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ABSTRACT 

The research work in this thesis is divided into two parts. The first part is on the mod­

eling and testing of GaAs RGCCDs (resistive-gate charge-coupled devices), which is a part 

of a research collaboration between TRJUMF and the University of Victoria. The second 

part is a project on the design of a prototype GaAs RGCCD compression circuit for use in 

imagery. 

The research on GaAs RGCCDs in this thesis primarily focuses on the modeling of the 

charge transfer properties of the device, the testing of the electrical and optical properties 

of the device, as well as noise and non-linearity analysis of the output circuit of the CCD. 

On the modeling side, an equivalent circuit model for GaAs RGCCD [21] was developed 

and it allowed us to study the transient effects of the pixel size using SPICE type simulator. 

On the testing side, the electrical and optical properties were measured and a model was 

proposed to explain the measurement results. Three output circuits for the CCD were com­

pared. Methods to reduce the non-linearity were studied. 

The second part of the research is on the design of a prototype compression circuit for 

a CCD imager. CCDs were used to capture the image data as well as for data storage in the 

form of an analog memory. This circuit uses the conditional replenishment method to re­

duce the data captured by the CCD imager. The potential applications of this circuit are in 

high speed imaging, such as high frame-rate image sensing and high-resolution image sens­

mg. 
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Chapter 1 

Introduction 

1.1 GaAs Semiconductor and MESFET Device 

Gallium Arsenide (GaAs) is a III-V compound semiconductor which is particularly 

suited for high speed devices. The main reason is that GaAs has a very high intrinsic elec­

tron mobility in comparison with Silicon (Si). Room temperature electron mobility in 

GaAs is as high as 8500 cm2/v-s in comparison with a value of 1450 cm2/v-s in Si [l]. 

High electron mobility and high saturation velocity are usually required for high-speed 

device operation. Another advantage in using GaAs is the possibility to grow high resis­

tivity semi-insulating (S.l.) GaAs. Semi-insulating GaAs is frequently used as the device 

substrate and this property makes it very suitable for the formation of a deep depletion 

region as required in X-ray detectors . Further more, it produces a very low parasitic 

capacitance. A low parasitic capacitance can give low AC power dissipation. The third 

superior property of GaAs is the existence of a large direct band gap which is essential for 

radiative recombination to occur. It also makes GaAs very useful in X-ray astronomy for 

the detection of X-ray with energy from 1 - 100 KeV. 

The first MEtal Semiconductor Field Effect Transistor (MESFET) using an epitaxial 

layer of GaAs on a semi-insulating GaAs substrate was fabricated by Hooper and Lehrer 

in 1967 [2]. Nowadays MESFET is the predominant device in the design of GaAs !Cs for 

high-speed operation. In a GaAs MESFET, which the basic structure is shown in 

Figure 1. 1, the active layer (channel) can be partially or totally depleted by the gate volt­

age and by the built-in voltage of the Schottky contact forming a gate. The isolation 

between the gate and channel, formed by the doped semiconductor material, is provided 
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by the Schottky gate depletion layer that is controlled by the gate voltage. The gate volt­

age changes the width of the depletion region and, hence, the cross section of the con­

ducting channel, modulating the electric current in the channel. The I-V characteristics of 

a GaAs MESFET are quite similar to those of the Si MOSFET, although the superior 

properties of GaAs combined with the removal of the oxide layer and a low threshold 

voltage give the GaAs MESFET marked advantages in speed, power consumption and 

radiation-tolerance over the Si MOSFET. 

Metal Schottky metal gate Metal 

S.I. substrate 

Figure 1.1 Basic GaAs MESFET structure 

1.2 GaAs Charge-coupled Devices 

The Charge-coupled Device (CCD) was first conceptualized by Boyle and Smith in 1970 

at Bell Laboratories [3], and was experimentally verified using Si material , in the same 

year, by Amelio [4]. Basically, the CCD is a shift register or a delay line formed by a 

string of transport electrodes. An analog input signal introduced electrically or optically 

into the CCD can be stored in the form of charge packets in the potential wells under the 

CCD transport electrodes. Under the control of external voltages (clocks and bias volt­

ages) applied to the transport electrodes, the potential wells, and hence the charge pack­

ets, can be shifted through the CCD channel. The charge packets are then detected at the 
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output after they have sequentially passed through all the electrodes. Initially, CCDs 

were realized by MOS technology. In a MOS CCD, the electrodes are insulated from the 

semiconductor by a thin oxide layer and each electrode is a metal-insulator-semiconduc­

tor (MIS) capaci tor. In 1972, the concept of Schottky-gate CCD using GaAs technology 

was suggested by Schuermeyer et al [5] . The transport electrodes of a GaAs CCD are 

reverse-biased metal-semiconductor Schottky diodes instead of MIS capacitance. It has 

been observed that a GaAs CCD inherently has low noise and a wide dynamic range due 

to the fact that the signal charge packets are stored and transferred in isolation in the 

depleted channel of the CCD, it also can operate in higher frequency due to the higher 

electron mobility in GaAs in comparison with Silicon [6][7][8]. 

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

width of the interelectrode gaps is an important parameter. To avoid the formation of 

energy troughs in the channel under the interelectrode gaps, which can result in a signifi­

cant reduction of the charge transfer efficiency (CTE), submicron gaps are required in the 

GaAs CGCCD [9]. This often requires more sophisticated processing steps and can 

cause the devices to break down easily. This problem is avoided if a suitable resistive 

material is used in the interelectrode gaps of the GaAs CCD, which is called resistive-gate 

CCD (RGCCD). The resistive material acts as a potential divider for the CCD resulting 

in a monotonic variation of the potential along the CCD transfer channel, this was dem­

onstrated by Higgins, et al. [10][11], and Song and Fossum, et al. [12][13][14]. The 

GaAs RGCCD can work with wider interelectrode gaps and the requirement on the 

dimensional tolerance is relaxed, therefore it is easy to manufacture. Cermet is an insula­

tor-metal composite containing SiO and Cr, it has a high resistance of up to mega-ohms 

per square and forms a low leakage Schottky contact to the GaAs. Therefore, cermet is 

used very frequently as the resistive-gate material in the GaAs RGCCD [15][16] . 

Figure 1.2 shows a basic GaAs RGCCD structure. 
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Electrodes 

N GaAs active layer 

Buffer layer 

S.l. substrate 

Figure 1.2 Basic GaAs RGCCD structure 

1.3 Motivations 

CCD is widely used in electronic systems, even though GaAs RGCCD has been less 

widely studied. GaAs RGCCD because of its higher absorption edge energy will likely to 

result in a higher absorption edge and less thermal noise for photon absorption in the visi­

ble range and the X-ray range. Also, GaAs is inherently more radiation resistant than Si 

[l 7](18]. This work examines some novel spectral measurements on the absorption prop­

erties of the GaAs RGCCD, and provides theoretical analysis of the photon interactions 

in the visible range and the X-ray range. 

The CCD is inherently a low noise device, the main source of the noise comes from 

the CCD output circuit. There are three different charge sensing techniques commonly 

used in the CCD output circuit, and their effect on the performance of the CCD is quite 

important. It is necessary to examine the noise and non-linearity effects in the CCD out­

put circuit and propose methods to reduce them. 

For a high quality image, a large amount data captured by the CCD imager has to be 

transferred to other signal processing circuits in the electronic system. Based on the con­

ditional replenishment method, a novel circuit used to compress the data from the CCD 

imager is presented. 
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1.4 Outline of the Thesis 

The organization of this thesis is the following . Chapter 1 is the introduction, the motiva­

tion of this research and the outline of the thesis are presented. 

Chapter 2 presents an equivalent circuit model for the GaAs RGCCD. Simulation 

results on the charge transfer efficiency (CTE) based on the CCD equivalent circuit are 

given. 

Chapter 3 illustrates the experimental setup for the measurement of the GaAs 

RGCCD. The measurement results are discussed and explanations are given. 

Chapter 4 analyzes the GaAs GGCCD as an X-ray detector. The interactions of X­

ray with GaAs RGCCD is discussed. Theoretical analyses of the performance, quantum 

efficiency, charge splitting events, and noise of the GaAs RGCCD X-ray detector are pre­

sented. 

Chapter 5 compares the three different charge sensing techniques in a CCD. The 

performance of the charge sensing techniques is evaluated. 

Chapter 6 proposes a novel data compression circuit for the CCD. Circuit design, 

analysis and simulation are discussed. System simulation results are presented. 

Chapter 7 discusses possible work that could be done in the future and makes con­

clusions. 



Chapter 2 

Operation and Modeling of GaAs RGCCD 

2.1 Introduction 

Functionally, CCD is similar to an analog shift-register. An analog input signal introduced 

electrically or optically into the CCD can be stored in the form of charge packets in the 

potential wells under the CCD electrodes. It consists of an input section, a string of trans­

port electrodes and an output section. In order to transfer charge packets from under one 

electrode to the next, a set of clocks and bias voltages applied to the electrodes are 

required. The clocks can be either four-phase, three-phase, two-phase or uni-phase. In 

the early stage of CCD development, most of the CCD used three-phase clock [19]. It is 

sometimes favorable to use uni-phase CCD in specific applications. In general, the 

smaller the number of clock phases, the less the complexity of the clock driving circuit. 

In this chapter, the operation of an uni-phase GaAs RGCCD is described. An equivalent 

circuit model of the GaAs RGCCD is discussed. The simulation results of the GaAs 

RGCCD using SPICE equivalent circuit is also presented. 

2.2 Operation of an Uni-phase GaAs RGCCD 

A cross-sectional view of an uni-phase GaAs RGCCD is shown in Figure 2.1. The GaAs 

RGCCD has a N-type GaAs active layer (channel) and a semi-insulating GaAs substrate. 

The operation of the GaAs RGCCD can be explained with the aid of Figure 2.2, which 

shows the different clock waveforms, bias voltages and output signal. The clock <l> 1 and 

<l>lA have voltage levels of 0/-4 V and 1 /-3 V respectively, and Bias 1 and Bias 2 are 

set at -2 V and -1 V respectively. These clocks and bias voltages are required to transfer 
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signal charge packets in the channel to the CCD output. 

I 

IA 

<I> 

<I> 

Bias 

Bias 

I 

2 
VP 

I 
~ 

01 

J_ 
Gi 1 J_ -~ -- -~ 

N GaAs active I ayer (channel) 

S. I. GaAss ubstrate 

RIG RID 

Figure 2.1 Cross-sectional view of an uni-phase GaAs ROCCO 

I/P 

<t> I A 

Bias 1 --....;....;,-.--,-~--------.-------

Bias 2 --....;....;,-.--,-~--------.-------

RIG 

.- ;-- ... ·:-- ............... . 
BIO .... .... : -~ .: ... : .. -~ ... .. ... ....... : : 

Gz 

G3 
RJD -----

B!D ---­

BIS 

7 

BIS 

Figure 2.2 Clock waveforms, bias voltage and output signal for the device shown in 

Figure 2.1 
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The input signal Vin applied to the electrode G 1 is converted to a charge packet 

using a fill-and-spill method. This method has been widely used in CCD input section due 

to its advantages of low-noise and better conversion linearity [20]. Besides the input sig­

nal Vin applied to G1, a reference voltage Vref is applied to the electrode G2, and an input 

sampling pulse V11p to the input ohmic contact. Figure 2.3 shows the detail of this charge­

injection scheme. The different times appearing in Figure 2.3 to Figure 2.5 correspond to 

those appearing in Figure 2.2. At t = t 1 , V11p is high and <I> 1 is low. Thus, the region in 

the active region extending from the right-hand edge of the input ohmic contact to the 

left-hand edge of G2 is depleted of electrons. At t = t2 , Vf/p is lowered to a voltage 

between the potentials under G1 and the first transport electrode <I> 1. This causes the ther­

mally-generated electrons to flow into and fill the potential well under G2 from the input 

ohmic contact. At t = t3 , VIIP is returned to a high voltage and the electrons under G1 as 

well as the excess electrons under G2 is removed from the active region (channel) 

through the input ohmic contact. This creates a well-defined charge packet consisting of 

electrons under G2. The size of the charge packet is proportional to V ref - Vin [20]. 
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VI/P 

I/P 

-4 V 

j 
V 

-4 V 

t = t2 

-4 V 

t = l3 

Figure 2.3 Sketch of potential and charge distribution of the GaAs RGCCD for charge 

injection process 

The charge packet residing in the potential well under electrode G2 is transferred to 

the transport region during the positive cycle of clock ¢ 1 and ¢1A (0 V and+ 1 V respec­

tively). Figure 2.4 shows the actual transfer of a charge packet across one pixel of the 

GaAs RGCCD. At t = t4 , the charge packet under G2 moves to the potential well under 

the electrode ¢ 1A where the voltage is the highest. At t = t5 , both clock ¢ 1 and ¢1A 

are at the low voltage levels (-4 V and -3 V respectively) and the charge packet under the 

electrode ¢1A moves to the potential well under the electrode Bias 2. The direction of 

the charge transfer is determined by the direction of the electric field due to the voltages 
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applied to the adjacent transport electrodes. 

Yvr 

I/P 

-4 V 

-3 V 

j 
-2 V 

-1 V 

V 

-2 V 

-1 V 

ov 
t = l4 

+1 V 
-4 V 

-3 V 

-2 V t = t5 

-1 V 

Figure 2.4 Sketch of potential and charge distribution of the GaAs RGCCD for charge 

transfer process 

When the charge packet moves to the end of the CCD, it will be detected by the 

CCD output circuit. There are several ways to detect the charge packet. The details of 

CCD output circuit will be discussed in the Chapter 5. Here we only use the floating dif­

fusion method as an example. Figure 2.5 shows the floating diffusion detection method. 

The charge packet transferred to the potential well under the final electrode <l>lA moves 

into the output ohmic contact during the negative cycle of <I> 1 and <l>lA· Prior to the 
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charge detection, the output ohmic contact of the CCD is first reset to a high voltage by 

turning on the reset MESFET using the same voltage pulse as <I> 1 applied to RIG 

(t = t6 ). The reset MESFET is disabled on the negative cycle of clock <I> 1 and <I> 1A caus­

ing the output contact to float at its reset level. At t = t7 , the electrons passing through 

the potential well under electrode G3 exit the CCD through the floating output ohmic con­

tact, charging the depletion capacitance Colp and driving the output ohmic contact to a 

voltage negative with respect to its reset level. The signal produced at the output ohmic 

contact is then sent out by a MESFET source follower. 

RIG RID 

BID 

<l>1 <l>1A Bias 1 Bias 2 G3 

J_ J_ J_ J_ J_ 0/P 

-

-2 V BIS 

j -IV 

ov 
V 

+lV 

Precharge 
t = t6 

-4 V 

-3 V 

-2 V 

-1 V 

Float 

t = l7 

Figure 2.5 Sketch of potential and charge distribution of the GaAs RGCCD for floating 

diffusion charge detection scheme 
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If the CCD is to be used as an image sensor, the electrical input circuit is not 

needed. In this case the charge packets are generated by the light photon incident on the 

device. Thus, if the positive cycle of clock is halted for a short time, the optically gener­

ated charge packet will accumulate in the potential wells under the electrode <PIA at the 

rates proportional to the local light intensity. When the clock is subsequently resumed, the 

charge packets will be delivered to the output section. 

2.3 An Equivalent Circuit for GaAs CCD 

Unlike all other devices, the CCD can't be simulated using standard IC simulators. Thus 

an equivalent circuit model for the CCD has the advantage of being easily adaptable to 

usage in standard IC simulators, such as SPICE. The key elements of the CCD are the 

transport electrodes which can be modeled as distributed capacitors using the Poisson 

equation and Laplace equation. One can compute the response of the transportation of 

charge packets in the equivalent circuit of GaAs RGCCD. Charge packet transfer under 

the electrodes is facilitated by these current sources which are connected to these capaci­

tors. Figure 2.6 shows a one-dimensional equivalent circuit model of an elemental cell of 

the GaAs RGCCD. The current sources were modeled to mimic the effects due to fring­

ing field, diffusion and self-induced drift. Each pixel of the CCD is divided into a num­

ber of such elemental cells for computational purposes. These three current sources are 

given by the following equations [21] 
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Figure 2.6 Equivalent circuit of an elemental cell of the GaAs CCD [21] 

ll ,x = 
v(EtCx)) 

d.X Qx under electrodes 

v( E applied) Q = under gaps d_X X 

l 2,x = D(E 1(x))(Q _ Q ) 
d_X X X+D.X 

under electrodes 

= D(Eapplied)(Q _ Q ) 
d_X X X+D.X 

under gaps 

µ'V x 
under electrodes l3 ,x = --2 (Qx- Qx+lix) 

d.X 

µ'V x 
= --2 (Qx - Qx+lix) under gaps 

d.X 

13 

(2.1) 

(2.2) 

(2.3) 

where Qx is the charge stored at the position x, EJx) is the fringing field at position x, Eap­

plied is the electric field under the electrode gaps, v( E) is the field-dependent electron drift 

velocity, D( E) is the field-dependent electron diffusivity, V x is the voltage across the 
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capacitor Cx, and µ' is the effective mobility of electrons which is given by 

, v(E(x)) 
µ = E(x ) 

The field-dependent electron drift velocity v( E) is given by 

where 

V = s 

The field-dependent electron diffusivity is given by 

D(E) = D0 +D 1e 
2 

- [ln(I£!) - ln(£P) / ln(A)] 
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(2.4) 

(2.5) 

(2.6) 

(2.7) 

The proposed physical constants used in the above equations for a GaAs RGCCD are 

listed in Table 2.1 [22] 
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Table 2.1. Physical constants used in the equivalent circuit 

Parameter Unit Value 

7 
VJ cm/sec 4.77 x l0 

7 
V2 cm/sec 3.24x l0 

E1 V/cm 1644 

E2 V/cm 130.5 

B 0.32 

Do V/cm 129.5 

D1 cm2/sec 312 

EJJ V/cm 3394.8 

A V/cm 1.82 

µa cm2N -sec 5000 

The capacitance Cx in Figure 2.6 is a charge-dependent capacitance which is given 

by [22] 

(2.8) 

where C0 = E5 w~l t , and k1 = (qw~N dtf
1

. w is the width of the GaAs RGCCD 

channel, tis the thickness of the channel and Nd is the doping density of the channel. 

Since it is not easy to realize the charge-dependent capacitance in standard simulator 

such as SPICE, an equivalent circuit which is shown in Figure 2.7 is also needed to simu­

late the charge-dependent capacitance. The charge-dependent capacitor Cx with a termi­

nal voltage Vx is associated with a charge Qx = C x V x . Plugging Equation (2.8) into it 

and the terminal voltage Vx can be expressed 

(2.9) 
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To realized the charge-dependent capacitor Cx, a current meter (a zero-voltage source in 

Figure 2.7) is used to sense the current flowing into the capacitor. A voltage-controlled 

current source mimics the sensed current and feeds it to a test capacitor with a capaci­

tance of one farad. A voltage-controlled voltage source given by Equation (2.9), with Qx 

being replaced by the voltage across the 1 F capacitor, gives the terminal voltage of the 

charge-dependent capacitor. 

Vx Vx 

CJ 

I V=Vx=f(Vc) 

-

Vc=Qx lF i=i(V1) 
+ 

Figure 2.7 Equivalent circuit of the charge-dependent capacitance 

The fringing field EJx) under the kth electrode is given by [23) 

where t::.. V is the voltage difference on the adjacent electrodes which is give by 

for E /x) under the left - half of the electrode 

for E /x) under the right - half of the electrode 
(2.11) 

L 1 is the transport electrode length, Lg is the gap length between the transport electrode, 

and L = L 1 + L
8

. The fringe field EJx) can be easily realized using a nonlinear depen-
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dent source function in SPICE. 

From the analysis above we can see, the equivalent circuit for CCD can be realized 

using a series nonlinear dependent source functions in SPICE. A SPICE code for the 

equivalent circuit model for an elemental cell of the CCD is given in Appendix A. 

2.4 Simulation Results 

A single uni-phase CCD pixel with different pixel size was simulated using equivalent 

circuits. The equivalent circuit model is distributed in nature and its accuracy will depend 

upon the grid spacing. I simulated different grid spacings and found when the grid spac­

ing is 0.25 µm, the simulation results will give reasonably accurate results without using a 

large amount memory in the computer. Therefore the CCD pixel is simulated by a series 

of equivalent circuits (see Figure 2.6 and Figure 2.7) in which the size (Ll.x) is 0.25 µm 

in this study. 

2.4.1 CTE versus Transfer Time 

The simulation result of CTEs at different times during the charge transfer are listed in 

Table 2.2. The length of transport electrode is 3 µm and the gap between the electrodes is 

3 µm, the total length of one CCD pixel is 24 µm. The peak area charge density Qpeak is 

5 x 10
11 

/ cm
2

. From the simulation results we can see, at the beginning, the CTE 

increases fast. But after 800 ps, the CTE increase less significantly. The reason for this is 

that near the end of the charge transfer, the self-induced drift of the electrons under the 

collecting electrode becomes significant. This will resist the rest charge packet flow due 

to the fringing field. Consequently, near the end of the charge transfer, the effective elec­

tric field is very small, and the charge transfer practically stops. Figure 2.8 is the simula­

tion result of the charge packet transfer in CCD channel at t = 1000 ps . 

Table 2.2. Transfer time versus CTE for uni-phase GaAs RGCCD 

Transfer time (ps) 200 400 600 800 1000 

CTE 0.7012 0.8643 0.9731 0.9943 0.9999 
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Figure 2.8 Time evolution of a one-dimensional charge packet in the GaAs RGCCD 

2.4.2 CTE versus Pixel Size 

To investigate how the different pixel sizes affect the CTE of the GaAs RGCCD, the time 

evolutions of the signal charge were simulated with different pixel sizes. The size of 

CCD pixel is very important for the GaAs RGCCD to be used as a X-ray detector since it 

influences the charge packet, which will be generated by the X-ray photons, splitting 

under the CCD (more detailed di scussion for charge packet splitting for the GaAs 

RGCCD X-ray detector will be presented in Chapter 4). Some papers suggested that a 

large pixel size (i.e. large than 30 µm) will reduce the charge splitting in CCD for X-ray 

detector. But the simulation results using CCD equivalent circuit model show that a large 

pixel size will also reduce the CTE for the CCD and the operation speed of the CCD. 

Table 2.3 to Table 2.5 list the simulation results for different pixel size. For these tables, 
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the gap between the electrodes is 3 µm and the length of electrode is 3 µm, 4 µm, and 5 

µm respectively (the pixel size is 24 µm , 28 µm, and 32 µm respectively) . Table 2.6 lists 

the simulation result when the pixel size is 60 µm, where the length of electrode is 10 

µm and the gap between the electrode is 5 µm. 

Table 2.3. Variation of the CTE with respect to the pixel size is 24 µm 

Transfer time (ps) 200 400 600 800 1000 

CTE 0.7012 0.8643 0.973 1 0.9943 0.9999 

Table 2.4. Variation of the CTE with respect to the pixel size is 28 µm 

Transfer time (ps) 500 1000 1500 2000 3000 

CTE 0.8840 0.9774 0.988 1 0.9932 0.9981 

Table 2.5. Variation of the CTE with respect to the pixel size is 32 µm 

Transfer time (ps) 500 1000 2000 3000 4000 

CTE 0.7174 0.9353 0.9842 0.9900 0.9907 

Table 2.6. Variation of the CTE with respect to the pixel size is 60 µm 

Transfer time (ps) 1000 2000 5000 7000 10000 

CTE 0.7534 0.8679 0.9348 0.9830 0.9908 

From the results in the above tables we can see that, for the larger pixel size, the 

CTE is smaller at the same operation speed. The reason is the change of the fringing field. 

It was noted that the fringing field under the emptying electrode largely determines the 

effectiveness of the charge transfer to the collecting electrode, and the difference of the 

pixel size makes an important contribution to the value of the fringing field. The larger 

pixel size, the smaller the fringing field under the emptying electrode. Therefore, the 
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CTE is smaller and charge packet will take a longer time to transfer. Table 2.7 lists the 

average fringing field (Erave) under the emptying electrode for the different pixel size. 

Thus, considering the CTE and operation speed, the best size of the GaAs RGCCD pixel 

is 24 µm, this result is agree with the optimized result got by L. Chen [24]. 

Table 2.7. Average values of the fringing field under the emptying electrode 

Pixel size (µm) 24 28 32 60 

Etave (V /cm) 464 365 302 109 



Chapter 3 

Measurement of GaAs RGCCD 

3.1 Introduction 

Two uni-phase GaAs RGCCDs (resistive gate charge coupled device), one having 128 

pixels and other having 320 pixels, were fabricated at TRIUMF (Tri-University Meson 

Facility) using a GaAs process. Figure 3.1 shows the structure of the GaAs RGCCD. The 

input consists of an input ohmic contact and two Schottky barrier control gates (G1 and 

G2), which is used for electrical signal waveform sampling. Each CCD pixel in the trans­

port region has four resistive gates (<P1, <P 1A, Bias 1 and Bias 2) which store and trans­

port the charge packets corresponding to the input signal. The output converts the charge 

packets to discrete voltage levels and it contains a Schottky barrier control gate (G3), an 

output ohmic contact, a reset MESFET and an output MESFET source follower. The fab­

rication of the GaAs RGCCD required six mask layers, one for each of the following 

steps: ohmic contacts; proton isolation implants; resistive gates; Schottky gates; intercon­

nect vias and interconnect metal. The main process parameters of the GaAs RGCCD are 

shown in Figure 3.1. The GaAs RGCCDs used in this study were originally used as tran­

sient digitizers [25]. The purpose of this study was to find the response of the GaAs 

RGCCD to electrical and optical signals. These devices were tested at room temperature 

at a clock frequency ranging from 1 MHz to 50 MHz. In this chapter, the setup of the 

experiment is briefly described, and the results are explained and discussed. 



Chapter 3 Measurement of GaAs RGCCD 22 

RIG RID BID 
Bias 2 

8/0 

DOPED LAYER I'\, = 5 x td 6 cai3 

BUFFER LA YE R lµm 

UNDOPED GaAs SUBSTRATE 625µm 
BIS 

Figure 3.1 Cross-sectional view of the uni-phase GaAs RGCCD 

3.2 Visible Light Interactions 

The CCD was tested as an imager. When the potential wells are formed under CCD elec­

trodes, incident light photons of a given wavelength will generate photo-excited carriers 

when the light photons are absorbed, the total number of which are proportional to the 

intensity and the time during which photons are incident. Absorption of light by a mate­

rial is expressed in terms of the absorption coefficient a(hv), which is defined as the rela­

tive rates of decrease in radiant intensity, /(hv), along its path of propagation, x. The 

mechanisms of absorption in the bulk regions of the semiconductor are fundamental in 

determining the magnitude of a but, whatever process is occurring at a given wavelength, 

A, the magnitude of a is independent of the intensity /(hv). Since a is a constant at any 

given wavelength, the intensity of the light, /(x), passing through the absorbing medium is 

given by 

/(x ) = I 0 exp(- ax) (3.1) 

where 10 is the intensity of the light just inside the semiconductor surface (i.e. x = 0 ). 

The total light absorbed by the medium is 

/(x) = / 0 (1 -exp(- ax)) (3.2) 
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When incident light is absorbed in the GaAs RGCCD, photo-excited carriers are 

generated either by band-to-band transitions (intrinsic) or by transitions involving forbid­

den-gap energy levels which are generated by the impurity centers (extrinsic). This results 

in electrons collected in the potential well under the GaAs RGCCD electrodes. The pro­

cesses of intrinsic and extrinsic photoexcitation of carriers are shown in Figure 3.2. 

For the intrinsic process, the most important characteristic is the semiconductor's 

band-to-band energy gap since it determines the value of the longest wavelength of the 

incident light the material can absorb. The long wavelength cutoff in this case is given 

by[l] 

(µm) (3.3) 

where Ac is the longest wavelength corresponding to the semiconductor band-to-band 

energy gap Eg. When wavelengths is shorter than Ac, the incident light photons will be 

absorbed by the semiconductor, and the electron-hole pairs will be generated in semicon­

ductor. When wavelengths is longer than Ac, the energy of incident light photons is not 

big enough and can't excite electrons from the valence band to the conduction band. 

Thus, no electron-hole pairs will be generated in semiconductor. For extrinsic absorption 

case, photoexcitation may occur between a band edge and an energy level within the 

energy gap. Carriers can be generated by the absorption of photons having energy equal 

to or greater than the energy separation of the bandgap levels and the conduction or 

valence band. In this case the long wavelength cutoff is determined by the depth of the 

forbidden-gap energy level, and it is longer than that for the intrinsic process. 
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Figure 3.2 Process of intrinsic and extrinsic photoexcitation 

3.3 Experimental Setup 

Figure 3.3 shows the electrical test setup for the GaAs RGCCD. A HP 8131A 500 

MHz signal-channel pulse generator and a HP 8130A 300 MHz dual-channel pulse gen­

erator were used to generate the clocks (<j>l and <j>lA) and the input signal pulses. The 

clocks and input signals were synchronized by the pulse synchronizer. The output signals 

and input signals were measured by the Tektronix 2645 oscilloscope. The DC bias volt­

ages and other required test signals used in this test were provided by the CCD test sup­

porting system which was manufactured by TRIUMF. The value of signal levels and the 

DC bias voltages used for this GaAs RGCCD testing are listed in Table 3.1. 
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Figure 3.3 Block diagram of the RGCCD experimental setup 
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Table 3.1. Signal levels and DC bias voltages using for testing the RGCCD 

Gate Signal level (Volts) 

<!> 1 -4 to O ( clock) 

<Pt A -3 lo l (clock) 

Bias I -2 

Bia<; 2 - I 

G2 0 

1/P -2 to l (pulse) 

G1 input 

BID 4.5 

BIS -4.5 

RID 3 

RIG -4 to O (clock) 

G3 0 

3.4 Electrical Test Results 

The GaAs RGCCDs with 128 pixels and 320 pixels were tested at clock frequen­

cies ranging from 1 MHz to 50 MHz by feeding its input (gate Gl) with pulse signal. 

The measured input and output waveforms of the GaAs RGCCD are shown in Figure 3.4 

and Figure 3.5 for 128 pixels and 320 pixels, respectively. The oscillograph display has 

the GaAs RGCCD input waveform along the bottom trace and the processed GaAs 

RGCCD output waveform along the upper trace. The pulse response of Figure 3.4 and 

Figure 3.5 shows the signal delay at the output. For example, the delay of output for the 

128 pixel CCD and 320 pixel CCD at 20 MHz are 6.4 µsand 16 µs , respectively. These 

measurements agree very well with the theoretical calculations of the delay time of a 
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GaAs RGCCD which is given by : 

(3.4) 

where Npixel is the number of pixels of the GaAs RGCCD andfc is the clock frequency of 

the transport gates. 

Figure 3.4 Oscillograph of the GaAs RGCCD with 128 pixel for 20 MHz (left) and 50 

MHz (right) clock 

Figure 3.5 Oscillograph of the GaAs RGCCD with 320 pixel for 20 MHz (left) and 50 

MHz (right) clock 
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A more detailed quantitative demonstration of the performance of the GaAs 

RGCCD is shown in Figure 3.6, where the waveforms of the input signal (upper), the out­

put signal waveform and the clock waveform (lower) are displayed. The input signal is 5 

MHz and the clock signal is 20 MHz. 

Figure 3.6 More detailed quantitative demonstration of the performance of the GaAs 

RGCCD 

Figure 3. 7 shows the oscillograph of the GaAs RGCCD for the linearity measure­

ment, where the upper and lower traces display the output and input waveforms, respec­

tively. By changing the amplitude of the input square waveform, we measured the 

amplitude of the output waveform in the negative cycle of the clock. The input-output 

relationship for both 128 pixels and 320 pixels RGCCDs are the same. Figure 3.8 shows 

the results of the 128 pixels RGCCD with different clock frequencies. The detailed dis­

cussion for the linearity of the GaAs RGCCD will be presented in Chapter 5. 
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Figure 3.7 Oscillograph of the GaAs RGCCD for the linearity measurement 
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Figure 3.8 Measured linearity between the input and output of the RGCCD 
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3.5 Optical Test Results 

Nowadays, CCOs dominate the scene for imaging processing [26][27][28]. There­

fore it is of interest to investigate the optical characteristics of the OaAs ROCCO. The 

response of the OaAs ROCCO to white light and monochromatic light at room tempera­

ture were measured. Figure 3. 9 and Figure 3.10 show the experimental setup for measur­

ing the OaAs ROCCO response to white light and monochromatic light, respectively. 

The OaAs ROCCO measured here is the one with 128 pixels and the clock frequency is 

set to 20 MHz. The water bath is used to eliminate any heating effect due to IR absorption 

on the testing OaAs ROCCO. A monochromator was used to generate the light of spe­

cific wavelengths. Color filters were used to intercept and eliminate the harmonics which 

may come with the monochromator. Beam splitters (neural density filters) were used to 

uniformly reduce the intensity of the white light. 

CCDCard 

Ceramic Lid 

Beam Splitter 

Water Bath 

CCD 
Chip 

-
JUlJll 
CCD Output 

•~ C - - - - -

::====l=L=ig=h:::t - Ji: :m 

- : ] :l:c; 
Oi]::Ec; 

Source 

;:. CCD Test 
System 

Figure 3.9 A schematic of the experimental setup used to study the white light spectra 
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Figure 3.10 A schematic of the experimental setup used to study single wavelength light 
spectra 

For the ideal semiconductor, when the incident light photon energy is greater than 

the semiconductor band-to-band energy gap £8 (i.e. 1.42 e V for GaAs), each photon pro­

duces one electron-hole pair (quantum efficiency is one). However, the absorption coeffi­

cient a is wavelength dependent and it decreases for longer wavelengths. This means that 

for the same amount of the absorbed photons, long wavelength light photons are 

absorbed deeper into the semiconductor than short wavelengths. Very long wavelength 

photons will pass through the CCD and not be absorbed. The long cutoff wavelength for 

intrinsic absorption can be calculated using Equation (3.3). For GaAs, the long cutoff 

wavelength is found to be 0.873 µm. 

When the electron-hole pairs are generated by the incident light photons, the elec­

trons must be collected in the potential well under the CCD electrodes before they recom­

bine with each other and disappear. Thus, only the electrons generated within the 
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depletion region have a chance to be collected in the potential well and contribute to the 

output. When the electrode of GaAs RGCCD has a O V bias, the depletion depth is about 

4 µm from the surface of the doped active layer (c.f Figure 3.1). Therefore it is safe to 

assume that all the electrons generated in active layer and buffer layer will be collected in 

the potential well and transferred to the output. The absorption coefficient of GaAs is 

obtained from [1] which is listed in Table 3.2 

Table 3.2. Absorption coefficient of GaAs 

wavelength 0.2µm 0.3 µm 0.4 µm 0.5µm 0.6µm 0.7 µm 0.8 µm 0.85 
µm 

ex. (cm-1) lxl06 9xl05 8xl05 lxl05 3x104 lxl04 7xla3 4x102 

Using Equation (3.2) to calculate how many incident light photons were absorbed in 

the active layer and the buffer layer assuming each absorbed photon generates an elec­

tron hole pair, the quantum efiiciency can be computed. Since our GaAs RGCCD is a 

front-side illuminated device and the electrodes consist of metal which is not transparent 

to light, the area of electrode and the area of the electrode gap is the same, only half of 

the incident light can pass into the active layer of the GaAs RGCCD. Therefore the peak 

quantum efficiency of this device is 50%. Figure 3.11 shows the ideal quantum efficiency 

for the GaAs RGCCD. 
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Figure 3.11 Theoretical quantum efficiency for the GaAs RGCCD 
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From Figure 3.11 we can see that the theoretical quantum efficiency decreases very 

quickly when the incident light wavelength is longer than 0.7 µm. When the wavelength 

is longer than 0.88 µm, the quantum efficiency becomes zero. Such an absorption tail 

generally agrees with the measurement result which is shown in Figure 3.12. The differ­

ential output voltage decreases when wavelength is longer than 0.7 µm is due to the 

GaAs intrinsic absorption. When the incident light wavelength is longer than the long cut­

off wavelength, here is 0.873 µm for GaAs, there is no light absorption for the GaAs 

intrinsic process, thus the quantum efficiency goes to zero. For short wavelengths, the the­

oretical quantum efficiency is high and remains constant, but our measurement is not. In 

fact, the differential output voltage reduces when the wavelength is shorter. There are 

two possible explanations to this observation. Firstly, it may be due to surface recombina­

tion. To examine this, we propose a model for it. When a monochromatic light of wave­

length A. is incident on the front surface of the GaAs RGCCD, the number of photo-
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Figure 3.12 The measurement output voltage versus wavelength 
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collected in the potential wells under the electrodes can be derived as follows. If we do 

not consider the reflection at the semiconductor surface, the generation rate of electron 

hole pairs at the distance x from the surface is given by 

G(A, x) = a(A)Fexp [- a(A)x] (3 .5) 

where a(A) is the light absorption coefficient of the semiconductor, Fis the number of 

incident photons/cm2/s per unit bandwidth. 

Under a low-injection condition, the one-dimensional, steady-state continuity equa­

tion for semiconductor is [1] 
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2 
D d n + G - n - no = 0 

n 2 't dx n 

(3.6) 

where Dn is the electron diffusion coefficient, n is the electron density, no is the thermal­

equilib1ium electron density and 'tn is the electron lifetime in semiconductor which is [1] 

(3.7) 

where On is the cross section of electron, V111 is electron thermal velocity and N1 is the 

number of trapping centers/cm3. 

Inserting Equation (3.5) into Equation (3.6), the general solution for Equation (3.6) 

is 

aF'tn 
n-n0 = Acosh(x/ Ln)+Bsinh(x/Ln)-

2 2 
exp(- ax) 

a L - 1 n 

(3.8) 

where Ln = (Dn 'tn/
12 

is the electron diffusion length. There are two boundary condi­

tions. One is at the surface of the semiconductor, we have surface recombination with a 

recombination velocity S11, that is: 

at X = 0 (3.9) 

where surface recombination velocity Sn is given by [30] 

(3.10) 

where Ns, is the number of surface trapping centers per unit area at the interface of the 

cermet and GaAs semiconductor. Using the parameter V,h = 10
7 
emfs, 

12 2 18 3 . - 11 2 
Ns, = 10 / cm , N, = 10 / cm and assurrung 0

11 
= 10 cm , the value of surface 

recombination velocity S
11 

= 10
8 
cm / s and the electron life time 'tn = 10- 14 s. The elec­

tron diffusion length Ln = 5.48x10-
7 
cm if we assume Dn = 30c,n2 I s. Thus, we can 

. 6 - 1 2 2 
see that if a< 10 cm , a L

11 
« 1 . 
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Another boundary condition is at the edge of the depletion region. It can be simpli­

fied using x = CX), the excess electron density is almost zero, that is: 

at x=CX) 

Using these two boundary conditions in Equation (3.8), the electron density is 

aF-r,n 
n - n0 = Acosh(x / Ln) - Asinh(x/ Ln)-

2 2 
exp(-ax) 

a L - 1 n 

aF-r,n 
= Aexp(xl L,) -

2 2 
exp(-a.x) 

a L - 1 n 

where the parameter A is calculated as follows: 

A= 

(3.11) 

(3.12) 

(3.13) 

If we only consider the ideal situation without the surface recombination, i.e., all the 

electrons generated by the incident light photons were collected in the potential wells in 

the CCD, that is Dn = 0 and Sn = 0, Equation (3.6) can be rewritten as 

(3.14) 

the solution for Equation (3.14) is 

(3.15) 

Integrating Equation (3.15) from x = 0 to CX), the total number of the photo-excited car­

riers is equal to F'trz- On the other hand, we measured the output voltage of the GaAs 

ROCCO which is 0.2 V, the total capacitance is 71 fF, therefore the electron number col­

lected in the potential is 

n = 
0.2 X 71 XlO- IS 

1.6xl0- 19 
88750 (3.16) 
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therefore F = 88750/ 't
11

• 

Comparing Equation (3.15) with Equation (3.12), we can see that when a 2 
L

11 

2 
« 1 , 

the second term on the right side of the Equation (3.12) is identical to the Equation (3.15), 

this means that the electron is generated without surface recombination. The first term on 

the right side of the Equation (3.12) is the influence of surface recombination. As we cal­

culated above, the electron life time 't11 is 1 x l0-
14 

s, and if we assume that the electron 

effective diffusion coefficient at the GaAs semiconductor surface is 30 cm2/s, then for dif­

ferent values of the surface recombination velocity Sn and the light absorption coefficient 

a, we can get the effect of the surface recombination to the quantum efficiency. 

From Figure 3.13 and Figure 3.14 we can see that, when S
11 

= 0, i.e. without sur­

face recombination, the solution for Equation (3.6) is very near to the solution for 

Equation (3.14) which is for the ideal situation (compare the dashed line and star line in 

both figures). When the absorption coefficient a is small, they are almost the same (c.f 

Figure 3.13). When the surface recombination velocity S
11 

= 10
8
cm/ s (the solid line in 

both figures), we can see the electron concentration near the semiconductor surface is 

lower. As expected, when we have surface recombination, the number of electrons col­

lected is reduced. 
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For the different incident light wavelength, Table 3.3 lists the relative difference of 

the electron calculated for the different surface recombination velocity. From the data we 

can see that, for the reasonable surface recombination velocity Sn = l x10
8 
cm/ s, the 

shorter the wavelength, the less the electron can be collected. Because for the shorter 

wavelength, the absorption coefficient a is bigger and more photo-excited carriers are 

generated near the semiconductor surface which the surface recombination will domi­

nate. For example, if wavelength is 0.2 µm, only 77.2% electron will be collected, that 

means 22.8% electron generated by the incident light photon lost before they were col­

lected in the potential wells in the CCD. Consider about the extreme condition, that is 

Sn = 00 , for wavelength equals to 0.2 µm, the highest loss is 35.4% based on our model. 
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Table 3.3. The relative portion of electrons that can be collected 

Wavelength µm 0.2 

a (cm-1) lx106 

Sn=lxl08 emfs 77.2% 

Sn=oo 64.6% 

0.3 0.4 0.5 0.6 0.7 0.8 

9xlef 8x105 lxlef 3x104 lxla4 7xl03 

78.6% 80.3% 96.6% 98.9% 99.6% 99.8% 

67% 69.5% 94.8% 98.4% 99.5% 99.6% 

the relative portion is compared with the ideal situation s0 =0 

parameters used here are 't0 = lx 10-14 s, D0 =30 cm2/s 
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0.85 

4xl02 

100% 

99_9% 

The second reason for the poor quantum efficiency in short light wavelength is the 

cermet layer. Since GaAs RGCCDs are front-sided illuminated devices, the incident light 

will first pass the cermet layer before it reaches the GaAs active layer. Thus, the spectral 

absorption is affected by the cermet. In order to verify this, we set up another experiment 

to measure the resistance change of the cermet layer when light shines on it. This is 

shown in Figure 3.15. The three measured results are shown in Figure 3.16. From the 

results we can see that the resistance become smaller when the wavelength is shorter than 

0.5 µm. The cermet resistance becomes smaller meaning more carriers are generated in 

the cermet and it indicates that the cermet can absorb more light photons when the wave­

length is shorter than 0.5 µm. 

From the analysis above we can see that, the surface recombination and cermet 

absorption reduce the quantum efficiency significantly. Therefore, the blue light response 

of the GaAs RGCCD decreases. 
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Figure 3.17 shows the OaAs ROCCO differential output voltage versus wavelength 

from 1 µm to 2.2 µm. In Figure 3.17, there is an output peak at about 1.6 µm correspond­

ing to an energy gap which is about 0.78 eV. This was caused by the impurities in the 

OaAs. In GaAs this energy gap corresponds to a chromium acceptor impurity which is 

0.79 eV above valence band or an oxygen donor impurity which is 0.75 eV below the 

conduction band [31]. This was not a band to band intrinsic response but an extrinsic 

response of the GaAs ROCCO. 

Another experiment was to expose the OaAs ROCCO to different light intensities 

to examine the relationship between the input light intensity and the output voltage. It is 

imperative that the light source color temperature remains constant. In this experiment, 

an incandescent bulb is used. However, reducing the bulb voltage will reduce the light 

intensity but it also changes the color temperature. Changing the source temperature 

leads to incompatible results . Thus, in this experiment, the light source intensity was 

changed by inserting the beam splitters (neural density filters, cf. Figure 3.9). 

Figure 3.18 shows the results of the output voltages versus different light intensities. 

From the results we can see that when the light intensity is below a certain level, the out­

put voltage is proportional to the light intensity. When the light intensity exceeds that 

level, the output voltage reaches saturation. We are of the opinion that this is related to the 

non-linearity of the floating diffusion output, which will be discussed in Chapter 5. This 

problem could be resolved using the current output sensing scheme as suggest in [29]. 
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Chapter 4 

The Study of X-ray Interactions in GaAs 

RGCCD 

4.1 Introduction 

An X-ray photon is uncharged and creates no direct ionization or excitation in the mate­

rial through which it passes. The detection of X-ray is therefore critically dependent on 

the X-ray photon undergoing an interaction that transfers all or part of the photon energy 

to an electron in the absorbing material. When an X-ray is incident on a GaAs RGCCD, 

it will interact with the atoms in the GaAs by ejecting an energetic electron from one of 

the atoms through either the Compton or the photoelectric process. Both of these pro­

cesses create an electron from one of the bound shells and leave an excited atom. The 

excited atom will relax to its ground state by either emitting a characteristic X-ray or, 

through an Auger process, an energetic electron. If a characteristic X-ray is released, it 

will then interact with other atoms and eject additional electrons similar to the incident X­

ray but with a relatively low energy. These energetic electrons can continue to interact 

with the atoms in the GaAs RGCCD to create electron-hole pairs until their kinetic ener­

gies are too low to cause further ionization. 

4.2 The Interactions of X-ray with GaAs RGCCD 

Although a large number of possible interaction mechanisms are known for X-ray inter­

action with matter, only three major types will play an important role in radiation mea­

surements, there are: photoelectric absorption, Compton scattering, and pair production. 
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Pair production occurs when the X-ray photon disappears and is replaced by an electron­

positron pair. In order for this to happen , the photon energy must exceed twice the rest­

mass energy of an electron, i.e. 1.02 MeV [32]. During Compton scattering, the incoming 

X-ray photon is deflected through an angle e with respect to its original path. The pho­

ton transfers a portion of its energy to the electron which is known as a recoil electron 

with an energy that can vary from zero to a large fraction of the incoming X-ray energy. 

In the photoelectric absorption process, an X-ray photon undergoes an interaction with 

an absorber atom in which the X-ray photon completely disappears, and an energetic pho­

toelectron is ejected by the atom from one of its bound shells. The relative importance of 

the three processes and the photon energies are conveniently illustrated in Figure 4.1 [32] . 

70 
N 

10 

Photoelectric effect 
dominant 

0.1 

Compton 
effect dominant 

Incident energy in Me V 

Pair production 
dominant 

10 100 

Figure 4.1 The relative importance of the three major types of interaction in matter 

The X-ray used to irradiate the GaAs RGCCD in this study ranged in energy from 

8 KeV to 45 KeV, much less than the 1.02 MeV needed in the pair production process, 

thus, the pair production does not happen in this study. Compared to the photoelectric 

absorption process, the cross-section for Compton scattering has been observed to be neg­

ligible [32]. Therefore, it will be assumed that the X-ray photon-solid interactions will be 
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primarily photoelectric absorption process when the GaAs RGCCD is used as an X-ray 

detector. 

4.3 The Photoelectric Absorption 

During photoelectric absorption, the incident X-ray photon is absorbed. In its place, a 

photoelectron is produced from one of the bou-nd shells of the absorber atom with a 

kinetic energy given by the incident photon energy hv minus the binding energy of the 

electron in its original shell (Eb). This process is shown in Figure 4.2. For the X-ray ener­

gies used in this study, the photoelectron is most likely to emerge from the inner-most or 

K shell (~80%) and about 19% from the next higher shell, the L shell [33]. 

hu 

---------------

Figure 4.2 The photoelectric absorption in GaAs 

The probability, p(z) of the incident X-ray photon being absorbed at a distance dz at 

a given depth z in a material is given by 

dp(z) = aexp(- az)dz (4.1) 

where a is the linear absorption coefficient of the X-ray in the material. The cumulative 

probability, P(z), that an X-ray photon is absorbed by the time it reaches a depth z is given 

by integrating Equation ( 4.1) to get 

P(z) = 1 - exp(- az) (4.2) 

When an X-ray photon interacts with an atom during the photoelectric effect, the excited 

atom may relax to its ground state in two different ways. The first one is for an electron 

from an outer shell to replace of the ejected electron, with the emission of an X-ray of 
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energy£ - £
0

, where £
0 

is the energy of the outer shell involved in the process. This X­

ray photon is called a characteristic X-ray photon. The characteristic X-ray photon may 

interact with other atoms and eject an electron through photoelectric effect. The second 

one is an Auger process. The excitation energy of the atom is transferred directly to one 

of the outer electrons, causing it to be ejected from the atom. This electron is called an 

Auger electron and appears with an energy given by the difference between the original 

atomic excitation energy and the binding energy of the shell from which the electron was 

ejected. Figure 4.3 illustrate the process. The ratio of characteristic X-ray photons to all 

possible atom deexcitations is defined as the fluorescent yield, and it is independent of 

the incident X-ray energy. For Ga and As nucleus, the fluorescent yields for the K-shell 

are: Ga~50.7% and As~56.2%, respectively [36]. 

Characteristic 
X-ray 

Figure 4.3 The creation of characteristic X-ray and photo-electron in CCD 

4.4 Interactions of Electrons in GaAs 

The photo-electrons and Auger electrons created by the incident X-ray have energies 

from O Ke V to 35 Ke V. These electrons will interact with other electrons and the nucleus 

of the GaAs through different processes and lose their energy. A large electron cloud will 

therefore be created along the electron trace. All of these interactions can be modeled 
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using an analytic model proposed by Bethe based on the phenomenological continuous 

energy loss approximation. The energy loss dE per unit distance dx traveled by an 

excited electron in the solid is given by [37] 

4 
dEI dx = - 7.85 x 10 (Zp / AE)log( 1.1658£/ J) (4.3) 

where Eis the energy of the electron, Z is the atomic number, p is the density, A is the 

atomic mass and J is the average energy loss per interaction considering all possible 

energy loss processes. For Z > 6 , J is given as [38) 

(4.4) 

The continuous energy loss approximation can be used to estimate the electron 

energy loss rate dF./dx in GaAs for a given electron energy, therefore it can be used to 

determine the mean distance an electron with the given energy would travel if the electron 

did not change its direction of travel during the interactions. Figure 4.4 shows the rela­

tionship between the mean distance and the electron energy. Actually, the distance an 

electron travels in the GaAs RGCCD X-ray detector is much less than this since there 

can be many scattering processes in the path. 
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Figure 4.4 The mean distance v.s the energy 

As mentioned earlier, an electron loses its energy through multiple scattering pro­

cesses and these will create a large number of secondary electron-hole pairs (e.h.p.s). 

These e.h.p.s will also scatter and create more e.h.p.s. The cascade process continues 

until the energy of all the ionized e.h.p.s reduces to a few eV. The total electron-hole 

pairs created by this process is N = E l w, where w for GaAs is 4.2 eV/e.h.p.s [34]. This 

means that it takes 4.2 e V to create a relatively long-lived electron-hole pair in GaAs. 

Since the creation of electron-hole pairs is a statistical process, the number of e.h.p.s cre­

ated by an electron of energy E will not be a constant. The variance of N is (f • N) 
112 

and is used to account for the photon shot noise. f is called the Fano factor, which for 

GaAs at room temperature f = 0.14 [35]. 

If none of the energy of an incident photon of energy E escaped from the detector, 

then the number of electrons N collected by the GaAs RGCCD X-ray detector for a given 
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X-ray photon would be a Gaussian distribution with a mean value of El w . The variance 

of this distribution would be cl = JN ehp· The X-rays used in this study had energies 

from 8 KeV to 45 KeV, corresponding to the creation of 1904~ 10714 electron-hole pairs. 

Using the Fano factor off = 0.14, the Gaussian radius is 16 and 39 e.h.p.s, respectively. 

4.5 Charge Collection from the Depletion Layer 

4.5.1 The Potential Underneath an Electrode in the GaAs RGCCD 

The GaAs RGCCD X-ray detector used in this study was also fabricated at TRIUMF. All 

the parameters of the GaAs RGCCD are the same as what we used in Chapter 3, except 

the thickness of the buffer layer (it is ca lled active region in the X-ray detector). The 

thickness of the active region is 30 µmin this study. Figure 4.5 shows the structure of the 

GaAs RGCCD X-ray detector. 

0.24µm 

3oµm 

650µm 

i 

Semi-Insulating 
Active Region 

Cermet 

Figure 4.5 Structure of the GaAs RGCCD X-ray detector 

There are two di fferent regions under an electrode in the GaAs RGCCD active 

region: one is the depletion region and another is the field-free region (FFR). To find the 

depletion depth in the active region in the GaAs RGCCD, Poisson's equations relating 

the second derivative of the potential to the charge distributions in the channel and the 
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active region should be solved. They are 

(4.5) 

(4.6) 

where tis the thickness of the channel, xP is the thickness of the depletion layer in the SI 

active region, \j/ is the electrostatic potential and £caAs is the permittivity of the GaAs. Nd 

and Na are the donor density in the channel and the acceptor density in S.I. GaAs active 

layer, respectively. 

The boundary conditions are 

d\jl 

dx 
+ 

t 

= d\jl 
dx 

(4.7) 

(4.8) 

(4.9) 

(4.10) 

where V8 is the applied electrode voltage, Vbias is the reverse bias voltage applied on the 

bottom of the GaAs RGCCD substrate and <l>b is the barrier height of the Schottky diode. 

Equation (4.8) specifies the value of the potential at the edge of the depletion region. At 

the interface, Equation (4.9) and (4.10) represent the continuity of the potential and its 

derivative, respectively. 

We solve Equation (4.5) and (4.6) using the boundary conditions and plug the 

parameters of the GaAs RGCCD into these equations. When the Vbias is O V, the depth of 

the depletion region is d = 4µm and the depth of the FFR is 8 = 26µm. When the 

Vbias is - 7V (which is the largest value to use the GaAs RGCCD safely), the depth of 
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the depletion region is d = l l.32µm and the depth of the FFR is 8 = 18.68µm. 

4.5.2 Charge Collection 

As mentioned above, photo electric absorption of an X-ray ejects an e.h.p.s of appreciable 

energy (c.f Figure 4.2). The energetic electrons that penetrate the material are scattered 

inelastically, primarily by collisions with bound electrons in the material. In this process, 

the path of the electrons will be almost straight lines. The electrons are also scattered 

through large angles, primarily through elastic collisions with the shielded nuclei. There­

fore the paths of the energetic electrons will be in a zigzag. The primary electrons will 

then lose all their energy through multiple scatterings. The number of large angle colli­

sions per unit path length will determine the actual path of the electrons in the material. 

The probability of an elastic collision with the shielded nuclei is given by [39] 

(4.11) 

where the <I> is the scatter angle. 

The fractional energy loss M l E is (37): 

/:::,.E 4 2 E = (- 21te N0Zpl AE )log(l.1658£/ J),ix (4.12) 

The path of the electron can be estimated from the ratio of the angular scattering 

probability P ecC <)>, £) to the fractional energy loss M I E: 

= _l_z 1 
321t log(l.1658£/ J)sin4 (<j> / 2) 

(4.13) 

For the GaAs RGCCD X-ray detector, Equation (4.13) can be rewritten as 

0.318 
=---------

(log£+ 1.225) sin4 (<j>/2) 
(4.14) 

From Equation (4.14), it can be seen that the large angle scattering per unit frac-
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tional energy loss is rather insensitive to electron energy £, since it varying only logarith­

mically. It also can be seen that the chance for a large angle scattering is very small. 

Therefore, for simplicity, the shape of the charge cloud created by a given energy elec­

tron is assumed to be cyclindrical. 

Using the Bethe continuous energy loss approximation Equation (4.3), for an elec­

tron with energy 30 Ke V, the energy loss of the electron per unit length, 

dE I dx = 28620 KeV/cm. The average energy needed to create an electron-hole pair in 

GaAs, w = 4.2 eV. The number of e.h.p.s N ehp created in a unit length (i.e. 1 µm) in the 

GaAs RGCCD is 681. We assume that such a generation rate along the electron track is 

constant and that the cylindrical track of the e.h.p.s has an initial radius less than 0.1 µm 

[40]. Therefore at t = 0, the electron density in the track is 

N - Nehp - 2 68 1016/ 3 axis - --
2 

- .1 X Cm ( 4.15) 
7tcro 

We assume that the e.h.p.s can effectively screen the interior of the charge distribu­

tion from the applied field when the electron-hole pair density exceeds the background 

doping of the GaAs, which is 1014 cm·3 in this case. The electrons and holes outside of 

this radius will drift toward the top and bottom of the GaAs RGCCD X-ray detector, 

respectively. Electrons and holes inside of this radius of penetration will however 

undergo arnbipolar diffusion. The speed of the diffusion for the interior charge is deter­

mined by the arnbipolar diffusion constant, Dap· The correct transition from ambipolar 

diffusion to normal diffusion depends on relative values [41]. 

(4.16) 

where n; is the doping density, D11 is the electron diffusion coefficient and DP is the hole 

diffusion coefficient. 

For Naxis » ni (in this case, 2.168xl0
16

/ cni3 » lxl0
14

/ cni3), Equation (4.16) can 

be reduced to 

(4.17) 
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For GaAs, D11 and DP are 221 cni2!s and 10.4 cni2!s, respectively [l]. This gives an 

ambipolar diffusion constant of Dap = 19.87cni2 I s . 

The transport equation of the e.h.p.s is governed by [30) 

apehp = _ D v 2 + Pehp 
a, ap Pehp 't 

(4.18) 

where the Pehp is the density of electron-hole pairs. 

A simplified one dimensional (depth) model is used and we assume the electron 

lifetime, 't, is a constant (this assumption is probably incorrect, the relaxation from high 

concentrations to levels where 't is a constant occurs so rapidly in GaAs that the changing 

lifetime will not produce a substantial error), the solution of Equation (4.18) is 

N ehp ( i tJ 
Peh/x, t) = 4 D exp - ~D - -

7t aP' apt 't 
(4.19) 

Solving this equation, it was found that the distribution would take ~400 ps to dif­

fuse to the background density, and the width of the distribution at this time is ~0.5 µm. 

The worst case occurs at the bottom of the depletion region, where the X-ray photon 

is absorbed at llµm from the CCD surface electrodes. The bias voltage is -7 V, which 

will result in an average drift field of about 6300 V/cm. The electron mobility µn is 8500 

cni2N-s and the drift velocity, v, will be ~5.4x10
7 

cmls. It will therefore take about 20 ps 

for the electrons to drift from the bottom of the depletion region to the CCD potential 

well. Thus, total time need for collecting all the electron in the depletion region is about 

420 ps. From the simulation results presented in Chapter 2, it needs about a minimum of 

250 ps to transfer the signal charge packet from one GaAs RGCCD electrode to another 

electrode with a reasonable CTE, therefore this implies that the fastest operation fre­

quency of the CCD X-ray detector should be less than 1.5 GHz. 

4.6 Quantum Efficiency 

If we assume that the S.I. GaAs active region is homogeneous (with no variations 
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in the diffusion length for electrons and holes) and is field free, then for a simplified one 

dimensional model , the fraction fJ of the incident X-ray beam that is absorbed in the 

depletion region is given by 

f 1 = 1 - exp(- ad) (4.20) 

where dis the depletion depth and a is the linear absorption coefficient. 

The fraction Ji of the incident X-ray absorbed in the FFR below the depletion region 

is given by 

f 2 = (1 - exp(- a8))(1 - f 1) (4.21) 

where 8 is the depth of the field free region. 

Based on the recombination losses in the field free region, the number of electron­

hole pairs created in an incremental thickness at depth xis multiplied by exp(- x/ L) to 

account for recombination, where L is the effective diffusion length. The number of elec­

trons collected is obtained by integrating the incremental thickness contributions over the 

depth of the OaAs ROCCO in the field free region. Thus, the ratio of electrons collected 

per electron hole pairs produced in this region is given by 

R = a (l -exp(- (a + 1/ L)8)) 
a + l / L 1 - exp ( - a8) 

(4.22) 

From the analysis above, the quantum efficiency is the fraction of the total X-ray 

energy which is used to convert to electron-hole pairs. From Equation (4.20) to (4.22), the 

quantum efficiency 11 is 

(4.23) 

the first term on the right-hand side of Equation (4.23) is the fractional probability of 

absorption in the depletion layer, the second term is the fractional probability of absorp­

tion in the FFR which resulted in collectible electron-hole pairs under the OaAs ROCCO 

electrodes. 
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The results of the calculation described above, along with different energy X-rays 

and corresponding linear absorption coefficients, are presented in Table 4.1 

Table 4.1. Quantum efficiency of different X-ray energies 

Element Cu Rb Mo Ag Ba Th 

Ka. X-ray energy (KeV) 8.047 13.394 17.489 22.162 32.190 44.170 

Linear absorption 352.95 649.11 320.32 166.93 58.54 23.02 

coefficient, 
- 1 

a.( cm ) 

Quantum efficiency Tl 56.10% 76.98% 52.74% 32.73% 13. 11% 5.39% 

From the results it can be seen that when the linear absorption coefficient decreased, 

the quantum efficiency drops. For Tb Ka X-ray, the quantum efficiency is as low as 

5.39%. 

4.7 Charge Packet Splitting 

The electrons created in the depletion region will diffuse radially as they drift 

through the depletion region. The radius of the electron cloud depends on the distance 

the electrons traveled. If the X-ray photon interacts in the depletion depth, x < d, see 

Figure 4.6, the 1 cr radius is given by Hopkinson as (42) 

(4.24) 

where µ is the electron mobility. In order to avoid the singularity at x equals d, an offset of 

0.05 µmis used at this boundary [42). In the worst case, the events occurs at the bottom of 

the depletion region, therefore the maximum radius r dmax = 0.43 µm. 
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d Depletion region 

6 Field free region 

X 

Figure 4.6 The diagram of depletion region and field free region 

In the field free region, d < x < d + 8, the electron-hole pairs will diffuse until they 

reach the depletion boundary. The 1 cr radius at the depletion boundary is based on a 

model by Janesick et al. and is given by [43] 

2 1/ 2 
r1 = 8/ 2(1 - ((x - d) / 8)) (4.25) 

The singularity at the boundary of depletion region and FFR where x - d = 8 is again 

avoided by the offset. In the worst case, the events occur at the bottom of the FFR, which 

8 = 18.68µm, therefore the maximum radius r fmax = 29.92µm . 

The overall radius of the electron distribution under the electrode is 

2 2 1/ 2 
r = (rd + r f ) (4.26) 

Based on these calculations, the maximum overall radius r max = 29.92µm. The 

length of each pixel of the GaAs RGCCD X-ray detector is 24µm, and the GaAs 

RGCCD X-ray detector uses the statistical method to obtain the signal, therefore under 

the worst case, the charge cloud will spread to maximum of 5 pixels which is shown in 

Figure 4.7. This analysis results agree with the experiment results of S. Patten which are 

shown in Figure 4.8 [33] . Nsignal here is the number of the GaAs RGCCD pixels used in 

the experiment to collect the charge packet. If the charge packet in a single event were 

contained in one pixel of the GaAs RGCCD, changing Nsignal would have little effect on 
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the shape of the spectra. In fact, if the number of CCD pixels that contain charge packet 

from an event is Ncharged • then for Nsignal > Ncharged• there should be no change on the 

shape of the spectra. From the results we can see, the change in the shape of the spectra 

from Nsignal = 3 to Nsignal = 5 is quite large, and the change for Nsignal larger than 5 is 

much smaller. This suggests that the charge packet in a signal from a Tb X-ray is con­

tained in at most five pixels, and that some events have more than three pixels with the 

charge packet in them. 

incident X-ray photon 

11 I I 

• 
- • -

-
charge packet splitting r=29.92 µm 

Figure 4.7 Charge packet splitting in CCD 

on 
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II 

;: 
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Figure 4.8 The spectra of Tb X-rays with Nsignal=3,5,7 and 9 [33] 

For a higher quantum efficiency with the GaAs RGCCD X-ray detector, the signal 

charge packet should be confined in one pixel, and therefore the depletion region should 

be deeper (c.f Equation (4.24) to (4.26): the bigger the depth of depletion region, the 

smaller the overall radius of the electron distribution). From the analysis presented in 

Section 4.5 (Equation (4.5) to (4.10)), if the CCD is fabricated on a high resistivity layer 

(the Na is smaller), the depletion region will essentially penetrate all of the active layer. 
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4.8 Noise Analysis 

CCD is inherently a low noise device in the sense that information is represented by the 

charge packets which are kept isolated inside the semiconductor during the storage and 

transfer process. The noise in the GaAs RGCCD X-ray detector can be separated in four 

components: (1) shot noise (photon noise), (2) dark current noise, (3) bulk state trapping 

noise and (4) output noise. Detailed discussions on the different noise are presented 

below. 

4.8.1 Shot Noise (photon noise) 

When a packet of charge is stored in a CCD, the number of electrons in the charge packet 

has an amount of uncertainty. This uncertainty becomes noise in the charge packet, 

which is called shot noise. For a CCD X-ray detector, the charge packet is generated by 

an incident X-ray. This process is a random one and the number of electron hole pairs 

generated is described by the Poisson probability distribution, as mentioned in 

Section 4.4. For the GaAs RGCCD X-ray detector, the noise is 

2 
cr = fNehp (4.27) 

This noise itself does not impose a serious limitation to the dynamic range of the 

X-ray detector since the noise power is proportional to the signal magnitude. 

4.8.2 Dark Current Noise 

The number of thermally generated dark current electrons is [19] 

(4.28) 

where As is area of the single pixel, Mis the number of the pixels CCD has.Jc is clock 

frequency, and Jd is the dark current density which is depended upon the temperature, 

_!J_ 

J _ k 2kT 
d - e (4.29) 
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where Eg is the band gap and for GaAs, Eg is given by [30] 

(4.30) 

- 5 2 
For the GaAs RGCCD X-ray detector used m this study, As = lxlO cm , 

f c = 10MHz, M = 128 , and J d = lOnA I cnz2, the dark noise can be calculated by 

Equation (4.28) is about 3 electrons. 

In principle, dark current density can be made negligible with sufficient cooling. 

Dark current density decreases approximately twofold for every 7 to 8 °C drop in CCD 

detector temperature. Therefore the dark current noise drops quickly with a decrease in 

the temperature. 

4.8.3 Bulk State Trapping Noise 

Bulk traps are the dominant source in fast interface state noise for the GaAs RGCCD X­

ray detector since the signal charge packets are transferred within the bulk of the CCD 

channel. The bulk state can either capture an electron or emit an electron. The noise 

related to the bulk state emitting an electron is given by [44] 

(4.31) 

where Vsig is the volume that the charge packet occupies, T, is the transfer time, N, is the 

number of bulk states per unit volume, typically equal to J011!cm3 for the GaAs RGCCD 

X-ray detector, and te is emission time for an electron and can be varied over many 

orders of magnitude by changing the temperature. When exp(- :J = 0.5 , the 

Equation (4.31) has the maximum value. Therefore when the signal charge packet is 

1 x10
4 

electrons, the maximum noise is (nempcy)max = 1 electrons. 

The noise related to the bulk state capturing an electron is given by ( 44] 

(4.32) 

Similarly, the maximum noise of the capture is (n fill)ma x = 1 electrons. 
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2 2 l /2 
Therefore, the overall bulk state trapping noise is nrrap = (nempty + n fill) ::::: 1 

electrons. 

4.8.4 Output Noise 

Actually, the output noise is the main noise source in the GaAs RGCCD X-ray detector. 

The detail of the output noise will be discussed in Chapter 5. 



Chapter 5 

CCD Output Structure Comparisons 

5.1 Charge Sensing Techniques 

Once a charge packet is injected into a CCD, its propagation in the channel will be under 

the control of the clock voltages applied to the gate electrodes. The charge packet will be 

detected at the CCD output. If the charge is directly sensed at the output of CCD, then it 

will be destructive because the signal charge will be removed from the CCD channel 

completely. In some analog applications, it is often desirable to repeatedly measure the 

output charge using a non-destructive charge-sensing method. Another option in charge 

sensing depends on whether a voltage output or a current output is required. Both these 

considerations will affect the choice of the sensing technique and give rise, consequently, 

to a variety of sensing circuits. In this chapter we will discuss and compare three differ­

ent CCD output circuits for signal charge sensing. 

5.2 Floating Diffusion Sensing 

Probably the most widely adopted scheme for detecting the output charge of a CCD is 

the use of a floating diffusion output structure. This is a destructive voltage-sensing 

scheme. The floating diffusion node is directly connected to the gate of the output transis­

tor, and the potential of the floating diffusion node controls the output voltage. The float­

ing diffusion node is also connected to a reference voltage Vr via a transistor, which is 

periodically turned on to reset the floating diffusion node to the reference voltage Vr 

Alternately stated, the signal charge packet is removed from the floating diffusion node 

once each cycle by the reset transistor. The structure of the floating diffusion sensing 
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technique fo r GaAs CCD is shown in Figure 5.1 [45]. 
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Figure 5.1 Circuit diagram of a typical floating diffusion reset technique for 

GaAs CCD signal charge detection 

5.2.1 Noise Analysis 

5.2.1.1 Floating Diffusion Reset Noise 

64 

From thermodynamic principles it is well known that the voltage on the floating diffu­

sion capacitor is not the same after every reset, even if there is no charge packet collected 

in the detection node. The noise introduced by the reset will be the thermal noise of the 

MESFET (or MOSFET) channel resistance which is in parallel with the floating diffu­

sion capacitance. The noise equivalent circuit diagram of floating diffusion is shown in 

Figure 5.2 (46]. The resistance R is equivalent to a noise current source which is in paral­

lel with R. The noise current source is 
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Figure 5.2 Equivalent circuit of floating diffusion reset noise 

i 
2 = 4kTM3/R n 

65 

(5.1) 

where k is Boltzmann constant and t:.B is the bandwidth which is determined by the 

clock frequency. 

The voltage fluctuations across the RC network will depend upon its frequency 

characteristics. The mean-squared noise voltage per unit bandwidth is given by: 

where 

2 
V = n 

G = 1 + jcoC 

(5.2) 

(5.3) 

(5.4) 

The total mean-squared noise voltage will be the integral over frequency of v n 
2

. 
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1 

v/ = ( v/dJ = 4kT[ RC dw = kT 
21tC o 1 2 C 

22 + (i) 

RC 

(5.5) 

By equating signal to the square root of the noise variance, the noise equivalent sig­

nal in number of electrons will be 

- 1 - 1 ~ ~ 
Ne = -CVn = -,.;kTC = 40011,/CpF 

q q 

where CpF here means that the capacitance is in unit of pF. 

(5.6) 

Note that although the resistance of the transistor is the source of the fluctuations, 

its value does not affect the total charge fluctuations. This is because, while larger values 

of R increase the mean-squared noise voltage per unit bandwidth, they decrease the effec­

tive bandwidth by the same factor. A larger capacitance reduces the bandwidth by 1/ Jc, 
thereby reducing the noise voltage, but it also increases the charge fluctuations for a 

given rms noise voltage by C. This results in the Jc dependence. Since this noise is 

related to the product of kTC, some times it is called kTC noise [19]. 

The floating diffusion node capacitance consists of all the capacitances connected 

to this node (includes the parasitic capacitances) and its analysis is very difficult. But we 

can establish a model to simulate it. Assuming the total capacitance is only divided into 

two parts: 

(5.7) 

where the Cd is the depletion capacitance of the diffusion node, Cg is the input gate 

capacitance of the source follower. Cg will not change when the potential of the floating 

diffusion node changes, but Cd will change. Cd is a function of the voltage applied on the 

floating diffusion node which is given by [1] 

(5 .8) 
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where Vis the voltage across on the depletion capacitance, Sis the area of the diffusion 

node, Neff is the effective dopant density which is given by (30) 

and Vbi is the built-in voltage which is given by 

kT NDNA 
vbi = -ln--

q n~ 
I 

(5.9) 

(5.10) 

where ND is the donor density in /cm3, NA is the acceptor density in /cm3 and ni is the 

intrinsic carrier density of the semiconductor in /cm3. 

For the GaAs RGCCDs we have tested, they used the floating diffusion charge sens­

ing technique. The size of floating diffusion node is 3 µm x 25 µm and the size of the 

source follower is 1 µm x 50µm. Since the input gate capacitance of the source follower 

(Ma in Figure 5.1) is difficult to calculate, we simulated the circuit which is shown in 

Figure 5.3 to estimate the capacitance. DC voltage source Vdc and pulse voltage source 

Vpulse are used to provide the proper bias for the source follower. Using a small DC cur­

rent / = 1 nA to charge the node A for t seconds and measure the voltage change V at 

the same node, we can get the input gate capacitance which is C 
8 

= 1 ~ t. The simula­

tion result is shown in Figure 5.4. From the result we observed that the input gate capaci­

tance of the source follower is 31 tF. 
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Figure 5.4 Simulation result of the input gate capacitance 
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Equation (5.8) is used to calculate Cd. Since Cd is a function of the applied voltage, 

we choose a voltage value equal to 0.5 V to obtain the mean value of Cd which is 64 fF. 

Therefore, the total capacitance connect to the diffusion node is about 95 tF. Thus, using 

Equation (5.6), the reset noise is about 123 rms electrons. This is quite a large noise 

source. 

5.2.1.2 Flicker Noise or 1/ J Noise 

Flicker noise was discovered by Johnson in 1925 and interpreted by Schottky in 1926 

[47]. Because the noise spectrum varies as 1/ fa, with a close to unity, one often uses the 

name 1 / f noise instead of flicker noise. The 1 / f noise in a CCD is usually associated 

with the fast interface state trapping and can be related to the thermal noise if the charac­

teristic frequency f* is known [47]. 

(5.11) 

In [46], the 1/ f noise in CCD was simplified as 

2 4kTMJa 
vn 1/ f = 

gm 
(5.12) 

where a is a constant which depends upon the gate and drain voltages, their dopings, etc. 

and gm is the transconductance of the device. For a MOSFET, gm is given by 

(5.13) 

where µ is the carrier mobility in semiconductor, C0 x is the oxide capacitance per unit 

area and Vt11 is the threshold voltage of the MOSFET. 

For a MESFET, gm is given by 

W( (V bi - V G)
11 2

) gm = qµNody 1 - V 
po 

(5.14) 

where dis the thickness of the active layer, VO is the gate voltage and Vpo is the pinch-off 
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voltage which is given by 

(5.15) 

Thus, the equivalent noise in term of electrons for the CCD 1 / f noise is 

(5.16) 

where C,o,al is the total capacitance connected to the floating diffusion node. From 

Equation (5.12) and we see that an increase in gm will decrease the noise. That is the rea­

son why we always use a large (Wis large) transistor as the source follower. For the GaAs 

RGCCD used in this study, d = 0.24µm , µ = 8000cn-z2 I V· s, ND = 5 x 10
16 

/ cm
3 

and W I L = 50. Using the Equation (5.14) and (5.15) , we can find gm of the MESFET 

source follower which is 74.6 mmho. Assuming 11B is 100 MHz, a is 1 and c,o,al is 95 

fF calculated above, therefore the 1 / f noise is about 3 electrons,. 

5.2.1.3 Correlated Double Sampling 

From the analysis above, we can see that the reset noise of the floating diffusion sensing 

scheme is quite large. It is important to minimize this noise where low noise performance 

is required. The correlated double sampling signal processing method (CDS), some times 

called correlated clamp-sample-and-hold method (CCSH), has been developed to remove 

kTC noise from the signal in floating diffusion charge detection circuits, Figure 5.5 

shows the output structure of the CCD with CDS connected to a floating diffusion charge 

detection node [ 48). 
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Figure 5.5 Circuit diagram of the CDS connected to a floating diffusion node 

The operation of this circuit can be divided in three basic cycles: In the first cycle, 

the floating diffusion diode is reset by turning on the reset transistor Mr and allowing the 

potential of the floating diffusion diode to equalize with the reference voltage. In the sec­

ond cycle, the reset transistor is turned off and the diode node is allowed to float. The 

potential on the floating diffusion diode in this interval corresponds to a zero signal. How­

ever, it has an added component of the thermodynamic fluctuations superimposed on this 

level as described by Equation (5.5). In the third cycle, charge packet from the CCD 

transport gate is transferred onto this diode and is sensed as it changes the diode potential. 

This signal together with the kTC noise of the detection node reset level are coupled to 

the gate of the source-follower Mr and further through the coupling capacitor Cc. In the 

meantime, the clamping transistor Mc is turned on. This changes the charge on the cou­

pling capacitor Cc and resets the voltage on this node to the new reference level Ve. The 

signal from the detection node, induced by the charge transfer from the CCD, is always 

referenced to this reset level. By carefully designing the circuit parameters, the kTC noise 

coupled on the capacitor Cc can be made almost the same but with an opposite polarity. 
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This circuit therefore can remove kTC noise very effectively. The noise in term of elec­

trons is given by [48] 

N = ]:_ JkTC 
e F q 

(5.17) 

where the factor F expresses how many times the CDS signal processing method reduces 

the kTC noise which would otherwise be observed on the floating diffusion alone. F can 

be as high as 70 [ 48]. Therefore we can see that the CDS method is very effective at 

removing the kTC noise. For example, if we add a CDS circuit to the floating diffusion 

output of the GaAs RGCCD as shown in Figure 5.1 , the kTC noise can be reduced to as 

low as 2 electrons. But this low level is quite difficult to achieve since the timing require­

ment is very high. Usually after using the CDS circuits, the kTC noise of the floating dif­

fusion charge sensing scheme can be reduced to about 20 electrons. 

5.2.2 Linearity 

The output voltage of the floating diffusion sensing scheme is 

(5.18) 

where Qsig is the injected signal charge, Cfd is the total capacitance at the floating diffu­

sion node, Av is the voltage gain of the source follower which is less than one. In the 

ideal case, Vout should be linear with the injected signal charge Qsig• but actually, it is not 

true. There are two elements should be considered when we discuss the linearity of the 

floating diffusion sensing scheme, one is the transfer characteristic of the source fol ­

lower, another is the capacitance of the floating diffusion node Cfd· 

5.2.2.1 Source Follower 

The small signal gain (Av) of source follower is given by [ 49] 

A = 
V 

gma 

g ma 1 1 
-+-+-

(5.19) 

a.a r dsa r dss 
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where rdsa and rdss are the drain resistances associated with transistors Ma and Ms which 

are shown in Figure 5.1, gma is the transconductance of the transistor Ma and aa is the 

body-effect gain factor which is a constant. When the signal charge packets are small, 

r dsa z r dss » l I gma, therefore the gain of the source follower can remain as a constant 

aa. But when the signal charge packets increase, the operating point of the source fol­

lower drops and as a result, the gain of source follower Av will decrease. Therefore this 

gives the non-linearity of the source follower. Figure 5.6 shows the simulation results of 

the source follower using the same size as we have tested in the GaAs RGCCD. We can 

see that when the input voltage approaches 4 V, the output of source follower becomes 

non-linear. But compared to the non-linearity of the floating diffusion capacitance, this 

non-linearity is very small and only effects large signals. 

0 2 3 
Input (V) 

4 5 

Figure 5.6 DC transfer curves of source follower 

5.2.2.2 Floating Diffusion Node Capacitance 

As we discussed above, the floating diffusion node capacitance includes all the capaci­

tances connected to this node. The total capacitance Cfd can be computed using 

Equation (5 .7) and (5.8). Therefore, the signal output voltage of the floating diffusion 

node is given by 
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= Q sig 
Vout Cfd 

(5.20) 

solving the Equation (5.7), (5.8) and (5.20), we can see that the capacitance becomes 

larger as the injected signal charge increases, therefore, the output voltage of the floating 

diffusion node is non-linear with the signal charge. For the floating diffusion sensing 

scheme shown in Figure 3.1 and the parameters of the GaAs RGCCD we tested in the 

Chapter 3, the simulation results of the output voltage versus signal charge are shown in 

Figure 5. 7. If we assume that at the CCD input section, a 1 V signal input generates 

1,000, 000 electrons, the output voltage versus input voltage is shown in Figure 5.8. Com­

paring Figure 5.8 with Figure 3.8, it shows that the measurement and the simulation 

results agree quite well, and shows the non-linearity of the floating diffusion sensing. 

Therefore, in floating diffusion sensing scheme, the main problem related to the non-lin­

earity is the floating diffusion node capacitance. 
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Figure 5.7 Simulation result of the signal charge and output voltage 
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5.3 Floating Gate Sensing 

75 

An alternative technique for sensing the size of a signal charge packet is to use a floating 

gate above the signal charge transferred channel which is shown in Figure 5.9. This is a 

non-destructive charge sensing method [19]. The charge packets transfer under the CCD 

electrode in the normal way, except that the CCD electrode above the floating gate is 

held at a fixed bias voltage rather than being clocked (thus, this method is not suitable 

for a three-phase CCD). When the charge packet is stored under the floating gate plate, 

the capacitance between the sensing plate and the substrate is increased. Since the float­

ing gate is isolated, a fixed amount of charge is stored in the plate and the increase of the 

capacitance causes a decrease of the voltage. This voltage variation is then detected by an 

on-chip transistor. Thus this scheme can detect the signal charge without destroying 
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them. This is the p1inciple how the fl oating gate charge sensing scheme works. 

CCD 
electrodes 

biased 
elec ode /-1 signal 

/ / chanpel 

~-..--... _-------,,~-
x , '-~: : : : 

CCD channel channel stop 

Figure 5.9 General scheme of a floating gate sensing technique 

5.3.1 Noise Analysis 

76 

The floating gate charge detection is non-destructive and, therefore, does not generated 

kTC noise. It mainly has two noise sources, one is Johnson noise and, the other is 1/ f 

noise. For 1/ f noi se , it is the same as we analysis in section 4.2 and can use the 

Equation (5.16) to calculate the noise, therefore floating gate has similar l / f noise to the 

floating diffusion. 

For Johnson noise, it is given by [47] 

(5.21 ) 

where Lg is the length of the transistor,µ is the mobility of electron in semiconductor, C
8 

is the input gate capacitance of the transistor, CP is the parasitic capacitance connected to 

the floating gate, rob is the angular frequency of operation and V8 is the applied gate volt­

age. The minimum noise Nee is reached when C P = C 
8

. Therefore the minimum noise 

becomes 
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(5.22) 

thus the minimum noise performance of the floating gate is primarily determined by its 

parasitic capacitance CP. For a typical geometry of the MOSFET used in CCD floating 

gate output circuit, L8 = 1 µm , C 8 = 31 JF , f b = 150 MHz, the noise is about 4 elec­

trons. 

5.3.2 Linearity 

The equivalent circuit of floating gate is shown in Figure 5.10. The injected signal charge 

Qsig produces a change in potential, Li~ s, of value 

(5.23) 

where Cb is the total channel bulk capacitance, Cc is the floating gate to channel capaci­

tance, Cg is the input equivalent capacitance of the MOSFET source follower and CP is 

the parasitic capacitance. The output voltage of the floating gate is then given by 

(5.24) 

The effect of the source follower on linearity is the same as it in floating diffusion 

sensing. The capacitance connected to the floating gate plays a significant role in the lin­

earity of the CCD output. Cc, Cg and CP are not changed with the injected signal charge, 

but Cb is a voltage-dependent depletion capacitance and Equation (5 .8) can be used to 

calculate the capacitance. Assuming the transfer gate is 3µm x lOµm, the source fol­

lower is the same size as it in floating diffusion sensing scheme (lµrn x 50µrn), the sim­

ulation results of the output voltage versus signal charge is shown in Figure 5.11. From 
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the result we can see that the floating gate charge sensing scheme also suffers from the 

non-linearity problem. It is the same as in the floating diffusion. Also, the floating gate 

has less detection sensitivity than the floating diffusion. That is for the same output volt­

age, it requires more injected signal charge (compare Figure 5.7 with Figure 5.11). This is 

because of the larger capacitance connected to the floating gate. 

signal 
charge 

Yout 

Figure 5.10 Equivalent circuit of floating gate sensing technique 
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Figure 5.11 Simulation result of the signal charge and output voltage 

5.4 Current Output Sensing Scheme 
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Another charge sensing scheme is to use a current-sensitive amplifier to connect to the 

floating diffusion node instead of the source follower. This sensing scheme is not com­

monly used in the CCD because of its complex structure [29]. I designed and simulated 

the current output scheme using BiCMOS 0.8 µm technology so we can compare all the 

different CCD output structures. Figure 5.12 shows this current output structure, it con­

sists of a current-sensitive amplifier with a feedback capacitance Cfb and a reset switch 

Sreset· The detailed circuit diagram of the current-sensitive amplifier is shown in 

Figure 5.13 and the sizes of the transistors are listed in Table 5.1. The simulation results 

for open-loop gain for this amplifier is shown in Figure 5.14 

Due to the Miller effect on the feedback capacitance Cfb, its capacitance can be 
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made extremely small to obtain low-noise and high sensitivity performance. The opera­

tion of this circuits can be divided into two cycles. Firstly, the signal charge is transferred 

into the diffusion node, then it is coupled by the feedback capacitor to get the output volt­

age which varies with the signal charge. Secondly, the reset switch turned on to discharge 

the feedback capacitor to prepare for the next signal charge. 

cfb 

Figure 5.12 Current output sensing structure 
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Figure 5.13 Circuit diagram of the current-sensitive amplifier 

Table 5.1. The size of the transistor for current-sensitive amplifier 

Name Ml M2 M3 M4 MS M6 M7 MS M9 MlO 

W/L 10 10 5 5 10 10 45 5 10 10 
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Figure 5.14 Open-loop gain of the designed amplifier 

5.4.1 Noise Analysis 
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There are two main noise components in the current output sensing. One is the reset 

noise and other is the flicker noise. For the reset noise, it can be use Equation (5.6) to cal­

culate the noise. In the circuit design, we let the C fb < C fd to decrease the reset noise 

and, in the meantime, to increase the sensitivity. In this design the Cfb is 40 fF, therefore 

the reset noise is about 80 rrns electrons. Compared to the floating diffusion scheme, the 

reset noise has been reduced. In order to further reduce the reset noise, a CDS stage can 

be used. 

For the flicker noise in the current output circuit, we also can use Equation (5.12) 

and (5.16) to calculate it. Using the parameters in this design, that is gm is 11.1 mrnho, 

Cto,al is 40 fF, therefore the flicker noise is about 4 electrons. 
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5.4.2 Linearity 

According to the Miller effect, the charge-to-voltage conversion of the current output cir­

cuits is 

v o ut (5.25) 

where Cfd is the total capacitance connected to the floating diffusion node, Cfb is the feed­

back capacitance shown in Figure 5.12 and A is the charge-sensitive amplifier open-loop 

gain. In this design, Cfb is in the same order of the Cfd• while A~ 48 dB. Thus, the capac­

itance Cfd becomes negligible compare with Cfb. Therefore Equation (5.25) can be rewrit­

ten as 

vout (5.26) 

The feedback capacitor Cfb can be made a constant capacitance over a wide temperature 

and voltage range, thus the linearity has been significantly improved in the current output 

sensing scheme. Figure 5.15 shows the simulation results of the circuit. From the results 

we can see that the circuit has a good linearity over the whole range of the input charge. 
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Figure 5.15 DC transfer curve of charge-sensitive amplifier 

5.5 Conclusion 

From the analysis we can see that the three output structures have their own advantages 

and disadvantages. The floating diffusion has the simplest circuit structure but has a large 

noise and poor linearity. The floating gate is a non-destructive charge-sensing method 

with low noise but also has poor linearity. The current output sensing has the best linear­

ity and relatively low noise but has a very complex circuitry structure, the operation 

speed of the CCD system is also limited by the amplifier. Table 5.2 lists all the compari­

son results. 
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Table 5.2. The comparison results of the three output structures 

Output Noise Linearity Sensitivity Needs CDS Circuit 

complexity 

Floating Large Poor High Yes Simple 
diffusion 

Floating Low Poor Low No Simple 
Gate 

Current Medium Good High Yes Complex 
output 



Chapter 6 

Compression Circuit for CCD Imager 

6.1 Introduction 

This chapter describes an analog data compression circuit to reduce the amount of data 

captured by a CCD imager. By integrating a compression function onto the CCD imager, 

the image signal to be read out from the CCD is significantly reduced. The potential 

applications of this circuit are in high speed imaging, such as high frame-rate image sens­

ing and high-resolution image sensing [50][51]. 

The compression scheme used here is a conditional replenishment scheme [52]. At 

the readout circuit of CCD, the output voltage of each CCD pixel is compared to that in 

the previous value. The value and the address of the CCD pixel are extracted if the magni­

tude of the difference is greater than a threshold. This is called fixed threshold compres­

sion. The circuits and simulation results are described in the following. 

6.2 Conditional Replenishment 

The conditional replenishment method, which was first proposed by F. W. Mounts, is 

used for image compression [52]. The scheme of conditional replenishment works as fol­

lows: current CCD pixel values are compared to those of the last replenished frame 

stored in another CCD analog memory. If the difference is greater than the threshold, 

then the pixel values and addresses are extracted. These values are used to update the 

value in the CCD analog memory. Otherwise, the pixel values and addresses are not out­

putted and the CCD analog memory value remains the same. Figure 6.1 shows the archi­

tecture of the circuit. 
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Figure 6.1 The architecture of the compress circuit 
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Figure 6.2 The timing of the compress circuit 
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There are two ways to achieve the conditional replenishment, one is called fixed 

threshold, the other is fixed rate. For the fixed threshold method, the threshold is fixed and 

the output data rate is varied. The output SNR (Signal to Noise Ratio) is kept above the 

value determined by the threshold. The number of pixel values that are sent to the output 

is changed, but it is stationary within the same scene. For the fixed rate method, the 
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threshold are allowed to change to keep Lhe rate, and it changes rapidly when a scene 

change occurs, but also tend to be stationary in Lhe same scene [50]. In this chapter, we 

implement a fixed threshold compression circuit for CCD imager. 

6.3 Circuit Design and Analysis 

6.3.1 Voltage-to-Current Converter 

The output signal of the CCD is a voltage, so a Voltage-to-Current converter is needed to 

convert the voltage to current first. Figure 6.3 demonstrates a simple Voltage-to-Current 

circuit diagram [54]. This is essentially a single-ended output differential amplifier. The 

analysis below shows that if the input differential voltage satisfies certain conditions, the 

output current will change linearly with the input voltage. 

Yoo 

lout 

V2lJ-------t-------~ 

Iss 

Figure 6.3 Simple Voltage-to-Current converter 

Ml and M2 are the input transistors connected differentially. M3 and M4 form a 
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current mirror. V1 and V2 are the input voltage signals. iDJ and i02 are the current going 

through the two input transistors M 1 and M2. The differential input voltage is: 

vid = v 1 - v 2 

= V GS! - V GS2 

= V,1 + If'- -Va - l~:' 
(6.1) 

where V, is the threshold voltage and ~ is the transconductance parameter of the MOS 

transistors. Usually V 11 = V 12 and ~1 = ~2 = ~, so 

(6.2) 

Since 

(6.3) 

Solving Equation (6.2) and (6.3), we can get the expressions for iDJ and i02 

1ss I ss 
2 

~ 2V1d 
io1 

~Vid = -+- -- - --
2 2 1ss 

2 
41ss 

(6.4) 

1ss 
2 

~2V1d 1ss ~Vid 
lD2 = - - - -----

2 2 1ss 
2 

41ss 

(6.5) 

Since M3 and M4 form a current mirror, the current going through M4 is the same as the 

one going through M3 which is iDJ. therefore the output current is: 

(6.6) 
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(6.7) 

For each transistor, for example M 1, 

(6.8) 

the transconductance is 8mt = J2iD 1~, since iD 1 ::;; Is/2, 

(6.9) 

Putting Equation (6.9) into (6.7), we can get the output current 

(6.10) 

It is noted that the output current changes linearly with the change of the input voltage. 

In the practical circuit, lss is chosen to be 150 µA and ½d should be less than 2.8V. 

Figure 6.4 shows the actual circuit, which is a cascode current mirror (high output imped­

ance) instead of simply current mirror shown in Figure 6.3. The size of the transistors is 

shown in Table 6.1. Figure 6.5 is the transfer characteristic of the voltage-to-current con­

verter. The range of Vid is from 0 to 1000 m V. When the input voltage is 0 V, the output 

current is about 0.1 µA and this can compensate the offset error in the current compara­

tor stage. 

Table 6.1. The size of the transistors for Voltage-to-Current converter 

Transistor Ml M2 M3 M4 MS M6 M7 M8 

W/L 4 4 50 50 50 50 20 20 
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l ss 

lout 

Figure 6.4 Voltage-to-Current converter 
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Figure 6.5 Transfer characteristic of Voltage-to-Current converter 

6.3.2 Current Mirror [53] 

92 

A basic continuous-time MOS N-type current mirror is shown in Figure 6.6 [54]. It is 

made of two matched transistors. One transistor M 1 is connected as a diode and it works 

in saturation region. It produces a reference current /ref given by: 

(6.11) 

Similarly, the output current 10 w from M2 is given by: 

(6.12) 

where ~ is the transconductance parameter of the transistors, W I L is the width-length 

ratio of the channel region for the transistors, V1 is the threshold voltage of the transistors 
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and A is the channel-length modulation factor of the MOS transistors. 

Yoo 

lref i i lout 

Figure 6.6 Simple current mirror 
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From the circuits we can see that Vgsl = V gs2 . Since both transistors are fabri­

cated simultaneously, ~ 1 and ~2 are the same. If A 1 and A2 are close to zero, the output 

current lout will be related to input current /ref as: 

(6.13) 

Since the gate of the MOS transistor is an open circuit under DC condition, there are no 

current errors in MOS current mirrors if the channel length modulation factor A is zero. 

But in a practical circuit, A is not zero and is in inversely proportional to the transistor 

channel length L. Therefore, from Equation (6.12) we can see that the output current lout 

also depends on the drain-source voltage Vds· The changes in the Vds will create an out­

put current error. In order to reduce the channel length modulation effect, the simplest 

way is to increase the channel length. But, this will increase the size of the MOS device 

and the parasitic capacitances. The speed of the circuit can not be made very fast. The 

accuracy is also not very good. 

In order to eliminate the side effects on the simple current mirror, a lot of current 

mirror structures have been proposed, such as cascade current mirror, dynamic current 
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mirror, etc. Here we use a new structure of the current mirror which can greatly reduce 

the channel length modulation effect. It has a high speed at small current and the accuracy 

also meets the requirement. Figure 6.7 shows such a P-type current mirror. Table 6.2 

shows the size of the transistors. M 1 and M2 are mirror transistors, M3 and MS form a 

loop to keep the drain-source voltage of M 1 to be constant. M4 and M6 form another 

loop to keep the drain-source voltages of M2 to be constant [55]. M7 and M8 are used to 

eliminate the voltage changes at the input and output ports. Since M3 and M4 both oper­

ate in saturation region, the drain-source voltages of Ml and M2 are 

(6.14) 

(6.15) 

If we choose / 1 = / 2 and W 31 L3 = W 
4

1 L
4

, we can see that V dsM = V dsM . There-
t 2 

fore, From Equation (6.11) and (6.12) we can see that the output current/out will be the 

same as the input current I,ef Figure 6.8 shows the simulation result of the difference 

between the input current I,ef and the output current l out· The maximum relative error is 

less than 0.34% (i.e. 8 bit accuracy) when the input current from Oto 100 uA. Figure 6.9 

shows the simulation results for the transient response for the pulse input, from the 

results we can see that, the delay between the output current and the input current is less 

than 50 ns for the small current from O to 10 µA. I also simulated other kinds current mir­

rors such as cascode current mirror, Wilson current mirror etc. [49][54], these current 

mirrors all work very slowly (several hundreds of microseconds) with small currents. 

Therefore, this circuit is much faster than other kinds of current mirrors with a small cur­

rent input. 

Table 6.2. The size of transistors for current mirror 

Transistor Ml M2 M3 M4 MS M6 M7 M8 

W/L 2 2 18 18 22 22 2 2 
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Figure 6.7 P-type cunent mirror 
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6.3.3 Current Comparator 

After the absolute difference value of the input is obtained, it should be compared with 

the threshold, therefore, a current comparator is need. The basic requirement for the cur­

rent comparator in this work is its sensitivity. It should be very sensitive when the value 

of input current is around the value of threshold current. 

Figure 6.10 shows the schematic diagram of a cascode current comparator. Ml to 

M4 form a P-type cascode current mirror to produce a threshold current 1111 to the output 

side. MS to M8 form another N-type cascode current mirror to reproduce the input cur­

rent hi to the output and compare it with the threshold current I11r M9 and M 10 form an 

inverter here used to determine the comparison result. If Jin< Ith, the voltage of node A 

will reach V H and output of inverter will change to LOW, giving Vflag = 0 . If 

I in 2:: /th, the voltage of node A will reach value V L and the output of inverter will be 

HIGH, giving Vflag = 1 . Table 6.3 shows the size of transistors for the current compar­

ator. 

Table 6.3. The size of transistors for current comparator 

Transistor Ml M2 M3 M4 MS M6 M7 M8 

W/L 30 30 30 30 12.5 12.5 12.5 12.5 
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Figure 6.10 The schematic diagram of the cascode current comparator 

Figure 6.11 shows the results of input-output transfer characteristics at different 

threshold current points. When the input current Jin is bigger than the threshold current 

Ill,, the Vjlag signal will change the state from the logical LOW (0 V) to logical HIGH (5 

V). We inputted a triangular current with a range between lt11 and I1h - I1h/ 256 (the reso­

lution requirement is 8 bit) to do the sensitivity simulation. The simulation results show 

that when 1111 is from 10 uA to 100 uA, the resolution of the current comparator is 8 bit, 

which meet the requirements. Figure 6.12 and Figure 6.13 show the simulation results 

for the sensitivity of the current comparator at 10 µA and 100 µA. When we apply a pulse 
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input signal and compare with I,h , we can check the speed of the cunent comparator. 

From the results shown in Figure 6.14 we can see that, the delay time from the input sig­

nal to output signal is less than 60 ns. 
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Figure 6.11 Input-output transfer characteristic of three different threshold current 
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6.3.4 Coding Circuit 

101 

~ ., 
0, 

J9 
~ 
a. 
s 
0 

~ 

When the Flag signal is HIGH, the signal in CCD pixel is transferred to the output. 

Therefore, we need a coding circuitry to indicate which CCD pixel has the output to go 

out. Since here we use a 128 pixels CCD, a 7 bit coding circuit is enough to code the 

addresses of all the CCD pixels. When the Flag signal is HIGH, the coding circuit gives 

a 7 bit digital number to indicate the address of the CCD pixel, otherwise, the coding cir­

cuit gives an all zero output. Figure 6.15 shows the schematic of the coding circuit, the 

circuit consists of inverters, NAND gates, AND gates, CMOS transfer gates and D flip­

flops. Their schematic diagrams are shown in Figure 6.16 to Figure 6.19 [54][56]. 
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C, c, c, c, 

Figure 6.15 The schematic of the coding circuit 

(a) (b) 

Figure 6.16 Inverter (a) Schematic diagram (b) Symbol 
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c = ab 

(a) (b) 

Figure 6.17 2-input nand gate (a) Schematic diagram (b) Symbol 
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Figure 6.18 CMOS transfer gate (a) Schematic diagram (b) Symbol 
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Figure 6.19 D flip-flop (a) Schematic diagram (b) Symbol 

The clock used in the coding circuit is the same as the CCD drive clock. After the 

reset signal, all the outputs C0 to C6 are set to zero. Then, each clock pulse increases the 

output by one, each corresponding to one output signal from CCD. If the output signal 

from CCD is sent out, which means the Flag signal is HIGH, the outputs C0 to C6 will 

give the address of that CCD pixel, otherwise, the output of the coding circuit C0 to C6 

will be set to zero by the Flag signal. The address and the output signal will be stored in 

the memory and sent out. Figure 6.20 shows the simulation results of the first four clock 

cycles. When the Flag signal is HIGH, the outputs C0 to C2 give the corresponding 
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address, when the Flag is LOW, the outputs are zero. 
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Figure 6.20 Simulation results of the coding circuit 

6.3.5 System Simulation 

The entire system consists of Voltage-to-Current converters, current mirrors, a current 

comparator and a coding circuit. The system can work at 5 MHz and the resolution of the 

circuit is 8 bit. Figure 6.21 shows the circuit diagram of the implement of the conditional 

replenishment method. Figure 6.22 shows the resolution simulation results for the circuit. 

When the absolute value of difference between the current CCD pixel value and the pre­

vious CCD pixel value (Vdiff) is equal to 3.9 mV, the circuits can distinguish them and 
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send the CCD signal out. Since the output range of the CCD is 1 V, the resolution of the 

circuit is 8 bit. Figure 6.23 shows the simulation results for the fixed threshol_d is 20 mV. 

When Vdiffis bigger than 20 mV, the Flag signal is HIGH. When Vdiff is lower than 20 

m V, the Flag is LOW. Table 6.4 lists the simulation results of the first 10 CCD pixels, the 

threshold value is set to be 10 m V. From the simulation results we can see that the circuit 

meets the requirements. 

"'• 
cco 

Figure 6.21 An analog circuit of the implement of conditional replenishment 
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Table 6.4. Simulation results of the System circuit 

Precious 2.00 2.20 2.24 2.50 2.70 2.80 3.00 2.60 2.40 2.30 
value (V) 

Current 2.03 2.21 2.25 2.504 2.70 2.803 2.90 2.60 2.40 2.28 
Value (V) 

Flag (V) 5 5 5 0 0 0 5 0 0 5 

Co l 0 l 0 0 0 l 0 0 0 

C1 0 l I 0 0 0 1 0 0 l 

C2 0 0 0 0 0 0 1 0 0 0 

C3 0 0 0 0 0 0 0 0 0 l 

For very high rate imaging or very high resolution imaging, the high bandwidth to 

transfer data from the CCD is a bottle neck. By using this compression system in CCD 

imager, the image signal which has to be read out from the CCD can be significantly 

reduced, therefore, the pixel rate of CCD can be increased. We can set different threshold 

value and get different compression ratio and resolution. It can achieve a 100:20 compres­

sion ratio without significant degradation of the imaging [50]. 



Chapter 7 

Conclusions 

7.1 Results 

In this work, the GaAs RGCCDs have been tested and analyzed. An equivalent circuit 

model is used to analyze the effects of the pixel size on the charge transfer efficiency of 

the GaAs RGCCDs. The electrical and optical properties of the GaAs RGCCDs have 

been measured. An analysis model is proposed to explain the measurement results. We 

also discuss and analyze the possible usage of the GaAs RGCCD in an X-ray detector. 

The output circuit of the CCD is very important. The three different CCD output 

circuits, i.e. floating diffusion, floating gate and cmTent output sensing scheme, have 

been compared and discussed. Simulation results are given for the performance of the 

three different output circuits. The detailed analysis of the noise and non-linearity of the 

three output circuits are given. 

A new architecture for a compression circuit for the CCD imager is proposed. The 

system circuit is designed and analyzed. Simulation results are given using Spectre under 

the Cadence environment. The resolution of the system design is verified to be 8-bit. The 

operation speed of the system circuit is 5 MHz. This novel compression circuit can be 

used in high rate imaging such as very high frame rate imaging or very high resolution 

imaging. It also can be used in large area CCD imager. 

7.2 Future Work 

This work focused on the GaAs RGCCD imager design and CCD related circuit design 
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and analysis. Futw·e work may involve the following: 

1. In this work, the tested GaAs RGCCD imager is one dimensional . Two dimen­

sional GaAs RGCCD should be fabricated and tested in future. 

2. To verify the analysis, actual measurements for X-rays should be done. 

3. Implementation of the three different CCD output circuits to verify the differ­

ences in the analysis. 

4. Implementation of the compression circuit for the CCD to verify the operation of 

the circuit. 

5. In this work, the speed of the current comparator is not very fast. The whole com­

pression circuit speed is limited by the current comparator. If an adequate higher speed 

current comparator is designed, the operation speed of the compression circuit will be 

increased. 
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Appendix A 

Equivalent Circuit Model of RGCCD in SPICE 

Following is the SPICE code for the equivalent circuit model of an unit cell of the 

RGCCD. The model is actually defined in SPICE as a subcircuit and one pixel of the 

RGCCD consists of a number of such unit cells. 

******ccd equivalent circuit****** 

.subckt ccdcell 1 2 201 202 kl 

vl 1 101 0 

bla 101 0 v=v(201)*(1- lel4*v(201))/(0.579675e-15) 

blb 0 201 i=i(vl) 

cl 20101 

blx j 1 0 v=4.77e7*exp((- l)*sqrt(v(kl)A2+(1e-40))/1644) 

+ +3.24e7 /(1 +(sqrt(v(kl)A2+(1e-30))/130.5)A0.32) 

blu 11 0 v=5000/sqrt(1+(5000*v(kl)/vUl))A2) 

blz ml 0 v=129.5 

+ +312*exp(- l *(ln(sqrt(v(kl)A2+(1e-30))/3394.8)/ln(l.82))A2) 

blc 1 2 i=4e4*v(ll)*v(kl)*v(201) 

bld 1 2 i=16e8*v(ll)*v( l01)*(v(201)-v(202)) 

ble 1 2 i=16e8*v(ml)*(v(201)-v(202)) 

.ends ccdcell 



vin 10 0 pulse(0.2 0.8 0 0 0 30n 80n) 

vid 4 0 pulse(O 1 0 0 0 50p 650p) 

vphase 1 1 0 pulse(O 1 50p O O 200p 650p) 

vphase2 2 0 pulse(O 1 250p O O 200p 650p) 

vphase3 3 0 pulse(O 1 450p O O 200p 650p) 

******input stage****** 

bisO 1001 i=v(10)*v(4) 

sOl 1001 1003 4 0 sm 

s02 1003 0 2 0 sm 

cO 1003 0 50p 

binput 1003 10001 i=v(1003)*v(l) 

******transport segment in ccd****** 

bkxl 20001 0 v=l.8 l 74e3*(v(l)-v(10)) 

x 1 10001 10002 201 202 20001 ccdcell 

cout 10002 0 20.4f 

v202 202 0 1 

.model sm sw vt=250m ron=0.0001 

.options abstol=le-40 vntol=le-40 chgtol=le-40 gmin=le-50 

.tran O.lp 1300p 

.end 
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AppendixB 

Escape of Photo-electrons 

The length of the depletion region in the GaAs RGCCD is 11 µm. If we assume all 

the electrons in the this region will be collected and all the electrons in the FFR will not 

be collected, we can calculated the chance of escape of photo-electrons with different 

energy and different incident angle using Monte-Carlo simulation. 

Figure 4.4 shows the mean path length for an electron in GaAs. For a 10 Ke V elec­

tron in GaAs, the mean path length is about 1 µm. The chance of escape of an electron of 

this energy from the GaAs RGCCD X-ray detector is very small if the electron starts 

more than 1 µm from the edge of the depletion region. However, for a 50 Ke V electron, 

the mean path length is about 14 µm, the electron will always easily to pass through the 

depletion region and escape. Therefore, the chance of escape of a high energy photo-elec­

tron from the RGCCD X-ray detector must be taken in account. 

A Monte-Carlo simulation was done to model the escape of the photo-electrons. 

The simulation used Equation (4.3) to find the path length of the electron. The path length 

was then divided up into 50 equal segments, and an elastic scattering event was gener­

ated for each of these segments [57). The X-ray incident positions are chosen randomly 

along the GaAs RGCCD and 1000 electron paths are simulated. The simulation was 

done by using MATLAB code. Figure B.1 shows the five typical tracks when the incident 

angle is 1t/4. Table B.1 and B.2 list the simulation results. 
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Monte Carlo Electron Trajectory Simulation 

<--lricident X-ray : 

0 
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-2 - 1 0 2 3 4 5 
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Figure B.1 Five typical electron tracks created by the Monte Carlo simulation when the 

incident angle is p/4. The energy of photo-electron is 30 Ke V 

Table B.1 . Chance of escape of photo-electrons in the GaAs RGCCD for various electron 

energies when X-ray incident normal to the surface 

Photo-elec tron 10 20 30 40 50 
energy (Ke V) 

Chance of 5 5 7 10.6 60 
escape(%) 
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Table B.2. Chance of escape of photo-electrons in the GaAs ROCCO for various electron 

energies when X-ray incident angle is n/4 

Pholo-electron 10 20 30 40 50 
energy (Ke V) 

Chance of 7 8 10.5 12 36.4 
escape(%) 

From the simulation results we can see that, when the electron energy below 40 

KeV, the chance of escape of photo-electron is smaller when the X-ray is incident normal 

to the surface. It is because the mean path length of the electron with an energy below 40 

KeV is within 10 µm, therefore all the electron travel in the GaAs RGCCD are in the 

depletion region and the only chance of the escape of the photo-electron is through the 

surface of the detector. Therefore, the bigger the incident angle of the X-ray, the more 

chance of the escape of the photo-electron. On the other hand, for the electron with an 

energy of 50 KeV, the chance of escape is much lower when the incident angle is 1t/4. 

When the electron energy is 50 KeV, the mean path length is about 14 µm which is 

longer than the length of depletion region (about 11 µm). Therefore, the penetration of 

the depletion region is the main chance for the electron to escape. When the X-ray is inci­

dent normal to the surface of the detector, most of the photo-electron will pass through 

the depletion region and escape from the detector. When increase the angle of the incident 

X-ray, the length required to pass the depletion region becomes longer, therefore, the 

chance of escape is lower. 
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