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ABSTRACT 

A Charge Injection Device (CID) detector has been 

evaluated as a detector for simultaneous multielement atomic 

emission spectroscopy. The CID was incorporated into a special 

liquid nitrogen cooled, computer controlled camera system. 

Electro-optical characterization of the CID and camera system 

included determination of readout noise, quantum efficiency, 

spatial crosstalk, temporal hysteresis, spatial response 

uniformity, and linear dynamic range. 

The CID was used as a spectroscopic detector for an 

echelle grating spectrometer equipped with a direct current 

plasma emission source. The spectrometer was a standard 

commercial instrument modified to provide a reduced image 

format more suitable for use with the CID detector. The optical 

characteristics of this spectrometer, including wavelength 

coverage, and optical aberrations are described. 

The spectroscopic system was eval uated with respect to 

detection limits, linear dynamic range, and accuracy in both single 

element and simultaneous multielement modes. Detection limits 

compared well to literature values reported for photomultiplier 

tube detector based systems under similar conditions. CID 
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detection limits were superior in the near infrared and visible 

wavelength region, comparable in the middle UV, and higher in the 

far UV. The detection limits were determined to be limited by 

background radiation shot noise. 

Several elements of a certified standard reference 

material were simultaneously determined in order to assess the 

accuracy of the spectroscopic system. The results were highly 

accurate, even when operating near or below the 3a limits of 

detection. Spectral interferences for elements were avoided by 

using several analytical lines for each element. 

The results of these investigations indicate that the elD 

is a superior multichannel detector for analytical atomic 

emission spectrometry. The capability to simultaneously monitor 

a wide, continuous spectral range with high spatial resolution, 

high dynamic range, low readout noise, and insignificant signal 

crosstalk is now possible. Many analytical benefits of this 

approach, such as the potential capability to perform rapid 

qualitative and semiquantitative analysis and the ability to select 

the optimum spectral lines for highly accurate quantitative 

analysis are now readily achievable. 
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CHAPTER 1 

INTRODUCTION 

Inductively coupled plasma (ICP) and direct current 

plasma (DCP) atomic emission spectroscopy (AES) have become 

widely accepted techniques for elemental analysis. The 

popularity of AES is partially due to the fact that it is simple and 

rapid compared to other chemical methods of analysis. Relatively 

recent advances in emission source technology now make it 

possible to determine most stable elements in the periodic table. 

This makes AES an extremely valuable tool to probe the' chemical 

and physical nature of an ever increasing range of materials for 

science, engineering, government, and industry. 

To achieve accurate results with AES, it is often 

required that the selection of the spectral line for the 

determination of a given element be made with consideration to 

potential spectral interferences from other components of the 

sample. Thus, it is desirable to know the presence of the major 

chemical components of the sample prior to analysis. It is also 

highly desirable to be able to determine several elements of a 

sample simultaneously in order to conserve both the sample and 
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laboratory resources. This is especially true in laboratories 

where multiple analyses of similar samples is performed on a 

daily basis. Ultimately, the ideal spectroscopic system would 

help guide the analyst in the selection of the optimum spectral 

lines to avoid chemical and spectral interferences for a given 

sample, then rapidly determine the desired elements with a 

minimum of further interaction. In order to achieve this goal, the 

ideal system must be capable of simultaneously examining any 

wavelength from the near infrared (NIR) to the ultraviolet (UV). 

Spectroscopic systems employing a linear dispersion 

scanning monochromater and a photomultiplier tube (PMT) 

detector make the selection of any wavelength within the visible 

to UV practicable. Thus, this type of system can be used both to 

determine the best spectral lines to use and to sequentially make 

the analytical measurements on individual spectral lines and their 

associated background. Unfortunately, this approach precludes 

simultaneous determination and suffers from a scan speed limited 

by mechanical inertia and the requirement that high wavelength 

accuracy be maintained. 

Multichannel spectrometric systems, known as "direct 

readers", which employ a fixed array of exit slits and PMT 

assemblies are typically employed for simultaneous 

determinations of many elements. These instruments are suited 

for repeated analyses for the same elements in a large number of 
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samples of similar composition, but the direct reader is not a 

readily adaptable system. Selecting different spectral lines than 

the instrument was initially set up to use is a major effort; thus, 

the direct reader is not typically used for quantitative analysis 

involving a variety of sample types. Determination of background 

radiation is also a problem with direct readers. The two 

approaches normally used are to either introduce a movable 

refracting element to scan over a limited wavelength range (in 

which case the system is no longer truly simultaneous), or to 

implement separate background measuring slit and PMT 

assemblies. 

Interferometric techniques such as those so successfully 

used for analytical spectroscopy in the infrared spectral region 

have not been found to be generally useful for atomic 

spectrometry because of both instrumental and shot noise 

considerations (1). This suggests that the best approach for 

simultaneous multielement AES is a dispersive optical system 

with an appropriate high resolution multichannel detector. 

Potential Multichannel Detectors for Simultaneous AES 

The gains to be made by achieving simultaneous 

multielement analysis have driven research for suitable 

multichannel detectors for many years. A variety of detectors, 

from photographic film to modern electronic devices, have been 
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investigated for potential use for this application, but none have 

been found to be completely suitable for one of a number of 

reasons. In order to be generally practicable for AES, a detector 

must have: good quantum efficiency over a wide spectral range, 

low readout noise, dynamic range in excess of 106 , direct 

electronic readout, a large number of resolution elements (also 

known as picture elements or "pixels"), no crosstalk or blooming 

among individual detector elements, no readout lag, and be 

economically feasible to acquire and operate. 

For many multichannel detectors, optical dispersion in 

two dimensions is preferable over the one-dimensional dispersion 

of traditional spectrometers. An eche"e grating spectrometer 

using either an eche"ette grating or a prism for cross dispersion 

is the optical approach most widely used to achieve this format. 

The echelle spectrometer not only has format advantages, but also 

exhibits high dispersion and resolution and limits most grating 

stray light to the grating orders that have intense spectral lines, 

making it ideal for the complex and intense spectra encountered in 

AES. Commercial systems are available using echelle 

spectrometers with ICP or DCP sources as both scanning 

monochromators and direct reading polychromators. 
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Photographic Emulsions 

The multichannel spectroscopic detector most widely 

used for AES in past years is the photographic plate or film. 

These consist of emulsions of silver halide salts suspended in a 

thin gelatin film coated on a plastic or glass base. Both films and 

plates are available in nearly any desirable size and format. This 

makes it possible to mount large sheets on conventional linear 

dispersion spectrographs and observe a wide wavelength range 

with high spectral resolution. Sensitizing dyes which are added 

to the emulsion provide response from the NIR through the UV, but 

quantum efficiencies are only about 4% at best (2,3). 

The radiometric response of photographic emulsions is 

not well defined which makes accurate quantitative analysis 

extremely difficult. The darkening of the film is highly dependent 

upon several factors including the intensity of radiation, exposure 

time, and development conditions. In addition, the characteristics 

of emulsions vary from batch to batch, meaning extensive 

calibrations must be routinely performed. 

The tedious labor involved with developing, calibration, 

and reading films and plates have caused them to be replaced with 

PMT detectors whenever possible. Still, this time-tested 

technology is often the best choice for qualitative AES. 
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Vidicons, Intensified Vidicons and Secondary Electron Conduction 
Tubes 

Many investigations have been conducted into the 

potential use of tUbe-type imaging detectors for AES. Among 

these are the silicon vidicon, silicon intensified target vidicon 

(SIT), intensified silicon intensified target vidicon (ISIT), and the 

secondary electron conduction tube (SEC). All of these detectors 

operate on the same basic principles, and share similar attributes 

including poor sensitivity, low dynamic range, high sensitivity to 

charge blooming (charge spreading from strongly illuminated 

regions of the detector to weakly illuminated regions) and tube 

damage on overexposure. 

80th a silicon vidicon and SIT coupled to a linear 

dispersion spectrometer were evaluated for flame AES and atomic 

fluorescence (4,5). With this system, only a very narrow spectral 

range could be simultaneously observed. Detection limits were 

far inferior to results obtained with PMT detection under similar 

conditions, especially for UV wavelengths where the QE of the 

vidicon was low. Also, the low dynamic range and susceptibility 

to blooming severely limited the capabilities of these detectors 

for AES. 

A SIT was also investigated by another researcher with a 

system similar to that described above. Disappointing results 

were obtained leading the authors to comment: "Image devices as 

detectors for multielement analysis via atomic emission and/or 
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atomic fluorescence flame spectroscopy are quite limited if not 

inadequate" and "At the present state of the art of the SIT and 

similar image detectors, analytical use in atomic emission an/or 

atomic fluorescence spectrometry is not recommended" (6). 

A SEC tube coupled to a proximity-focussed intensifier 

was used in conjunction with a custom designed echelle 

spectrometer for AES with DC arc and glow-discharge lamp 

sources (7). This computer-controlled system had the ability to 

randomly access selected regions of the detected image which 

allowed rapid determination of a number of elements. Detection 

limits for this system were also quite poor compared to PMT 

detection, but accurate quantitation of multiple elements at high 

concentrations was demonstrated. The SEC tube has a higher 

dynamic range and greater resistance to charge blooming than 

silicon vidicons and SITS. This permitted AES detection without 

obscuring weak spectral lines by stronger ones. 

The Image Dissector 

The image dissector (10) is yet another tube-type 

imaging detector first developed in 1934 as a potential television 

pickup device. The 10 is essentially a photomultiplier tube that is 

capable of looking at a small portion of a photocathode through a 

small aperture with the aid of electron optics. Electrons emitted 

from one area of the photocathode are deflected with magnetic 
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focussing coils such that they pass through the aperture to a 

dynode chain where they are subsequently multiplied. The 

magnetic coils allow rapid slewing to different regions of the 

photocathode (8). The 10 has many of the same characteristics as 

the PMT including high internal gain that is virtually noiseless, 

highly linear response over a potentially wide dynamic range, and 

good sensitivity over a wide spectral range depending upon the 

photocathode used. 

The 10 is not an integrating detector and thus does not 

perform true simultaneous detection. An ID coupled to a 

spectrometer results in single-channel detection with rapid, 

electronic wavelength scanning and thus does not benefit from the 

multiplex advantage. 

Studies of the use of an ID coupled to an echelle 

spectrometer for atomic spectroscopy have been reported by at 

least two authors (8,9,10). These reports indicate single element 

detection limits comparable to those obtained with PMT detectors 

are possible under certain conditions. When intense spectral lines 

are present, however, scattered electrons emitted from 

unobserved regions of the photocathode severely limit the 

achievable sensitivity and dynamic range. Thus, the 10 does not 

have analytical performance equivalent to a slew-scan 

spectrometer with PMT detection for routine analysis for typical 

samples. 
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The Photodiode Array 

Photodiode arrays (PDA) are a fairly modern solid-state 

detector know'n to most analytical spectroscopists as they have 

recently been employed in commercial instruments for solution 

absorption spectroscopy (11). Photodiode arrays intended for 

spectroscopic detectors, such as the Reticon "S" or "scientific" 

series, have pixels with 100:1 aspect ratio and are designed to be 

used in conjunction with conventional l,inear dispersion 

spectrometers. The S series PDAs are sensitive from the UV to 

NIR spectral range, have a high charge capacity, good geometric 

stability, no readout lag, but are quite noisy compared to PMTs. 

The high noise limits the dynamic range to approximately 104 :1, 

which is not adequate for AES. 

Several articles in the literature describe the 

fundamentals and operating characteristics of PDAs (12,13,14). 

Based on the design and readout mechanism of the PDA, it can be 

concluded that the high readout noise of the PDA is an inherent 

characteristic that can not be significantly reduced without 

greatly compromising dynamic range. 

The limited number of channels available for S series 

PDAs (from 128 to, 1024) and high readout noise have generally 

limited their commercial application to low or moderate 

resolution, high light level spectroscopies. Other types of PDAs 

with more pixels are available, including a 4096 element linear 
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array and a two dimensional array with 65,384 pixels arranged in 

a 256 X 256 element format, but these devices are much less 

suitable for spectroscopic applications because of either higher 

noise levels or lower dynamic range. 

Good detection limits and accuracy for determinations in 

AES have been reported for an instrument consisting of a POA 

detector coupled to a linear dispersion spectrometer using ICP 

excitation (15). The principle limitations to this system were the 

narrow spectral range that could be simultaneously observed and 

the limited dynamic range and charge blooming that prevented 

determination of trace level elements in the presence of nearby 

intense emission lines. 

The Charge-Coupled Device 

The charge-coupled device (CCO) is another modern 

solid-state imaging detector capable of quite impressive 

performance. This device has high QE throughout the visible and 

NIR and extremely low readout noise. The CCO also exhibits no 

geometric distortion, highly linear response, no spatial crosstalk, 

and low dark current when cooled (16). This set of 

characteristics has resulted in the increasing use of CCOs for an 

ever increasing number of difficult scientific imaging 

applications where low light levels or high dynamic ranges are 

encountered. Examples of applications for which CCOs are now 
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• being employed are astronomical imaging and spectroscopy, 

fluorescence microscopy, deep underwater imaging, medical and 

industrial radiography, and Raman and luminescence spectroscopy. 

When the charge capacity of a eeD pixel is exceeded, it 

blooms into adjacent pixels. This effect has the potential of 

destroying information in critical regions of the image. Thus, 

whereas the eeD has a high dynamic range, exceeding this range 

has severe consequences. eeDs that feature blooming control have 

been introduced (17), but this feature is generally found only on 

devices made for television applications that are unsuitable for 

scientific use for other reasons. 

Most commercially available eeDs have no response at 

wavelengths less than 390 nm, but a few devices have been 

introduced which do have good response throughout the UV (18). 

Fluorescent coatings applied to eeDs have extended the range of 

detection into the vacuum-UV (19). Thus, while few commercial 

eeDs have UV response, the technology to produce UV sensitive 

devices has been established. eeD arrays are commercially 

available with a large number of resolution elements such as 

linear devices of over 4000 pixels and an area device of over 

4,000,000 pixels (20). 

In general, the current generation of ecos are capable of 

being excellent low light level detectors, but their use is 
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restricted to applications in which no extremely intense features 

are encountered. 

No published reports of the use of CCOs for AES have yet 

appeared in the literature. Some unpublished work has been done 

in which a CCO detector was used with an echeUe spectrometer 

and OCP source (21). Results from these preliminary experiments 

indicate that the CCO is capable of achieving good detection 

limits, but charge blooming in the currently available devices 

make the present generation of CCOs impracticable detectors for 

AES. This conclusion is subject to change given the rapid 

advances in CCO technology that are currently in progress. 

The Charge-Injection Device 

The charge-injection device (CIO) is a solid-state 

detector that has many characteristics common to both CCOs and 

POAs. In addition, the CID exhibits other unique features not 

found in other imaging detectors. Like the POA, the CID is 

sensitive to radiation from the NIR to UV range. The CIO is 

similar to the CCO in that they both have a high dynamic range, 

low noise, and are available as two-dimensional arrays with a 

large number of resolution elements. The readout noise for CIOs 

is one to two orders of magnitude higher than CCOs, and one to 

two orders of magnitude lower than for POAs. This has prevented 

widespread use of CIOs for the low light applications in which 
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CCOs are employed (more detailed information on the principles 

and characteristics of CIOs is given in the subsequent chapters). 

The CIO has many unique characteristics not found in 

POAs or CCOs which give it an advantage for AES. They include 

the ability to randomly or "pseudo-randomly" access pixels for 

readout. Another property is that the CIO is quite resistant to 

image distortion and blooming from overexposure. One of the 

most important features of the CID as applied to AES is the 

capability to measure accumulated charge in a pixel without 

altering or destroying the charge. This capability is especially 

useful in spectroscopic work as it allows a pixel to be read out 

repeatedly during an integration period, allowing the course of a 

spectroscopic analysis to be monitored "on the fly" as the data are 

being collected. This also provides a method to dramatically 

increase the effective dynamic range of spectroscopic 

determinations by using short integration times for intense 

spectral features and long integrations for weak features. Long 

integrations can proceed without disruption from intense features 

because of the lack of blooming. The optimum integration time 

for a given spectroscopic feature can be determined simply by 

reading the feature as the integration is proceeding, then stopping 

when a suitable signal-to-noise ratio is reached. 

These unique properties that make the CIO an attractive 

detector candidate for AES are not as useful in other fields, and 
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very little scientific imaging has been reported with CIOs. Only 

reports of solar observations (22) have appeared in the literature. 

Research Goals Milestones, and Chronology 

The overall goal of the research described in this 

dissertation was to determine the suitability of the CID as a 

detector for AES. To accomplish this, numerous milestones had to 

first be reached. These included the development of CIO camera 

electronics, computer interface hardware, computer software, and 

a suitable spectrometer, In this section, a brief description of 

the research goals, milestones, and an approximate chronology are 

given. 

The CID camera system used in this study was 

constructed in the laboratory of Photometries Ltd. under the 

direct supervision of corporate president Richard Aikens. Mr. 

Aikens received a background in CIO and CCO technologies while 

director of the electronic imaging laboratory of the National 

Optical Astronomical Observatory (Kitt Peak National 

Observatory). The camera system was extensively modified on 

num'erous occasions during the early stages of research in order to 

achieve lower dark current, lower readout noise, and less spatial 

crosstalk. The author participated in the modifications by 

designing and constructing new electronic circuits and mechanical 

assemblies. 
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Concurrent with the modifications to the camera system, 

a computer system was developed to interface with the camera 

system to provide rapid means of controlling and analyzing data. 

The computer system was based on a modern microcomputer 

(Digital Equipment Corp. PDP-11) with custom interface hardware. 

At the beginning of the study, FORTRAN and assembly 

programming languages were used for data acquisition and 

analysis. Quickly, it became evident that this approach would be 

unsuitable for achieving the overall goal. FORTRAN and assembly 

used too much memory, and executed too slowly for time critical 

stages of data acquisition. Other computer languages such as 

FORTH were investigated, but no suitable versions of commercial 

software programming languages were found. 

To solve this dilemma, a version of a software system 

known as CONVERS was developed for the PDP-11 family of 

computers. This language was previously developed for another 

computer system (23). CONVERS is a FORTH-like interpretive 

compiler language that offers great flexibility in programming. 

Tradeoffs can be made between program execution time and 

program memory space which allows high speed, memory

inefficient coding in time-critical steps and lower speed, 

memory-efficient coding in noncritical steps. CONVERS also 

provides a superior programming environment for real-time 

computer interaction with peripheral instruments. 
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The development of CONVERS and the associated language 

extensions; editor, transcendental function library, graphics 

library, array arithmetic library, etc. involved an estimated two 

man-years of time by the author. While this was an enormous 

time commitment for one aspect of the research, it was the most 

efficient manner to get the required performance from the 

computer equipment available. It must be stated that with the 

equipment available today, such extensive software language 

development is not necessary and certainly not advisable. 

CONVERS has been used by other researchers for 

instrument control and data acquisition at the University of 

Arizona, Arizona State University, and the University of 

Rochester. 

Once the camera and computer system were operational, 

basic operational software was developed and preliminary 

detection limits were measured on several elements over a wide 

wavelength range (24). The encouraging results obtained in this 

preliminary work led to careful electro-optical characterization 

of the CID. First, a spatial pixel crosstalk effect of previously 

unknown origin was investigated (25). This work led to the 

discovery of the origin of this effect and led to methods of 

correcting for it. 

Once pixel crosstalk was understood, the noise, gain, QE, 

and other properties of the CID were investigated (26). This 
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required the development of novel apparatus and methodology 

unique to CIDs. These careful characterization studies did 

uncover hysteresis effects of some concern, but none that would 

seriously effect the performance of the CIO as a detector for AES 

once they were understood and compensated for. 

The initial detection limit studies were conducted with 

a standard commercial spectrometer that allowed only a narrow 

wavelength range to be examined. In order to be able to perform 

simultaneous multielement analysis, a larger spectral window 

needed to be examined. This led to the modification of the 

commercial echelle spectrometer to reduced the output format 

(27). 

Once the suitable performance of the modified 

spectrometer was assured, extensive software was developed to 

perform simultaneous multielement, multiwavelength analysis. 

Detection limits were simultaneously determined for several 

elements which were equal or better than values determined under 

similar conditions with PMT detection. Simultaneous 

determinations of several elements in a National Bureau of 

Standards (NBS) certified reference material demonstrated that 

accurate results could be obtained for the analysis of a difficult 

sample (27). This concluded the research effort on the part of 

this author and met the overall goal established at the beginning 

of the project. 
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Dissertation Outline 

This dissertation is divided into eight chapters each 

focussing on various aspects of the research. In the introduction, 

the applicable background to this subject and the goals of the 

research are discussed. In Chapter 2, the prinCiples of operation 

of CIDs are described. This includes the physical structure of the 

device, and the methods of reading and manipulating charge 

employed in the camera system used for this study. 

Chapter 3 contains a description of the CID camera 

system developed for this study. Also in this chapter, a form of 

spatial pixel crosstalk unique to CIDs is reported. The mechanism 

giving rise to this crosstalk was elucidated through a variety of 

experiments and observations. Methods for controlling and 

compensating crosstalk were developed and are described. This 

crosstalk effect was important to understand as it effected all 

subsequent studies with the CID system, including electro-optical 

characterization and analytical measurements. 

In Chapter 4, a detailed electro-optical characterization 

of the CID used in this study as operated in the particular camera 

system is given. These studies demonstrate that the CID is a 

viable candidate for a multichannel AES detector. Parameters 

studied include noise, noise reduction methods, quantum 

efficiency, linearity, and hysteresis. In addition, many novel 
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techniques developed specifically to characterize ClDs are 

presented. 

Chapter 5 describes a reduced format echelle 

spectrometer developed for use in conjunction with the CIO 

detector. The wavelength range covered, spectral resolution, and 

dispersion are reported. Several forms of optical aberrations 

arising from the dispersion elements are described. Additionally, 

experiments concerning the spectral sampling effects caused by 

the nonuniform spatial sensitivity of the CIO pixels are described. 

In Chapter 6, basic principles of the data acquisition and 

reduction steps necessary for quantitative spectroscopy are 

introduced. These include "dark" or "bias" signal subtraction, 

correction of pixel sensitivity variations by flat-field division, 

spatial crosstalk correction, and a novel CIO operating procedure 

called charge truncation. 

The analytical performance of the reduced format 

echelle spectrometer and CIO detector combination is described in 

Chapter 7. Single element detection limits for several elements 

over a wide wavelength range were determined which 

demonstrates that the CIO is competitive with PMT detection in 

terms of sensitivity. Si m u Itan eo u s multielement, 

multiwavelength detection limits are also described which 

demonstrates the performance of the system when determining 

several elements simultaneously. This also serves to introduce 
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the novel algorithms developed to allow flexible selection of 

spectral lines to be used for an analysis and demonstrates how 

the computer controls the experiment interactively. 

Also in Chapter 7, the simultaneous multielement, 

multiwavelength determination of several elements in a NBS 

standard reference material is described. The accurate 

determination of these elements demonstrate that the CID 

detector will give accurate results for the analysis of quite 

difficult "real world" samples. 

In Chapter 8, the conclusions drawn from this work are 

given along this some extrapolations into the future. Further 

anticipated advances in detector, computer, and optical 

technology that will have an impact on this area of research are 

described. Finally, benefits to the field of chemical analysis that 

will be realized by this new, exciting technology are presented. 
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CHAPTER 2 

CHARGE-INJECTION DEVICE PRINCIPLES 

The Charge-Injection Device (CIO) is a modern solid

state array detector that has been commercial,ly available from 

the General Electric Company since 1974. Like the CCO, the CIO is 

constructed with metal-oxide-semiconductor (MOS) type 

integrated circuit technology. Silicon is most commonly used as 

the semiconductor material, although infrared sensing CIDs have 

been constructed from other materials (28). 

A conceptual view of the physical arrangement of an 

individual CIO pixel is diagrammed in Figure 2.1. Shown in this 

drawing are two metal electrodes, one denoting the charge 

collecting electrode and the other the charge sensing electrode. 

A thin Si02 insulator separates these structures from an-doped 

Si epitaxial layer that in turn is supported on a p-doped Si 

substrate. If a potential that is negative with respect to the 

epitaxy is applied to the electrodes, electric fields are made to 

penetrate the epitaxy, creating a carrier inversion region (29). 

As an aid to understanding the operation of the CID, it is 

useful to plot the inversion regions as possible charge storage 
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Fig. 2.1. The Major Components of a CID Pixel Shown in Cross
section. 
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areas in a "potential well" diagram, shown in Figure 2.2. Note 

that in this diagram the collecting electrode is biased more 

negatively than is the sensing electrode. This means one 

potential well is "deeper," which in turn causes charge to be 

stored initially only under this electrode. 

When a photon of sufficient energy is absorbed in the 

epitaxy, it causes an electron to move into the conduction band of 

the Si lattice, thus creating an electron-hole (e-h) pair. A 

negative bias potential on the electrodes causes any positive 

charge (minority carriers) created in the the epitaxy in the 

vicinity of the electrodes to migrate towards the collecting 

electrode where it is stored in the inversion region (the electron 

is conducted away). The creation, collection, and storage of 

charge in the CID pixel is diagrammed in Figure 2.3. 

By controlling the bias on the electrodes, one can cause 

charge to transfer between the collecting and sensing electrodes. 

This provides a means of measuring the charge in a pixel site. 

There are several possible schemes for determining the 

quantity of charge ina pixel (30,31,32). The method that gives 

the best results for applications in which low noise and high 

dynamic range are of pre-eminent importance involves initially 

connecting both the collecting and sensing electrodes to a bias 

potential while charge is being collected (Figure 2.3). To initiate 
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Fig. 2.2. Potential Well Diagram for a CID pixel. 
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Fig. 2.3. The Production of Charge by Photon Interaction with 
Silicon and the Subsequent Storage of the Charge. 
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readout, the sensing electrode is disconnected from its bias 

source and connected to the input of a very high input impedance 

potential amplifier (Figure 2.4). The potential of the sensing 

electrode should remain at approximately the same potential as 

the sense bias, but the exact potential will vary due to a 

thermodynamic noise source known as kTC noise (33,34). 

To circumvent this noise source, the exact potential of 

the sensing electrode must be measured immediately after the 

switch is opened. Next, the collecting electrode is set to ground 

potential (Figure 2.5) causing the stored charge to move under the 

sensing electrode (which is still at a negative potential). This 

transfer of charge is functionally equivalent to the insertion of 

charge in a MOS capacitor, where one electrode of the capacitor is 

the sensing electrode and the other is the epitaxy. The potential 

across the capacitor will change when the charge is inserted as 

C/DQ. The potential of the sensing electrode is simply measured, 

and the difference between the first and second reading yields 

the quantity of charge in the pixel. 

Once the readout of a pixel is completed, either of two 

options may be followed. One option is that the sensing electrode 

can be disconnected from the amplifier and connected to ground 

potential as is illustrated in Figure 2.6. This causes the potential 

well under the sensing electrode to collapse, which in turn allows 
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Fig. 2.4. Connection of the Sensing Electrode to a High 
Impedance Electrode Prior to Readout. 
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Fig. 2.5. Charge Transferred to the Sensing Electrode by 
Raising the Potential on the Collecting Electrode. 
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electron-hole recombination to occur thus destroying the stored 

charge. This is the method used to clear or "inject" charge from a 

single pixel (30). The second option is to re-establish the bias 

potential on the collecting electrode thereby allowing the charge 

under the sensing electrode to return to the collecting electrode. 

In this option, the quantity of charge in the pixel is determined 

without altering the stored charge and thus is termed 

nondestructive readout (NORO). 

A two dimensional array of CIO pixels is created by 

connecting rows of charge collection electrodes and columns of 

charge-sensing electrodes in an orthogonal x-y plane, as 

illustrated in Figure 2.7. The intersection of any row and column 

defines a pixel site. 

In the operation of a CIO array, all collecting electrodes 

(rows) and sensing electrodes (columns) are initially set to a 

negative potential in order to collect photogenerated charge. To 

determine the charge in a given pixel, the row associated with a 

pixel is raised to ground potential while the column associated 

with the pixel is sensed. When the potential on the selected row 

is raised, charge in all pixels located on that row moves to the 

associated column. Nonetheless, since only one column is sensed, 

the charge from the pixel at the intersection of the selected row 

and column is the only charge detected. 
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Fig. 2.6. Charge Cleared or "Injected" from the Pixel by Raising 
the Potential on the Sensing and Col/ecting Electrodes. 
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To clear charge from a selected pixel of a CID array one 

row and one column are driven to ground potential. Only at the 

intersection of the selected row and column will both electrodes 

be at ground potential; thus, only at this intersection will charge 

be cleared. Charge also can be cleared from all pixels in unison 

by simultaneously driving all rows and columns to ground 

potential. 

The CID11 B 

The specific charge injection device used in this study 

is a model CID118, (General Electric Co., Optoelectronic Systems 

Operation, Syracuse, N.Y.), which has 244 rows and 248 columns 

resulting in 60,512 pixels. The size of a single pixel is 47 mm by 

35 mm resulting in an imaging area of 1.17 cm horizontally by 

0.85 cm vertically. The device is mounted in a standard ceramic 

24 pin DIP header with a protective glass cover. Characteristics 

of this CID are summarized in Table 2.1. 

With the CID11 B, the row and column address of a pixel 

to be read is determined by the operation of two shift registers 

located on the periphery of the imaging area, as is illustrated in 

Figure 2.8. The horizontal shift register is operated by loading an 

enable bit through the line denoted XL, and propagating the bit by 

clocking the X01 and X02 lines. A single bit in the shift register 

turns on a pair of adjacent MOSFET switches, which in turn 
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Table 2.1. Summary of CID118 Characteristics. 

Pixel Format: 244 (horizontal) by 248 (vertical) 

Pixel Size: 47mm (horizontal) by 35mm (vertical) 

Readout Noise: 1200 carriers/read at 30 kHz read rate 

Dark Current: 4.6X10 carriers/second @23C 

Charge Capacity: 2.3X1 a ~arriers/pixel 

Spectral Range: 200 nm to 1000 nm (without glass window) 
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independently connects two adjacent columns to the two video 

output lines, HEE and HEO. 

The vertical shift register operates in a way analogous 

to the horizontal shift register. The lines denoted VL, V01, and 

V02 load and propagate the enable bit in the shift register. Two 

rows are simultaneously selected to be independently connected 

to VEE and VEO through MOSFET switches. 

Using this scheme for accessing the rows and columns 

means that four pixels are simultaneously addressed. Readout of 

a single pixel is accomplished by collapsing the well under only 

one of the two selected rows by driving VEE or VEO to ground 

potential, and sensing charge transfer on one of the two selected 

columns by connecting the video amplifier to HEE or HEO. As an 

alternative, two adjacent pixels can b~ read simultaneously by 

using two separate video amplifiers to independently sense 

charge transfer at HEE and HEO. 

Because the horizontal and vertical shift registers can 

be controlled independently, it is possible to rapidly access any 

pixel of the array, and read any desired pixel or group of pixels in 

a nonsequential fashion. Although this is not true random pixel 

access, the access time is very small compared to readout time. 

By virtue of this, the CID11 B is known as a pseudo-random access 

device. 
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By driving the lines denoted CVG and RVG, it is possible 

to close a series of MOSFET switches, which connect all rows to 

the RVO line and all columns to the CVO line in parallel. This 

provides a means of simultaneously controlling the potential on 

all rows and columns. This feature is used to quickly reestablish 

the potential wells in all pixels after every readout cycle. In 

addition, all potential wells can be simultaneously collapsed, 

which clears the charge from all pixels. This method of clearing 

the entire device of charge is termed "massive inject". 

Thermally Generated Charge in CIOs 

As is typical of all silicon based optical detectors, the 

CIO suffers from a high rate of thermal charge generation ("dark 

current") at room temperature. This greatly limits maximum 

integration periods, reduces the useful dynamic range of the 

device, and introduces a significant source of noise (shot noise 

from thermal charge separation events). Unless thermal charge 

generation can be greatly reduced, the usefulness of the CIO as a 

spectroscopic detector is severely limited. Fortunately, cooling 

silicon reduces thermal charge generation by approximately a 

factor of two for every BOC drop in temperature. 

While the CID11 B is observed to become saturated with 

thermal charge alone in less than two seconds at room 

temperature, operating the device at 770 K practically eliminates 
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this effect. At this temperature, no perceptible thermal charge 

is observed even after several hours of integration (33,34). The 

only significant source of charge observed when the device is 

operated in the dark and sufficiently cooled is from radiation and 

particles from nuclear events and cosmic rays. While CCDs are 

not operated at temperatures below approximately 1300 K to 

1700 K because of loss in charge transfer efficiency, the intracell 

charge transfer mechanism of CID readout allows operation at 

770 K. 
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CHAPTER 3 

SPATIAL CROSSTALK IN THE CID 

Any form of interaction between the individual detector 

elements of an array detector can be broadly classified as pixel 

crosstalk. Array detectors are typically subject to one or more 

forms of crosstalk, ar-rd for many devices it can become a major 

problem severely limiting the accuracy and effective dynamic 

range of the sensor. While some interaction between pixels is 

acceptable for many applications of array detectors, any 

application requiring radiometric accuracy will be adversely 

affected by any degree of crosstalk. Thus, if an array detector is 

to be employed as a general purpose spectroscopic detector, all 

forms of interaction between detector elements must be either 

nonexistent or well characterized and controllable to the extent 

that all crosstalk effects can be reduced to insignificant levels. 

Blooming is a particular form of spatial pixel crosstalk 

that affects most array detectors, often severely. This 

phenomenon arises only when a pixel or a localized group of pixels 

is overexposed to light. In modern solid state detectors such as 

the CCD and the PDA, blooming typically manifests itself as 
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spilling of charge from pixels that are saturated with charge into 

neighboring unsaturated pixels. This effectively destroys the 

information content of pixels that are otherwise operating at 

normal levels of illumination. 

The CID is inherently resistant to blooming because of 

the structure of the device (35). When a pixel of a CID becomes 

saturated with charge, any additional charge generated within 

that pixel simply crosses the reverse biased epitaxy/substrate 

junction and is conducted away (36). Lateral diffusion of charge 

is controlled with a thick Si02 insulator between the epitaxy and 

the row and column electrodes at the periphery of each pixel. This 

greatly diminishes the electric field penetration of these 

electrodes into the epitaxy, and thus no inversion or depletion 

zone is created between pixels. This method of blooming control 

appears to be very effective for the CID11 B. In experiments 

conducted as part of this study, no blooming has been observed 

even after portions of the array have been exposed to 

approximately tenfold overload. Of course, it is conceivable that 

this device could be forced to bloom if it is exposed to such a high 

photon flux that excess charge cannot diffuse into the substrate 

at a sufficient rate. 

Although the CID11 B was not observed to suffer from 

charge blooming, it did exhibit two forms of spatial crosstalk: one 

type termed row-column crosstalk and a related effect called 
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column-column crosstalk. While investigating the suitability of 

the CID as a spectroscopic detector, an effort was made to 

understand the origins of these forms of crosstalk and to find 

methods to minimize their impact. 

The LJA/CID11 B Spectroscopic Detector System 

The detector system built to operate the CID11 B for 

these studies (the UA/CID11 B system) consists of four main units: 

a high speed programmable electronic camera controller with 

custom microcode (camera controller model 80A, Photometrics 

Ltd, Tucson, AZ), a remote camera head, a camera head interface, 

and a host computer system. 

The camera head is of laboratory construction. It 

consists of a liquid nitrogen cryostat that contains the CID and 

preamplifiers. During operation, the CID is cooled to 

approximately 770 K by contacting the back side of the ceramic DIP 

package to a copper cold finger. The cryostat was designed as a 

side-looking system but can be operated as a down looking system 

with reduced liquid nitrogen capacity. The optical window in the 

cryostat is constructed from fused silica. The plane surfaces of 

the window are wedged 1.50 to minimize interference effects 

when imaging monochromatic light. 

The preamplifier design is a dual charge amplifier 

circuit with low noise J-FET input. A 5 pf feedback capacitor is 
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used giving a gain of 32 nV/charge carrier. Separate channels are 

provided for the two outputs of the elD. The charge amplifier 

approach was chosen, because this circuit maintains the sensing 

electrodes of the CID at a constant potential. This is desirable 

because the capacitance of MOS capacitors is known to vary with 

potential (33). 

Attached to the exterior of the cryostat is the camera 

head interface that consists of five printed circuit cards 

containing voltage regulators, analog processors and analog to 

digital converters, digital line drivers, receivers and command 

decoders, and drivers for the CID shift registers and FET switches. 

Two independent analog channels and analog to digital converters 

operate in parallel on the outputs of the two preamplifiers. 

Analog processing circuitry performs correlated double sampling 

on each pixel readout by means of a dual-slope integrator. The 

intensity data from each channel is digitized to 12 bits precision 

at a rate of 1 ms/bit. The intensity data from each channel is 

transmitted to the camera controller over a serial link. Pixel 

readout and digitization time is 33 ms/pixel. 

The design of the preamplifiers, analog processing 

circuits, and readout timing sequences are very similar and 

functionally equivalent to those developed for a CID camera 

system at Kitt Peak National Observatory (33). The preamplifiers 

and camera interface electronics was designed and constructed at 
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Photometrics Ltd., Tucson Arizona in collaboration with the 

author. 

The camera controller interfaces to both the host 

computer and the camera head. It accepts commands from the 

host computer, generates the timing states that execute the 

requested command, and coordinates the transmission of digital 

pixel intensity data to the host computer. Instructions are 

specified by a four bit command field and an associated eight bit 

data field. The commands recognized by the controller are listed 

in Table 3.1. Note that the controller supports the many 

capabilities of the CI0118 detector including NORO, pseudo

random pixel access, simultaneous clearing of all pixels, and 

readout of subarrays of any arbitrary size and position. 

To read a portion of the CIO, the origin and size of a 

subarray of pixels is specified by sending the appropriate 

commands and data to the controller. Readout of the subarray is 

then initiated by sending one of the four readout commands. The 

subarray is read two pixels at a time in raster format at the rate 

of 30 ,000 pixels/second. As each pixel is read out, digital 

intensity data for that pixel is transmitted to the hostcomputer. 

The maximum time required to access the first pixel of a subarray 

is 90 microseconds. 

The host computer used in this study is a PDP 11/23 

system comprised of the components and peripherals listed in 
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Table 3.1. Camera Controller Functions. 

Command 
00 
01 
02 
03 
04 
05 
06 
07 
08 
09 
10 
11 
12 
13 
14 
15 

Function 
no operation 
clear charge from all pixels in unison 
single NDRO 
continuous NORO's 
single destructive readout 
continuous destructive readout 
flash calibration chamber LED 
truncate charge 
no operation 
no operation 
set LED flash duration to N milliseconds 
set horizontal origin of window to N 
set horizontal size of window to N 
set vertical window origin to N 
set vertical size of window to N 
no operation 

Note: X = do not care, N is any value between 0 and 256. 
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Table 3.2. The interface between the camera controller and host 

computer is accomplished with a ORV11-J parallel interface 

module. The programming language and operating system used to 

develop all data acquisition and analysis routines is CONVERS 

V3.3; a FORTH-like threaded code interpretive compiler developed 

specifically for the instrument control and data acquisitions 

problems encountered in this study. 

Universal Test Chamber and Optical Test Fixture 

In all characterization studies described in this chapter, 

the camera head and interface were situated in an environmentally 

controlled, light tight test chamber. The temperature in this 

chamber was regulated at 270 C ± 0.1 oC, minimizing thermal drift 

in sensitive analog electronic circuits which had previously been 

identified as a source of substantial instability. 

Two light emitting diodes (LEOs) were placed in the 

chamber 30 cm from the sensor head and oriented to provide 

uniform illumination of the cm. Current to the LEOs was provided 

by the camera head interface and selected under command of the 

camera controller. The controller selected LEO flash durations of 

1 to 127 ms with a precision exceeding 5 ns. Illumination of the 

array was accomplished by pulsing the LEOs a desired number of 

times for selected durations. 



Processor: 

Memory: 

Table 3.2. Host Computer System. 

model KDF11-A 
LSI 11/23 microcomputer 
(Digital Equipment Corp. Maynard, MA) 

model MSV11-ED 
64 Kbyte random access memory 
(Digital Equipment Corp. Maynard, MA) 

Interface: model DRV-11J 
4 port bi-directional parallel interface 
(Digital Equipment Corp. Maynard, MA) 

Mass Storage: model FSV21-HWW 
(1) 10 Mbyte winchester disk unit 
(2) 1 Mbyte floppy disk units 
(Plessy Peripheral Systems Irvine, CA) 

Console: model ADM3A 
video terminal 

Graphics: 

plotter: 

pri oter: 

(Lear Siegler Inc. Anaheim, CA) 

model DEI RG-S12 
retro-graphics for ADM3A terminal 
(Digital Engineering Inc. Sacramento, CA) 

model WX4671 
digital plotter 
(Western Graphics/Watanabe Irvine, CA) 

model MT1000 
dot matrix printer 
(Mannesman Tally Kent, WA) 
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To observe row-column and column-column crosstalk in 

the UA/CID11 B camera system, it is necessary to introduce charge 

only into select pixels of the array while keeping nearby pixels 

free of charge. This is accomplished by optically masking most 

pixels of the array while allowing a limited number of pixels 

located near the center of the array to be illuminated under 

controlled conditions. To achieve a sharp shadow, the mask is 

placed on the surface of the sensor window itself. 

Qualitative Observations of Row-Column Crosstalk 

Investigations that yielded useful qualitative insight 

concerning row-column crosstalk were performed by alternately 

introducing increments of charge into the pixels of the 

illuminated region of the device and reading a single row of pixels. 

The row selected for this experiment passed through the 

approximate center of the illuminated region resulting in pixels in 

both the illuminated and non-illuminated regions being read. 

Typical results for these experiments are shown in 

Figures 3.1 and 3.2. In each of these graphs there are three plots: 

the lowest plot is the signal from the pixels of the row when 

there is no charge in any pixel. The upper two plots are signals 

from the pixels of the selected row after the pixels in the 

illuminated region were exposed to light. In both of these figures, 

the illuminated and non-illuminated regions are clearly 
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identifiable. In Figure 3.1, approximately 40 pixels were 

illuminated whereas in Figure 3.2, approximately 88 pixels were 

illuminated. Note that the quantity of charge per pixel in the 

illuminated area is approximately equal for the uppermost plot of 

each figure. This also holds for the middle two plots. 

While signals from the illuminated pixels increased 

substantially in the upper two plots of each figure, the signals 

from pixels in the masked region also increased to a significant 

extent. This increase is due to row-column crosstalk. It is 

evident from the two figures that the magnitude of the crosstalk 

signal is greater when the pixels of the illuminated regions have 

more charge in them. The plots also indicate that for a given level 

of charge, row-column crosstalk is related to the number of pixels 

illuminated. 

It is seen that the crosstalk Signal is the same for nearly 

all of the pixels in the nonilluminated region. Careful examination 

of the figures reveals that pixels shielded by the mask but near 

the mask boundary do have a higher signal than pixels far from the 

mask boundary. This is expected since the mask is located 

approximately 3 mm from the surface of the CID and the light 

source is not collimated. This allows light scattered from the 

edge of the mask and from the surface of the CID to travel under 

the mask for a distance before reaching the CID. Since all pixels 

located under the mask but not near the mask boundary are 
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observed to exhibit the same magnitude of signal increase, it 

appears that this form of crosstalk affects all pixels on a given 

row to an equal degree. 

Qualitatjve Observatjons of Column-Column Crosstalk 

A similar crosstalk experiment was conducted in which 

the signals from a single column of pixels were measured as a 

function of the quantity of charge per pixel in the illuminated 

region. Very little crosstalk was observed along this column until 

the illuminated pixels were filled with charge well beyond the 

linear operating range of the device. At this point, column-column 

crosstalk occurred. As in the case of row-column crosstalk, 

column-column crosstalk appeared to affect all pixels on the 

column to an equal degree and the severity of crosstalk was 

dependent upon both the quantity of charge in the illuminated 

pixels and the number of illuminated pixels. The only major 

difference in the two effects is that row-column crosstalk occurs 

while the pixels have "normal" amounts of charge in them whereas 

column-column crosstalk occurs only after pixels are saturated 

with charge. 

Quantitative Measurements of Crosstalk 

A second set of experiments were conducted in order to 

establish a more quantitative estimate of the magnitude of row-
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column crosstalk and to establish the pOint where column-column 

crosstalk begins. These experiments were similar to the ones 

described above in that opaque optical masks were used to create 

illuminated and non-illuminated regions of the CID. In the center 

of the illuminated region, a 10 by 10 pixel subarray was 

established to measure the charge content of these pixels. A 

second 10 by 10 pixel subarray located under the mask and sharing 

common rows with the illuminated subarray was used to 

determine the row-column crosstalk signal. A third 10 by 10 

pixel subarray also located under the mask and sharing common 

columns with the illuminated subarray was used to determine the 

column-column crosstalk signal. The mean signal from each of 

these subarrays was measured as a function of the number of LED 

flashes used to illuminate the device. The results of these 

experiments are shown in Figures 3.3 and 3.4. Both figures show 

two plots, the uppermost plot being the mean signal from the 

illuminated subarray. The linear response region is between the 

two vertical lines of both plots. 

In Figure 3.3, the lower plot shows the increase in signal 

of the nonilluminated subarray that shares common rows with the 

illuminated subarray as a function of the number of LED flashes. 

Note the different vertical scale for this lower plot. This plot 

shows that row-column crosstalk increases linearly throughout 

the linear response region of the illuminated subarray. From these 
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data, the degree of crosstalk can be calculated as the ratio of the 

mean crosstalk signal over the sum of all signals due only to 

charge in the illuminated pixels, of which there are approximately 

40 per row. This value was found to be 0.11 % for the data shown 

in Figure 3.3. In a similar experiment where 88 pixels per row 

were unmasked, the crosstalk was found to be 0.12%. This close 

agreement suggests that the magnitude of row-column crosstalk 

is proportional to the sum of charge in all pixels of a given row. 

The lower plot of Figure 3.4 shows the increase in signal 

of the masked subarray that shares common columns with the 

illuminated subarray as a function of the number of LED flashes. 

(Again, note the different vertical scale for this plot.) There is an 

increase in signal for the masked subarray as the signal in the 

illuminated area increases, but this effect appears slight until the 

illuminated area becomes saturated with charge. At this paint, 

the illuminated subarray no longer exhibits a linear response 

function and there is a large jump in signal for the unmasked 

subarray. 

Physical Basis for Crosstalk in ClPs 

Analysis of the experiments described in the previous 

section strongly suggests that the cause of row-column crosstalk 

is due to capacitance between row and column electrodes. This 



73 

capacitance arises from the close physical proximity of these 

electrodes at every pixel site. 

Figure 3.5 demonstrates how capacitance between these 

electrodes could lead to a crosstalk effect. This figure 

represents a section of a hypothetical CID composed of four 

column electrodes labeled A through D, and three row electrodes 

labeled 1 through 3. Capacitance between row and column 

electrodes is shown as dotted lines at every pixel site. As the 

figure is drawn, iOW 2 is being driven and column 8 is being 

sensed. To read pixel 2,8, the potential of row 2 is raised in order 

to cause the charge in all pixels connected to row 2 to be 

transferred to the associated column. Column 8 is then sensed 

with a charge amplifier which measures the charge transferred to 

this particular electrode. 

The column electrodes that are. not being sensed 

(columns A, C, and D, also known as the "unselected columns"), are 

electrically isolated, and thus, the change in the driven row will 

couple into these electrodes. Similarly, the change in potential of 

the unselected columns couples into the row electrodes that are 

not being driven (rows 1 and 3, the "unselected rows") causing 

them to change in potential. These coupling effects are consistent 

and independent of the quantity of charge in any pixel; thus, they 

do not directly contribute to any type of pixel-pixel crosstalk. 
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In addition to this charge-independent potential change 

of the unselected rows and columns, there is an additional 

"charge-dependent" change in potential for the unselected columns 

that originates from the transfer of charge from the driven row to 

an unselected column. Thus, in Figure 3.5, it is seen that when 

charge transfer takes place from pixels along row 2 to the 

columns, column D exhibits a rise in potential proportional to the 

charge transferred to this electrode. Only the unselected columns 

can change in potential when charge is transferred; the charge 

amplifier maintains column 8 at a constant potential. This 

charge-dependent potential change in the unselected columns 

couples into the unselected rows causing these electrodes to 

undergo an additional increase in potential. The increase in 

potential of the unselected rows then couples into the column 

being read (column 8). The charge amplifier senses this as if it 

were due to charge transferred to column 8; thus, row-column 

crosstalk makes a pixel appear to have more charge in it than it 

actually has. 

It is to be expected that charge in every pixel located on 

the same row as the pixel being read will contribute to row

column crosstalk to the same degree. Thus, the magnitude of row

column crosstalk should be proportional to the sum of the charge 

located in all pixels of the driven row. Furthermore, since the 

crosstalk is coupled tl1rough the unselected row electrodes, the 
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magnitude of the crosstalk signal should be independent of the 

distribution of charge along the row. 

Column-column crosstalk is the term given to the 

phenomena that is observed when a pixel or group of pixels 

becomes saturated with charge. Saturated pixels affect all pixels 

located on the same column in a manner that makes them appear to 

have more charge in them than they actually have. In many 

respects, column-column crosstalk resembles charge blooming but 

since it actually does not involve charge migrating out of the 

saturated pixel, the use of the term "blooming" should be avoided. 

The cause of column-column crosstalk also appears to be 

attributable to the capacitance between row and column 

electrodes. A suggested mechanism describing this effect is best 

explained by reference to Figure 3.6. This is the same 

hypothetical CID as in Figure 3.5, but here the charge is 

distributed differently among the pixels. Assume that in Figure 

3.6 the quantity of charge in pixels 1,8 and 2,8 are within the 

normal operating region of the device while pixel 3,8 is saturated 

with charge. When the potential of row 2 is raised, the charge in 

pixel 2,8 transfers to column 8 giving rise to the signal of 

interest. 

As described, the rise in potential of row 2 also leads to 

an increase in the potential of the unselected columns, which then 

couples into the unselected rows. The rise in potential of the row 
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electrodes decreases the size of the potential wells used to store 

charge under the row electrodes of each pixel in the array. If the 

potential well of a particular pixel is not full of charge, the small 

decrease in the size of the well presents no problem. Such is the 

case with pixel 1,B. If on the other hand, the row potential well 

of a pixel is full of charge as is the case with pixel 3,8, a 

decrease in the size of the row well means that some charge will 

spill out of this well. The most energetically favorable place for 

this charge to go is into the potential well under the column 

electrode associated with that pixel. The charge that is 

transferred to the column electrode at pixel 3,B is 

indistinguishable from the charge transferred at pixel 2,B; thus, 

this is a crosstalk signal that occurs any time a pixel located on 

column B is read. 

The magnitude of a column-column crosstalk signal is 

independent of the position of the pixel being read and/or any 

saturated pixel(s) on a column. On the other hand, if it is assumed 

column-column crosstalk is directly linked to the rise in potential 

of the unselected co('umns, the severity of this effect is expected 

to be a complex function partially dependent on the amount of 

charge in the pixels of the row being driven. 
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Crosstalk Correction 

Row-column crosstalk correction can be accomplished 

simply by determining the crosstalk signal for all pixels located 

on a given row and subtracting it from the net signal of each pixel 

on that same row. This is possible only because the row-column 

crosstalk signal is identical for all pixels located on a common 

row. 

In practice, this correction scheme can be implemented 

by measuring the signal from pixels in a region of the row which 

is not illuminated both before and after the remaining pixels of 

the row are illuminated. The increase in signal for the 

nonilluminated pixels must be attributed to row-column crosstalk. 

Typically, several columns of pixels at one edge of the array are 

covered with an opaque mask. These pixels are used to determine 

the crosstalk signal. If this scheme is employed for crosstalk 

correction, the crosstalk Signal for each row can be accurately 

determined and subtracted from every pixel on every row. In all 

experiments, this correction scheme has proven to be quite 

effective. 

This method of row-column crosstalk correction can be 

demonstrated using the data plotted in Figure 3.1. The first step 

in this process is to subtract "dark" or "bias" readout from the 

data of interest. In reference to Figure 3.1, the data of the lowest 

plot (labeled "bias signal") was subtracted from the uppermost 
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plot (labeled "exposed to light"). The result is plotted in Figure 

3.7. This "bias subtraction" step is a normal processing operation 

used to remove pixel to pixel variations in CIO dark response. 

An expanded plot of the data of Figure 3.7 covering the 0 

to 300 analog to digital converter unit (AOU) range is shown in 

Figure 3.8. In this figure there is evidence of stray light 

extending approximately 40 pixels from the edges of the mask 

giving rise to a small shoulder on the main peak. This is to be 

expected since the mask was located several millimeters from the 

CIO surface. 

Apart from the optical signals, the crosstalk signal is 

observed to be approximately 110 AOUs on the left and right sides 

of the plot. Crosstalk signal subtraction was accomplished by 

averaging the signals of the first five pixels (pixels 0 to 4) and 

subtracting the result from every pixel of the data set. The result 

of this operation is plotted in Figure 3.9 with a scale expansion 

plotted in Figure 3.10. Comparing the data from the right and left 

sides of the plot, it appears that the crosstalk subtraction is 

accurate within the limitations imposed by the readout noise of 

the CIO. 

Since column-column crosstalk is independent of the 

distribution of charge along a column, this effect may be 

corrected in a manner analogous to the row-column crosstalk 

correction just described. This method of column-column 
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crosstalk correction has been observed to be equally effective in 

controlling column-column crosstalk. 
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CHAPTER 4 

ELECTRO-OPTICAL CHARACTERIZATION OF THE UA/CID118 SYSTEM 

It is important to have a thorough knowledge of the 

electro-optical characteristics of any detector system in order to 

predict what performance level the system will obtain under any 

set of circumstances, to avoid potential problems inherent in the 

system, and to fully exploit unique characteristics of the system. 

It is also important to understand what gives rise to the 

particular properties of a detector in order to anticipate what 

changes could result in improvements. In this chapter, the 

electro-optical properties of the UA/CID118 camera system are 

explored. The parameters studied include various sources of 

noise, response function, spectral response, crosstalk, and pixel

to-pixel variations in sensitivity. 

Determining the Gain of the UAlCIDll B System 

To accurately assess the characteristics of the 

UA/CID118 camera system, the quantity of charge in a pixel which 

will produce a given analog-to-digital converter count (the 

system gain) must be accurately known. The system gain of any 
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array detector system may be estimated from the electronic 

components and circuitry used, but such an estimate is likely to 

be quite inaccurate since exact values for specific electronic 

components used are typically not known. 

To make an accurate determination of system gain for 

the UA/CID11 B camera system, a procedure similar to the mean

variance method described by Mortara and Fowler was developed 

(37). The mean-variance method is an especially attractive 

approach to system gain measurements since the necessary 

apparatus is modest and the experimental procedure is simple to 

execute. 

The principles behind this technique are illustrated by 

considering a single pixel in a CID array. Assume that this pixel 

initially contains no charge, then a number of electron-hole 

separation events occur generating a mean quantity of charge 

equal to q carriers. In addition, assume that the photon has a 

wavelength greater than 300 nm resulting in one carrier being 

produced (16). When the pixel is read out, the mean signal read by 

the computer due to the charge in the pixel will be S ADUs . 

Poisson statistics are followed whether the charge is generated 

from the absorption of photons or from thermal excitation. It 

follows then that shot noise due to charge separation events, S(e) 

is a predictable quantity dependent only on the total number of 

carriers in the pixel: 
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S(e) =.y q . (4.1 ) 

The mean signal is related to the number of carriers in the pixel 

by the system gain: 

"S = Gq , (4.2) 

Where G is the gain in ADUs/carrier. Likewise, the event shot 

noise S(E) expressed as ADUs, is 

S(E) = GS(e). 

Substituting Equation 4.1 into Equation 4.3 yields, 

and squaring Equation 4.4 and substituting BIG for q 
4.2) results in, 

(4.3) 

(4.4) 

(Equation 

(4.5) 
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This indicates that the system gain can be calculated if a 

signal level and the variance in signal level due to event shot 

noise are known. Unfortunately, variance from shot noise alone 

can not be independently determined as it can not be isolated from 

the electronic noise sources associated with pixel readout 

(system read noise). It is important to note, however, that system 

read noise is due to various noise sources in the detector and 

amplifier that are independent of the quantity of charge in a pixel 

(system read noise is discussed in a later section of this chapter). 

If it is assumed that the read noise is equal to n 

carriers, the read noise S(N) expressed in ADUs, is 

S(N) = Gn. (4.6) 

Similarly, variance due to system read noise is 

(4.7) 

and the net signal variance s2(5) from all noise sources is 

(4.8) 
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This is an equation of the form Y = mX + b. If the mean signal 

(AD Us) is plotted versus total signal variance (ADUs), the result is 

a straight line with a slope of G and intercept of G2n2. 

Mean-Variance Measurement of the CID11 B 

The CID11 B has several unique characteristics that 

complicate the determination of system gain by the mean

variance method and would lead to systematic errors and 

inaccurate results if not taken into account. Because of this, a 

new experimental procedure for mean-variance measurements was 

developed specifically for CID camera systems. 

A potentially major source of error in determining the 

mean signal for a subarray of the CID11 B detector is due to row

column crosstalk (see Chapter 3). Row-column crosstalk causes 

the signal from a pixel to appear erroneously high, because the 

measured signal results from both the charge in that pixel, plus an 

additional crosstalk signal proportional to a fraction of the sum 

of all charge in all pixels located on the same row as the pixel 

being read. If no compensation for row-column crosstalk is made, 

the calculated system gain from a mean-variance plot will be 

erroneously low. 
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Row-Column Crosstalk Correction in Mean-Variance Measurements 

First order row-column crosstalk correction can be 

accomplished by simply determining the crosstalk signal for all 

pixels located on a given row and subtracting it from the net 

signal of each pixel on that same row. This is possible only 

because the row-column crosstalk signal is identical for all 

pixels located on a common row. 

The magnitude of the row-column crosstalk signal for 

pixels of any row of the array can be determined by measuring the 

signal from pixels in a region of the row that is not illuminated 

before and after the remaining pixels of the row are illuminated. 

The increase in signal for the nonilluminated pixels may be 

attributed only to row-column crosstalk. In practice, this is 

accomplished by covering a portion of the CID with an opaque mask 

and reading signals from pixels under this mask to determine the 

crosstalk signal. 

When it is desired to compute a crosstalk-free mean 

signal from a subarray of pixels, as is the case in mean-variance 

measurements, an independent crosstalk correction does not need 

to be performed on every pixel of the subarray. Rather, a mean 

crosstalk signal can be computed for the entire subarray by using 

two subarrays which share common rows, one in an illuminated 

region of the CID and one in a nonilluminated region. The mean 



92 

signals are recorded for each subarray before and after one 

subarray is illuminated and the mean increase in Signal for the 

nonilluminated subarray is subtracted from the mean increase for 

the illuminated subarray; thus, the illuminated subarray is 

corrected for row-column crosstalk. 

Shot noise due to the charge in pixels of a row appears in 

the crosstalk signal. As long as crosstalk correction is performed 

using the crosstalk signal from the nonilluminated subarray that 

corresponds with the signal from the illuminated subarray, the 

effect of the shot noise on the crosstalk signal is correlated and 

thus subtracts exactly. Neither shot noise nor readout noise is 

transmitted to other pixels by crosstalk if the correction 

algorithm is followed. 

Determination of Gain for the UA/CID11 B Camera System 

Mean-variance measurements on the UA/CID11 B camera 

system were conducted in the universal test chamber with the 

camera head cooled to operating temperature. To facilitate row

column crosstalk correction, a 40 by 40 pixel region near the 

center of the array was illuminated. The remainder of the sensor 

was covered with an opaque mask. 

Mean-variance measurements were conducted by reading 

data from two 20 by 20 pixel subarrays in the CID. One subarray 

was located in the center of the unmasked area and the other 
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located well under the mask. The subarray in the masked area had 

the same V-axis origin as the subarray in the unmasked area, 

indicating that both subarrays were located on common rows. 

Data was collected for a single point in the mean-variance plot by 

first clearing the entire array of all charge and then reading the 

subarrays in both the unmasked ("light") area and the masked 

("dark") area. The means of these two subarrays then were 

calculated and the results stored. Next, the LED was flashed "X" 

number of times (X was experimentally established to give an 

appropriate increase in signal), and both subarrays read again. The 

means of the two subarrays were calculated and stored. In 

addition, the signal from each pixel in both subarrays was stored 

so that these data could be used later in calculating signal 

variance. The entire inject, read, flash X times, and read process 

was repeated ten times for a single point on the mean-variance 

plot. 

The mean signal due to charge in the pixels. in the 

illuminated subarray was calculated from: 

Seq) = (S(I,x) - S(I,O)) - (S(d,x) - S(d,O)) , (4.9) 

where Seq) is the mean signal due to charge in the pixels of the 

light area, S(I,x) and S(d,x) are the mean signals from pixels in the 
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light and dark areas, respectively, after X LED flashes, and S(I,O) 

and S(d,O) are the mean signals from pixels in the light and dark 

areas, respectively, before the flashes. Subtracting the mean 

signal obtained before the flashes from the mean signal obtained 

after the flashes cancels any differences in amplifier offset 

between the two areas. The amplifier is normally set for a 

positive offset of approximately 200 ADUs out of 4096, but the 

exact offset may be different in the two areas due to slight 

differences in capacitance of the column electrodes of the pixels 

in the two areas. 

The pixels in the dark area do not collect any charge 

during the flashes, which means the average signal from the dark 

subarray is equal to the mean crosstalk signal for the light area. 

The S(q) values calculated for each of the ten trials are averaged 

to give the value used as the mean for one point on the mean

variance plot. 

The variance for each point of the mean-variance plot is 

calculated by first subtracting the mean signal of the light and 

dark subarrays from the signal from each pixel in the respective 

subarray: 

, 
S (i,l) = S(i,l,x) - S(I,x) , (4.10) 
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, 

S (i,d) = S(i,d,x) - "S(d,x) , (4.11) 

where S(i,l,x) and S(i,d,x) are the signals from pixels i in the light 

and dark areas, respectively, after x LED flashes. This adjusts the 

mean of each subarray to zero and thus ensures that any signal 

variance due to slight changes in the LED flash intensity is 

cancelled out. Next, the variance for a single pixel is calculated 

from the data obtained during the ten trials: 

(4.12) 

i=10 

S2(8) ~ L (s '(i,d,j) - S'(i,d)l, 
i=1 

(4.13) 

where S'(i,I,j) and S'(i,d,j) are the adjusted signals from pixels i, 

trials j in the light and dark areas, respectively, and "S'{i,I) and 

-S'(i,d) are the mean signals of pixels i in the light and dark areas, 

respectively, for all 10 trials. 

These individual pixel variances then were averaged for 

the 400 pixels in each subarray. The average variance for the dark 

subarray was subtracted from the average variance for the light 

subarray to yield the variance value used for the mean-variance 
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plot. Subtracting the variance from the dark subarray removes a 

slight variance contribution due to row-column crosstalk and the 

variance due to system read noise. 

To collect the points used for the mean-variance plot, 

the process discussed above was repeated with 2X, 3X, 4X ... 10X 

LED flashes. The entire mean-variance experiment was then 

repeated seven times and the data from the seven experiments 

averaged. Data for five points that fall within the range where 

the signal from a pixel is linearly proportional to the quantity of 

charge in that pixel is plotted in Figure 4.1. The slope of the best 

line through these data points was determined with a weighted 

least-squares fit to be 1.348 X 10-3 ADUs/carrier (741.6 

carriers/ADU) with a standard deviation of 0.55 ADUs/carrier (1.8 

carriers/ ADU). 

System Read Noise and Pattern Response 

In spectroscopic applications, the noise of a detector 

system is a major concern, because this parameter very often 

dictates the performance of the system at low light levels. Types 

of noise in array detectors can be divided into two general 

categories: one known as temporal (time dependent) read noise and 

the other historically termed fixed-pattern noise. Temporal read 

noise can be described as the sum of all noise sources, other than 
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charge generation event shot noise, that cause the signal from an 

individual detector element to vary in time. On the other hand, 

fixed-pattern noise is due to different response characteristics 

(specifically, signal offsets) of the individual pixels of an array 

detector and thus is not temporal in nature. Fixed pattern noise is 

a major concern only in array detector systems where no signal 

processing is performed. 

In modern computerized array detector systems, pattern 

noise can not be considered a real noise source since it can be 

eliminated by signal subtraction or other simple computational 

methods. For this reason, the term "fixed-pattern response" is 

used throughout the remainder of this dissertation as a more 

accurate description of spatial variations in signal offsets of the 

CID11 B detector. 

Sources of Temporal Read Noise 

The components of temporal read noise for a CID camera 

system can be divided into two general categories: noise 

originating in the CID detector itself, and noise associated with 

the video amplifier and drive circuitry. Predominant sources of 

noise in elDs have been attributed to Johnson noise from 

resistance in the array conductors (principly row and column 

polysilicon electrodes), and Johnson noise from the channel 

resistance of the row and column select switches (38). The CID 
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has no output amplifier as does a CCD, thus the output is very low 

(32 nVlcarrier in the system described) and the major source of 

noise comes from the external first stage amplifier. 

Major sources of noise in a preamplifier such as the one 

used in the UA/CID11 B camera system are typically Johnson noise 

from the channel resistance of the input FET, shot noise from 

leakage currents in the input FET, and 1/f noise (33). Voltage 

spikes and ripple on clock lines of the row and column shift 

registers and the vertical enable line may couple into the video 

line to some degree adding yet another noise source. On the other 

hand, switch noise (or kTC noise) is not a major noise source in a 

CID camera system such as the one built for this study because of 

the double correlated sampling used in the readout scheme (33). 

Measurement of Temporal Read Noise 

The unique NDRO capability of the CID allows a simple 

yet accurate method of measuring temporal noise for the 

UA/CID11 B camera system. The principle behind this method is 

illustrated by considering a single pixel within the CID array. 

Assume this pixel initially contains no charge and then a number 

of charge separation events are made to occur, creating an average 

of q carriers in the pixel. There is an event shot noise associated 

with the creation of this charge which means that the exact 

quantity of charge in the pixel cannot be predicted. It is 
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important to note, however, that the number of carriers created in 

the pixel is an exact, fixed quantity despite the event shot noise. 

Once charge generation is stopped, the system read noise 

may be determined by simply making two NDROs of the pixel and 

subtracting the two signals. Any deviation from zero in the 

difference of the two signals must be attributed to temporal noise 

so long as the NDRO process does not alter the quantity of charge 

in the pixel and that there is no additional charge generated 

between reads. The validity of this assumption is demonstrated in 

a later section. Event shot noise can not contribute to a deviation, 

because the actual quantity of charge in the pixel is exactly the 

same during both reads. 

A more accurate estimation of temporal noise can be 

obtained by repeating the noise measurement on a single pixel 

many times and averaging the results. Alternatively, noise 

measurements may be conducted on a large number of pixels 

simultaneously and the results averaged. If temporal noise 

measurements are made on a subarray of z pixels and the 

computed differences between first and second reads exhibit the 

expected Gaussian distribution, the mean difference for all 

measurements will approach zero as the number of measurements 

goes to infinity. If z is large enough to give good statistical 

results, the· standard deviation S(N) from a zero mean caused by 
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noise in the signal from one read can easily be calculated for a 

group of pixels: 

S(N) = ( 2 (L 1 ) 

(4.14) 

i=z J1/2, L (S (i,1) - S (i,2))2 

i=1 

where S(i,1) and S{i,2) are the signals from pixels i, reads 1 and 2, 

respectively. This is equal to the rms read noise for a single 

NORO. The 2 in the fractional denominator of the above equation 

takes into account the fact that the read noise in both signals are 

equal and add in quadrature when the signals from the two reads 

are subtracted. 

The principles discussed here were employed to measure 

the temporal read noise of the UA/CI011 B camera system. Noise 

measurements were conducted in the universal test chamber under 

the same conditions as those described in the section concerning 

gain measurements. The data used to determine read noise was 

collected from a 10 by 10 pixel subarray near the center of the 

array. Results of repeated temporal read noise measurements on 

the UA/CID11 B camera system yield a figure of 0.84 ± 0.05 

AOUs/read. This corresponds to 630 ± 40 carriers/read using the 

gain value calculated in the previous section. 
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One assumption made when measuring system gain is 

that the temporal read noise is independent of the quantity of 

charge in a pixel (see section on the mean-variance method). To 

determine if this assumption is correct, temporal read noise was 

measured at a variety of charge levels. The results of this 

experiment are plotted in Figure 4.2. It is evident from the data 

that read noise is independent of the quantity of charge in a pixel 

within the precision allowed by the noise measurements. 

Temporal Read Noise Reduction by Signal Averaging 

It has been mentioned that a major advantage of the 

NORO capability of the CIO is the ability to reduce temporal read 

noise by averaging signals from a number of NOROs. The 

effectiveness of signal averaging for noise reduction may be 

determined by a simple modification to the temporal noise 

measurement procedure discussed in the previous section. The 

modification involves the substitution of two sets of average 

signals computed from several NOROs, S (i, 1) and "S (i ,2) , for the 

signals from two single NOROs, S(i,1) and ?(i,2) in Equation 4.14. 

If the temporal read noise is "white" in nature, and the noise is 

uncorrelated from one read to the next, the effective temporal 

read noise of a mean signal will be equal to the square root of the 

number of averaged reads. 
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Figure 4.3 is a plot of the system read noise for a number 

of different values of averaged reads and the theoretical curve 

that would be followed if the read noise decreased exactly as the 

square root of the number of averaged reads. This plot shows a 

substantial reduction in effective temporal read noise as the 

number of averaged reads increases. By averaging only four reads, 

the effective temporal noise falls to 0.44 ADUs (326 carriers). By 

averaging 36 reads, the effective read noise falls to 0.21 ADUs 

(156 carriers). It is also evident from the plot that the observed 

reduction in noise does not exactly follow theory. This is to be 

expected from the quantization noise introduced by the analog-to

digital converter. 

Sources and Magnitude of Fixed Pattern Response 

A major source of fixed-pattern response in CIDs can be 

attributed to variations in column electrode capacitance and the 

capacitance between row and column el.ectrodes at each pixel site. 

For the UA/CID11 B camera system, there is an additional pattern 

response that arises from slightly different offsets in the two 

video amplifiers. These offsets are adjusted to a minimum, but 

small differences usually persist and are observed as different 

offsets for odd and even numbered pixels along a row. 

The total fixed pattern response of the UA/CID11 B 

camera system was determined for a 100 pixel subarray near the 
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center of the CID by first clearing the device of all charge, then 

reading the subarray multiple times and averaging the results. 

The rms deviation from the mean signal was found to be 33 ADUs 

(24,500 carriers), which is a relative standard deviation of 1.5% 

of the linear operating range of the camera. 

Since fixed pattern response is not a temporal noise 

source, it can be cancelled out by measuring the offset of each 

pixel before an exposure is made and then digitally subtracting 

these offsets from the signals read from each pixel after the 

exposure. While this procedure completely eliminates fixed 

pattern response, any temporal read noise introduced from 

measuring pixel offsets will contribute to the total noise of a 

processed signal, Therefor, multiple reads and signal averaging 

are employed to reduce the effective temporal read noise of the 

pixel offset measurements as much as possible. 

Photometric Response Function 

One basic requirement of a spectroscopic detector is 

that it exhibit a simple and well-defined response to radiation. In 

the case of an array detector, an additional requirement is that 

the response of each detector element be reasonably well 

matched. It is important to note, however, that while the 

response function of a detector should be simple, it need not be 

linear. Indeed, a different function such as a logarithmic or 
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square root response would often be at least equally suitable and 

in many cases preferable. 

Mean Response Function of the CI011 B 

The charge-sensitive preamplifier design used in the 

UA/CID11 B system is expected to output a signal linearly 

proportional to the quantity of charge in the pixel being sensed 

(33). In order to investigate the photometric response 

characteristics of the UAlCI011 B camera system, a procedure was 

developed to measure the mean signal from a group of pixels as a 

function of the total number of photons striking the detector. 

In this experiment, the CID was first cleared of all 

charge, then the calibration LEOs of the universal test chamber 

were flashed on and off to expose the CIO to several highly 

reproducible bursts of photons. The signals from a 10 by 10 pixel 

subarray located near the center of the array were then read, 

averaged, and recorded. The expose and read process was 

continued until the device was saturated with charge and thus no 

longer responded to further exposure to light. The response 

function of the camera system was then determined by analyzing 

the mean signal versus exposure data. 

Experimental equipment and conditions employed while 

conducting this evaluation were the same as those described in 

the section concerning system gain measurements. Also, the 
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previously discussed technique of correcting for row-column 

crosstalk and amplifier offset was employed. To ensure that the 

calibration LEOs would deliver reproducible quantities of light 

during each flash, heating of the LEOs (which would cause reduced 

output) was minimized by using a 40% on/off duty cycle and 

limiting the current during the "on" period to 15 mAo Also, the 

flash duration was timed with the camera controller to a 

precision which exceeded 100 ns. 

A response function plot for the UA/CI011 B camera 

system is shown in Figure 4.4. It is apparent from this plot that 

the camera system has a very linear response over a wide range; 

however, the plot does have a clearly non-linear "foot". Also 

present but not as readily apparent is a non-linear "tail" to the 

plot. 

The foot of the plot can be attributed to the filling of 

charge traps in the Si/Si02 interface of the surface channel CIO 

(29,39). Because of these traps, the first charge generated in a 

pixel is immobile and is thus unable to move from the charge

collection capacitor to the charge sensing-capacitor during the 

readout process (charge traps are discussed in a later section of 

this chapter). Charge traps are common to all surface channel MOS 

detectors such as the CIO and some CCOs. A technique commonly 

employed to avoid the nonlinear operating region in such detectors 

is to introduce a bias charge (or "fat zero") to fill the traps (33, 
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40). Once all traps are filled, any further charge added to a pixel 

is completely mobile and thus gives a linear response function. 

The tail of the response function plot occurs because 

pixels are beginning to reach their charge storage capacity. The 

roll off at the top end of the plot is gradual, because the various 

pixels in the subarray have different charge capacities and 

sensitivities; thus, they reach saturation at different times. 

To observe the detailed behavior of the UA/CID11 B 

camera system in the linear operating region, a plot was made of 

the change in mean signal versus mean signal level (a pseudo 

first-derivative plot) for the data in Figure 4.4. This is shown in 

Figure 4.5. It' is apparent from this plot that the slope of the 

response function plot rises rapidly, then levels off at 

approximately 46 ADUs/exposure after 23 exposures. The slope 

then remains constant within 2.5 ADUs/exposure throughout 46 

additional exposures. If exposure numbers are translated into 

mean signal levels using the plot in Figure 4.4, it is determined 

that the linear operating range of the CID11B is from 900 ADUs 

(6.~3 X 105 carriers) to 3100 AD Us (2.319 X 106 carriers). The 

deviation from linearity over this range is expressed as a ratio of 

the maximum deviation in slope (2.5 ADUs/exposure) over the 

linear range (2200 ADUs) which is an 0.11 % deviation. 
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In yet another experiment, the response function for a 

number of individual pixels was estimated in a manner nearly 

identical to the mean response function measurement. The same 

equipment was used for these measurements and the only 

difference in procedure was that instead of the data from the 

pixels of a subarray being averaged, the data from each pixel was 

individually recorded. Figure 4.6 consists of plots of typical data 

from five selected pixels of the subarray. Two important features 

are apparent: first, the response function of the individual pixels 

is very similar to the mean response function of the subarray. 

Second, the slope of each plot is different. Since the conditions of 

the experiment are the same for each pixel and the calibration 

LEDs have been observed to illuminate the array uniformly, the 

variation in slope for these plots must be attributed to variations 

in sensitivity for these pixels. 

Causes of Sensitivity Variations 

Probable causes of sensitivity variations in a CID are 

small deviations in row and column electrode widths and Si02 

layer thicknesses at each pixel site. This leads to differences in 

the capacitance of each column electrode, which in turn leads to 

sensitivity variations for pixels located on different columns. 

Also, these mechanical variations alter the size and magnitude of 

electric field penetration into the epitaxial layer, thereby 
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changing the effective charge-gathering area of a pixel. 

Variations in the thickness of the various oxide layers lead to 

variations in optical interference effects at any given wavelength. 

This implies that to some degree, pixel sensitivity variations will 

be dependent upon the wavelength of incident light. 

Magnitude of Sensitivity Variations 

The relative sensitivities of each pixel of the 10 by 10 

subarray discussed earlier were determined by the following 

study. First, the array was cleared of charge, then the calibration 

LEOs were used to put enough charge in the pixels to bring the 

device into the linear operating range. The subarray then was read 

and the signal from each pixel in the subarray was recorded. Next, 

the LEOs were again used to introduce charge into the pixels until 

the top end of the linear range was reached. The subarray again 

was read, and the signal from each pixel recorded. The mean 

increase in signal for the pixels of the subarray was calculated to 

be 2193 AOUs and the standard deviation of the signals was 115 

AOUs. Event shot noise from the generation of charge contributes 

45 AOUs to this figure, but the remainder (106 AOUs) must be 

attributed to sensitivity differences in the pixels. 

approximately 5% relative standard deviation 

sensitivities. 

This is an 

in pixel 
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Spectral Response of the CID11 B 

CIDs constructed by processes and with structures 

similar to the CID11 B have been shown to respond to radiation 

from the UV to NIR (41). The sensitivity of a CID at any 

wavelength is strongly affected by both the photo-optical 

properties of silicon and the electrodes and dioxide layers that 

overlie the silicon. The sensitivity of a CID typically decreases in 

both the NIR and UV, but for different reasons. The diminished 

sensitivity in the NI R can be attributed to the decreasing 

absorption coefficient of silicon at longer wavelengths. As the 

absorption coefficient decreases, photons are either absorbed 

deep in the epitaxial layer or pass entirely through the epitaxy and 

are absorbed in the bulk silicon (at 900 nm, approximately 50% of 

all photons pass through the epitaxy). 

The charge generated by photons absorbed deep in the 

epitaxy are more likely to undergo charge recombination before 

the charge can be collected at a pixel site. Charge generated in the 

bulk silicon can not be collected by a pixel, because it can not 

cross the p-n junction of the bulk/epitaxy interface. The CID does 

not respond to light of approximately 1100 nm or longer due to the 

band gap of silicon (approximately 1.1 eV at 3000 K) . 

Decreased sensitivity for a CID in the UV can be 

attributed to a variety of effects, including increased reflection 

of photons from the surface of the CID due to the greatly 
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increased index of refraction for silicon at shorter wavelengths. 

Another major effect responsible for lowering UV sensitivity of 

the CIO is the absorption of photons by the polysilicon electrodes 

overlying the epitaxial layer of the device (42). 

The sensitivity of a detector at any. given wavelength is 

a very important parameter when that detector is being 

considered for use in spectroscopic applications. Therefore, the 

QE of the CID11 B was measured as a function of wavelength. This 

measurement was made by determining the quantity of charge 

generated in a subarray of pixels due to photons from a 

monochromatic source of known flux and wavelength during a 

known integration period. 

To facilitate QE measurements in the UV, the glass 

window of the CIO was removed and replaced with a 2 mm thick 

fused-silica window. After QE measurements were performed on 

this modified device, the fused silica window was removed and a 

200 A layer of coronene was sublimed onto the surface of the CIO. 

The fused-silica window was then replaced and the measurements 

repeated. 

The coronene overcoat was applied in an attempt to 

improve the sensitivity of the CID11 B in the UV. Coronene absorbs 

UV photons and emits in the blue-visible region, where the CID is 

more sensitive. Therefore, if the absorbance and fluorescence 

efficiencies are sufficiently high, there should be an overall 
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increase in sensitivity for the device. Coronene overcoats have 

been successfully employed to improve the UV sensitivity of a CCD 

(19) . 

Quantum Efficiency Measurement Apparatus and Technique 

The apparatus constructed to perform QE measurements 

is diagrammed in Figure 4.7 and a list of equipment used appears 

in Table 4.1. In Figure 4.7, the light source (A) is a dual 

tungsten/deuterium source. The tungsten source was used for 

measurements from 400 nm to 900 nm, and the deuterium source 

was used from 200 nm to 400 nm. The monochromator (8) and 

wavelength drive (C) are used to select the desired wavelength. 

The output of the monochromator is directed into the input port of 

an· integrating sphere (D), which creates a uniform photon flux at 

the exit port. Interference filters (E) were used when necessary 

to reduce stray light and second order wavelengths from the 

monochromator. A computer controlled electronic shutter (F) was 

used to control the integration times for the camera system. A 

LED inside the integrating sphere (G) was used to provide the bias 

flash to put the CID in a linear response region. 

The procedure employed for conducting QE measurements 

was as follows: First, the photon flux at the output port of the 

integrating sphere was determined for a number of wavelengths. 
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Table 4.1. Equipment used in QE Measurement Apparatus 

Monochromator: 

Light Source: 

Photodiode: 

Electrometer: 

Integrating Sphere: 

model EU-700 
scanning monochromator 
grating: 1180 I/mm, 250 nm blaze 
(GCAlMcPhearson Acton, Mass.) 

model EU-701-50 
dual tungsten/deuterium light source 
(Heath Benton Harbor Mich.) 

model UV-444BQ 
calibrated silicon photodiode 
(EG+G Electro-Optics Salem, Mass.) 

model 110 
laboratory photometer 
(Pacific Precision Instruments 
Concord, Calif.) 

surplus 4 inch integrating sphere coated 
in these laboratories with Eastman 
White Reflectance Paint #6080 
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This was accomplished by measuring the photocurrent from a 

calibrated photodiode of known surface area located at a known 

distance from the sphere. Photocurrent was measured with a 

calibrated electrometer. The flux was determined at 25 nm 

increments from 200 nm to 400 nm and at 50 nm increments from 

400 nm to 900 nm. To have sufficient throughput for the flux 

determinations, it was necessary to open the entrance and exit 

slits of the monochromator to 0.2 cm in the 200 nm to 400 nm 

wavelength range, and 0.1 cm in the 400 nm to 900 nm range. The 

spectral bandpasses were 4.0 nm and 2.0 nm, respectively. 

To complete the QE measurements, the photodiode was 

removed from the apparatus and the CID sensor head attached such 

that the surface of the CID was the same distance from the exit 

port of the integrating sphere as the photodiode had been. The 

quantity of charge generated in a subarray of pixels during a 

known integration period was then determined at the same 

wavelengths that flux measurements had been made. This was 

accomplished by first closing the electronic shutter at the input 

of the integrating sphere, then clearing the CID of all charge. The 

LED was then flashed until sufficient bias charge was created in 

the subarray to ensure a linear response function. The mean signal 

due to the bias charge was then read and stored before exposure to 

light from the integrating sphere. The signal was corrected for 
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row-column crosstalk and amplifier offset as previously 

discussed, 

The electronic shutter was opened for periods ranging 

from 1 to 300 s, depending upon the wavelength used in the 

measurement. After the shutter was closed, the corrected mean 

signal from the subarray was read again. The two signals were 

then subtracted and multiplied by the system gain. This yields the 

quantity of charge generated during the integration period from 

which the mean rate of charge generation can be determined. The 

QE of the CID was calculated by normalizing the charge generation 

rates from the CID and the photodiode and correcting for the QE of 

the photodiode. 

Results of QE Measurements 

The results of QE measurements for the CID11 Bare 

shown in Figure 4.8. Two lines are plotted from 200 nm to 400 

nm, the upper line for the coronene-coated device and the lower 

for the uncoated device. From 400 nm to 900 nm, the devices 

exhibit no significant differences in QE, and therefore only one 

curve is plotted. The peak QE is 22.5% at 550 nm and it falls to 4% 

at 900 nm and 7% at 400 nm. There is a local minimum in the 

curve at 350 nm for both coated and uncoated devices, but then the 

curves rise again reaching a local maximum at 275 nm. The 

CID11 B has a protective silicon dioxide overcoat of approximately 
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500 nm thickness. It is probable that this dielectric layer acts as 

an antireflection coating which would contribute to the high QE at 

550 nm and 275 nm. The low QE in the 300 nm range can be 

partially attributed to the high index of refraction of Si at 330 

nm. 

The coronene coating increased the QE significantly in 

the 200 nm to 400 nm range. The greatest gain is at 200 nm 

where the uncoated device had no measurable response and the 

coated device has a 4% QE. 

Temporal Crosstalk 

Chapter 2 emphasized the importance of spatial pixel

pixel crosstalk during exposure and reading of the CID11B. It is 

equally important that measurements obtained from a given 

exposure and reading of a detector not be perturbed by previous 

operation of the device such as exposure to light (or dark), reading 

the device, resetting the device (in the case of an integrating 

detector), or any other type of normal operation. Any such 

perturbation that arises from normal operation may be considered 

to be crosstalk in the time domain and is thus termed "temporal 

crosstalk". Like spatial crosstalk, temporal crosstalk is 

especially detrimental in spectroscopic applications in which a 

detector must maintain photometric accuracy under radically 

changing optical conditions. 
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Various forms of temporal crosstalk are common to many 

tube-type imaging detectors, such as the vidicons which suffer 

from both readout lag and image "burn in" (43,44). Modern solid 

state detectors such as the CID, CCD, and PDA are in general quite 

resistant to temporal crosstalk; however, upon close examination, 

signals from these devices are usually found to exhibit some 

dependence on prior operation of the device (40). The CID11 B is no 

exception to this, since it has been determined that actions such 

as clearing the device of charge and exposing the array to bright 

images for long periods of time can affect the subsequent 

performance of the device to a small extent for time periods up to 

several hours. It has also been found that under certain conditions 

the apparent quantity of charge in a pixel can diminish very 

slightly when a pixel is repeatedly read in the nondestructive 

mode. The source of all of these effects is suspected to be 

closely related to the gradual movement of charge into and out of 

the Si/Si02 interface that forms the boundary of the charge 

storage region and the row and column electrodes at each pixel 

site. 

Charge Traps at the Si/Si02 Interface 

It is well known that within bulk silicon, charge can 

exist in only one of two energy states known as the valence band 

and the conduction band. At the Si/Si02 interface, the situation 
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is much more complex in that there are a number of energy states 

other than the conduction and valence bands in which charge can 

reside (29). Since these energy states are associated with 

specific physical locations in the interface region, charge residing 

in these states is immobile and thus is known as "trapped charge". 

It is possible, however, for charge in a trapped state to gain 

sufficient energy to move into the conduction band and thus 

become mobile. 

In a typical MOS device, a large number of trapped states 

exist which are energetically similar to the conduction band (39). 

Charge in these states can rapidly exchange with the conduction 

band, and thus are classified as "fast interface states". A few 

states are found to exchange charge quite slowly, and thus 

gradually exchange charge with the conduction band. The rate at 

which charge exchanges between the conduction band and a trap 

state has been shown to be an exponential function of both 

temperature and the difference in energy between conduction band 

and the trap state (45). This s.uggests that operating a CID at 770 K 

will greatly decrease the exchange rate of all trap states. When 

the CID11 B is operated at this temperature, it has been found to 

exhibit a wide range of charge-exchange rates, with time 

constants ranging from microseconds to hours. For the purposes 

of further discussion, however, all trap states that exchange 
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within 1 s will be arbitrarily classified as "fast" states and all 

that exchange on a longer time scale will be termed "slow" states. 

Clearing and Filling Trap States: Charge Injection and Bias Charge 

The usual method of clearing charge from a pixel of a CID 

is to set the potential of the row and column electrodes to 

approximately the same potential as the epitaxial layer. This 

eliminates the inversion zone under row and column electrodes, 

thereby causing electrons to recombine with the stored positive 

charge. This charge-injection process removes charge from both 

the conduction band and most trap states. After a CID has been 

cleared of charge, the first new charge created in the device will 

go into the trap states, because they are lower in energy than the 

conduction band. Since charge in trap states is immobile, it can 

not transfer from row to column electrode and thus produces no 

signal upon readout. 

Trap states are normally filled with a bias charge in 

order to allow subsequently generated charge to be mobile (see 

section on response function in this chapter). If this bias charge 

is sufficiently large, it fills all fast trap states and most slow 

states. At the operating temperatures at which these experiments 

were conducted, there are a small number of slow states with 

time constants as long as several minutes or even hours. Under 

normal conditions of operation, these very slow states are found 
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to gradually withdraw charge from the conduction band resulting 

in a small decrease in measured signal over time. 

Time Dependent Signal Degradation in the CID11 B 

The drop in signal due to absorption of charge by slow 

traps was investigated with the UA/CID11 B camera system in 

several experiments. In one study, the CID was cleared of charge 

and then the array was illuminated with the calibration LEDs to 

introduce a desired mean quantity of charge into the pixels of the 

array (no parts of the array were masked). A 10 by 10 pixel 

subarray located near the center of the array was then read at 15 

s intervals for a period of 1 hour. 

The mean signals from the subarray are plotted in 

Figures 4.9 through 4.11 as a function of time for three separate 

trials of this experiment. These three trials differ only in the 

quantity of charge that was introduced into the pixels of the 

subarray. Initial charge levels for Figures 4.9, 4.10, and 4.11 were 

8.5 X 105 , 1.4 X 106 , and 2.0 X 106 carriers, respectively. In all 

three trials, the mean signal of the subarray decreased with time 

in what appears to be an exponential fashion and then leveled out 

to a steady value. In the worst case, Figure 4.11, the mean signal 

fell by approximately 2.5 AD Us (1900 carriers) after 5 minutes 

and the total drop was 4.5 AD Us (3300 carriers) after 60 minutes. 
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The results of this experiment illustrate several 

important points concerning the performance of the CID11 B 

detector. First, notice that in all three plots, the mean signal of 

the subarray eventually reaches a steady state. This suggests the 

absence of thermally generated charge and indicates the NORO 

process itself does not alter the quantity of charge in a pixel. The 

small decrease in mean signal seen in the first minutes after the 

charge is introduced can be attributed to absorption of conduction 

band charge by slow trap states. 

Another interesting point revealed by this experiment is 

that the quantity of charge absorbed into slow traps appears to be 

proportional to the amount of charge initially in the conduction 

band. This idea was further reinforced with another experiment in 

which the CIO was first cleared of charge, then the calibration 

LEOs flashed to introduce 8.5 X 105 carriers into the subarray. 

The subarray was then read continuously for 1 h to allow slow 

trap states to become fi.lled. The purpose of reading the device 

during this period is to fill trap states under both row and column 

electrodes as will be explained in the next section. The 

calibration LEOs were again flashed in order to bring the charge 

level up to 2.0 X 106 carriers, and the mean signal was monitored 

as a function of time as in the previous experiments. The results 

are plotted in Figure 4.12. 
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Note the similarity between Figs. 4.11 and 4.12. The fact 

that the signal diminished after more charge was added to the 

conduction band is further evidence that, at least for the slow 

trap states, the amount of charge absorbed by trap states is 

proportional to the quantity of conduction band charge. Note that 

this is also a possible explanation for the slight non-linearity 

observed in the "linear" operating range of the device. (see the 

section on response function in this chapter). 

This relationship between the quantities of conduction 

band and trapped charge can be partially explained by a 

phenomenon known as the "edge effect" which has been reported in 

surface channel eeos (45). The cause of this phenomena can be 

understood by referring to Figures 4.13 and 4.14, which are two 

drawings of a single MOS capacitor in which charge is stored. The 

charge in such a capacitor is situated at the Si/Si02 interface, 

where it comes into contact with charge trap sites. In Figure 

4.13, a small amount of charge in the capacitor remains directly 

under the. metal electrode and thus is able to populate trap sites 

only under the electrode. Since there is no charge at the periphery 

of the capacitor, many trap sites do not get populated. When 

charge is added to this capacitor, as in Figure 4.14, the "cloud" of 

charge under the electrode expands and in the process populates 

additional trap sites. The net result of this edge effect, then, is 

that the amount of charge in the trap sites of a MOS capacitor 
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(such as the capacitors in a CIO pixel) is proportional to the 

amount of conduction band charge in the capacitor. 

Another possible explanation for the observed 

relationship between conduction band charge and trapped charge is 

a simple dynamic equilibrium between the two energy states. 

Evidence supporting this concept has been observed in an 

experiment in which charge was observed to move from trap 

states to the conduction band. 

The procedure for this experiment was to clear the CID 

of charge, then flash the calibration LEOs until the pixels of the 

subarray contained a mean of 2.0 X 106 charge carriers. The 

subarray was then read continuously for a period of 20 minutes to 

allow most slow traps with time constants up to several minutes 

to become filled. Next, the array was again cleared of charge and 

the calibration LEOs were flashed to put a mean of approximately 

8.5 X 105 charge carriers of charge back into the pixels. The mean 

signal of the subarray was then monitored for a period of 1 h in 

the same manner as before. 

The results of this experiment are shown in Figure 4.15. 

In this plot, an initial decrease in signal is seen for the first 120 

s and then the trend reverses and the mean signal increases. The 

initial decrease in signal can be attributed to th.e filling of trap 

states that were depleted when the array was cleared of charge 

for the second time and· that have time constants on the order of a 
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few seconds. The subsequent rise in signal is evidence that those 

trap states with time constants in the order of several minutes 

re-emit this charge once the quantity of conduction band charge is 

reduced. 

Role of NOROs in Populating Slow Trap States 

It was assumed throughout this discussion that the act 

of intracell charge transfer during a NORO plays no role in the 

absorption of charge by interface traps. However, this assumption 

is not entirely correct because when a pixel of the CID is 

collecting charge in an integrating mode, the accumulated charge 

is stored only in the potential well under the row electrode. Any 

charge generated in the vicinity of the column electrode drifts 

under the row electrode because this electrode is biased more 

negatively. When bias charge is introduced into a pixel, most fast 

trap states under both row and column electrodes are filled. All 

mobile conduction band charge then moves under the row electrode 

where it is available to fill the slower trap states. The region 

under the column electrode has no conduction band charge stored 

under it, thus the slower traps under this electrode are not filled. 

When NOROs are made, mobile charge stored under the 

row electrode moves under the column electrode for a short time 

(10 ms per read for the UA/CI011 B camera system). While the 

charge is under the column, some slow traps can be filled. This 
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means that when the read is completed, not all of the charge 

transferred to the column returns to the row. Thus, on subsequent 

reads the quantity of charge transferred is less, which in turn 

means the measured signal diminishes with the number of reads 

made. 

This "column trapping" effect was observed in the 

UA/CID118 camera system with experiments similar to those 

described in the previous section. As before, the CIO was cleared 

of charge, then the calibration LEOs were flashed a sufficient 

number of times to give a desired signal. Next, the CIO was left 

idle for 60 minutes to allow trap states under the row electrode 

to come to equilibrium. Next, a 10 by 10 pixel subarray near the 

center of the array was read in 15 s intervals over a period of 60 

minutes The mean signal for this subarray is plotted as a function 

of time in Figure 4.16. Note that in this plot the first read is 2.5 

AD Us higher than the second read. This represents a loss of nearly 

1900 charge carriers in the first read alone. The absorption of 

conduction band charge continues in subsequent reads until a total 

of 2400 carriers is lost. 

In practice, the change in signal caused by the column 

trapping effect can be substantially reduced by simply discarding 

data from the first several reads of a pixel. Another possible 

technique for reducing column trapping, which has not yet been 

attempted, is to set the row and column potentials to the same 
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value during an integration period. This would cause 

photogenerated charge to collect under both electrodes and thus 

make the rates of exchange equal for both areas of the pixel. 

Chapter Summarv 

The CIO appears to be especially well qualified among 

imaging detectors to fulfill the requirements for an imaging 

spectroscopic detector for high dynamic range applications. The 

sensitivity of the CI011 B has been demonstrated to be very good 

over a wide spectral range, the effective readout noise can be 

made to be low, and the device is not susceptible to readout lag or 

blooming. In addition, this device has a highly linear response 

function and when operated at cryogenic temperatures exhibits 

low thermal charge generation. While the CID11 B does suffer 

from a form of spatial pixel crosstalk, this effect is understood 

and easily compensated for. The temporal crosstalk effects 

described are small yet significant. Reduction of these effects 

could possibly be achieved by segregating accumulated charge 

from the surface traps using buried-channel technology similar to 

that employed for CCOs. 

The dynamic range of the system described is simply the 

ratio of the linear operating range to the readout noise. When a 

single readout is used, this is 2200/0.84 AOUs ·or 2600:1. Much 

higher dynamic ranges are achieved by reducing readout noise by 
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averaging NDROs. When 36 reads are averaged, the dynamic range 

rises to 2200/0.21 ADUs or approximately 10,000:1. One of the 

most outstanding features of a CID-based detection system is the 

opportunity to synthetically increase the dynamic range of the 

device even further through the use of variable integration times 

on select pixels of the array. This capability is only possible 

through the ClD's unique destructive/non-destructive readout 

modes and pseudo random pixel access (18,24). It is especially 

important to realize that these dynamic range improvements are 

made by reading a single exposure multiple times rather than by 

making multiple exposures and reads. 

In conclusion, these characterization studies indicate 

that the CID is capable of excellent performance as a general 

purpose spectroscopic detector, especially for applications where 

high dynamic range is of extreme importance. While novel and 

highly specialized electronic equipment and data manipulation 

algorithms are required to employ the CID for quantitative 

measurements, there are numerous potential benefits in employing 

a CID detection system in spectroscopic applications. 



143 

CHAPTERS 

AN ECHELLE SPECTROMETER FOR USE WITH CID DETECTORS 

Echelle grating spectrometers have traditionally been 

the optical dispersion system of choice for use with imaging array 

detectors such as vidicons and image dissectors (7,9,10). The 

echelle spectrometer uses an echelle grating operating in high 

orders to achieve high dispersion and resolution. With this 

approach, many different wavelengths from different orders are 

dispersed to the same degree, thus, a first order grating or prism 

is used to again disperse the light orthogonally to the echelle 

grating. 

The two dimensional dispersion of the echelle 

spectrometer produces a focal plane with a x-y format which is 

ideal for efficient use of an imaging array detector. This chapter 

addresses several considerations associated with the echelle 

optical system when used in conjunction with a CID detector. One 

of the primary concerns is that typical commercial echelle 

spectrometers have an output format much too large for 

practicable use with modern array detectors. The output format 

must be made small to get wide spectral coverage, without 
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introducing optical abberations and while maintaining adequate 

resolution. 

In this chapter, a reduced format echelle spectrometer is 

described. Some observations concerning optical abberations 

arising from the dispersion optics in this spectrometer are 

discussed. Finally, some optical considerations involving the use 

of the elD to detect physically narrow spectral lines are 

discussed. 

Modified Echelle Spectrometer 

The spectrometer developed as part of these studies is a 

modified commercial echelle spectrometer (Spectrametrics model 

SpectraSpan III, Spectrametrics Inc., Andover Md.). Figures 5.1 and 

5.2 are top and side views of the optical path and elements of the 

spectrometer. A description of each optical element is contained 

in Table 5.1. 

The primary modifications to the commercial echelle 

spectrometer consisted of replacing the collimating mirror with 

an off-axis section of a parabolic mirror and replacing the 

focussing mirror with a shorter focal length spherical mirror. The 

mounts for the grating and prism were not modified, but the 

apparatus used in the stock instrument to position the grating in 

the horizontal and vertical axis was replaced with simple 

adjusting screws. A mount of laboratory construction was used 
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Table 5.1. Modified Echelle Spectrometer Components 

Focussing Mirror: 42 cm f.l., '4.1 spherical mirror. 

Collimating Mirror: 75 cm f.!., '13 off axis parabola. Section taken 
10.2 cm off center axis of a 35.6 cm diameter blank. 

Cryostat Window· Fused Silica window 0.64 cm thick, 4.3 cm 
diameter. The two planar surfaces are angled 1.50 with 
respect to each other. Window is antireflection coated 
with MgF2 optimized for 400 to 900 nm wavelength 
region. 

Order Sorting prism: Fused silica Littrow prism taken from 
commercial spectrometer. 

Echelle Grating: 79 groove/mm, 630 26' blaze grating with a 
groove length of 5.6 cm and a ruled width of 12.8 cm. 
Taken from commercial spectrometer. 

Entrance Slits: Adjustable in the horizontal direction to 25, 50, 
100, 200, and 500 jlm and in the vertical direction to 
100, 200, 300, and 500 J,1m. Taken from commercial 
spectrometer. 

Entrance Lens: 30 cm f.l., f13 fused silica lens taken from the 
commercial spectrometer. 
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for the focussing mirror. This mount was attached to a precision 

translation stage (Newport model 420, Newport Corporation, 

Fountain Valley, California) to permit accurate focussing. The 

stock mount was used for the collimating mirror. 

The focussing mirror was tilted in a manner to locate the 

center of the focal plane 5.8 cm above the horizontal optical plane 

of the spectrometer. This avoids vignetting by the camera head 

cryostat. The CID is oriented in the cryostat such that the long 

axis (axis with 248 pixels, 1.17 cm length) of the sensor is 

oriented in the direction of grating dispersion. 

The stock spectrometer cover was replaced with one of 

similar construction but which was tall enough to accomodate the 

height of the cryostat. The cover has removable hatches to allow 

filling the camera head with cryogen and adjusting the grating 

angles. The internal surfaces of the cover were insulated with 

2.5 cm thick polystyrene foam and the entire spectrometer and 

camera head was thermally regulated to 300 C ± O.soC using a strip 

heater, proportional temperature controller, and recirculating fan 

mounted on the spectrometer base within the cover. This not only 

stabilized the mechanical components of the spectrometer, but 

also the sensitive analog components of the camera head. 

An electric shutter ("ex No.1, "ex Co., Rochester, New 

York) was mounted on the spectrometer and used to control the 

exposure time for the CID camera. This was located between the 
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input lens and the input slits. The shutter was controlled via the 

computer through a parallel interface module (Model DRV11 J, 

Digital Equipment Corp., Maynard, MA) and the circuit shown in 

Figure 5.3. Two LEOs were attached to the sides of the focussing 

mirror mount and pointed towards the CIO. These LEDs were used 

to illuminate the CID in order to introduce a bias charge to put the 

camera in a linear reponse region (see Chapter 4). They were 

turned on and off under computer control through the same 

parallel interface module discussed in the previous paragraph. 

Modified Echelle Spectrometer Optical Characteristics 

The most significant change to the optical system of the 

stock spectrometer was the change in the focussing mirror. The 

SUbstitution of the shorter focal length mirror reduces both the 

slit image size and the linear dispersion by a factor of 1.78. This 

permits a greater spectral range to be simultaneously viewed 

with the CID than is permitted with the stock focussing mirror. 

Figure 5.4 illustrates the spectrometer output format and typical 

CID spectral coverage. Grating orders 42 through 77 covering 542 

nm to 291 nm are shown in this figure. Note that the vertical 

scale in this figure has been greatly expanded to permit 

wavelengths to be listed on each order. The rectangle drawn 

illustrates one spectral range that can be simultaneously observed 

with the CID. This "spectral window" can be relocated to new 
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wavelengths by changing the orientation of the echelle grating in 

the same manner employed in the commercial spectrometer. 

The reciprocal linear dispersion of the modified 

spectrometer ranges from 0.00291 nm/pixel at 400 nm to 

0.01175 nm/pixel at 800 nm. Dispersion and resolution are 

illustrated in Figure 5.5. This is a plot of relative intensity 

verses pixel number on a CID row illuminated with the mercury 

313 nm doublet. A low pressure mercury penlamp (Pen-Ray model 

SC-1 with model SCT-1 power supply, Ultra-Violet Products Inc., 

San Gabriel, Calif.) was used as the light source. The entrance 

slits were set to 25 Ilm horizontal, 300 Ilm vertical. The two 

lines of the doublet are at 313.155 nm and 313.183 nm. The 

distance separating these lines on the CID is 164 mm, or 3.5 

pixels. Note the near baseline resolution of the doublet. 

Figures 5.6, 5.7, and 5.8 illustrate the effect of slit 

width on resolution and throughput. A mercury penlamp was again 

utilized as the light source. The emission line studied was the 

mercury 546.1 nm line. The vertical entrance slit was set to 300 

Ilm and the vertical slit varied from 100 Ilm (Figure 5.6), to 50 Ilm 

(Figure 5.7) to 25 Ilm (Figure 5.8). For each spectrum, the echelle 

grating rotation was adjusted such that the spectral line peak was 

centered on one pixel. Otherwise, identical exposure times were 

used. In switching from 25 Ilm to 100 Ilm horizontal slit width, 

the intensity of illumination of the central pixel increased by a 
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factor of 1.5 while the intensity of the adjacent two pixels 

increased by a factor of 5. This indicates that significant 

improvement in resolution can be obtained with the smaller slit 

settings without a major compromise in optical throughput. 

The instruction manual for the SpectraSpan III 

spectrometer lists a "practical resolution" which is a factor of 

12.4 lower than the linear dispersion at a given wavelength when 

25 J..lm exit slits are used. For the unmodified spectrometer the 

practical resolution is 0.005 nm at 200 nm (grating order 112) and 

0.020 nm at 800 nm (grating order 28). At 313 nm, the practical 

resolution is approximately 0.0086 nm. Although no criteria for 

practical resolution is given, it could be interpreted as being the 

point at which two adjacent spectral lines of gaussian profile can 

be discriminated. 

The value for practical resolution suggested by the 

spectrometer manual is far below the theoretical resolving power 

of the echelle grating. The reason for the decrease is probably due 

to optical abberations in the commercial optical system. The 

abberations can be largely attributed to the spherical collimating 

and focussing mirrors. The modified spectrometer employs an off 

axis parabolic mirror for the collimator, thus diminishing 

abberations for this element. A spherical mirror was retained for 

the focussing mirror as a parabolic mirror would suffer from 
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comatic abberation at the edges of the field of view that far 

exceed the spherical abberation. 

Because the modified spectrometer has an image quality 

sufficient to put nearly all energy into the width of a single pixel 

when 25 ~m entrance slits are used, the practical resolution can 

be considered to be the Nyquist limit of 2 pixels. This is equal to 

0.0058 nm at 400 nm and 0.0235 nm at 800 nm which is nearly the 

same as the commercial spectrometer configuration despite the 

reduction in linear dispersion of the modified spectrometer. This 

improvement can be attributed to the parabolic collimating mirror 

and the configuration of the focussing mirror which causes most 

of the comatic abberation to be perpendicular to the direction of 

grating dispersion rather than parallel to it as is the case with 

the stock spectrometer. 

Optical Abberations 

Both commercial and modified spectrometers exhibit 

several forms of optical abberations arising from the dispersion 

elements. These abberations become readily apparent under the 

conditions of very intense illumination or after relatively long 

integrations with photographic film or the CID camera. 

Figure 5.9 is an emission spectrum of a mercury pen lamp 

recorded with the photographic attachment of a standard, 

unmodified SpectraSpan III spectrometer. Polariod type 55 film 



Fig. 5.9. Emission Spectrum of a Mercury Pen lamp Taken 
With an Unmodified Commercial Spectrometer. 
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with an ASA rating of 50 was used. The film was prefogged, then 

exposed in the spectrometer under standard conditions for five 

minutes. The entrance slits were set to 500 IJ.m vertical, 200 IJ.m 

horizontal. Figure 5.10 is an enlargement of a portion of the 

spectrum of Figure 5.9 showing only one of the stronger emission 

lines. 

Upon close examination of the strong emission lines in 

these two figures, it can be seen that there is a minor "ghost 

image" of each spectral line located approximately 1 mm above 

the major image. This ghost image has a very small fraction of 

the intensity of the major image, yet is clearly observed in this 

spectrum. Another feature readily observable is that the spectral 

lines have a "star" pattern in which a very narrow filiment of light 

extends above and below the line in the direction of prism 

dispersion. Yet another effect is a "halo" surrounding each line. 

This is especially evident approximately 2 mm above and below 

the line. Finally, the expected grating "grass" is evident in each 

order, but it is always more intense on one side of each spectral 

line. 

The intensity of the structures caused by abberations is 

very low. The most severe is the ghost line which is 

approximately 0.05% of the intensity of the major line. While this 

may seem inconsequential, it can become a major source of error 

when determining trace concentrations of elements in complex 
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Fig. 5.10. Enlargement of a Section of Figure 5.9. 
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sample matrixes with atomic emission spectrometry. All of the 

abberations described have been observed in both the commercial 

and modified' spectrometers, thus they are attributed to the 

dispersing elements. Effects of these abberations appear in 

spectra recorded with the UAlCID11 B system presented in future 

chapters. These effects are to be attributed to the optical input 

to the CIO rather than an anomaly in the detector. 

Position pependence of Spectral Lines 

CIO array detectors commonly have metallic electrodes 

covering portions of the photosensitive area. Since the 

metallizations are opaque, the relative sensitivity of a pixel to 

light will vary in different regions of a pixel. This effect 

becomes significant in the case of spectroscopy when the slit 

images are on the same order of size as the pixels. 

Figure 5.11 is a microphotograph of a portion of the 

imaging area of a CID11 B. The light colored, granular vertical 

bands are the column electrodes. These are aluminum 

metallizations and are therefore optically opaque. The dark 

horizontal bands adjacent to the protrusions of the columns are 

the transparent polysilicon row electrodes. The remaining dark 

horizontal bands are regions of thick Si02. 

The CIO is oriented in the spectrometer such that the 

direction of dispersion is perpendicular to the column electrodes 
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Fig. 5.11. Photomicrograph of the Imaging Area of a CID11 B. 



164 

and orthogonal to the row electrodes. While this configuration 

simplifies the processing required to reduce the spectroscopic 

data to an analytically useful form, it also maximizes the 

opportunity for blocking a significant amount of light from a 

spectral line. The magnitude of the position-dependent variation 

in signal caused by the opaque column electrodes was 

experimentally determined by measuring the integrated signal for 

all pixels receiving light from a single spectral line as a function 

of the horizental pesitien 'Of the line. In 'Order te create the 

herizental metian, the grating was ratated in small increments 

with the aid 'Of a differential micremeter. The 526.1 nm emissien 

frem a mercury pen lamp was used and slit settings were 25 Jlm 

herizental by 100 Jl m vertical. 

The results 'Of this experiment are illustrated in Figure 

5.12. It is evident fram this graph that when a spectral line is 

pesitiened between twa pixels, the measured integrated intensity 

is reduced. This is expected since the calumn electrede 

metallizatien lies between pixels. The peak-te-peak variatien in 

integrated signal is appreximately 10% when 25 Jlm harizental 

slits are used. When 100 Jl m herizental slits were used, the 

variatien drepped ta less than 2%. This 'Occurs because the ratie 

'Of the pixel area illuminated to column electrode area is larger 

when wider slits are used. 



14000 

......... 
rn 12000 :;J 

~ --- 10000 
...J 
< 
Z 8000 
~ ...... 
rJl 

CI 6000 
~ 

~ 
c:t: 4000 
~ 
~ 
E-t 

2000 Z ..... 

0 
-1 0 +1 +2 

RELATIVE PIXEL CENTER 

Fig. 5.12. Graph Showing the Integrated Signal as a Function 
of Spectral Line Position. 

165 



166 

Chapter Summary 

A reduced format echelle spectrometer which takes 

advantage of the two dimensional format of the CID array has been 

described in this chapter. This spectrometer was optimized for 

spectral resolution rather than spectral coverage in order to allow 

future studies of the tradeoffs between these two parameters. 

The optical abberations observed with photographic film detection 

point to potential problems with the dispersion elements. 

It was observed that the integrated intensity of a 

spectral line is effected by the position of the line with respect 

to the sampling pixels. This indicates that the optical sampling of 

the spectrograph output must remain spatially stable within a few 

microns over a long period of time. This was accomplished in 

these investigations by thermally regulating the optical base and 

locating it on an optical table. Future designs of spectrometers 

for elD detectors should also include consideration to these 

findings. 
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CHAPTER 6 

CONCEPTS AND PROCEDURES OF DATA ACQUISITION AND REDUCTION 

The C/O is an emerging technology for multichannel 

spectroscopy, and it requires new concepts in data acquisition and 

reduction. In this chapter, some of the basic methods developed to 

eliminate crosstalk and reduce systematic errors are discussed. 

Bias Subtraction and pattern Response 

It was shown in Chapter 4 that the CID11B needs to be 

"primed" with a bias charge level of 6.7 X 105 charge carriers in 

order to achieve linear response operation. In practice, the bias 

charge is introduced into the array by turning on the calibration 

LEOs mounted in the spectrometer for a predetermined duration. 

This must be done before every exposure is made. In this respect, 

introduction of bias charge is similar to prefogging a photographiC 

plate. 

After the bias charge is introduced, the CID subarray(s) 

of interest are read nondestructively numerous times and signals 

are averaged to quantitate the bias signal of each pixel. This data 

is then stored in computer memory for later subtraction from the 
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analytical signal. This subtraction step will hereafter be known 

as bias subtraction. 

When the bias charge is introduced, not every pixel will 

receive the same number of photons. The variation arises from 

nonuniformities of illumination across the array and photon shot 

noise. In addition, each pixel has a unique signal pedestal which 

gives rise to pattern response. These effects (including shot 

noise in the bias charge) are removed during bias subtraction. 

This is only possible because of the NORO capability of the CIO. 

Noise Considerations of Bias Subtraction 

With detectors that lack NORO capability such as a CCO 

or POA, the bias subtraction process is fundamentally different 

from that described above. If it is necessary to introduce bias 

charge in one of these detectors, the exact bias signal for a given 

analytical exposure can never be measured. It can only be 

approximated by reading a separate bias signal introduced under 

as similar conditions as possible. Any differences between the 

two bias exposures due to light intensity differences and photon 

statistical noise are not correlated between the two reads and 

will thus affect the measurement as noise. 

With the CIO's NORO capability, the bias charge is not 

destroyed or altered between the reading of the bias signal and 

the analytical Signal. The bias signal is correlated between the 
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two reads, and thus subtracts exactly. The only detrimental 

effect in performing the bias subtraction is a ~2 increase in 

effective noise in the processed data due to summation of 

temporal readout noise. The benefit to using NDROs to make a 

correlated measure of bias charge is apparent when one considers 

that the shot noise in the bias charge for the CID11B is equal to 

over 800 carriers. 

Bias subtraction is an operation routinely employed on 

every reading of the CID camera. All data shown in this document 

have been bias subtracted unless otherwise specified. 

Sensitivity Variation Corrections by Flat Field Diyision 

As was shown in Chapter 4, the CID11B has a highly 

linear response to light, however, the sensitivity is not identical 

for each pixel. These sensitivity variations can give rise to 

distorted spectral images if not taken into account. Because the 

CID is highly linear over its full dynamic range, sensitivity 

variations may be compensated for by dividing the data from each 

pixel by an experimentally determined relative sensitivity factor. 

Sensitivity factors for a group of pixels are generally 

determined simultaneously and treated as an entity known as a 

calibration image. Calibration images are created by exposing the 

CID to a spatially uniform source of light termed a "flat field". 

Thus, the calibration technique is called "flat fielding". 
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Recording the Calibration Image 

In order to create a calibration image for a region of the 

CIO, a subarray is selected and biased with charge for linear 

operation. The bias frame is then read repeatedly and the average 

data stored in memory. Next, the CID is illuminated with a 

spatially uniform source of light until the most sensitive pixel is 

near saturation. The illumination is then halted, the CIO read out 

repeatedly, and the average data again stored in memory. The bias 

image is next subtracted from the flat field image. In order to 

normalize the calibration image, each pixel of the reference is 

divided by the pixel of highest signal (therefore the highest 

sensitivity) within the subarray. The normalized calibration 

image is then stored on a mass-storage device for later recall. 

The same light emitting diodes employed for the bias 

flash are used to provide the illumination for the flat field for the 

spectrometer system described in Chapter 5. The diode emission 

has sufficient spatial uniformity for subarrays of up to 60 X 60 

pixels. 

Image Calibration 

A spectral image that is to be corrected for sensitivity 

variations will first have the bias frame subtracted, then the 

reference image for the subarray of interest is recalled and the 
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spectral image divided on a pixel-by-pixel basis by the 

corresponding normalized calibration image. This corrects the 

sensitivity variations and normalizes the spectral image with 

respect to the most sensitive pixel of the subarray. 

The effects of flat fielding are illustrated in the 

axonometric plots of Figures 6.1 and 6.2. Each of these figures 

shows a 60 X 60 pixel subarray with a spectral image of the 

mercury 546.1 nm emission line in the center of the subarray. A 

mercury penlamp was again used as the light source and the slits 

were set to 100 Ilm horizontal and 500 Ilm vertical. 

Note that in Figure 6.1, the top of the spectral line 

appears to be "jagged". The calibration LEDs were briefly flashed 

after the bias image was recorded and before the spectral 

exposure was made in order to simulate background continuum 

from a plasma emission source. Notice that the regions of the 

image surrounding the spectral line appear very noisy. This effect 

is also due to pixel sensitivity variations and serves to illustrate 

the severity of the condition. In Figure 6.2, the data in Figure 6.1 

has been divided by a flat field calibration image. In this image, 

both the jaggedness of the spectral line and the apparent noise of 

the surrounding areas have been corrected. 

Flat fielding effectively corrects sensitivity variations 

for the CID camera in a simple and rapid manner. The success of 

flat fielding is attributable to the linearity and stability of the 
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CIO camera, and the simplistic nature of the technique. Because 

the CIO is highly linear and stable, calibration images for a given 

subarray need to be recorded only once and stored for future use. 

Unless otherwise specified, all further spectral images in this 

document have been corrected by flat fielding. 

Row-Column and Column-Column Crosstalk Corrections of Spectra 

While the CI011B has been demonstrated to be free from 

most adverse imaging effects typically found in other types of 

array sensors, two unique signal crosstalk effects known as row

column crosstalk and column-column crosstalk occur. These 

effects have been exhaustively investigated and described in 

Chapter 3. 

One method previously suggested to correct for row

column and column-column crosstalk effects is to optically mask 

several rows and several columns near the periphery of the array 

and use measurements of pixels in these zones to measure 

crosstalk in order to subtract it from the unmasked regions of 

interest. This approach is possible because of the NORO capability 

and the fact that row-column and column-column crosstalk 

effects are equal for all pixels of a given row or column. 

Figure 6.3 illustrates the concept of crosstalk correction 

by subtraction. In this illustration, a 60 X 60 pixel subarray near 

the center of the CIO array is established. This subarray contains 
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the information of interest. In addition, a 60 X 5 pixel subarray 

sharing common columns with the main subarray is established. 

This subarray is located within an optically masked zone; thus, 

the only signal observed at these pixels is due to crosstalk. A 

third 5 X 60 pixel subarray sharing common rows with the 

subarray of interest is likewise established under an optically 

masked zone. 

To perform the crosstalk subtractions, all three 

subarrays are read and stored in computer memory. Row-column 

crosstalk is then subtracted by averaging the five pixels for each 

row of the row-column crosstalk correction subarray, then 

subtracting these values from each pixel of every corresponding 

row in the subarray of interest. Column-column crosstalk 

subtraction is performed in an analogous manner. 

To demonstrate crosstalk correction, an optical mask 

was positioned on the window of the CID array covering 

approximately 10 rows and 10 columns at the periphery of the 

array. The 546.1 nm emission line from a mercury pen lamp was 

positioned near the center of the array. Figure 6.4 is a spectrum 

of this emission line before crosstalk correction was performed. 

Note that crosstalk is barely observable with the data plotted 

such that the intensity axis is scaled to 1260 ADUs. Figure 6.5 is 

the same data as Figure 6.4 with the intensity axis rescaled such 
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that the maximum intensity plotted is 50 ADUs. In this figure, 

both row-column and column-column crosstalk are clearly visible. 

Figure 6.6 shows the result of row-column crosstalk 

correction and Figure 6.7 shows the results when both corrections 

are applied. The ·remaining trace effects seen in the row and 

column directions in Figure 6.7 are due only to the optical 

aberrations from the spectrometer described in Chapter 5. 

Charge Truncation 

Charge truncation is a technique developed to prevent 

excessive column-column crosstalk in a CID array. This is 

achieved by limiting or "truncating" the maximum charge contents 

for all pixels of the array in a simultaneous fashion. 

The action of charge truncation is based on the principle 

that the charge capacity of a pixel can be controlled by adjusting 

the potentials on the row and column electrodes. Figure 6.8 is a 

potential well diagram for a CID pixel in normal operation while 

integrating charge. As shown, the pixel is saturated with charge, 

a condition that will lead to column-column crosstalk during 

readout. In order to prevent this occurence, both row and column 

electrodes can be set to a "truncation potential" for approximately 

20 ms, as illustrated in Figure 6.9. This will cause excess charge 

to be injected into the substrate and conducted away. This is 
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similar to destructive readout, except that only excess charge 

above a set limit is injected while all other charge is retained. 

This limit is adjustable through changes in the truncation 

potentials used. After truncation, the row and column electrodes 

are returned to their normal integration mode potentials in 

preparation for a NORO cycle. 

Charge truncation can be employed on a pixel by pixel 

basis, but it is more generally useful to truncate all pixels of the 

array simultaneously. This action is possible because of the 

provisions allowing simultaneous access to all row and column 

electrodes of the CIO. The global nature of truncation is 

especially useful in atomic emission spectroscopy where only a 

relatively small number of pixels are read. Intense emission lines 

from elements in high concentrations in the sample being analyzed 

can not interfere with weaker lines through column-column 

crosstalk if a truncation cycle is performed just before reading 

the subarrays of interest. 

Truncation does not effect the charge contents of a pixel 

if it is less than the truncation level. This has been 

experimentally determined by establishing different charge levels 

in pixels and performing multiple truncation cycles while reading 

the intensity data between cycles. The mean level has never been 

observed to change significantly beyond what is expected from 

hysteresis effects. For the UA/CI 011 B camera system, the 



185 

truncation level is adjusted such that the charge level in a pixel 

after a single truncation cycle will not cause severe column

column crosstalk. 

The effectiveness of charge truncation in reducing 

column-column crosstalk is illustrated by Figures 6.10 through 

6.14. These figures are axonometric plots of the 546.1 nm 

emission line from a mercury pen lamp. Sufficient exposure time 

was allowed to greatly overexpose the CID and cause column

column crosstalk. The maximum signal level would be equivalent 

to approximately 6300 ADUs if the camera had sufficient range to 

measure this high. In Figure 6.10, the data is plotted with a 

maximum intensity of 1800 ADUs. No crosstalk correction was 

performed on this data and both row-column and column-column 

crosstalks are evident. 

The data comprising Figure 6.11 was acquired in the 

same manner as that in Figure 6.10 except a single truncation 

cycle was performed before readout of the spectral data. In this 

figure, the magnitude of column-column crosstalk has been 

greatly reduced while all other features of the data are identical. 

The data of Figures 6.10 and 6.11 are again plotted with 

maximum intensities of 50 ADUs in Figures 6.12 and 6.13 

respectively. Comparison of these two figures more clearly 

illustrates the effectiveness of truncation in reducing column

column crosstalk. 
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In Figure 6.12, the column-column crosstalk signal is equal to 

approximately 35 ADUs while in Figure 6.13 it is less than 5 ADUs. 

Figure 6.14 is a plot of the same data as Figure 6.13 with row

column crosstalk and residual column-column crosstalk 

subtracted. The remaining signal observed extending along the 

length of columns displayed in Figure 6.14 is due to the optical 

aberrations described in Chapter 5. 

Chapter Summary 

The use of modern solid state multichannel imaging 

detectors such as the CID is an emerging technology which 

requires new procedures for data acquisition and analysis. This 

chapter has addressed several important considerations when 

employing a CID as a detector for simultaneous multielement 

atomic emission spectrometry. 

The procedures used for data acquisition and reduction 

described (bias priming, bias subtraction, flat fielding, crosstalk 

correction, and charge truncation), are nearly all unique to the CID. 

These operations are essential for accurate quantitative 

measurements, yet they are generally new to the scientific 

community, as analogous procedures for existing conventional 

detector technology do not exist. It has been shown here that the 

procedures developed for the CID system are highly effective in 

reducing systematic measurement error. 
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CHAPTER 7 

QUANTITATIVE SIMtJLTANEOUS MULTIELEMENT PLASMA EMISSION 

SPECTROMETRY WITH CID DETECTION 

The performance of the UAlCID118 system as a detector 

for plasma emission spectrometry was evaluated in a number of 

ways. Single element detection limits for emission lines over a 

wide wavelength range were determined in order to assess the 

sensitivity of the CID detector with respect to PMT detection. 

Multielement, multiwavelength detection limits were determined 

to demonstrate the multielement analysis capabilities of the CID 

system, and compare sensitivities to a direct reader spectrometer 

with PMT detection. Finally, the accuracy of the system for "real 

world" analysis was demonstrated by multielement, 

multiwavelength analysis of trace elements in a NBS standard 

reference material. 

Equipment and Materials Used in Analytical Measurements 

The equipment used for the analytical studies were the 

UAlCID11 B camera system, host computer, and modified echelle 

spectrometer that have been described. In addition, a standard, 
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unaltered SpectraMetrics SpectraSpan III echells spectrometer 

was used in some early detection limit studies. The plasma 

source and nebulizer used with both spectrometers was a 

SpectraMetrics SpectraJet III which was operated according to 

the manufacturer's instructions published in the operating manual. 

Primary standards of 10,000 J.Lg/ml concentration for 

detection limit studies were made from spectroscopic grade 

metals (Cr, Cu, Fe, Ni, Zn, Mn), metal chloride (K), metal nitrate 

(Cs), or metal carbonates (Ca, Mg, Pb), ACS grade HN03, HCI, and 

distilled, deionized water. The primary standards were diluted 

with 5% HN03 to the concentration used. Standards for the NBS 

standard reference material analysis were 1000 /lg/ml plasma 

grade standards purchased from Spex Industries (Metuchen, NJ). 

All dilutions of primary standards were made with 5% HN03. 

Single Element/Single Wavelength Detection limits 

Detection limits for several individual elements with 

emission wavelengths extending from the NIR to the UV were 

determined in order to assess the analytical performance of the 

CIO detector over a broad wavelength range. The unmodified 

SpectraSpan III echelle spectrometer was used for this study. The 

UNCI0118 camera head was attached to th'e spectrometer where 

the photographic film attachment normally resides. Since no 

reduction of the spectral format was possible with this 
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arrangement, only one analytical emission line was monitored at a 

time. The spectral line of interest was positioned on the CID with 

the spectrometer wavelength positioning controls. The entrance 

slits were set to 500 Ilm horizontal and vertical. An electric 

shutter (see Chapter 5) was placed between the spectrometer 

entrance lens and entrance slit to control exposure. A computer 

controlled LED was placed inside the spectrometer pOinting 

towards the CID to provide the necessary bias charge (see Chapter 

4). 

Data acquisition and analysis for this study were quite 

straightforward. Initially, the shutter was closed and the CID was 

cleared of charge. Next, the LEDs were turned on long enough to 

give an adequate bias charge. A 248 (horizontal) by 1 (vertical) 

pixel subarray was then established that would cut across the 

center of the spectral line being monitored. This subarray was 

read 25 times and the results averaged and stored in computer 

memory. A solution containing the element of interest was 

nebulized, and the shutter opened for 5 minutes. The shutter was 

then closed and the subarray again was read 25 times and the data 

averaged. The bias reading was then subtracted from the 

spectroscopic signal. 

The analytical signal was computed from the raw data by 

determining a background intensity and subtracting this from the 

pixel positioned on the spectral line that gave the highest signal. 
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signal. The background intensity was determined by averaging the 

signal from 18 pixels off the edge of the spectral line. The 

background noise was computed as the rms signal of the same 

pixels used to compute the background intensity. The detection 

limit was computed· as the analytical signal equal to three times 

the standard deviation of the background noise. 

The experimentally determined detection limits for 

several elements, the wavelength of the emissio.n line used, and 

some reference values are listed in Table 7.1. The reference 

values were taken from the SpectraMetrics instruction manual and 

were determined with an unmodified spectrometer using PMT 

detection. The exact conditions and criteria for the reference 

values are not given by SpectraMetrics; thus, direct comparison 

with the detection limits obtained with the CID system is not 

possible. 

One important trend apparent in the results shown in 

Table 7.1 is that the detection limits using the CID detector 

relative to the values obtained with PMT detection are best in the 

NIR. The detection limit obtained for potassium at 766.49 nm 

using the CID detector is over 100 times lower than the reference 

value. As one proceeds to shorter wavelength emission lines, the 

reference values become better compared to the experimental 

detection limits. For the 202.55 nm emission line of zinc, the 



196 

Table 7.1. Single Element Detection Limits. 

Element Wavelength (nm) Detection Limit (ug/m!) 

Cs 
K 
Cr 
Cs 
Ca 
Mg 
Mn 
Zn 

852.12 
760.49 
520.45 
455.35 
445.48 
279.55 
257.61 
202.55 

this study (a) reference (b) 
1.0 
<0.0001 
0.025 

0.010 
0.005 
0.010 
0.075 

0.02 
0.100 
10.0 
0.09 
0.0002 
0.003 
0.006 

(a) Detection limit for this study defined as the concentration 
which gives a signal equal to 3X standard deviation of the 
background noise. 

(b) From SpectraMetrics Inc. literature. 
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exptHimantal detection limit is approximately 13 times poorer 

than the reference value. 

The trend of better detection limits at longer 

wavelengths for the CID detector can be explained by the relative 

QEs of the CID and" PMTs. In general, low noise PMTs of the type 

generally used in the standard SpectraSpan III have very low QE in 

the NIR, and the best QE in the UV. The CID11 S, on the other hand, 

has very good QE in the NIR, and lower QE than typical PMTs in the 

UV (37). 

Multjwayelength Data Acquisition and Analysis Algorithms 

The pseudo-random access capability of the UAlCID11 B 

camera system is used to read out only those pixels that contain 

spectroscopic information of interest. The approach used for data 

acquisition is to sequentially take the coordinates of spectral 

lines from a data base, nondestructively read a subarray at the 

location of the line to determine the signal intensity, then 

nondestructively read out a subarray multiple times once an 

adequate signal is reached. The intensity of the spectral lines are 

checked constantly in the order of their placement in the data 

base while the integration is proceeding (Figure 7.1). The 

checl<ing process continues until either the integration produces 

an adequate signal or until a preset maximum integration period, 

typically of two minutes duration, is reached. At this point, any 
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Fig. 7.1. Hypothetical Order for Examining Spectral Lines 
by NDRO During the Integration Period. 
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spectral lines that did not integrate to the threshold are read out 

multiple times and the data acquisition process is terminated. 

When data is acquired as part of an analysis, a 10 by 3 

pixel subarray called a "spectral window" is used. This permits 

reading of both the spectral line intensity and the intensity and 

character of the background. When a spectral line is checked for 

intensity, a smaller 3 by 3 pixel subarray called an "examination 

window" is used (Figure 7.2). This causes the intensity check to 

proceed faster than if the spectral window was read. 

The coordinates of analytical spectral· lines are 

determined manually and put into a master database. The 

coordinates are computed and stored relative to a position 

reference spectral line. The barium line at 381.978 nm was used 

as this position reference. The location of the position reference 

line is updated before each analysis session by nebulizing a 

Ba(N03)2 solution and determining the exact position of the 

maximum emission intensity. If the barium line is found to have 

moved more than 2 pixels in any direction since the last update, 

the relative locations of all analytical lines in the database are 

re-established by nebulizing a solution consisting of a mixture of 

each element being analyzed and determining the positions of 

maximum intensity for each analytical iine. The updated 

coordinates are then used to update the data base for future use. 
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The CIO must be prepared for an exposure by introducing 

a bias charge (see Chapter 4). The spectrometer contains the LEOs 

used for this purpose. Figure 7.3 is a flow chart that illustrates 

an automatic biasing procedure. In this procedure, a 10 by 10 

pixel subarray near the center of the array is established, the 

entire array is cleared of charge, then a loop is entered in which 

the LEOs are flashed, and the subarray is read out. The subarray 

data is averaged, and if the result is greater or equal to the 

required bias signal, the process is terminated. Otherwise, the 

flash and read loop is repeated. 

Once the CIO is primed with charge, the exact bias signal 

for each pixel to be used in the analysis must be determined. This 

not only establishes an exact baseline for each pixel, but also 

eliminates the effect of shot noise from the bias charge (see 

Chapter 6). Figure 7.4 is a flowchart illustrating the bias reading 

process. The relative coordinates of the spectral lines used in the 

analysis are read from a disk file, then absolute coordinates are 

determined from the most recent update of the barium calibration 

line coordinates. All analytical lines are then given an "active" 

status, meaning that analysis for that line has not been completed. 

Next, a loop is entered in which the spectral window coordinates 

for a line are computed, the pixels in that window are read 

repeatedly, and the data is summed in a data array. This is 

repeated for each line of the database. The pixel data is stored as 
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Fig. 7.3. Flowchart for the Automatic Biasing Routine. 
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COMPUTEABSOLlITE ADDRESSES OF SPECTRAL UNES 
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GET COORDINATES OF UNE N 

FROMTASLE 

+ 
COMPUTE SPECTRAL WINDOW COORDINATES 
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END 

Fig. 7.4. Flowchart for the Routine that Reads the Bias 
Signal for Several Spectral Windows. 
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a negative number so that when the same pixels are again read 

after the integration is complete, the new data can simply be 

summed in the array. This expediates the data acquisition process 

during a time-critical step as will be described in a later section. 

Tile algorithm used to collect analytical data during the 

integration is diagrammed in Figure 7.5. An exposure is started 

while the solution under analysis is being nebulized into the 

plasma source. A computer-controlled clock with 1 ms resolution 

is reset to zero and the shutter is opened. An indefinite loop is 

then entered where the examination window for each line is read 

in sequential order until either the data from one window 

indicates that a preset threshold has been exceeded or the elapsed 

time has exceeded a preset maximum. If the data read from one 

window exceeds the threshold, it means that the charge capacity 

for pixels in that window are near capacity, and thus, integration 

for that line should be terminated. Charge truncation is then 

executed to ensure that there is no interference from column

column crosstalk. Next, the spectral window is read repeatedly 

and the data summed in the same array as the previous bias data. 

Next, the elapsed time is read and stored and the status of that 

line is changed to "inactive" meaning it will no longer be checked 

during this analysis run. If the elapsed time exceeds a preset 

maximum, the shutter is closed and the spectral windows of all 
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ca.R/TE CXXA:lNAlCSa:: 
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t 
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BY 16. (UNSIGNED INTEGER 
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END 

Fig. 7.5. Flowchart for the Main Data Acquisition Routine. 
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remaining active lines are read and elapsed time recorded in the 

same fashion as described above. 

Once the exposure is complete, the data for each spectral 

window is divided by the number of reads used. It should be noted 

that summation of the spectral data with the negated bias data 

effectively performs bias subtraction. 

Reduction of the collected data takes two general forms 

depending on the type of knowledge to be gained. If the profile of 

a spectral line and its associated background are to be 

determined, computations involving crosstalk corrections and 

pixel sensitivity variations are performed. If the nature of a 

analytical line without the background information is to be 

determined, an analysis can be made on a blank solution, followed 

by another analysis of a sample solution. The data from a spectral 

window of the blank can then be subtracted on a pixel-by-pixel 

basis from the spectral window of the sample. As a result, a 

spectral line which is not observable in a sample because of the 

high, complex background can be made apparent. Figures 7.6, 7.7, 

and 7.8 illustrate this point. Figure 7.6 is a 2 minute integration 

of a spectral window at the 352.454 nm nickel line. The sample 

solution contained 0.080 J.lg/ml nickel. Figure 7.7 is an identical 

integration using a blank solution. Figure 7.8 is the subtraction of 

the data of Figures 7.7 from 7.6. Note the change in vertical scale 

between Figures 7.6 and 7.8. The irregular nature of the 
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background at this wavelength completely obscures the nickel 

emission unless the blank subtraction is performed. 

Data reduction is straightforward if the only information 

required is relative intensity as a function of concentration. The 

procedure normally used involves summing data from pixels 

located at the spectral line emission and subtracting data from 

pixels at the wings of the line for background correction. A 3 by 3 

pixel group at the center of the spectral window is typically used 

as the "signal" pixels from which data is summed and normalized. 

Two groups of pixels on both sides of the signal pixels are 

summed and normalized as the background. The background groups 

are 1 (horizontal) by 3 (vertical) and are typically located at equal 

horizontal spacings from the center of the analytical emission 

line (Figure 7.9). Optimum spacing is chosen for different 

spectrometer entrance slit widths. A spacing of plus and minus 

three pixels is normally used for 100 J.l.m slits. 

When this type of data reduction is employed, all 

measurements are relative; thus, no crosstalk or sensitivity 

variation corrections are made. Only column-column crosstalk has 

the potential of causing an error in this measurement and this is 

controlled in the data collection algorithm with charge truncation. 

All results discussed in the remainder of this dissertation were 

performed by this straightforward relative measurement 

algorithm. 
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Linearity and Dynamic Range 

Previous work has demonstrated that the UA/CID11 B 

camera system is highly linear over a wide dynamic range. The 

intrascene dynamic range is greater than 6000:1 when readout 

noise is reduced with 16 NDROs. 

Approximately 2 ms are required to read one examination 

window and decide if the maximum charge threshold has been 

exceeded. Approximately 60 ms are required to read a spectral 

window 15 times, store the data, and record the elapsed time. 

During an analysis in which 10 spectral lines are used, each 

spectral line is checked every 20 ms. In the event that one 

spectral line must be read out during a check loop, up to 80 ms 

may elapse before a line is rechecked. If the maximum integration 

time allowed is two minutes, the minimum extension to the CID's 

intrascene dynamic range is extended by a factor of 12010.08 or 

1500. Under these conditions the CID system will have a 

composite dynamic range of 9,000,000:1. Note that the dynamic 

range will be even higher if it is not necessary to read out a line 

during a check loop or if longer integration times are allowed. The 

maximum achievable composite dynamic range is dictated by the 

number of analytical lines used and the composition of the sample. 

The single element dynamic range of several spectral 

lines was determined experimentally by analyzing solutions of 

various elements over a range of 0.003 to 10,000 Jlg/ml. Results 
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for the simultaneous analysis of three spectral lines of 

magnesium are given in Figure 7.10. Shown are plots of relative 

signal for the 279.553 nm ion line (open circles), the 285.213 nm 

atomic line (triangles), and a third line which is probably the non

resonant line at 279.806 nm (closed circles). It should be noted 

that both the atomic and ionic lines are linear over a wide range 

with indications of self absorption at concentrations over 100 

~g/ml. This is consistent with results obtained with PMT 

detectors (38). The weak non-resonant line shows no self 

absorption and gives linear results up to 7000 ~g/ml. Results 

obtained on emission lines for other elements are similar and 

indicate that the composite dynamic range of the UA/CID11 B 

camera system is more than sufficient for typical analytical 

applications. 

Simultaneous Multielement/Multiwavelength Detection Limits 

Detection limits for several spectral lines of 6 elements 

were simultaneously determined and the results are listed in 

Table 7.2. The values listed are computed according to the IUPAC 

recommendation of the concentration needed to give a signal equal 

to three times the standard deviation of a blank solution. The 

standard deviation of the blank was determined from 20 trials. 

The detection limits of each line were determined in three 

different instances and averaged. In each case, the instrumental 



214 

Table 7.2. Multiple Element Detection Limits. 

EI~m~nt W~v~l~ngth (nm) D~t~QtiQn Limit (u9l m Il 
this study (a) ref. (b) theor. (c) 

Ca 396.847 0.002 
Ca 44·3.496 0.127 
Cr 435.235 0.021 0.023 
Cr 357.869 0.018 0.017 
Cu 327.396 0.013 0.012 
Cu 324.754 0.005 
Fe 358.120 0.103 0.108 
Fe 382.043 0.324 
Ni 352.454 0.028 
Ni 341.476 0.007 0.010 
Pb 363.995 0.109 

(a) Detection limit for this study defined as the concentration 
which gives a signal equal to 3X standard deviation of a blank 
solution. 

(b) Cited as 2X the standard deviation of the intercept of a 
calibration curve. A better comparison with the results 
obtained in this study is obtained by multiplying these results 
by 1.5. 

(c) Estimated theoretical detection limit based on the background 
level observed. 
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conditions were the same. The maximum integration time was 2 

minutes, entrance slits were set to 300 J.1m vertical and 100 J.1m 

horizontal. The plasma position and settings were not optimized 

for anyone element but were set to best overall conditions. 5% 

H NO 3 was used for the blank. The algorithm described for 

multielement data acquisition and analysis was used. 

Detection limits for two elements obtained under similar 

conditions to those described above with an unmodified 

SpectraSpan III using PMT detection are also listed in Table 7.2 

(39). The reference detection limits are cited as a signal equal to 

two times the standard deviation of a blank, thus these values 

should be multiplied by 1.5 in order to make a better comparison 

with the values determined in this work. Note that the detection 

limits determined with the CID detector are approximately equal 

to those found with the PMT detector. 

Major Source of Noise Dominating Detection Limits 

Theoretical detection limits for some lines were 

calculated as the concentration of analyte necessary to produce a 

signal equal to three times the shot noise from the background 

radiation. The background shot noise was calculated as the square 

root of the mean background intensity. These theoretical values 

are also listed in Table 7.2. Note that they approximate the 

experimentally determined detection limits which suggests that 
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the detection limit is controlled primarily by the background 

intensity. This implies that detection limits can be improved only 

by increasing the total number of photons detected by increasing 

integration time. 

Accuracy of Simultaneous Multielement Analysis 

The accuracy of the CID camera equipped system was 

evaluated by simultaneous determination of several elements in a 

NBS standard reference material (SRM 1643a: trace elements in 

water). The composition of this SRM is intended to represent a 

typical surface water that may be used for a municipal water 

supply. Thus, the SRM has low concentrations of several elements 

which are potentially hazardous to humans, and high concentration 

of calcium and magnesium. The strong emission from calcium and 

magnesium make accurate quantitation of the trace elements 

quite d ifficu It. 

No sample preparation was necessary to analyze the SRM. 

The method of standard additions was used; aliquots of the SRM 

were spiked with increments of a solution consisting of a mixture 

of all elements being determined. Spectrometer slit settings 

were 300 Jlm high and 100 Jlm wide. Maximum integration time 

was 2 minutes. The algorithm for multiwavelength data 

acquisition and analysis previously described was used. No 

crosstalk or pixel sensitivity variation corrections were made. 
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Representative intensity as a function of concentration 

plots for some lines are shown in Figure 7.11. The experimentally 

determined values, the equivalent standard deviations for each 

analytical line, and the NBS certified values are listed in Table 

7.3. Note that the levels determined for all lines are near or 

below the detection limits for the instrument. All experimental 

values fall within one standard deviation of the certified values 

with the exception of the chromium 357.869 nm line. The 

accuracy of the determination using this line was affected by a 

relatively strong emission line of iron at 358.120 nm. 

The rising background for the chromium line caused by 

the incremental addition of iron resulted in an underestimation of 

the emission signal for the chromium additions which in turn led 

to an overestimation of the chromium concentration. 

Chapter Summary 

Results of the experiments described in this chapter 

indicate that the CID is an excellent detector for simultaneous 

multielement plasma emission spectrometry. The detection 

limits obtained for several elements, either singly or 

simultaneously, compare quite favorably with those obtained 

using PMT detection. In the NIR, the CID has sensitivity far 

superior to PMTs, while in the UV, the CID is equal or somewhat 

worse. The major source of noise dominating detection limits, for 
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Table 7.3. SRM 1643a Analysis Results 

Element Wavelength Certified Value Experimental Value 

Cr 
Cr 
Cu 
Fe 
Fe 
Ni 
Ni 

Notes: 

(nm) 
435.235 
357.869 
327.396 
358.120 
382.043 
352.454 
341.476 

(/lg/ml) 
0.0186 
0.0186 
0.0219 
0.099 
0.099 
0.049 
0.049 

(/lg/ml) 
0.0183 ± 0.0065 
0.0292 ± 0.0065 
0.0202 ± 0.0042 
0.099 ± 0.026 
0.130 ± 0.11 
0.0504 ± 0.0091 
0.0491 ± 0.0022 

(1) Error values shown for experimental values are equal to one 
standard deviation unit. 

(2) The determination of chromium at the 357.869 nm line was 
affected by interference from an iron emission line. 
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at least several elements studied, is shot noise from the 

background emission. 

Analysis of an NBS standard reference material indicate 

that the accuracy of determinations using the CIO system is quite 

good, even when operating at near the detection limits. The 

utility of having several analytical lines for one element was 

demonstrated in the chromium determination. Although one 

spectral line was found to suffer from interference from a nearby 

iron line, a second chromium line was available which had no 

interference and yielded accurate results. 
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CHAPTER 8 

CONCLUSIONS AND FUTURE DIRECTIONS FOR RELATED RESEARCH 

The CID11B based camera system described in this 

dissertation is highly suitable as a multichannel detector for 

simultaneous multielement analysis as has been demonstrated 

through thorough electro-optical characterization of the detector 

and by the determination of the analytical capabilities of the CID 

camera system in conjunction with a plasma source and echelle 

spectrometer. 

The electro-optical characterization studies indicated 

that the CID has a quantum efficiency that is high compared to 

photoemissive devices such as PMTs throughout the visible and 

NIR, and has sensitivity to at least 200 nm. The readout noise 

could be practically made less than 156 equivalent charge 

carriers by averaging multiple NDROs. Likewise, the linear 

intrascene dynamic range could be made to be greater than 

10,000:1. 

The CID11B was not found to suffer from charge 

blooming. A small degree of spatial crosstalk was observed. This 

effect was corrected using a relatively simple algorithm. 
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Temporal crosstalk was also found to be present but at a level 

that gave insignificant errors when using the device for analytical 

AES. 

The detection limits and accuracy of ·analysis obtained 

with the CID are comparable to those obtained with contemporary 

systems utilizing PMT detectors. This was verified by 

determining detection limits of several representative elements 

and comparing with literature values obtained under similar 

conditions with PMT detection. Both single element and 

simultaneous multielement detection limits were determined. 

Accuracy was verified by the determination of several elements 

in a certified standard reference material. The results of these 

determinations indicated that the system gave highly accurate 

results even when operating near or below the 30' limit of 

detection. The capability of the system to use multiple spectral 

lines in order to avoid spectral interference and give the correct 

results were clearly demonstrated in the analysis of the 

reference material. 

While the system described in this dissertation was a 

prototype instrument with many limitations, it has proved the 

viability of the CID as a imaging multichannel detector for AES. 

The CID exhibits many unique features which make it especially 

suitable for AES. Some of these include the absence of charge 

blooming upon overload or overexposure, relatively high 
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sensitivity throughout the NIR, visible spectral range, sensitivity 

in the UV spectral range, and pseudo-random pixel access 

capability. One of the traits of the CID that is especially useful 

for AES is nondestructive readout. In the sequence used in an 

analytical determination, NDROs are extensively used to 

determine the status of the signal level for a particular spectral 

region while the determination is being carried out and to reduce 

the CID readout noise to insignificant levels by averaging multiple 

reads. 

Future Directions 

The work described in this dissertation is only the first 

effort at what should become an extensive and prolonged study of 

the use of a variety of types of solid state imaging detectors for 

all types of analytical multichannel spectroscopy. Solid state 

imaging detector technology is presently still in a state of 

infancy. Many new innovations appear in detector technology each 

year and will likely continue to appear in coming years. It is 

useful to speculate as to what advances would be most beneficial 

for AES. 

Advances in Charge Injection Devices 

The CID11 B detector used in this study could be improved 

in several respects to make it an even better multichannel 
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detector for AES. These changes and their approximate order of 

priority are: 1) increase QE, especially in the UV, 2) increase 

spatial resolution so more spectral range can be covered with high 

spectral resolution, 3) increase overall detector size so that 

image format size reduction is not necessary, 4) eliminate spatial 

crosstalk, 5) reduce readout noise such that multiple NOROs are 

not necessary to reduce noise, and 6) eliminate temporal 

crosstalk. 

Many of these issues have already been addressed in CIOs 

designed and produced after the CI011 B. QE has been improved by 

reducing the area of photosensitive silicon covered by opaque row 

and column electrodes. Spatial resolution has been increased by 

decreasing pixel size and increasing pixel density. Whereas the 

device used in this study only had 60,512 pixel, devices are now 

available with 364,182 pixels. 

Spatial crosstalk in recently designed ClOs has been 

practically eliminated through the use of a set of shift registers 

that connect all unselected row and columns to a constant 

potential source during readout. Readout noise has been 

effectively reduced by lowering the capacitance of the charge 

sensing electrodes. 

The two parameters that have not been improved in CIOs 

from the standpoint of AES detectors are imager size and 

temporal crosstalk. As photolithography techniques improve, the 
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trend in all solid state imaging detectors designed for video use, 

including CIDs, is to make pixel sizes smaller and increase the 

total number of pixels to increase spatial resolution. The overall 

die size is decreased in order to produce more devices per silicon 

wafer and to increase processing yield. Decreasing pixel size 

means that pixel charge capacity is reduced. This adversely 

affects the maximum signal to noise ratio possible in background 

limited applications and thus will lower detection limits 

obtainable in AES. 

Temporal crosstalk is not a problem when ClDs are 

operated at video rates and room temperatures, thus this 

parameter has not been directly addressed. The magnitude of 

temporal crosstalk is directly related to the surface trap state 

density which also is directly related to the magnitude of dark 

current. Dark current is a problem for ClDs operated in video 

cameras and much effort has been spent attempting to decrease 

dark current. CIDs produced more recently than the CID11 B have 

approximately ten fold lower dark current per unit area, 

indicating that the surface state density has been decreased. This 

improvement has probably also reduced the magnitude of temporal 

crosstalk. 

The newer CIDs that have been improved with new 

technology are presently being investigated as to their utility for 

AES. This work needs to be continued with the results being 
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presented to CID manufacturers in order to continue the cycle of 

incorporating new technologies in future devices to make them 

better spectroscopic detectors. 

Advances in Charge Coupled Devices 

While many advances have been made in CID technology in 

recent years, the improvements in CCD technology have been 

explosive. While most CCD development work has been aimed 

towards producing devices for video applications, a very large 

effort has also been made to produce devices for scientific 

applications. Scientific grade CCDs are now available with 

readout noise level at least an order of magnitude lower than that 

obtainable with CIDs. Extremely high QE in the visible have been 

achieved by backside illumination. High QE in the UV has been 

achieved by using novel device architectures such as the virtual 

phase CCD or by wavelength conversion phosphors. 

Scientific CCDs are available with a wide range of pixel 

sizes and formats, some of which would be ideal for AES. Devices 

with over 4 X 106 pixels and photosensitive areas of nearly four 

square centimeters are now readily available. One limitation with 

all CCDs is that pixels can not be read non-destructively. While 

this makes the CCD less convenient than CIDs for monitoring the 

progress of an analytical determination, it is not a essential 
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essential requirement when the advances in computer technology 

discussed later is considered. 

The largest potential liability in using a eeo detector 

for AES is charge blooming. Scientific eeos made thus far will 

readily bloom when overexposed. This problem has been' addressed 

in many video eeos by incorporating special antiblooming drains 

or special antiblooming gates. While these techniques have proved 

viable for video use, the effect on QE, linearity, and dynamic range 

has not been evaluated for scientific applications. This needs to 

be evaluated to determine the viability of using antiblooming 

eeos for AES, 

Spectrometer Format and Wavelength Range 

The optical system employed in this study was a simple 

adaptation of a commercial spectrometer. This was done mainly 

to expedite the study. Optical systems are needed that can 

further reduce the image format of the echelle spectrometer 

while maintaining a high field of view and without introducing 

objectionable optical aberrations. This can possibly be achieved 

through the use of a Schmidt camera in place of the focussing 

mirror, a focussing mirror of complex geometry, or a 

multielement UV focussing lens. 

The wavelength range that can be simultaneously 

observed will also be affected by the image format, and the 
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It is presently not clear what tradeoffs 

should be considered in choosing the optimum spectral resolution 

for AES with imaging detectors. This should be further 

investigated as it effects not only the optical design, but the 

number of resolution elements necessary for the detector. 

The wavelength range that can be simultaneously 

observed is strongly affected by the spectral image format. When 

a fused silica cross dispersion prism is used, the echelle orders 

are much further apart in the UV than the visible and NIR. If the 

system is set up with adequate dispersion such that orders are 

separated in the visible, there is much too great of separation in 

the UV to take optimum advantage of the imaging detector 

resolution. Conversely, if the system is set up such that orders 

are not widely separated in the UV, the orders in the visible 

overlap. This situation could be rectified by using a echellette 

grating cross disperser or by using prism materials that give a 

constant change in index of refraction as a function of 

wavelength. 

Investigations in the NIR Wavelength Region 

The current trend in AES is to use spectral lines in the 

far UV and even the vacuum UV. This is done partially because 

lower background intensity is usually encountered at shorter 

wavelengths, but also because PMT detectors are not well suited 
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for operation in the NIR. 80th CCDs and CIDs have their highest 

sensitivity in the NIR and thus this wavelength region should be 

further explored to determine if much analytically useful 

information can be obtained from the non-resonant and resonant 

atomic transitions. The importance of this wavelength region was 

illustrated in this work when detection limits for two alkali 

metals were obtained using the resonant transition lines in the 

NIR that were orders of magnitude lower than what could be 

achieved with PMT detectors using either resonant or nonresonant 

lines. 

Other Emission Sources 

A DC plasma source was the only analytical emission 

source used in this study. Other sources, such as inductively 

coupled plasma, DC arc, spark, microwave plasma, and glow 

discharge sources need to also be evaluated with the CID detector 

in order to determine what problems and benefits may arise. An 

example of a potential problem is that sources that emit large 

amounts of electromagnetic radiation may cause excessive 

electronic noise in the detector electronics. 

Computer Hardware and Software 

Much more powerful computer hardware than that 

employed in this study is now economically available. Such 
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hardware can be used to enhance the benefits of multichannel 

imaging detectors. The memory capacity of 32 bit 

microprocessors now make it possible to read all pixels into 

memory as an image rather than reading small subimages. This 

capability is very useful as the entire spectral image can be 

examined on an electronic display for rapid visual determination 

of major and minor atomic species in the emission spectrum, 

potential spectral interferences, and a quick check as to the 

performance of the detector and spectrometer. If eCDs are to be 

used as detectors for AES, a large computer memory capacity is 

necessary due to the lack of NDRO capability. More powerful 

microprocessors also make the implementation of sophisticated 

algorithms for determining optimum analysis conditions feasible. 

Computer software is one aspect of the multichannel 

imaging detector approach to AES that has virtually limitless 

potential for growth. Many algorithms could be conceived to 

provide a variety of different analysis procedures depending upon 

the desired information. Rapid qualitative analysis could be 

performed simply by checking for emission intensity at the 

wavelengths of the major emission lines for either elements of 

interest or all elements. Semiquantitative analysis could be 

performed using either internal standards or by computing the 

ratio of intensities of analytical lines with argon emission lines. 

During quantita~ive analysis, the system could check for potential 
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chemical and spectral interferences and direct the operator to 

take appropriate action to reduce such effects. 

Final Remarks 

There- is a wide variety of areas associated with 

advanced detectors, superior optical systems, better computer 

hardware and data reduction algorithms, etc. that deserve to be 

thoroughly investigated in future years. Despite this, it must be 

emphasized that the CID detector in the simple, basic system used 

in this study truly works, and works well, for simultaneous 

multielement AES. This is a capability that is both highly 

desirable for the analyst and a result that has been unobtainable 

with other multichannel detectors. 

this dissertation show that a 

These results described in 

new age for analytical 

instrumentation is dawning. The implementation of modern solid 

state imaging detectors for spectroscopic detection will create 

new possibilities for chemical analysis in the same manner that 

the introduction of the PMT did in past years. 
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