices and to optimize 

device performance, a study of charge transfer is essential. This is especially 

true in the the usage of compound semiconductors like Ga.As for high-speed 

applications. 

The development of new appli cations with CCDs as components of larger 

circuits, creates a need to simulate the devices using standard circuit simu­

lators like SPICE. For a functional device like a CCD, there is yet no simple 

equivalent circuit available that could mimic accurately, the process of charge 
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transfer . 

This thesis xplores the physics of charge transfer in GaAs CCDs. A 

GaAs cermet-gate CCD is used in the analysis. The effects of varying the 

technology parameters such as doping and device geometry are investigated. 

A simple model for charge transfer to account for the high-speed operation is 

analyzed and an equivalent circuit model for the CCD is proposed to address 

the need for simulation of Ga.As CCDs in an IC environment. 

The organization of this thesis is as follows. Chapter 2 considers the 

one-dimensional potential-charge relationship for an epitaxial CCD and an 

ion-implanted CCD. A numerical method to compute potentials in the CCD 

is also presented in this chapter. 

Chapter 3 presents a simple one-dimensional model for the charge transfer 

in a GaAs cermet-gate CCD. Charge transfer is simulated using the model 

for different device parameters and inferences are drawn on the effects of 

varying them. Fundamental speed limitations in a GaAs CCD are discussed. 

Chapter 4 proposes an equivalent circuit model for a GaAs cermet-gate 

CCD based on the analytical model for charge transfer that is presented in 

chapter 3. Simulation results on the charge transfer obtained from the ana­

lytical model and the proposed equivalent circuit model are compared. The 

transient simulation of a single-pixel CCD as a delay line is demonstrated. 

Appendix A illustrates the working of a CCD . Appendices B and C 

present a few implementation details of the equivalent circuit mod 1 for the 

GaAs cermet-gate CCD , using SPICE. 
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Chapter 2 

One-dimensional and 
two-dimensional potential 
profiles 

2.1 Introduction 

This chapter presents some theoretical background required to develop the 

charge transfer model for a CCD . To understand the physics of charge transfer 

in a CCD, the first step is to analyze th one-dimensional vari ation of the 

potential along the depth of a device. The structure of a GaAs CCD consists 

of a n-channel active layer which is typically 0.25 to 0. 50 microns thick on 

top of a Semi-Insulating (SI) substrat . For a given surface potential, the 

variation along depth determines the location of the signal charge. Due to 

charge-potential interactions, the value of the potential maximum wi ll change 

in the presence of signal charge residing at that location. In this chapter, 

analytical expressions are derived for the values of the potential maximum 

under a gate electrode of a CCD for two different dopant profiles. The 

results obtained will be used in the calculations for charge transfer presented 
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in Chapter 3. 

The device structure of a section of a GaAs cermet-gate CCD that has 

been considered for analysis, is shown in Fig. 2.1. The two different dopant 

profiles considered are i) a uniform dopant profile (as in the case of an epi­

taxially grown CCD) and ii ) a Gaussian dopant profile (as in the case of an 

ion-implanted CCD). The one-dimensional potential profiles for these two 

cases are computed together with a simplified analysis of the SI GaAs sub­

strate. 

An important parameter in CCDs with finite electrode lengths is the 

fringing field that exist under the gate electrodes. This refers to the electric 

field due to the differences in the clock potentials applied . The fringing field 

is important in transporting the bulk of the stored charge in between the 

electrodes and to a large extent, it determines the time of transfer [23]. The 

values of the fringing field are obtained from two-dimensional solutions of the 

Poisson's equation for a fully depleted channel. The methodology adopted 

will be outlined in this chapter. 

2.2 One-dimensional potential profiles 

2.2.1 Uniform channe l doping 

The one-dimensional potential distribution in a CCD with a uniform dopant 

profile is derived as follows. vVe shall assume for simplicity, that the SI GaAs 

substrate is slightly p-type and fully depleted near the interface. Then-type 

active layer is also fully depleted and the signal charge when introduced will 

reside at the potential maximum in the channel or equivalently at the point 

of minimum electron energy. By keeping the signal charge within the channel 
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n-GaAs 
(Active layer) 

S.I. GaAs Substrate 

Figure 2.1: Device structure of a section of a GaAs cermet-gate CCD 

and away from the semiconductor surface, the interaction with the surface 

states is minimized. This allows for a minimum loss of signal charge during 

transfer. 

In the initial analysis, i t is assumed that signal charge is absent . The 

expressions for the potential maximum in the presence of signal charge are 

then derived as an extension of th analysis. The Poisson's equations relat­

ing the second derivative of the potential to the charge distributions in the 
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channel and the substrate are given by: 

(2.1) 

i < X :s; i + Xp (2.2) 

where t is the thickness of the active layer , Xp is the thickness of the 

depletion layer in the SI GaAs substrate, 'I/; is the electrostatic potential and 

Es is the permittivity of the semiconductor. Nd and Na are the donor density 

in the channel and the equivalent acceptor density in the SI GaAs substrate, 

respectively. 

The boundary conditions are 

'1/;(0+) 

'1/; (t+xp) 

'1/;(t -) 

d'lj; 
dx It-

0 

'1/; (t+) 

d'lj; It+ 
dx 

(2.3) 

(2.4) 

(2.5) 

(2.6) 

where Vg is applied gate voltage and <Pb is the barrier height of the Schot­

tky diode. Equation (2.4) specifies the value of the potential at the edge of 

the depletion layer and Equations (2.5) and (2.6) represent at the interface, 

the continuity of the potential and its derivative, respectively. 

The solution of the Poisson's equations is 

(2.7) 

'I/; qNa ( ))2 -- X - (t + Xp , 
2Es 

i < X :s; i + Xp (2.8) 
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The unknowns are Xn, the position within the active layer where the po­

tential maximum occurs, 1Pmax , the potential maximum, and Xp, the depletion 

layer thickness in the SI GaAs substrate. Note that so far, only the boundary 

condition at the edge of the depletion layer in the SI GaAs layer has been 

used. This leaves us with three boundary conditions to use for solving the 

three unknowns. The potential at the semiconductor-substrate interface, 'ljJ1 

is given by: 

(2.9) 

The potential maximum is then given by (from Equation (2.7) ): 

1Pmax 

and is equal to 

1Pmax (2.10) 

Using the following equations, 

'lp j 

t - Xn 

1Ps 
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a quadratic equation in 'l/J1 of the form 

results. Solving the above equation gives 

where 

The unknowns are now easily computed as : 

t- 'l/Jmax(2ts) 
(1 + 1lf: )qNd 

12 

0 (2.11) 

(2.13) 

(2.14) 

(2.15) 
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Figure 2.2: One-dimensional potential profiles under the gate electrode of a 
CCD with a uniformly doped channel, at different gate bias levels 

The potential profiles obtained for three different gate potentials for a 

CCD with an active layer of thickness 0. 5 µm and a uniform dopant density 

of 5xlo16 / c.c. are shown in Fig. 2.2. 

When signal charge is stored under the gate electrode, the potential profile 

under the gate electrode is changed, as the charge distribution gets altered. 

The signal charge is stored ini tially at the location of the potential maximum, 

and spreads out as more charge is introduced. At the same time, the value 

of the potential maximum also drops. The maximum charge that can be 

stored is fixed once values of Nd and t are chosen. It is approximately given 

by qNdt Coul/sq.cm. The approximation is due to neglecting the substrate­

channel depletion layer width. The Poi sson's equations when a signal charge 

13 



is present in the channel are given by: 

d2VJ qNd 
0 < X :S:: X 1 (2 .16) 

dx2 Es 

dz VJ 
0, X1 < X :S:: Xn (2.17) 

dx2 

d2VJ qNd 
Xn < X :S:: t (2.18) 

dx2 Es 

d2VJ qNa 
t < X < t + Xp (2.19) 

dx2 Es 

where x 1 and Xn are the locations between which t he signal charge resides in 

the channel. 

The solutions of the above equations are of the form 

VJ 
qNd 2 

0 < X :S:: X1 (2.20) VJmax - -
2
-(x - X1) , 
Es 

VJ VJmax, X1 < X ::; Xn (2.21) 

VJ 
qNd 2 

Xn < X ::; t (2.22) VJmax - -
2
-(x - Xn) , 
Es 

VJ 
qNa )2 t < X ::; t + Xp (2.23) - -(x - (t + Xp) , 
2Es 

The unknowns to be solved are x1 and Xn, the physical edges of signal 

charge spread, VJmax, the maximum value of the potential , and Xp, t he de­

pletion layer width in the SI GaAs layer. If Q s is the total signal charge 

introduced , then the additional boundary condition is given by: 

(2.24) 
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Figure 2.3: One-dimensional potential profiles under the gate electrode of 
a CCD for a given gate bias at different signal charge levels for a uniform 
dopant profile 

where Q s has the uni ts of Coul/sq.cm. The calculations for the unknown 

variables is very similar to the procedure previously used except that, in this 

case, one has to use t - d instead of simply t at appropriate places, where 

d = Xn - X 1 (2.25) 

For a CCD with a uniform dopant density of 5x1016 / c.c. in the channel, 

the potential profiles for three different signal charge levels and a gate bias 

of zero volts is plotted in F ig. 2.3. Note the reduction in the values of t he 

potential maximum with increasing signal charge levels. 
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2.2.2 Gaussian channel doping 

The active layer of a CCD is sometimes formed by ion-implantation. This is 

usually the case, when the CCDs are built alongside with an on-chip support 

circuitry comprising of MESFETs. It is possible to derive analytically the 

potential profiles for a CCD with a Gaussian dopant profile as in the case of 

an ion-implanted channel. The procedur is essentially the same as that used 

before except for the differences in the boundary conditions . The resulting 

expressions, however, do not turn out to be as simple. evertheless, the pur­

pose of this effort is to t ry as far as possible to obtain analytical expressions 

rather than having to resort to a complet ly numerical solution. In the case 

of an arbitrary dopant profile however, a numerical solut ion of the Poisson's 

equation appears to be inevitable. 

The Gaussian dopant profile is given by [24] : 

Q (x-R) 2 

N(x) = --exp(- P ) - Na o-v"ii 2o-2 
(2.26) 

where Na is the concentration of the acceptor in the substrate, Rp and 

o- are the implant range and straggle parameters, respectively and Q is the 

dosage of the implant. Here again , an assumption has been made that the 

SI GaAs substrate is slightly p-type. 

The interface between the active layer and the substrate can be defined 

as the value of x at which N(x) becomes zero. The Poi sson's equation to be 

solved is given by : 

qN(x) 
(2.27) 

If we assume that the potential reaches a maximum at the depth Xn, the 
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maximum value of the potential being 'l/Jmax and Xp gives the value of the 

depth at which the depletion region ends, then the boundary conditions are 

'l/J (O) v; = 11si - <Pb (2 .28) 

'l/J (xn ) 'l/Jmax (2.29) 

'l/J '( xn ) 0 (2.30) 

'l/J' (xp) 0 (2.31) 

'l/J (x p) 0 (2.32) 

Solving the Poisson's equation and usmg the boundary conditions as 

above, we have from Equations (2.30) and (2 .27) [24] 

where erf(x) is the error function defined as 

2 rx 2 

erf(x) = -fir Jo e-t dt 

From Equations (2.33) and (2.29) we have 

'l/J(x) = qQ( R )[ ·f(X - Rp) ·f(Xn - Rp)] qNa( )2 --x- P e1 --- -er --- +-x-xn 
2Es a~ a~ 2cs 

From Equations (2.34) and (2.28) we now have 
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qQ(J" R; ) ( (xn - Rp) 2 
)] 

- ./2i[exp(--
2 2 - exp -

2 2 + 1Pmax 
Es 7r (J" (J" 

(2.35) 

Furthermore, from Equations (2.33) and (2.31) we get 

(2.36) 

Using Equations (2.34) and (2 .32), we have 

0 

(2.37) 

Thus, we end up with the Equations (2.35),(2.36) and (2.37) to be solved for 

the three unknowns Xn, Xp and 1Pmax• Since the equations are not in a simple 

form, a numerical solution is unavoidable at this stage, unless some drastic 

simplifications by way of approximations are introduced. If we consider the 

values of the error function, it is noted that erf(2) is equal to 0.995 and erf(3) 

is equal to 0.99997. Hence, with typical values of Xp and R p in mind, we can 

safely assume that 

Thus, the first term in the left hand side of Equation (2.36) is approximately 

one. In this case, we have 

Q [ (Xn - Rp)] 
Xn + -N 1 - erf ./2 

2 a (J" 2 
(2.38) 
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Figure 2.4: One-dimensional potential profiles under the gate electrode of a 
CCD with a Gaussian dopant profile at different gate bias levels 

Therefore, the numerical solution boils down to sweeping through a set of 

values for Xn, finding out the corresponding value of Xp using the simplified 

expression derived above (Equation (2.38)) and then finally trying to match 

the values of '1/Jmax obtain d from Equations (2 .35) and (2 .37). The best fit 

determines the values of all the unknowns simultaneously. Using the method 

outlined above, the potential profiles for three different gate potentials are 

plotted in Fig. 2.4 for a channel of thickness 0.5 µm and an implant dosage 

of 2.5 x 1012 /sq.cm. 

When signal charge is introduced in the CCD channel, it will occupy the 

position under the gate electrode where the potential maximum occurs. As 

more charge is introduced, it will spread out, thus cancelling the space-charge 

in that portion of the active layer which it occupies. The Poisson's equations 
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in the three different regions are 

d2 'lj; qN(x) 
0 < X::; X1, (2.39) 

dx2 ts 

d2 'lj; 
0, X1 < X ::; Xn, (2.40) 

dx2 

d2 'lj; qN(x) 
Xn < X ::; Xp, (2.41) 

dx2 ts 

where x 1 and Xn are the locations along the depth within which the signal 

charge is confined, and Xp is the depth in the substrate at which the depletion 

region ends. The boundary conditions are 

'lj;( O) v; = Vg - <Pb (2.42) 

'lj; (x1) 'lPmax (2.43) 

'lj;(xn ) 'lPmax (2.44) 

'lj; ' (xp) 0 (2.45) 

'lj; (xp) 0 (2.46) 

'lj; ' (xn) 0 (2.4 7) 

'lj; '( x1) 0 (2.48) 

We also have the equation which relates the charge stored to the param­

eters x1 and Xn as given by: 

f x" N(x)dx 
l x1 

(2.49) 
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where Q s is the total signal charge introduced. The above condition can be 

simplified by using the exact Gaussian form of N( x) resulting in the equation 

If we assume that the solution of this problem takes the form 

the unknowns to be solved are Xi, Xn, Xp, and "Pmax · 

From Equations (2.48) and (2.39) we have 

Integrating Equation (2.54) and using Equation (2.43) we have, 

(2.50) 

(2.51) 

(2.52) 

(2.53) 

qQo- (x - Rp) 2 (x1 - Rp) 2 

---[exp(--'---------'-'--) - exp(--'------'--'--)]+ "Pmax (2.55) 
E8 ~ 2o-2 2o-2 

From Equations (2.55) and (2.42) we have 
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From Equations (2.41) and (2.4 7) we have 

Integrating Equation (2.57) and using Equation (2.44), we have 

-qQ( _ R )[ ·f( X - Rp) _ ·f( Xn - Rp)] qNa( _ )2 
X p eI r,:, er r,:, + 

2 
Xn X 

2t8 O"V 2 O"V 2 t 8 

qQO" [ ( (xn - Rp)2
) ( (x - Rp) 2

)] + .j2ir exp -
2 2 - exp -

2 2 + 'lpmax (2.58) 
ts 21r O" O" 

Now, on application of the conditions given by Equations (2.45) and (2.46) 

to 'l/;2 (x) as derived above, we have 

Q [ (Xn - Rp)] 
Xn + -N 1 - erf r,:, 

2 a O"V 2 
(2.59) 

0 

(2.60) 

The problem now is reduced to the solution for the four unknowns given 

by X1, Xn, 'lpmax and Xp using the four equations given by (2.50), (2.56) , 

(2.59) and (2.60). These four equations are solved numerically to obtain the 

potential profile in the presence of signal charge. Fig. 2.5 shows the variation 

of the potential with depth in a CCD at an applied bias of zero Volt for an 

ion-implanted channel. The implant range was 0.210 µm and the straggle 

was 0.086 µm (for silicon implant in GaAs at 240 KeV [25]). 
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Figure 2.5: One-dimensional potential profiles under the gate electrode of a 
CCD with a Gaussian dopant profile at a fixed gate bias and for different 
signal charge levels 

So far, the one-dimensional potential profiles under the gate electrode 

of a CCD for two different dopant profiles were studied. From the one­

dimensional potential profiles. it is possible to get an idea on the operation 

of the CCD. The signal charge always tends to reside at the location of the 

potential maximum or the energy minimum. By applying appropriate volt­

ages to the gate electrodes, it is possible to set up a potential maximum 

under any particular gate electrode and force the charge residing under the 

neighbouring gate electrodes to fall into it. By successively creating poten­

tial maxima under the gate electrodes in a particular direction, it is possible 

to facilitate unidirectional charge transfer. This is the basic mechanism of 

shifting signal charge along gate electrodes in a CCD. It is also seen that 
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the depth of the electron energy well is proportional to the difference of the 

applied gate potentials between successive gate electrodes. Since the poten­

tial maximum is a function of the signal charge, it would tend to increase 

under the transferring gate electrode and decrease under the receiving gate 

electrode during charge transfer. 

It is seen that the maximum charge that can be stored in a CCD is a func­

tion of the thickness of the channel and its dopant density. It is approximately 

given by qNdt in the case of an epi-grown channel and is approximately the 

same for an equivalent implanted channel. Physically, the maximum storage 

capacity is achieved when the charge begins to spill out through the Schottky 

gate or when the potential maximum is same as the applied gate potential 

minus the Schottky barrier height potential. One advantage of the Schottky­

gate CCDs over the MOS CCDs is the absence of blooming. Blooming is 

the effect in MOS CCD imagers, in which the charge in excess of the well 

capacity can spill over to the adjacent wells and smear out the image. This 

is avoided by the very nature of the structure of the Schottky-gate CCDs, 

where the excess charge is leaked out through the gate electrodes. 

The variation of the potential maximums in the channel along the length 

of the CCD provides the required drift field for charge transfer and hence the 

values of the potential maximum are very important in computing charge 

transfer. The expressions for the potential maximums derived in this chapter 

will be used to simulate charge transfer in Chapter 3. The channel-substrate 

interface of a CCD is more difficult to model owing to the complexity of the 

interface in the presence of traps . A simplified analysis of this interface is 

presented in the next section. 
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2.3 The semi-insulating GaAs substrate 

In the previous analysis of CCDs, an epitaxial or ion-implanted active layer 

was considered to be on top of the Semi-Insulating (SI) GaAs substrate. The 

substrate was treated like a p-type semiconductor near the interface in order 

to arrive at the potential profiles. The main purpose or advantage of the SI 

substrate in GaAs devices is that, it reduces the wiring and the bonding pad 

capacitances, making high frequency operation possible. The high resistivity 

of the substrate is obtained by the presence of deep lying impurities , which 

increase the resistivity by reducing the mobile carrier concentration. The 

main impurities that are introduced in the SI GaAs and their effects on 

trapping are considered in this section. 

It is generally accepted that there are up to four traps which are vital 

in determining the properties of SI GaAs. A deep donor level residing at 

about 0.8 e V below the conduction band edge, known as EL2 and a deep 

acceptor level that is caused by the introduction of chromium in the melt for 

compensation at about 0.8 eV above the valence band edge, are the two deep 

levels present. A shallow donor 1 vel associated with silicon and a shallow 

acceptor level attributed to carbon are also found in definite concentrations. 

The charge state of the substrate near the interface is essentially a function 

of the filling of these four levels [26]. If the trap filling is calculated based on 

the Shockley-Read-Hall model for recombination through a single level, the 

filling of a particular level is given by 

f 

where Ten and T ep are the time constants for capture and emission of electrons 
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and holes, respectively, and n 0 and p 0 are the electron and hole concentrations 

when the Fermi level is at the same energy as the trap level. Thus 

Et - Ei 
no ni exp[ kT ] 

and 

n2 
Po ' 

no 

If we assume that near the interface, the electrons outnumber the holes 

by a considerable margin, the relation for filling of a level is reduced to 

f 
n 

If Nas and Naa refer to the shallow and deep acceptor level concentrations 

and Nds and Ndd refer to the shallow and deep donor level concentrations, 

then for charge balance in the bulk of the SI GaAs, we have 

If fa and h refer to the filling of the deep acceptor and deep donor lev­

els, respectively and assuming complete ionization of the shallow donor and 

acceptor atoms, we have from the previous equation 

This equation can be solved coupled with the equation given by 

np 
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to obtain the electron and hole concentrations, and hence the values of la 

and h-
The net charge density in the SI GaAs near the substrate channel interface 

can be computed using the values of la and h assuming that these values 

hold even for the depletion layer width of the SI GaAs near the interface. 

The net charge density is then given by [26], 

Using the following data, 

Has 0.5 X 1016 
/ c.c. 

Naa 5 x 1016 / c.c. 

Nds 1 X 1016 
/ C.C . 

Ndd 1 x 1016 / c.c. 

Ev(Ndd) 0.66 eV 

Ev(Naa) 0.79 eV 

ni 1. 79 X 106 I c.c. 

the calculations as detailed above will yield 

la 0.11 13 

h o. 9318 

and a net negative charge density of 1.848 x 1014 
/ c.c. 

The above sample computation indicates a slightly p-type behaviour of 

the SI GaAs in the presence of substrate trapping. This behaviour of the SI 

27 



GaAs substrate has been used to explain a few of the characteristics of GaAs 

MESFETs such as back-gating, low-frequency oscillations and frequency­

dependent conductance [26 , 27]. 

There are however, significant differences between the behaviour of the 

channel-SI substrate interface and a p-n junction. A p-n junction is a bipolar 

device with holes and electrons being majority carriers on either sides of the 

junction, whereas the channel-SI substrate is unipolar with electrons being 

the majority carrier throughout. The space-charge region on the p-side of 

the p-n junction is formed by removing the holes and exposing the ionized 

acceptors, whereas in the channel-SI substrate interface, electron trapping of 

EL2 and an increase in the relative concentration of the ionized acceptors is 

the cause of the space-charge. Therefore, the response time is much longer 

for the latter and would correspond to either the capture or emission time of 

an electron from EL2 or the dielectric relaxation time whichever is larger. 

The important inference that results from a detailed analysis of channel­

SI substrate interface is that, the electrons are confined predominantly to the 

channel , which is very desirable for high-sp ed CCD operation [26, 27]. 

For further analysis of the charge transfer, it will be assumed for simplic­

ity, that the traps do not affect the signal charge. This is justified, considering 

the typical frequency of operation of GaAs CCDs. Signal charge is assumed 

to be confined to the channel, which has been the result from a more detailed 

analysis of the interface trapping effects [26]. 
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2.4 Two dimensional simulation of potential 

in CCD channel 

Usually, one-dimensional calculations in a CCD are sufficient to get approx­

imations of the channel potentials, the charge capacity and charge locations 

in the channel. However, one would have to resort to two-dimensional cal­

culations for the charge transfer from under the gate electrodes . The reason 

for this is that the finite electrode length will result in a fringing field ('edge' 

field) under the gate electrode, whereas a one-dimensional calculation based 

on a constant surface potential would suggest a zero fringing field. In actu­

ality, it is this fringing field that is most important in the transfer of the last 

fraction of the stored charge. In order to reduce the problem to a one di­

mensional (lateral) simulation of charge transfer, a knowledge of the fringing 

field is essential and this can be computed using a two-dimensional solution 

of the Poisson's equation. The values of the fringing field are then used to 

simulate the charge transfer, as shall be seen in Chapter 3. 

2.4.1 Device Geometry 

A unit cell of a CCD consists of three or two electrodes (for three or two phase 

devices, respectively) . It is subdivided into two regions, one corresponding to 

the active layer and the second being the semi-insulating substrate. Fig. 2.6 

shows the CCD unit cell used in the finite-difference computation. The Pois­

son's equation in two dimensions is discretized and a five-point computational 

kernel ( as shown in Fig. 2. 7) is used. The potential at each point is calcu­

lated, taking into account the potentials at the four adjacent points . The 

active layer is assumed to be totally depleted and occupied by the ionized 
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Figure 2.6: Device structure used in the two-dimensional simulation of po­
tentials in the CCD 

donors. The donor charge can be position dependent, depending on whether 

the dopant profile is uniform or not . The substrate is assumed to be devoid 

of any charge. This method of computation is essentially a :finite-difference 

approach [28]. 
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Figure 2. 7: The basic computational kernel used in the finite-difference com­
putation 

2.4.2 Discretization of Poisson's Equation 

Along the depth of the device, clx is the grid spacing in the active layer 

and dxi is the grid spacing between the i th and i + 1 th locations in the 

substrate. A uniform grid spacing of cly along the lateral direction is assumed. 

The discretized Poisson's equation yields the relation 
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in the active layer for a uniform grid spacing dx and the relation 
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in the substrate. 

The discretized Poisson's equation for the substrate has a non-uniform 

grid spacing along the depth direction. The reason for choosing a non­

uniform grid spacing in the substrate is to reduce the computation time 

since the potential distributions in the substrate are of a lesser importance 

as far as the simulation of charge transport is concerned. In the simulation, 

the following grid spacing in the substrate has been used: 

where K was a constant greater than one. 

2.4.3 Boundary Conditions 

At the top surface of the device , the gate electrode regions are initialized to 

the applied gate potentials with the Schottky barrier potential taken into ac­

count . In the interelectrode gap regions, a simple interpolation between the 

gate potentials on either side is done, assuming a uniform variation. The jus­

tification for this assumption comes from the transmission line representation 

of cermet layer, which results in a monotonic variation of the surface poten­

tial [29]. The bottom of the substrate is assumed to be grounded and hence 

the potential is set to zero. Periodicity is assumed along the left hand side 

and the right hand side of the unit cell. Continuity of potential is assumed 

at the interface between the active layer and the semi-insulating substrate. 
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2.4.4 The results of the two-dimensional simulation 

The potential at each of the grid points is computed using the finite dif­

ference approach and using the five-point computational kernel as outlined 

earlier. The recursive computation is performed till the difference between 

the potential values at any point obtained in successive iterations assumes a 

value below the tolerance limit of 0.001. 

2.4.4.1 Uniform profile 

To verify the correctness of the simulation results, the potential maximums 

obtained under the gate electrodes by the two-dimensional (2-D) method were 

compared with the values obtained using the approximate one-dimensional 

(1-D) analytical relationship given by: 

The above relationship is derived from the one-dimensional analysis presented 

in section 2.2.1 using the approximation that Na tends to zero, to approx­

imate the SI GaAs substrate. There is agreement to a fair degree, bearing 

in mind that the two-dimensional values are bound to be different from the 

one-dimensional results in any case. The comparison is tabulated for two 

different active layer thicknesses, in Tables 2.1 and 2.2. 

The plots of the channel potential as obtained from the two-dimensional 

simulation for the above two device structures ( as shown in Figs. 2.8 and 

2.9) clearly show that there exists a finite non-zero field under the equipo­

tential gate electrode region thus validating the belief that a charge transfer 

simulation indeed has to take into account of the fringing field. 
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3-Phase Device 

Gate length 
Gap length 

Nd 
Channel thickness 

2 µm 
2 µm 

5 X 1016 
/ C.C . 

0.50 µm 

I Gate Potential I Channel Potential ( 2-D) I Channel Potential (1-D) I 
ov 
-2 V 
-4 V 

6.83 V 
5.30 V 
3.85 V 

7.82 V 
5.82 V 
3.82 V 

Table 2.1: Comparison of channel potentials from 2-D simulation and 1-D 
computation for a channel thickness of 0. 50µm 

3-Phase Device 

Gate length 
Gap length 

Nd 
Channel thickness 

2 µm 
2 µm 

5 x 1016 /c. c. 
0.25 µm 

I Gate Potential I Channel Potential ( 2-D) I Channel Potential (1-D) I 

I O V I 103 V 
-2 V . -0.32 V 
-4 V -1.65 V 

I 164 V I -0.64 V 
-2.64 V 

Table 2.2: Comparison of channel potentials from 2-D simulation and 1-D 
computation for a channel thickness of 0. 25µm 
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Figure 2.8: Variation of Channel Potential along device (t=0 .50µm) 
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Figure 2.9: Variation of Channel Potential along device (t=0 .25 µm) 



2-Phase Device 

Gate length 
Gap length 

Nd 
Channel thickness 

2 µm 
2µm 

5 X 1016 j c.c. 
0.5 µm 

I Gate Potential I Channel Potential ( 2-D) I Channel Potential (1-D) I 

I O V I 7.08 V 
-2 V 5.66 V 

I 7.82 V I 
5.82 V 

Table 2.3: Comparison of channel potentials from 2-D simulation and 1-D 
computation for a two-phase CCD 

A two-phase device was also simulated and the potentials computed us­

ing the approximate one-dimensional relationship and the two-dimensional 

simulation are tabulated in Table 2.3 . 

2.4.4.2 Gaussian profile 

To verify the results of the two-dimensional computation of potential in the 

channel of a CCD for a Gaussian dopant profile, an approximate relation for 

the potential maximum is obtained and the potential maximums from the 

two-dimensional computation are compared with t hose given by the derived 

analytical relationship . From previous analysis, we have 

The above expression considered a substrate with a dopant density Na. 
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In order to modify this expression to account for the use of a semi-insulating 

substrate, we let Na assume the value of zero, realizing that at the same time, 

Xn assumes the value of the (fully depleted) channel thickness t . Hence we 

have the analytical approximation for the channel potential as a function of 

the gate voltage as 

qQ Rp [ (-RP) ( t - Rp )] Vg - <Pb - -- erf -- - erf ---'-
2Es av12, av12, 

qQa R; (t - Rp) 2 

+--[exp(--) - exp(----)] 
€8 ,,,/2i 2a2 2a2 

The above expression is for the empty well channel potential. To ob­

tain the potential in the presence of charge in the well, the value of t in 

the expression is simply replaced by t' , where t' is obtained by solving the 

equation, 

where ns is the charge at the location x . 

To facilitate a comparison of the two profiles, the total dopant charge in 

the channel was kept constant . The normalized set of parameters for the two 

profiles are given by: 

Nd= 5xl016 /c.c. 

Q = 2.5xl012 /sq.cm. 

Rp = 0.210 µm 

a= 0.086 µm 

t = 0. 5 µm 
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I Gate Potential I Channel Potential (1-D) Channel Potential (2-D) 

3.01 V 
4.36 V 
6.00 V 

Table 2.4: Comparison of channel potentials from 2-D simulation and 1-D 
computation for a Gaussian channel doping profile, Clock voltages are -4 V, 
-2 V and 0 V 

I Gate Potential j Channel Potential (1-D) j Channel Potential (2-D) 

-4 V 
-2 V 
-4 V 

2.44 V 
4.44 V 
2.44 V 

2.51 V 
4.09 V 
2.51 V 

Table 2.5: Comparison of channel potentials from 2-D simulation and 1-D 
computation for a Gaussian channel doping profile, Clock voltages = -4 V, 
-2 V and -4 V 

For a Gaussian dopant profile in the channel in a three phase device, 

the channel potentials obtained from the 1-D analytical relation and the 2-

D computation are listed in Tables 2.4 and 2.5. The two tabular columns 

pertain to two different sets of potentials on the clock phases. 

As can be observed from the tables, the values of the potential maximum 

as given by the two-dimensional computation are fairly accurate and compa­

rable to the values obtained from the analytical one-dimensional expressions . 

The variations of the potential maximum along the channel for a given set of 

clock voltages are shown in Fig. 2.10. The existence of fringing fields under 

the gate electrode is evident . 

38 



7 

6 

5 
Vmax(x) 

(Volts) 
4 

3 

2 
0 2 4 6 8 10 12 

Distance along device (µm) 

Figure 2.10: Channel potential along device for a CCD with a Gaussian 
dopant profile in the channel 

2.4.4.3 Fringing fields from two-dimensional sirnulation of poten-

tials 

It is evident that there exist finite fields under the gate electrodes, as observed 

in the plots of the channel potential in the CCDs. These fields are very 

crucial for charge transfer, especially in the final stages. Since charge transfer 

between successive gate electrodes is dependent on the charge motion under 

these low field regions under the gate electrodes, these fringing fields are 

indispensable if one were to attempt to simulate the charge transfer. 

Typically under a gate electrode, the fringing fields take on a minimum 

value at the centre of the gate electrode and assume increasing values away 

from the centre. For a typical set of parameters of a CCD with a Gaus­

sian dopant profile in the channel, the fringing field variation under a gate 
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electrode is plotted in Fig. 2.11. A plot of the positional variation of the 

inverse of the fringing field is shown in Fig. 2.12. It is observed that the 

variation is almost linear with position. This observation is very similar to 

those obtained by Carnes et. al. [23], wherein the values of the fringing field 

for a MOS CCD were computed. 

The linear variation of the inverse of the fringing field suggests that the 

fringing field as a function of the position along the gate electrode can be 

expressed by the relation 

Ej,min 

1 - kx 

where k is an appropriately defined constant and EJ,min is a function of the 

other device parameters . Although Fig. 2.11 shows the positional variation 

of the fringing field for a channel with a Gaussian dopant profile, the variation 

is very similar in the case of a uniform dopant profile and all the observations 

presented above hold good for this case also. 

A comparison of the average fringing field obtained under the right half of 

the gate electrode in a three phase device for uniform and Gaussian dopant 

profiles in the channel is presented in Table 2.6 . It is seen that for the use of 

a normalized set of parameters in the two cases, the fringing fields obtained 

from the simulations are comparable. Table 2.6 lists the values obtained 

for the " default" geometry i.e., gate electrode lengths (Lp) of 2 µm and 

interelectrode gap lengths (L9 ) of width 2 /-lm. The gate potentials are -4, -2 

and O volts. Values obtained by varying the parameters from these "default" 

values are also listed in Table 2.6. The "flow" mode refers to the use of -4, 

-2 and O volts for the three phases, resulting in charge motion from under 

the phase II electrode to under the phase III electrode. The "confinement" 
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Figure 2.11 : Positional variation of the fringing field under the gate electrode 

mode is when charge is confined to under the middle phase II electrode by 

the application of -4, -2 and -4 volts to the three phases. 

Although the values of the fringing field are comparable, the values ob­

tained for a channel with a Gaussian dopant profile are lower than that of 

t he uniformly-doped channel. The discrepancy may be attributed to the fact 

that although in principle the total dopant dosages are the same, not all the 

dopants are within the active layer in the case of the implanted channel. A 

small amount of dopants will reside outside of the assumed active layer thus 

accounting for the slightly smaller values of the fringing field in the implanted 

channel. 
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Figure 2.12: Plot of the inverse of the fringing field (1/ E1 (x)) versus distance 
under the gate electrode 
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Attribute E ! ,Gaussian EJ,uniform EJ,Gaussian EJ,uniform 
"Flow" " Flow" "Confinement" "Confinement" 
(V / cm) (V / cm) (V / cm) (V / cm) 

Default 2140 2217 1357 1320 
L 9 =1µm 3387 3466 2380 2270 

¼ates=-2,-1,0 V 1077 1146 703 718 

Table 2.6: Average fringing fields obtained from two-dimensional computa­
tion for uniform and Gaussian dopant profiles in the channel 



It is noted that a reduction in gap length results in a considerable increase 

in the fringing fields under the gate electrodes. A reduction in the magnitudes 

of the clock voltages used also brings about a proportional reduction in the 

observed fringing fields. 
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Chapter 3 

Charge transfer model and 
simulations 

3.1 Introduction 

In this chapter, we propose a charge transfer model for the GaAs CCDs. 

The model uses a one-dimensional finite-difference scheme to compute the 

charge transport and is simple to implement . For a GaAs CCD with finite 

gate electrode lengths, the fringing fields under the gate electrodes is an 

important parameter in the calculations. Our model computes the fringing 

fields based on the two-dimensional solution of the Poisson's equation for an 

empty potential well. It takes into account the three charge transfer processes 

in a CCD namely, the applied drift, the self-induced drift and the diffusion. 

The saturated v-E characteristics of GaAs is also included. By virtue of 

being a one-dimensional model, it is easier to include the effects of doping 

in the channel and to obtain exact or approximate analytical expressions for 

the channel potential as a function of the applied gate potentials. The charge 

transfer model and its implementation are detailed in this chapter. 
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3.2 Model for charge transfer 

For an n-channel CCD with a uniform channel doping Nd and a thickness t, 

the potential maximum in the lateral x-direction is written as [14] 

(3.1) 

where V( x) is the surface potential, </>b is the metal-GaAs Schottky barrier 

height, ns(x) is the sheet electron density of the signal charge and Es is the 

permittivity of GaAs . Equation 3.1 implicitly assumes that the signal charge 

resides near the channel-substrate interface. 

In the simulation of charge transfer for an ion-implanted channel with a 

Gaussian dopant profile, the potential maximum at position x for a surface 

potential V(x) is obtained by the solution of the one dimensional Poisson's 

equation and is given by: 

Vmax(x) 

(3 .2) 

where t' ( x) is the effective thickness of the depleted channel obtained by 

solving for every position x, the equation 

J, y=t N(y)dy 
y=t'( x ) 

Q [ erf ( t - RP ) - erf ( t' ( x) - Rp ) ] 
2 (J" v'2 (J" v'2 (3.3) 
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We have again assumed that the signal charge resides at the channel­

substrate interface. 

In both cases, the lateral electric field responsible for charge transfer is 

I E'(x) I OVmax(x) 
ax 

In a finite difference scheme, it is written as [30] 

I E'(x) I Vmax(x + 6 x) - Vmax(x) 
6x 

(3.4) 

(3 .5) 

The above computation does not result in any significant electric field 

under the transfer electrode if a strictly one-dimensional approach is taken. 

This is so since, for a constant surface potential, the channel potential is also 

a constant for a uniform charge distribution. As the drift field under the gate 

is absent in the above equation, the electric field is modified to be 

I E(x) I E ( ) 
Vmax(x + 6 x) - Vmax(x) 

f X + 6 x (3.6) 

where E1(x) is the average fringing field under the gate electrode obtained 

by the solution of the two-dimensional Poisson 's equation for the empty well 

condition in a fully depleted channel. This approach of using a separate 

additive term for the fringing field has been used before in a one-dimensional 

simulation for the surface Channel CCDs [31, 32] . It is being extended here 

for a GaAs CCD. The electron flux F(x) from position x to x + 6 x, is given 

as 

(3 .7) 
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It is noted that the first term in the right hand side of the above equation 

refers to the flux due to the effective drift field, which is a combination of 

the applied and self-induced drift fields. The second term is simply the flux 

arising due to thermal diffusion of carriers . 

The time-dependent electron densi ty at position x is updated in every 

iteration using 

F(x - 6. x ) - F(x) 
ns(x, t + 6.t) = ns(x, t) + 6.x 6.t (3.8) 

The electron velocity as a function of the electric field is modeled as [33] 

v(E) 
µOE 

(3 .9) 
J l + ( µoE )z 

Vs 

with 

_.]L Vz 
(3.10) Vs V1e E 1 + ( E )B 1+ -E2 

where µ 0 is the low field electron mobility and Vs is the saturation velocity. 

E 1 ,E2 ,B,v1 ,v2 are empirical constants . The electron diffusivity is assumed to 

vary as [33] 

(3.11) 

where D 0 is the low field electron diffusivity, and D1 , Ep and A are empirical 

constants. 

Table 3.1 lists the values of the constants and the range of the device 

parameters used in the calculations. The values of the constants v 1 , v2 , E 1 , 

E 2 , B, D1 , Ep and A are from Ref. [33]. The grid spacing 6.x was chosen 
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\ Parameter I Value 

V1 4.77x10 7 cm/ sec 

V2 3.24x 10 7 cm/ sec 
E1 1644 V /cm 
E2 130.5 V / cm 
B 0.32 

D1 312 sq.cm. / sec 
Ep 3394.8 V /cm 
A 1.82 V /cm 

8.x 0.125 µm 
!J.t 0.02 ps 
µo 5000 sq.cm/V.sec 
t 0.25-0.75µm 

LP 2.0µm 
Lg 2.0µm 

Nd lx1016-lx10 17 / c.c. 
Q l.5x1012-2.5x10 12 / sq.cm. 
Rp 0.210µm 
(5 0.086µm 

Table 3.1: Constants and Device parameters used in the simulation 

to be 0.125 µm although a smaller value could be used for higher accuracies. 

The time step used was 0.02 ps in most of the simulations. Using a larger 

time step could introduce oscillations and give unreliable results . 

3.3 The simulation 

A single pixel of a three-phase CCD structure was considered. The effects of 

surface-state traps and interface traps had been neglected. This was justi­

fied considering the high operational frequencies of the GaAs CCDs. Signal 

48 



Field 
(KV / cm.) 

3 

2 

1 

0 

-1 

-2 

-3 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 
Distance along device (in µm) 

Figure 3.1: Electric field distribution under the middle electrode for charge 
confinement 

charge was assumed to be confined initially under the middle electrode by 

the application of blocking potentials to the two outer electrodes. 

The simulation of empty well channel potential in two dimensions for a 

gate voltage configuration so as to confine charge under the middle electrode 

has an almost triangular variation. This seems to suggest a bilaterally expo­

nentially decaying charge distribution, that balances out drift and diffusion 

of the initial charge. Fig. 3.1 shows the electric field distribution under the 

middle electrode for an empty well, when the biasing is so as to confine charge 

under the middle electrode. ote that although the empty well potential will 

be perturbed by the presence of charge, the difference can be neglected for 

simplicity of analysis . 

Thus the initial charge distribution under the middle electrode can be 
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computed by solving the equation 

where Ee is the average confinement field obtained from the two dimensional 

simulation. The solution of the above equation would yield a symmetric 

exponentially decaying charge distribution under the middle electrode given 

by: 

Charge transfer was effected by raising the potential at one of the outer 

electrodes. The charge moves from under the middle electrode to the poten­

tial maximum under the destination electrode. 

To investigate the effect of excluding the fringing field effect in the charge 

transfer, the time evolution of the stored charge was simulated without using 

the fringing field obtained from the two-dimensional calculations. The dif­

ference as shown in from Fig. 3.2 is quite substantial, especially for a large 

simulation time. Thus, it is important that the fringing field be included in 

the charge transfer calculations . 

To study the effects of the different device parameters on the charge trans­

fer, a 'normalized' transfer time for signal charge transfer from one electrode 

to another was defined. The 'normalized ' transfer time corresponds to a 

transfer inefficiency of 0.5% under the emptying electrode. This is computed 

by keeping a charge count at the edge of the emptying electrode. When 

99.5% of the stored charge has shifted out, the instant marks the 'normal­

ized' transfer time. We shall subsequently simply call it the transfer time. 

50 



Q •i9(t) 
Q ,;9 (0) 

1 

0.8 

0.6 

0.4 

0.2 

0 
0 

no fringing field -
with fringing field -

50 100 150 
Time of simulation (in ps) 

Figure 3.2: Effects of the fringing field on charge transfer 

200 

3.3.1 Charge transfer in the channel with uniform 

dopant profile 

For a CCD with uniform doping m the channel, the fringing fields were 

computed in two dimensions for different device parameters like the dopant 

density, the channel thickness, the electrode lengths and the interelectrode 

gap lengths. 

The average fringing fields under three neighbouring electrodes (split into 

the left and right half electrodes) for different interelectrode gap lengths are 

given in Table 3.2. A similar table with different channel thicknesses and 

dopant densities is given in Table 3.3. 

In the tables, the units are in microns for all lengths and the electric fields 

are in KV/ cm. 
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Nd 5 X 1016 
/ c.c. 

t 0.5 µm 

Lp Lg Gate Voltages E11 E1,. E21 E2,. E31 E3,. 
(µm) (µm) (Volts) 

2 2 -4 -2 -4 0.317 1.641 1.324 -1.315 -1.644 -0.320 
2 2 -4 -2 0 -3.372 0.836 2.208 2.226 1.046 -3.218 
2 1 -4 -2 -4 0.847 2.270 1.438 -1.428 -2.273 -0 .851 
2 1 -4 -2 0 -3.557 -0.107 3.460 3.471 0.568 -3.985 

Table 3.2: Fringing fields computed with different interelectrode gap lengths 
and applied gate voltages 

Gate Length 2 µm 
Gap Length 2 µm 

Nd t Gate Voltages E11 E1r E21 E2r E31 E3r 
(/c.c.) (µm) (Volts) 

5 X 1016 0.75 -4 -2 0 -3.535 0.834 2.696 2.701 0.852 -3.539 
5 X 1016 0.25 -4 -2 -4 0.102 0.944 0.844 -0.836 -0 .949 -0 .108 
5 X 1016 0.25 -4 -2 0 -1. 724 0.702 1.008 1.006 0.701 -1.655 
1 X 1017 0.50 -4 -2 -4 0.458 1.945 1.483 -1.482 -1.945 -0.458 
1 X 1017 0.50 -4 -2 0 -3.435 1.027 2.408 2.408 1.034 -3.417 
5 X 1016 0.50 -2 -1 -2 0.203 0.924 0.719 -0.717 -0.924 -0.203 
5 X 1016 0.50 -2 -1 0 -1.669 0.516 1.140 1.152 0.521 -1.659 

Table 3.3: Fringing fields computed with different channel parameters 



LP Lg Nd t Gate Voltages Q sig - peak itransfer 
(µm) (µm) (/c.c.) (µm) (Volts) (/sq.cm.) (ps) 

2 2 5 X 1016 0.50 -4 -2 0 2 X 1011 99 .84 
2 1 5 X 1016 0.50 -4 -2 0 2 X 1011 77.21 
2 2 5 X 1016 0.25 -4 -2 0 2 X 1011 191.66 
2 2 1 X 1017 0.50 -4 -2 0 2 X 1011 96.56 
2 2 5 X 1016 0.50 -4 -2 0 5 X 1011 114.20 
2 2 5 X 1016 0.50 -4 -2 0 1 X 1012 128.40 
2 2 5 X 1016 0.50 -4 -2 0 1.4 X 1012 146.08 
2 2 5 X 1016 0.50 -2 -1 0 2 X 1011 154.08 

Table 3.4: Transfer times in channels with uniform dopant profiles 

Using the values of the fringing fields given in Tables 3.2 and 3.3, the 

transfer t imes were computed and are given in Table 3.4. 

Note that as the interelectrode gap length decreases for a given gate 

length, the transfer time decreases . For example, the transfer time was re­

duced from 99.84 ps to 97.78 ps by reducing the interelectrode gap length 

from two microns to one micron. This was mostly due to an increase in the 

fringing fields for a reduced interelectrode gap length. The extent of the 

fringing field penetration from the adjacent gate electrodes becomes increas­

ingly prominent with decreasing interelectrode gap lengths . The variation of 

the fringing fields under the middle electrode as a function of the channel 

doping for three different interelectrode gap lengths is plotted in Fig. 3.3. Al­

though the fringing fields increase for decreasing interelectrode gap lengths , 

for a given gap length the fringing field tends to saturate both at the very 

high and the very low dopant densities. Hence for a given device geometry, 

the dopant density of the channel should be selected as a trade-off between 

increasing fringing field and a concomitant decrease in mobility due to carrier 
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Figure 3.3: Variation of the fringing fields with channel doping for different 
interelectrode gap lengths 

scattering. 

From Table 3.4, it is obvious that as the signal packet size increases, so 

does the transfer time. This appears to be due to the increase in signal 

charge that is left behind after the diffusion and self-induced drift effects 

have removed the bulk of the initial charge. Spatially, a large charge packet 

is also more spread out. 

A decrease in the overall electric fields , by reducing the relative gate 

potentials also results in an increase in the transfer time. Reducing the 

electric field by one half results in an increase of the transfer time from 99.84 

ps to 154.08 ps. This is a consequence of the reduction in the drift velocity. 

A decrease in channel thickness gives a decrease in the fringing fields 

under the gate electrodes and hence an increase in the transfer t ime. 
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Attribute 

Default 
t=0.25µm 

½ates =-2,-1,0 V 
Qsig,peak = 5 X 1011 / sq.cm. 
Qsig ,peak = 1 X 1012 / sq.cm. 

I 
it;·ansfer I 

_ (m ps) _ 

101.36 
147.58 
164.26 
114.08 
126.24 

Table 3.5: Transfer times for a channel with a Gaussian doping profile 

An increase in the channel doping also provides a marginal improvement 

in both the fringing fields and the charge confinement. This result is not 

very significant, although a higher channel can improve the integration of 

the peripheral circuitry and reduce the bulk trapping for a reduced charge 

spread in the vertical direction. 

3.3.2 Charge transfer in channel with Gaussian dop­

ing profile 

Studies on the analytical expressions for the one-dimensional potential under 

the gate electrode, two-dimensional simulations of the fringing fields and one­

dimensional simulations of the charge transfer were reported in the previous 

section for the case of a uniformly doped channel. Similar results could be 

obtained for the case of an ion-implanted channel. Table 3.5 lists the transfer 

times . 

As can be observ d from Table 3.5, a thinner channel results in an increase 

in the transfer times, due to a decreased in the fringing fields . A reduced clock 

potentials also results in an increase in the transfer time for the same reason. 

Finally, a larger charge packet always takes a longer time than a smaller 
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charge packet to get transferred as a result of the lesser lateral confinement 

of the charge packet . 

3.3.3 Comparison of charge transfer in the two dopant 

profiles 

To compare the performance of two different dopant profiles, a fixed quantity 

of dopant in the channel was imposed. The variation of the transfer times 

for charge packets of different sizes were also studied. In all cases, identical 

fringing fields were assumed. (Note: In all subsequent figures involving charge 

transfer, the origin of the x-axis starts automatically at the left hand edge of 

the phase I electrode.) 

Fig. 3.4 and 3.5 show the electric field distributions along the channel as a 

function of distance for two different signal charge levels . The figures show the 

electric field distribution at time = 0 and at the 'normalized' transfer time. 

Note the significant differences in the electric field under the interelectrode 

gap before and after charge transfer. Figs. 3.6 and 3.7 show the charge 

distributions before and after transfer for the two dopant profiles. The overall 

shapes of the charge packets at the end of the charge transfer are essentially 

the same although, in the case of the higher signal charge there is a wider 

spread. 

Fig. 3.8 shows the 'normalized' transfer times as a function of the charge 

packet size for epi-grown and ion-implanted devices. The 'normalized' trans­

fer times vary slowly with the size of the charge packets for both the epi­

grown and the ion-implanted devices. There were no appreciable differences 

atleast for small charge packets. The increase in the 'normalized' transfer 

times is due to the increase in the reverse charge flow in the larger packets 
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Figure 3.4: Drift fields before and after signal transfer for CCDs with Gaus­
sian and uniform dopant profiles for a small charge packet (peak density = 
2x1011 / sq.cm) 

or effectively, the smaller drift fields in the interelectrode gap (Figs. 3.4 and 

3.5) . 

For larger charge packets, it was observed that the transfer time increased 

drastically in the case of the epi-grown CCD in comparison with the ion­

implanted device. 

Charge transport in a CCD largely depends on drift and diffusion of the 

carriers. The drift contribution can be divided into the self-induced drift 

field, an effect related to the repulsion of similar charges in the charge packet 

and the drift field due to the applied clock voltages . To explain the difference 

in the computed transfer times in the two profiles for higher signal charge 

levels, the self-induced drift effect was examined separately. 
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Figure 3.5: Drift fields before and after signal transfer for CCDs with Gaus­
sian and uniform dopant profiles for a large charge packet (peak density = 
l.4x 1012 / sq.cm) 

From section 3.2 for a uniform dopant profile, the potential maximum is 

given by (Equation 3.1): 

The lateral drift field is 

I E(x) I OVmax 
ox 

8V(x) _ 2-(t- ns(x))dns(x) 
OX Es Nd dx 

oV(x) qt'(x) dns(x) 
ox Es dx 

(3.12) 
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Figure 3.6: Initial and final charge distributions for CCDs with Gaussian and 
uniform dopant profiles for a small charge packet ( transfer inefficiency=0.5%, 

peak density = 2x 1011 / sq.cm) 

where t'( x) is the 'effective' thickness of the depleted channel. 

For the Gaussian profile, the potential maximum is given by (Equa­

tion 3.2) : 

The lateral field is 

I E(x) I 

V(x)- <h- qQRp[erf(-Rp) - erf(t'(x) - Rp)] 
21:5 0"0, 0"0, 

qQa [ (-R;) (-(t' (x) - Rp) 2 
)] + r,c exp --

2 
- exp 

2 2 E5 y 21r 2a a 

OVmax 
ax 
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Figure 3. 7: Initial and final charge distributions for CCDs with Gaussian and 
uniform dopant profiles for a large charge packet (transfer inefficiency=0.5%, 

peak density = l.4x 1012 / sq.cm) 

aV(x) qQRp (-(t'(x) - Rp) 2
) dt'(x) + /4C .exp . --

ax Es<7Y 21r 2<72 dx 

aV(x) qQt'(x) (-(t'(x) - Rp) 2
) dt'(x) + /4C.exp .--

ax Es<7Y 21r 2<72 dx 
(3.13) 
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Figure 3.8: 'Normalized' transfer times as a function of the charge packet 
size for epi-grown and ion-implanted devices 

From Equation 3.3, the signal charge is given by : 

Differentiating this with respect to x gives 

dns(x) 
dx 

-Q (-(t'(x) - Rp) 2
) dt'(x) 

rr.=.exp 2 .-d-
av21r 2a x 

(3.14) 

Substituting dt'(x) / dx in Equation 3.14 into Equation 3.13, the drift field 

can be rewritten as 

I E(x) I 
oV(x) qt'(x) dns(x) 

ox Cs dx 
(3.15) 
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Figure 3.9: Positional variation of t'(x), the effective depleted thickness of 
the channel near the end of charge transfer 

Note that the two drift fields (Equations 3.12 and 3.15) have a similar 

form. The drift fields are seen to be comprised of two terms. The first term is 

the applied drift field given by the variation of the surface potential. Under 

the gate electrodes, it is the same as the fringing field. The second term is the 

self-induced drift contribution, which is essentially a correction to the first 

term. The factor t'( x) corresponds to the proximity of the signal charge to 

the metal-semiconductor or the cermet-semiconductor interface. During the 

initial stages of transfer, the second term is negative and it enhances signal 

transfer. During the final stages, the second term becomes positive and it 

reduces the effective drift field. A plot of the 'effective' thicknesses of the 

depleted channel t'(x) for epi-grown and ion-implanted channels at a transfer 
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Figure 3.10: Instantaneous net electron flux at the completion of 99.5% trans­
fer for CCDs with epi-grown and ion-implanted channels for a small charge 
packet (Initial peak density = 2x 1011 / sq.cm) 

inefficiency of 0.5% is given in Fig. 3.9. ote that the signal charge is more 

localized in the case of the epi-grown channel. This results in a smaller drift 

field ( due to larger values oft'( x)) and hence a smaller flux under the gate as 

given by Equations 3.12 and 3.15. Figs. 3.10 and 3.11 show the variations of 

the net electron flux along the length of the device. It is seen that the fluxes 

associated with the epi-grown channel are relatively lower compared to those 

of the ion-implanted channel, especially in the case of larger charge packets . 

Thus , in effect, the dopant profile used in the channel of a CCD is a 

determinant factor of the vertical signal charge confinement. The self-induced 

drift term, which modifies the fringing field drift term determines the rate 

of charge transfer, especially in the final stages and for larger signal charge 
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Figure 3.11: Instantaneous net electron flux at the completion of 99.5% trans­
fer for CCDs with epi-grown and ion-implanted channels for a large charge 
packet (Initial peak density = l.4x 1012 / sq.cm) 

packets. An ideal dopant profile should have a wide vertical spread such that 

the effective depletion capacitance associated with the space charge would be 

a maximum, thus aiding quicker charge transfer. As a sequel to comparing 

ion-implanted and epitaxial channels in CCDs, a recoil implanted device was 

also considered for charge transfer simulation. The results obtained for this 

case are presented in section 3.5. 
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3.4 Effect of velocity saturation on charge 

transfer 

GaAs exhibits a linear velocity-field relationship for low fields and a nega­

tive differential mobility for fields higher than a critical value. This unique 

velocity-field characteristics in GaAs is due to the intervalley trans£ r of elec­

trons ( charge carriers) at higher fields . For higher values of the electric field, 

due to an increase in kinetic energies, a fraction of the electrons will move 

from the high-mobility low-energy valley to the low-mobility high-energy val­

ley. The resultant net mobility is lower than the low-field mobili ty [34]. 

In this work, the electron velocity as a function of the electric field was 

modeled as 

v(E) 

with 

where µ 0 is the low field electron mobility and Vs is the saturation velocity. 

E1,E2,B,v1,v2 are empirical constants. 

Fig. 3.12 shows the typical v-E characteristic of GaAs. 

To simulate the effect of velocity saturation on charge transfer, the fring­

ing fields used in the simulation were increased beyond saturation. This was 

done by increasing the channel thickness. The effect of changing the active 

layer thickness for an epi-grown CCD was that, the 'normalized' transfer 

time increased with decreasing active layer thickness due to smaller fringing 
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Figure 3.12: Velocity-field characteristics of GaAs 

fields. The average fringing fields under the emptying electrode were 1.0, 2.2 

and 2.6 KV / cm, respectively, for active layer thicknesses of 0.25, 0.50 and 

0. 75 microns. The applied voltages were -4, -2 and O volts. As shown in 

Fig. 3.13, the 'normalized' transfer times d creased with increasing fringing 

fields, or effectively thicker active layers . 

Ideally, transfer time is inversely proportional to the drift field or t he 

fringing field. Deviations were, however , observed at high fringing fields for 

the epi-grown CCDs as shown in Fig. 3.13. This increase in transfer time 

was due to velocity saturation and presented an upper frequency limit for 

GaAs CCDs. Simulations also show d that an approximately linear transfer 

time-electric field relationship could be obtained if velocity saturation effect 

was removed by using a linear velocity-field characteri stics. This effectively 
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Figure 3.13: 'Normalized' transfer times versus inverse of average fringing 
field under the emptying electrode (1 / E1) for a CCD with a uniformly-doped 
channel 

resulted in a higher maximum velocity and was responsible for the lower 

transfer times in the ideal case. As shown in the figure , velocity saturation 

became important at around 2 KV/ cm, which corresponded to the field at 

which the velocity-field characteristics deviated from linearity (Fig. 3.12). 

Transfer time also decreased with larger applied gate potentials. This is 

shown in Table 3.6 for an epi-grown CCD. Higher clock voltages, however , 

may increase the power consumption and possibly the occurrence of gate 

breakdown [35] . 

From Table 3.6, it is noted that doubling the clock potentials from -2, 

-1 and O volts, results in a considerable improvement in transfer time. The 

improvement however is not significant on further increasing the voltages to 
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Gate voltages Peak signal charge itr 

(Volts) (/sq.cm.) (ps) 

-6 -3 0 2ell 98 .92 
-4 -2 0 2ell 100.02 
-2 -1 0 2ell 149.93 
-6 -3 0 5ell 110.14 
-4 -2 0 5ell 114.48 
-2 -1 0 5ell 171.24 

Table 3.6: Transfer times for different clock voltages for an epi-grown channel 

-6, -3 and 0 volts . This observation again can be explained by the velocity 

saturation effect. Thus, the velocity saturation effect can be a fundamental 

limitation to the maximum achievable speeds in GaAs CCDs. To a large 

extent, it forfeits the improvements in speed obtained using narrower gap 

lengths, narrower electrode lengths or even higher clock potentials. 

3.5 Charge transfer in a recoil-implanted de-
• vice 

A recoil-implanted dopant profile is assumed in the active layer and is given 

by [36] : 

N(y) (3.16) 

where Na is the background acceptor concentration, Ns is the surface dopant 

density and y5 is related to the defined active layer thickness, or junction 
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depth Yj, by the relation 

Yi 
ln( &) N, 

(3.17) 

Qualitatively, this profile can be seen to have a maximum dopant density 

at the surface and decay towards the substrate. In relation to the other 

profiles, one would expect signal charge to be more spread out vertically in 

this case. Extrapolating from the previous comparative analysis between the 

CCDs with Gaussian and uniform dopant profiles, charge transfer should be 

faster for larger signal charge packets . The reason for this would be reduced 

self-induced drift effect, which inhibits charge removal from the emptying 

electrode. 

To verify this, charge transfer was simulated for a CCD with a recoil-

implanted profile. As a first step , the one-dimensional Poisson's equation 

using this dopant profile was solved to obtain an expression for the potential 

maximum in the channel. Assuming that the signal charge resides between 

depths t' and Yi, where t' refers to the effective depleted thickness of the 

channel, the potential maximum is obtained as 

(3.18) 

If the signal charge at location xis given by n8 (x), then t' at that location 

is computed by equating the signal charge to the dopant density integrated 

between t' and x j · Mathematically, this is equivalent to 

(3 .19) 
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Using the dopant density as given in Equation (3.16), this is the same as 

solving a transcendental equation of the form 

(3.20) 

During simulation of charge transfer, the computation of the effective 

thickness of the depleted channel is performed along the device for every 

location using the position-dependent signal charge. The model used to 

evaluate charge transfer is essentially the same as that used before in the 

simulations for ion-implanted and epi-grown CCDs. The only difference is 

in the computation of the potential maximum. In order to facilitate a valid 

comparison between the various dopant files, the dopant charge in the channel 

was made the same in each case. To achieve this for the recoil-implanted 

dopant profile, the value of the surface density Ns was computed based on 

1Y=Yj N(y )dy = Q 
y=O 

(3.21) 

This amounts to solving for Ns from the equation 

Ns Q 
ln(-N )(-+Na) 

a Yi 
(3.22) 

Using a Q value of 2.5x 1012 /sq.cm. as in previous calculations, Ns was found 

to be 2.89x 1017 / c.c. A junction depth of 0.50 microns and a background 

acceptor concentration of l.0x1015 / c.c. had been assumed. 

The variation of the drift field was analytically evaluated to assess the 

variations of the self-induced and the applied drift fields. A result strikingly 
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Figure 3.14: Instantaneous net electron flux at the completion of 99.5% trans­
fer for CCDs with epi-grown, ion-implanted and recoil-implanted channels for 
a small charge packet (Initial peak density= 2x1011 /sq.cm) 

similar to the two other profiles considered was obtained. The effective drift 

field essentially is made up of the applied drift field and a second term which 

is the self-induced drift field term. The latter is a function of the effective 

thickness of the depleted channel and the positional variation of the signal 

charge. The effective drift field has the form 

I E(x) I aVmax 
ax 

aV(x) qt'(x) dn 5 (x) 
------

ax Cs dx 
(3.23) 

On performing the charge transfer simulations for this profile, the re­

sults obtained are very similar to the case of a Gaussian dopant profile. For 
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Figure 3.15: Instantaneous net electron flux at the completion of 99.5% trans­
fer for CCDs with epi-grown, ion-implanted and recoil-implanted channels for 
a large charge packet (Initial peak density = l.4x 1012 / sq.cm) 

smaller charge packets, similar transfer times were obtained for all the three 

cases considered (Fig. 3.16). The variation of net flux at the 'normalized' 

transfer time was also identical for smaller charge packets (Fig. 3.14) For 

larger charge packets, however, the recoil-implanted profile and the Gaussian 

profile resulted in lesser transfer times in comparison with the case of the 

uniform dopant profile. A plot of the net flux at the 'normalized' transfer 

time (Fig. 3.15) shows that the fluxes are also higher for the recoil-implanted 

device than the ion-implanted device. This could be explained by the higher 

drift fields in the recoil-implanted device resulting from the increased v rtical 

charge spread. The charge spread in the three different dopant profil s are 

shown in Fig. 3.17. The charge distributions before and after transfer for the 
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Figure 3.16: 'Normalized ' transfer time (at 0.5% inefficiency) versus charge 
packet size for a recoil-implanted CCD 

three different profiles with a given initial charge packet are shown in Fig. 

3.18. The charge profiles after transfer did not vary significantly in all three 

cases. 

Thus , as conjectured, the self-induced drift term which is a function of 

the effective depleted thickness of the active layer , proved to be a crucial 

factor in affecting the charge transfer, especially for larger charge packets. 
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Figure 3.17: Positional variation of the effective depleted channel thickness 
for epi-grown, implanted and recoil-implanted CCDs 
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Figure 3.18: Initial and final charge distributions of CCDs with Gaussian, 
uniform and recoil-implanted dopant profiles for a small charge packet (trans-

fer inefficiency=0.5%, peak density= 2x1011 /sq.cm.) 
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Chapter 4 

An equivalent circuit model 
for a GaAs CCD 

4.1 Introduction 

In this chapter, an equivalent circuit mod 1 is proposed for the charge transfer 

in a GaAs CCD . This work addresses the problem of modeling the CCD 

for use in integrated circuits design. An equivalent circuit model for the 

CCD has the advantage of being easily adaptable to usage in standard IC 

simulators, like SPICE and it allows fo1: in-situ simulations when the CCD 

is a part of a larger circuit. Previously, a number of authors have made 

different contributions to the modeling of the CCD [37, 38] using equivalent 

circuits and their work was mainly focussed on earlier versions of the device 

(MOS Surface channel CCDs) that did not operate at a very high speed. 

The equivalent circuit model used in this work is based on a physical model 

developed earlier, and detailed in chapter 3. 

The key elements of the CCD are the transfer (gate) electrodes which were 

modeled as distributed capacitors. Charge transfer is facilitated by current 

sources linking the capacitors . Bidirectional charge transfer in the CCD was 
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included and the current sources were modeled to mimic the effects due to 

fringing field, diffusion and self-induced drift. Velocity saturation for GaAs 

was taken into account and standard I/O circuits were also included. 

The results obtained have indicated a less than 21 % worst case difference 

in the charge transfer inefficiency ( of about 0.02 % ) between an analytical 

model and the equivalent circuit mod 1 and there were little noticeable dif­

ferences in the output charge distributions at the end of transfer. The com­

puting time required to simulate a given charge transfer was much smaller 

in the case of using the equivalent circuit model. 

4.2 Equivalent Circuit Model 

The analysis presented in this section pertains only to the case of a uniform 

dopant profile in the channel. 

If Qx(t) represents the charge stored at position x at time t, then the 

equation updating the charge at a position x is 

Q ( " ) _ Q ( ) Fq(x - !:::.x) - Fq(x) " 
X t + LJ.t - X t + 6.X .LJ.t 

At a given time t, the flux is written as 

FQ(x) = Qx v(E(x)) - D(E(x)) Qx+6.x - Qx 
6. x 

The drift field E( x) in Equation ( 4.2) is giv n by 

I E(x) I E ( ) 8Vmax(x) 
f X + ;:i ' ux 

under the electrodes 

OVmax( X) 
ax under the interelectrode gaps 

(4.1) 

(4.2) 

( 4.3) 
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where (from Equation (3.1)) 

oV(x) _ q (t- n8 (x))dn 8 (x) 
Ox Es Nd dx 

oV(x) qt'(x) dns(x) 
ox 

oV(x) 
ox 

dx 

( 4.4) 

In the above equation , t'( x) is the effective thickness of the depleted 

channel at position x, and Cx is th associated semiconductor depletion ca­

pacitance, i.e ., 

Es 
Cx = -( )w~x t' X 

(4.5) 

w~x represents the elemental area at position x, and w is the width of 

the channel. Note ns(x) = Qx/ qw~x . 

The drift field E( x) can now be rewritten using Equation ( 4.4) as 

I E(x) I under the electrodes, 

1 OQx ( ) Eapplied - Cx ox , under the interelectrode gaps 4.6 

where Eapplied is the applied electric field under the inter-electrode gaps 

and is assumed to be constant in a cermeted CCD [29] . 

Substituting for Fq from Equation (4.2) into Equation (4.1), we obtain, 
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Using the substitution Q x = Cx V x , where V x is associated with Cx, the 

above equation is simplified as shown below. (Although only the regions 

under the electrodes are considered, the same analysis can be applied to the 

regions under the interelectrode gaps, except for the term involving the drift 

field .) 

C dVx 
X dt 

D(E1(x))(Q -Q)-D(E1(x))(Q -Q ) + .6.x2 x- t::. x x .6.x2 x x +t::.x 

(4.8) 

The term on the left hand side of Equation ( 4.8) represents the current 

fl.owing into the capacitor C x and it is equal to the terms on the right hand 

side. Effectively, Equation ( 4.8) is the Kirchhoff current equation applied to 

node x . Fig. 4.1 shows the equivalent circuit representation of an elemental 

segment of a GaAs CCD . 

The current sources shown in Fig. 4.1 are given by 

i1 ,.x = 
v(E1(x)) 

t::. x Qx, under the electrodes, 

= 
v(Eappli ed) Q 

tl. x .x, 
under the interelectrode gaps (4.9) 

i2,x = 
D(E1(x)) 

t::. x2 (Q x - Q x+c. x ) , under the electrodes, 

= 
D(Eappliedl (Q _ Q ) 

t::. x2 x x +C. x , under the in terelectrode gaps (4.10) 
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Figure 4.1: Equivalent circuit 1>£ an elemental segment of a GaAs CCD 

under the electrodes, 

under the interelectrode gaps (4.11) 

where µ' in Equation (4.11) is the effective mobility and is given by 

, v(E(x)) 
µ = E(x) (4.12) 

Note that the capacitance Cx appearing in Equation ( 4.8) is charge-dependent, 

i.e., Cx is given by 

Es 
-(-)w.6.x t' X 



where 

Es 
-wb.x 
t 

( qwb.xNdt)-1 

(4.13) 

The equivalent circuit presented here is implemented using the non-linear 

dependent source function as given by and simulated using SPICE3 ( Ver­

sion 3Cl, Released April 1989, University of California, Berkeley)[39] . The 

details of the implementation of the charge-dependent capacitance are given 

in Appendix B. 

4.3 Simulation Results 

A single CCD pixel with three phases was modeled. Charge transfer and its 

t ime evolution between the successive phases was considered. The results 

obtained were compared with similar results originally obtained from the 

analytical model. 

The position-dependent fringing fields were computed and used to gener­

ate the values of the current sources. The current sources representing the ap­

plied drift depended directly on the fringing fields under the gate electrodes, 

while in the interelectrode gaps, they depended on the constant electric fields 

given by the gradients of the applied potentials. 
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Simulations of charge transfer were effected by dividing each (2 µm long) 

gate electrode ( as well as the interelectrode gap) into 16 elemental sections 

( see Fig. 4.1). This was done so as to achieve a valid comparison with the 

analytical results obtained earlier, as the one-dimensional finite difference 

scheme also used a grid spacing of 0.125 µm. The equivalent circuit model 

is distributed in nature and its accuracy will depend upon the grid spacing. 

Our simulations had shown that a grid spacing up to 0.25 µm would give rea­

sonably accurate results. For a larger grid spacing, the results tended to be 

unreliable. In our simulations, capacitors with stored charge were initialized 

to the appropriate initial voltage values. The voltages of the elemental capac­

itors were also continuously monitored, to keep track of the charge evolution 

during transfer. 

Figs . 4.2 and 4.3 show the computed time evolution of a charge packet 

with an initial peak density of 2xl011 /sq.cm for the analytical model and 

the equivalent circuit model, respectively. As observed, there were only minor 

differences between the two figures. 

Table 4.1 lists the computed charge transfer inefficiencies at the different 

stages of transfer (50ps,100ps,150ps and 200 ps). It is observed that the 

transfer inefficiencies obtained by both the analytical and equivalent-circuit 

models are fairly close. Table 4.2 li sts the computing times (for a Sun 4 Spare 

station with 12.5 MIPs) using the two methods. From the observations, it 

seems that the computing times using the equivalent circuit model are more 

or less a function of the total number of nodes in the circuit, whereas in the 

analytical model, the computing times are proportional to the duration of the 

simulations. The differences in the transfer inefficiency were found to vary 

between 5-21 % while the savings in the computing times were reduced at 
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Figure 4.2: Evolution of a charge packet (peak density = 2 x 1011 / sq.cm) 
obtained using analytical simulation 

least by a factor of five, in the case of the equivalent circuit model. Thus the 

equivalent circuit model appeared to be computationally far more efficient. 

To examine the effects of the charge density on the models, F igs. 4.4 

and 4.5 show the charge distributions after 100 ps for a small charge packet 

(peak density of 5 x 1011 /sq. cm) and a large charge packet (peak density 

1 x 1012 / sq.cm), respectively. The differences again appeared to be quite 

small although, as expected, there was a wider spread in the distribution of 

the larger packet. 
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Figure 4.3: Evolution of a charge packet (peak density = 2 x 1011 / sq.cm) 
obtained using equivalent circuit model 

Charge packet peak size= 2x1011 / sq.cm. 

Simulation Time Equivalent circuit Analytical Difference I 
(ps) model model (%) 
50 0.096663 0.101065 4.36 
100 6.005874 0.005013 14.66 
150 0.000429 0.000394 8.16 
200 0.000247 0.000195 21.00 

Table 4.1: Transfer Inefficiencies at different transfer times obtained from 
the equivalent circuit model and the analytical model 
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Simulation Time Equival nt circuit Analytical 
model model 

(ps) (s) (s) 

50 38.5 217.70 
100 41.0 434.60 
150 42.7 648.80 

Table 4.2: CPU times consumed in the simulation of charge transfer using 
the equivalent circuit model and the analytical model 
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12 

Figure 4.4: Charge profiles after 100 picoseconds of transfer (peak density= 
5 x 1011 /sq.cm) 
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Figure 4.5: Charge profiles after 100 picoseconds of transfer (peak density= 

1 x 1012 / sq.cm) 

4.4 Modeling of the input and output cir­

cuits 

4.4.1 Input circuitry 

The input structure of a CCD typically consists of an input ohmic contact or 

a diode and one or two input gates [40 , 41]. An input structure for a GaAs 

CCD and its equivalent circuit model are shown in Fig. 4.6. 

The charge is initially inj ected into the first input gate through the ohmic 

contact. The first input gate is modeled as a capacitor and it is charged 

through the ohmic contact to a voltag proportional to the input signal. The 

time-constant of this R-C circuit is assumed to be small compared to the 
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Figure 4.6 : Input circui try of a GaAs CCD 
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"ON" period of the clock (say 200 ps) . Thus, when the first input gate is 

clocked high, a charge build-up is initiated. In the next instance, the clock at 

the second input gate goes high and the charge originally from under the first 

input gate now moves to the second input gate. This effect of unidirectional 

charge flow at the input is realized in the::equivalent circuit by placing a 

switch between the two input gates. The switch will open once the clock to 

the first input gate goes low and the se_cond input gate goes high. Such a 

mechanism of charge injection is similar to the diode cut-off method [41]. 

To estimate the input capacitance Cinp , the depletion capacitance of the 

first input gate is given by 

( 4.14) 

With L = 2 µm, w = 10 µm and t = 0.5 µm, 

Cinp = 4.63 fF 

The resistance associated with the input contact is the same as that of the 

source or the drain resistance of a MESFET. Assuming a typical value of 900 

Ohms.sq.micron, for an input contact area of 2 µm by lOµm, the resistance 

would be 45 Ohms. This value of the resistance is typical for a depletion 

mode GaAs process [42]. The time constant was computed to be 0.23 ps, a 

value indeed small compared with the " ON" period of the clock (200 ps). 

The simulation of the equivalent circuit at the input section was per­

formed. The charge packets under the second input gate for three different 

values of the input voltage were computed. Fig. 4. 7 shows the charge dis­

tributions. As observed, the charge p ak densities were almost proportional 
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Figure 4.7: Charge packets obtained at the input 
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to the input voltages . Table 4.3 lists the quantities of charge computed at 

the second input gate for five different input voltages . The voltage to charge 

conversion efficiencies were moderately linear. 

4.4.2 Output circuitry 

The output stage of a GaAs CCD typically consists of an output gate and 

an output ohmic contact . The capacitance associated with the output ohmic 

contact Cop is charged up every t ime a charge packet arrives at the output 

gate. The voltage buildup in this capacitor is a measure of the size of the 

output charge packet and is usually coupled to the external circuits through a 

MESFET source-follower amplifier. The source-follower amplifier essentially 

isolates the CCD from the external circuits. Every time before the arrival 
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Input Voltage Charge injected 

( Volts ) ( x 10-15 Coul. ) 

0.5 2.39 
1.0 4.94 
1.5 7.70 
2.0 10.71 
2.5 14.06 

Table 4.3: Charge computed at the second input gate for different input 
voltages for a clock pulse width (0 time) of 200 ps 

of a new charge packet, the voltage at the output ohmic contact is reset to 

zero through a reset MESFET. The capacitance associated with the output 

contact is actually the parasitic capacitance of the voltage source follower 

amplifier and that of the reset switch. Assuming that the contribution of 

the reset switch is small enough to be neglected ( this is possible by using 

a minimum geometry MESFET), the effective capacitance is mainly due to 

the input capacitance of the source follower amplifier and is given by [42] : 

Cop = Cas( l - Av)+ CaD 

Using typical values for an ion-implanted, depletion mode GaAs process 

[42] for Gas and CaD and with an average gain of 0.95 for the voltage source 

follower amplifier, the value of Cop was computed to be 20.4 fF. 

The device structure at the output and the equivalent circuit for the 

output section are shown in Fig. 4.8. To assess the linearity, the output 

voltage of the source-follower amplifier was computed for different sizes of the 

arriving charge packet. The results are listed in Table 4.4. As observed, there 
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Figure 4.8: Output circuitry of a GaAs CCD 
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Packet size CCD output 
( in 10-15 Coul. ) ( Volts) 

1.58 0.078 
3.96 0.194 
6.33 0.310 
7.91 0.388 
9.49 0.464 
11.86 0.580 

Table 4.4: Variation of the CCD output voltage with the size of the input 
charge packet for a clock pulse width (ON time) of 200 ps 

appeared to be a reasonable degree of linearity even though the charge to 

voltage conversion efficiencies were somewhat lower than the reverse process 

at the input. 

4.5 Simulations with clocking effects 

The simulations presented thus far only consider d one pixel of a three phase 

CCD and the charge transfer from one electrode to the next with fixed 

position-dependent fields. In the actual device, charge transfer is due to the 

clocking voltages applied to the electrodes . To mimic the clocking effect, the 

current sources between the elemental capacitors are made time-dependent. 

Thus, the current sources are now both spatial and time dependent and the 

clocking voltages are responsible for shifting the charge out ( once in a clock 

cycle). The same clocking voltages are applied to the next gate electrode 

except delayed by one-third of a clock cycle. 

Fig. 4.9 shows the three phase clocking voltages used. The only pa­

rameters in the equivalent circuit model that are a function of the clock 
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voltages are the fringing field dependent current sources. The clocking volt­

age variation is related to an equivalent electric field variation under the gate 

electrodes . 

Fig. 4.10 shows the distributions of the electric fields under the gate elec-

trodes for the different phases of a CCD pixel, as generated by the clocking 

voltages. The fields E1 , E2 and E3 correspond to the three different portions 

of the clock cycle. It is noted that under each of the three gate electrodes, 

the fields are essentially a time-shifted replica of the fields under the other 

two gate electrodes. 

Initially, a single pixel of a CCD was considered. The output of the pixel 

was connected to the input such that the pixel was connected in a cycle. An 

initial charge was placed under the first electrode and the simulation was run 

for one clock cycle duration ( about 600 picoseconds). It was noted that with 

the clocking effects included, the charge would shift to under the adjacent 

electrodes, and return to under the original electrode after one full clock cycle 

or 600 picoseconds . Fig. 4.11 shows the movement of the charge packet in 

the single CCD pixel. 

To observe the degradation of transfer efficiency with the clock frequency, 

two CCD pixels were considered. A charge packet was placed under the first 

electrode and clocking was initiated. Simulations were performed to observe 

four successive transfers. Initially, a clock period of 600 ps ( clock ON time of 

200 ps) was used. The simulations were repeated at a reduced clock period 

of 300 ps (clock O time of 100 ps). The results showing the evolution of 

the charge packets at the two different frequencies are plotted in Fig. 4.12. 

For the slower clock frequency, it was noted that the charge packet exhibited 

steady-state effect (i .e., with no appreciable losses in the signal charge). In 
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companson, at the faster clock frequency (300 ps time period), there was 

observable charge loss in the successive transfers. Charge lost was left behind 

at the emptying electrodes after each clock transitions. This resulted in an 

observable degradation of the charge packet. This work clearly demonstrates 

the trade-off between the clock frequency and the transfer efficiency. 

4.6 Simulation of a sirigle-pixel CCD 

The input and the output sections were independently simulated and the 

results were detailed in the previous sections. The methodology adopted in 

including clocking in the model was also described in the previous section. 

Finally, to demonstrate the simulation of a whole device, the input , the 

output and one CCD transport pixel were used to mimic the operation of 

the GaAs CCD as a simple analog delay line. 

The choice of a single transport pixel was merely for the purpose of illus­

tration, and to restrict the simulation time within the limits of the available 

system memory. In principle, however, this simulation can be performed on 

a CCD with as many pixels as one desires, provided that computer memory 

available is adequate to meet the needs. 

Since this model is a distributed model, the number of elements in the 

circuit even for a few pixels can be as high as a few hundreds. Hence, com­

puters with modest memory resources n1ight not be capable of handling the 

simulations. To present an idea of the memory requirements, a swap memory 

of 50 Megabytes was required to do a simulation for two pixels of a CCD for 

a simulation time of 600 picoseconds using a time step of 10 femtoseconds. 

To work around the relatively high memory requirements, the grid spac­

ing in the model could be increased to 0.25 µm such that one pixel with 
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3 electrodes and 3 interelectrode gaps corresponded to about 48 elemental 

capacitors. Although increasing the grid spacing relaxes the memory require­

ment, it is at the cost of the accuracy of the computation. 

The schematic diagram of the device that was used in the simulation is 

shown in Fig. 4.13. For an analog input signal of one volt, the voltages 

observed at the input and the output nodes are plotted in Fig. 4.14. For a 

slightly different input sequence which consisted of a one volt input signal 

followed by a two volts input signal, the voltages at the input and the output 

nodes are shown in Fig. 4.15. It is noted that the output was essentially 

proportional to the input and was delayed by two clock cycles. The delay of 

one clock cycle was clue to the delay of the CCD pixel and the delay of the 

other clock cycle was due to the delay at the input and output gates . 

. r 
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Figure 4.11: Charge packet movement within a single pixel due to clocking 
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Figure 4.12: Charge packet evolution at two different clock frequencies 
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Figure 4.13: Schematic representation of a single pixel CCD for SPICE sim­
ulation 
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Figure 4.14: Voltages at the input and the output nodes of a CCD 
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Chapter 5 

Conclusions 

In this thesis, the charge transfer mechanisms in a GaAs CCD were studied 

and modeled. A simple one-dimensional analysis was carried out initially 

to estimate the potential-charge relationships under the gate electrodes of a 

CCD. An ion-implanted CCD and an epi-grown CCD were considered. 

A two-dimensional computation of the potentials in the channel of the 

CCD was performed. From the values of the potentials, the fringing fields 

were computed for an empty-well fully-depleted channel. The variations of 

the fringing fields with device geometries, as well as channel dopings were 

computed and studied. The existence of significant fringing fields under the 

gate electrodes crucial for charge transfer was verified and the values ob­

tained were subsequently used for one-dimensional calculations of the charge 

transfer. 

A simple one-dimensional model for charge transfer was presented. The 

model took into account the three main transport mechanisms for signal 

transfer, namely the applied drift due to the clock potentials, the self-induced 

drift due to the variations of the charge distributions and thermal diffusion. 

The model aimed at an accurate representation of the charge transport in 
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CCDs while keeping the computation to a minimum, rather than to resort 

to full-fledged two or three dimensional simulations. Transfer times were cal­

culated at a given transfer inefficiency for a single gate electrode in a three 

phase device. The transfer times for various values of the device geometries, 

channel dopant profiles and dopant densities were compared and analyzed. 

The relative importance of the charge transfer mechanisms during various 

stages of charge transfer were studied. The significance of the self-induced 

drift in the final st ages of charge transfer was verified. A recoil-implanted 

channel for a GaAs CCD was also considered in the simulations. Fundamen­

tal speed limitations imposed by the velocity-field characteristics in GaAs 

were explored. Transfer times obtained in the simulations in general con­

firmed the possibility of using GHz range clock frequencies . 

The problem of simulating a GaAs CCD in an IC environment was ad­

dressed. An equivalent circuit model for the GaAs CCD was proposed. The 

model was based on the physical model presented earlier rather than a func­

tional model. The model is a distributed one, composed essentially of capac­

itors and controlled current sources developed to mimic charge transfer in 

GaAs CCDs. The results from the equivalent circuit model were compared 

with those of the analytical model and reasonable agreement was achieved. 

The input and output circuits associated with the CCD pixels were also mod­

eled and simulated to assess I/O linearity. A one-pixel CCD was simulated 

and demonstrated to perform as an analog signal delay line. 

Since the proposed equivalent circui t model for a GaAs CCD was dis­

tributed, the total number of segments representing the CCD in its equiv­

alent circuit will be proportional to the number of pixels in the CCD. It 

will be higher for a smaller grid spacing. To ensure a minimum accuracy, 
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the equivalent circuit can encl up with a fairly large number of segments . A 

computer with a large memory may be required to simulate such devices. 

For the proposed equivalent circuit model, the inputs are the clock fre­

quency and the fringing fields under the gate electrodes. Since the fringing 

fields assume a minimum value at the centre of the gate electrode and in­

crease with distance away from the centre with an almost inversely linear 

relationship, it would suffice to specify only the minimum fringing field val­

ues and an appropriate constant so that the position-dependent values can 

be extrapolated by using appropriate dependent sources in the equivalent 

circuit. 

Although the models developed in this thesis applied to resistive-gate 

CCDs, they can also be extended to narrow gap CCDs. The variation of 

surface potentials in the interelectrode gaps in narrow gap CCDs remains 

monotonic if the gap length is of the same order as the thickness of the 

channel. 

The equivalent circuit model considered a CCD with a uniform dopant 

profile. A similar equivalent circuit model for other profiles might be more 

difficult to implement owing to the complex nature of the potential-charge 

relationships. However, since the difference is expected mainly to be in the 

self-induced drift form of the charge transfer, it is possible to use an empirical 

scaling factor for non-uniform profiles, which also takes care of the accelerated 

transfer in large charge packets. 

The dimensions of the CCDs will reduce with the development of sub­

micron GaAs technology. Since the maximum achievable clock speeds are 

limited by the velocity saturation effect in GaAs, it might be possible to 

utilize the velocity overshoot effect in GaAs (being very likely for submicron 
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geometries) to achieve very high drift velocities under the gate electrodes 

for short durations of time and achieve an accelerated overall transfer. Spe­

cial geometry devices may be required for this to be realizable. Much work 

however will be required to pursue research in this direction. 
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Appendix A 

Operation of a GaAs CCD 

A CCD in its simplest form consists of an array of transport gates which has a 

charge input mechanism at one end and a charge detection mechanism at the 

other. The array of transport gates can be divided into an integral number 

of pixels with each pixel consisting of two, three or four transport electrodes, 

corresponding to the number of clock phases. The channel is usually fully 

depleted during operation in a GaAs CCD. When a voltage is applied at the 

input of the CCD, a charge packet proportional to the voltage is injected 

into the CCD by the input mechanism (Chapter 4). Once a packet of charge 

is formed under the first gate of the transport pixel, the charge in the well 

is shifted out of the gate to the successive gates by suitably clocking the 

electrodes. In a similar manner, the charge is eventually shifted out of that 

pixel and finally out of the transport array. The charge on being shifted out 

of the transport array is detected at the output using a sensing mechanism. 

Suitable amplifier circuitry helps in the obtaining of a voltage proportional 

to the charge packet at the output. The output node is reset just before the 

next charge packet arrives at the output. 

The clocking scheme and typical potential wells during charge transfer 
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Figure A.I: Clocking scheme used to illustrate CCD operation 

for a three-phase CCD are illustrated in Figs. A.I and A.2 respectively. An 

overlapping clocking scheme is assumed. Initially at time t 1 , the charge lies 

in the potential well under the first gate as long as </>1 remains high. When 

</>2 goes high at time t2, charge spreads to under both the first and second 

electrodes . Subsequently at time t3 , when </> 1 goes low, the remainder of the 

charge under the first gate is shifted to the potential well under the second 

gate. By a similar sequence of events, this time involving the second and third 

electrodes and the clocks </>2 and </>3, the charge is shifted to the potential well 

under the third gate, as illustrated in the figures . Thus at the end of one clock 

cycle, the charge packet is transferred across three gates or equivalently one 

pixel in a three-phase CCD. Since it is possible to pipeline successive charge 

packets along the channel, a sample and hold operation at the input of the 

CCD in conjunction with a low-pass filtering ( envelope detection) at the 

output, makes CCD operation as an analog delay line possible. 
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Figure A.2: Potential wells during charge transfer in a three-phase CCD 



Appendix B 

SPICE implementation of a 
charge-dependent capacitor 

A charge-dependent capacitor of the form 
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is realized in SPICE using the non-linear dependent source function available 

in SPICE3. The capacitor Cx with a terminal voltage voltage V xis associated 

with a charge Qx = Cx V x· The voltage as a function of the charge is then 

given as 

Substituting for the value of the capacitance as a function of charge, we have 

(B.1) 

To realize the capacitor, a current meter (a zero-voltage source) is used 

to sense the current flowing into the capacitor. A current-controlled cur­

rent source mimics the sensed current and feeds it to a test capacitor of 
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+ 

lF 

Figure B.l: SPICE implementation of a charge-dependent capacitor 

capacitance one farad. The voltage appearing across this one-farad capacitor 

represents the charge held in the original capacitor we attempt to model. A 

voltage-controlled voltage source which varies as given by Equation (B.l), 

with Qx being replaced by the voltage across the one-farad test capacitor, 

gives the terminal voltage of the charge-dependent capacitor. Fig. B.1 shows 

the SPICE implementation of the charge-dependent capacitor. 
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T he SPICE staterrients pertaining to a single charge-dependent capacitor 

are presented below: 

V1 1 101 0 

B1a 101 0 V=V(201)*(1-2E14*V(201))/(0.2898375E-15) 

B1b 0 201 I=I(V1) 

C1 201 0 1 

This charge-dependent capacitor representing the depletion capacitance 

is the basic element in the proposed equivalent circuit model of a GaAs CCD . 



Appendix C 

Sample SPICE input deck for 
simulation of a CCD 

* Following is subcircuit for modeling one 

* non-linear charge-dependent capacitor 

* 
. SUBCKT Capacitor 1 2001 

Vi 1 1001 0 

Bia 100 1 0 V=V(20 01)*(1-1E14*V (2001))/(0.579675E-15) 

Bib 0 2001 I=I(V1) 

Ci 200 1 0 1 

. ENDS Capacitor 

* 

Vclock1 1000 0 PULSE(0 

Vclock2 2000 0 PULSE(0 

Vclock3 3000 0 PULSE(0 

* 

1 

1 

1 

0 0 0 200P 600P) 

200P 0 0 200P 600P) 

400P 0 0 200P 600P) 

* Input Circuitry of the CCD 

* 
Vin input 0 PULSE(! 2 200P 300P 200P 600P 3000P) 
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Bi input om I=0.02*(V(666)-V(om))*V(1000) 

Vom om 10om 0 

Boma 10om 0 V=V(20000)*(1-2E14/16*V(20000))/(8*0 . 579675E-15) 

Bomb 0 20000 I=I(Vom) 

Com 20000 0 1 

Borne om 25 I=2e11*V(20000)*V(2000) 

X25 25 20025 Capacitor 

B25c 25 26 I=4e4*V(5556)*V(5555)*V(20025) 

B25d 25 26 I=16e8*V(5556)*V(25)*(V(20025)-V(20026)) 

B25e 25 26 I=16e8*V(5557)*(V(20025)-V(20026)) 

* 
* 
* Typical transport segments in the CCD, consisting of 

* elemental capacitors, linked by controlled current sources . 

* The three current sources pertain to the three different 

* charge transfer mechanisms of applied drift, self-induced 

* drift and diffusion . 

* 
* 
X26 26 20026 Capacitor 

B26c 26 27 I=4e4*V(5556)*V(5555)*V(20026) 

B26d 26 27 I=16e8*V(5556)*V(26)*(V(20026)-V(200 27)) 

B26e 26 27 I=16e8*V(5557)*(V(20026)-V(20027)) 

X27 27 20027 Capacitor 

B27c 27 28 I=4e4*V(5556)*V(5555)*V(20027) 

B27d 27 28 I=16e8*V(5556)*V(27)*(V(20027)-V(20028)) 

B27e 27 28 I=16e8*V(5557)*(V(20027)-V(20028)) 

X28 28 20028 Capacitor 

B28c 28 29 I=4e4*V(5556)*V(5555)*V(20028) 
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B28d 28 29 I=16e8*V(5556)*V(28)*(V(20028)-V(20029)) 

B28e 28 29 I=16e8*V(5557)*(V(20028)-V(20029)) 

X12 12 20012 Capacitor 

B12c 12 13 I=4e4*V(4446)*V(4444)*V(20012) 

B12d 12 13 I=16e8*V(4446)*V(12)*(V(20012)-V(20013)) 

B12e 12 13 I=16e8*V(4447)*(V(20012)-V(20013)) 

X13 13 20013 Capacitor 

B13c 13 14 I=4e4*V(4446)*V(4444)*V(20013) 

B13d 13 14 I=16e8*V(4446)*V(13)*(V(20013)-V(20014)) 

B13e 13 14 I=16e8*V(4447)*(V(20013)-V(20014)) 

X14 14 20014 Capacitor 

B14c 14 15 I=4e4*V(4446)*V(4444)*V(20014) 

B14d 14 15 I=16e8*V(4446)*V(14)*(V(20014)-V(20015)) 

B14e 14 15 I=16e8*V(4447)*(V(20014)-V(20015)) 

X15 15 20015 Capacitor 

B15c 15 16 I=4e4*V(4446)*V(4444)*V(20015) 

B15d 15 16 I=16e8*V(4446)*V(15)*(V(20015)-V(20016)) 

B15e 15 16 I=16e8*V(4447)*(V(20015)-V(20016)) 

* 
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* Output circuitry of the CCD, consisting of an output capacitance 

* and the output source-follower amplifier along with the reset 

* MESFET switch . 

* 
* 



X16 16 20016 Capacitor 

B16a 16 17 I=5.217115e+11*V(20016)*V(1000) 

R16 17 18 50 

C18 18 0 20 .4F 

21 a 18 o MOD1 

22 o g g MOD1 

23 0 900 18 MOD1 

.Model MOD1 NMF 

VG g O -5.2 

VA a O 5 . 0 

Vreset 900 0 PULSE(-5 0 400P 10P 10P 180P 600P) 

. OPTIONS ABSTOL=1E-30 VNTOL=1E-30 CHGTOL=1 . 0E-30 GMIN=1E-40 

.TRAN 0.1P 600P UIC 

.END 
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