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Critical Reviews in Analytical Chemistty, 24(1):59-98 (1993) 

Charge Transfer Device Detectors and 
Their Applications to Chemical Analysis 

Jonathan V. Sweedler 
University of Illinois, Department of Chemistry, 1209 W. California St., Urbana, IL 61801 

Referee: Alexander Scheeline, School of Chemical Sciences, University of Illinois, 
Urbana, Illinois, 61801. 

ABSTRACT: In the last 20 years, charge-transfer device detectors (CTDs) have evolved from small 
analog shift registers to the most common imaging detector available today. CTDs are a category of 
array detectors that include the charge-coupled device (CCD) and the charge-injection device (CID). 
Modern devices can have a peak quantum efficiency in excess of 80%, read noises of < 5 e, dark count 
rates of 1 e/h per detector element and formats as large as 4096 by 4096 elements. The operation and 
characteristics of CTDs are described, with the readout methods useful in scientific applications 
emphasized. The application of CCDs and CIDs to a number of fields of chemistry are reviewed, 
including the fields of Raman spectroscopy, molecular fluorescence, molecular absorption, atomic 
emission and X-ray detection. Trends in the application of CTDs and their expected impact on a number 
of areas of chemical analysis are featured. 

KEY WORDS: charge-transfer device (CTD), charge-coupled device (CCD), charge-injection device 
(CID), multichannel detection, spectroscopy, instrumentation. 

1. INTRODUCTION 

Photons are one of the most powerful 
and versatile probes of a system available to 
the measurement scientist. In imaging sys- 
tems, sub-micron spatial resolution can be 
combined with chemical selectivity to give 
information on both a molecule’s location 
and its chemical environment. In analytical 
applications, spectroscopic techniques based 
on absorption, fluorescence, Raman, or emis- 
sion offer unmatched sensitivity or specificity, 
and can help unravel the composition of 
complex samples. Optical spectroscopy can 
even detect single molecules in rigorously 
controlled situations.’-4 

The purpose of this paper is to review 
current trends in the use of charge-transfer 
device (CTD) detectors as they are applied to 

the field of chemical analysis. CTDs are two- 
dimensional array detectors that collect and 
store the photogenerated charge and then 
measure the quantity of charge present. 
CTDs get their name because charge detec- 
tion is accomplished by frunsfening the 
charge from a collection region to a detec- 
tion region. In a CTD, the charge-transfer 
process is accomplished by changing the volt- 
ages applied to a series of electrodes overlay- 
ing the collection region. 

Almost all CTDs manufactured today are 
based on silicon.’ Although a silicon CTD 
can have a significant responsivity from the 
soft X-ray region to the very near-infrared, 
there is an intense effort to extend the wave- 
length range of CTDs further into the in- 
frared using nonsilicon substrates such as 
InGaAs, MCT, and PtSi. Although current 
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infrared CTD performance greatly lags be- 
hind silicon CTD performance, infrared CTD 
characteristics are improving rapidly. How- 
ever, because it is beyond the scope of this 
paper to describe infrared CTDs, interested 
readers are referred to several recent 
overview articles on such detectors.6-8 

Although the two major subclasses of 
CTDs, the charge-injection device (CID) and 
the charge-coupled device (CCD), have many 
similarities, they have very different perfor- 
mance characteristics and modes of opera- 
tion. Therefore, CID and CCD operation 
and electrooptical characteristics are treated 
separately. One of the goals of this review is 
to describe current performance characteris- 
tics of CTDs in order that readers can select 
the CTD most other appropriate to their 
particular application. Unlike other common 
analytical detectors, CTDs are available with 
an unbelievable variety of characteristics and 
prices, ranging from the CCDs found in com- 
mercial $200 video cameras to large 16 mil- 
lion detector element, high-speed CCD sys- 
tems with prices over $100,000. Thus, it is 
impractical to purchase a single “general 
purpose” CCD system, and the scientist is 
required to make a number of decisions re- 
garding performance characteristics. In addi- 
tion, understanding device characteristics 
allows a researcher to evaluate complete sys- 
tems designed for other applications. Does a 
spectroscopist need the high-end CCD sys- 
tems offered by Astromed, Princeton Instru- 
ments, or Photometrics Ltd. costing more 
than $25,000, or can a $1500 system designed 
for amateur astronomy be used? Such low- 
end systems still have thermoelectrically 
cooled detectors to reduce dark current, ac- 
quire 12-bit data, include a direct interface to 
a PC, and include image control  oftw ware.^^'^ 
Although most analytical chemists are famil- 
iar with the pertinent electrooptical charac- 
teristics of single-channel detectors such as 
read noise, dark current, quantum efficiency, 
dynamic range, and response time, the two- 
dimensional nature of CTDs adds a number 
of additional and important parameters, such 
as array format, specialized readout modes, 
charge-transfer efficiency, and intra- and in- 

terscenic dynamic range. The large number 
of readout modes and important characteris- 
tics offered by CTDs reflect the considerable 
flexibility offered by these detectors. 

I I. H ISTORICAL PERSPECTIVE 

The CCD detector concept was devel- 
oped in 1970 by Boyle and Smith of Bell 
Laboratories,“ and the first experimental de- 
vice was described by Amilio et a1.l2 Al- 
though the intended use of the CCD was in 
the areas of analog memory and shift regis- 
ters, their potential as an imaging detector 
was quickly realized. Michon and Burke of 
General Electric Company developed the first 
32 by 32 element CID in 1972.13 Because of 
the commercial and military potential of the 
CID technology, a 100 by 100 element CID, 
complete with scanners, was soon developed. 
Both the first commercially available CID 
from General Electric and the first CCD 
from Fairchild were introduced in 1973. The 
first scientific uses of the CCD and the CID 
were in the area of astronomy, both occur- 
ring in 1976.’4”5 Although astronomers were 
the first to demonstrate the imaging perfor- 
mance of CTDs in scientific applications, 
chemists were the first to demonstrate their 
utility in a spectroscopic measurement. In 
1979, Ratzlaff used a linear CCD for molecu- 
lar absorption,I6 and in 1983, Denton demon- 
strated the use of a CID for atomic emission 
spectroscopy.” 

Advances in CTD technology have been 
driven by two different groups with contrast- 
ing needs.I8 The first group consisted of elec- 
tronics manufacturing companies such as 
AT&T, RCA, Fairchild, GE, and Texas In- 
struments; these companies supported the 
early development of CTDs in an effort to 
design and manufacture solid-state televi- 
sion cameras. This work resulted in the com- 
mercial manufacture of CTDs for surveil- 
lance, document scanners, and home video 
cameras. 

The second group was lead by as- 
tronomers, engineers, and physicists, who 
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needed a more sensitive and more photomet- 
rically accurate detector than photographic 
film. These researchers convinced NASA and 
NSF to fund the development of specialized 
CTDs for use in space probes, satellites, and 
astronomical observatories. These efforts re- 
sulted in the first CTDs designed specifically 
for scientific applications, and greatly fur- 
thered the fundamental understanding of 
CTD imagers. These scientists and engineers 
also designed the first “scientific” CTD cam- 
era systems. These scientific camera systems 
are fundamentally different from ordinary 
video camera systems: the data are digitized 
at 12 to 20 bits of precision, the digitization 
rate is slowed in order to accomplish this, the 
detector is cooled to reduce dark current, 
special signal conditioning circuits are em- 
ployed to reduce detector noise, and special 
operating modes are built-in to allow read 
modes tailored to specific applications. 

Because of this early development, an 
extremely wide range of CTD detectors is 
available with differing formats, wavelength 
ranges, electrooptical characteristics, and a 
wide variety of specialized readout modes. 
Today, CTDs are the most common elec- 
tronic imaging detector manufactured. The 
American Chemical Society’s Chemical Ab- 
stracts lists over 800 articles utilizing CTD 
detectors, with most of the articles appearing 
since 1985. CTD detectors can have over a 
90% peak quantum efficiency, a high respon- 
sivity from the soft X-ray region to the near- 
infrared, dark count rates that allow integra- 
tions for many hours, and a read noise that is 
equivalent to < 1 e. Thus, CTDs are the first 
imaging detectors that combine the integrat- 
ing characteristics and high spatial resolution 
of photographic film with a sensitivity that 
rivals, and in some cases exceeds, that of- 
fered by a single-channel photomultiplier 
tube. 

111. CTDs: OPERATION, ARCHITECTURE, 
AND CHARACTERISTICS 

CTDs are solid-state multichannel detec- 
tors and, as such, share a number of optical 

properties with other silicon array detectors 
such as photodiode arrays (PDA). CTDs ac- 
cumulate charge as Iight strikes them, much 
like photographic film. This is in contrast to 
the photomultiplier tube, which produces a 
single current proportional to the “instanta- 
neous” photon flux at the photocathode. An 
individual detector in a CTD array consists 
of several conductive electrodes overlying an 
insulating layer that forms a series of metal- 
oxide semiconductor (MOS) capacitors. The 
insulator separates the electrodes from the 
doped silicon region used for photogenerated 
charge storage. There is a wide variety of 
architectures and geometries used depending 
on the device and manufacturer. 

In a silicon lattice, a photon of sufficient 
energy can create a mobile electron and a 
mobile vacancy (hole) in the lattice. These 
two will quickly recombine unless they are 
separated by the application of external po- 
tential fields. In a CTD, a series of electrodes 
overlying the silicon is used to create the 
electric fields needed to separate and store 
either the photogenerated holes or electrons. 
Importantly, the amount of photogenerated 
charge is proportional to the number of pho- 
tons striking the detector. The amount of 
charge is measured by either moving it from 
the detector element where it accumulates to 
a charge-sensing amplifier (intercell charge 
transfer) or by moving it within a detector 
element and sensing the voltage change in- 
duced by the movement (intracell charge 
transfer). Charge-coupled devices employ the 
intercell readout, and charge-injection de- 
vices use intracell readout. Both CCDs and 
CIDs share a number of common traits, in- 
cluding the inherent quantum efficiency of- 
fered by the silicon substrate and the same 
basic dark-current floor from the silicon lat- 
tice. However, the readout modes, formats, 
and read noise are very different for the two 
classes of devices. 

The majority of CCDs and CIDs are de- 
signed for use in imaging applications. Linear 
arrays are typically used in line scan applica- 
tions and two-dimensional arrays are primar- 
ily intended for direct imaging. The design 
(number and size of pixels, register, and 
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preamp design) and architecture (number of 
phases, illumination method, and buried or 
surface channel) generally reflects the in- 
tended readout mode and application. Al- 
though a device operated according to its 
intended readout mode may prove useful in 
spectroscopy, improvements can generally be 
made by operating the device in a so-called 
specialized readout mode. Fortunately, the 
nature of CCDs and CIDs is such that the 
flexibility exists to operate them in widely 
varying ways. For example, readout speeds 
may be greatly reduced to improve noise 
performance and device clocks may be al- 
tered to affect readout of only specific por- 
tions of the device. Because the design and 
architecture of CIDs and CCDs affect their 
performance in scientific applications, selec- 
tion of a device that offers both the desired 
spectral properties (wavelength response, 
noise, linearity, and full well) and that will 
operate in the desired readout mode is es- 
sential. As the number and variety of appli- 
cations of CCDs and CIDs in science and 
engineering expands, more and more devices 
are being designed and produced with opera- 
tion in one or more of the specialized modes 
in mind. Although the detector arrays them- 
selves are flexible in terms of readout modes 
and operating parameters, most complete 
imaging systems are not. Thus, one must be 
careful in the purchase of complete systems 
to ensure that they support the desired read- 
out strategies. 

A. Charge-Coupled Devices 

There is an extraordinary range of CCDs 
that have been fabricated by a large number 
of manufacturers over the last 20 years. Be- 
cause each manufacturer uses slightly dif- 
ferent technology and offers devices tailored 
for slightly different applications, a short de- 
scription of CCD operation is followed by 
discussion of the important operating charac- 
teristics available from CCDs. The interested 
reader is referred to several overview articles 
describing in much greater detail the opera- 
tion of these detector a r r a y ~ . ” l ~ - ~ ~  

1. Architecture 

As previously stated, the CCD is a 
metal-oxide semiconductor structure that 
stores photogenerated charge carriers. Over- 
lying the silicon is a series of conductive 
electrodes. When an incident photon pene- 
trates to the silicon substrate and forms a 
hole-electron pair, the electron migrates un- 
der the influence of a potential applied to 
one of the overlying gate electrodes and is 
stored there until charge readout. By cor- 
rectly biasing the multiple overlying elec- 
trodes, the photogenerated charge is con- 
strained to the element where it is generated. 
The number of phases indicates the number 
of overlying electrodes for which the voitage 
can be independently controlled for each de- 
tector element. 

Once the integration period is over, the 
charge is shifted from the photoactive area to 
a charge-sensing amplifier located at a cor- 
ner of the array. A single (or in some cases, 
several) output node is located at the edge of 
the array, and the charge information is 
shifted to this amplifier in a sequential man- 
ner. It is the ability to transfer the charge 
from the sensing element to a specialized 
low-capacitance output node, and hence to 
eliminate high-capacitance multiplexed ar- 
chitecture, that differentiates CCDs from 
CIDs, PDAs, and other array detectors, The 
extremely small capacitance of the input of 
the output amplifier allows CCDs to achieve 
their ultralow read noise. 

The transfer of charge from the imaging 
area to the output amplifier occurs by shift- 
ing the charge from detector element to ad- 
jacent detector element. The applied poten- 
tials in a detector element must be controlled 
in several distinct regions in order for this to 
be accomplished. Figure 1 demonstrates the 
charge transfer process for a three-phase 
CCD; at least one of the three potential well 
regions in the detector element is always 
held low (collapsed) so that a barrier exists to 
prevent charge from spilling into the next 
adjacent element. Shifting the location of 
this barrier causes charge to migrate. 

In Figure 1, potential well diagrams are 
shown below each drawing. These diagrams 
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FIGURE 1. Diagram of a three-phase CCD’s show- 
ing the charge-integration and charge-transfer pro- 
cesses at four different time states. The voltages 
applied to the three independently controllable phases 
are switched between a high and a low level, forcing 
the charge to migrate to the right. (The voltages 
applied to each phase for each time are shown in the 
bottom of the figure.) (Reprinted from Bilhorn, R.B.; 
Sweedler, J.V.; Epperson, P.M.; Denton, M.B., Appl. 
Specfrosc. 1987, 47, 11 17. With permission.) 

indicate the “favorableness” of a region for 
the storage of charge; the more energetically 
favorable a region is, the deeper the poten- 
tial well shown in the diagram. Although the 
figures show the charge filling up from the 
bottom, in surface channel CCDs the initial 
charge resides near the silicon-silicon diox- 
ide interface. Almost all CCDs manufactured 
today use a buried channel architecture, in 
which an implant under the surface of the 
CCD makes it more energetically favorable 
for the charge to reside away from the inter- 
face. This minimizes the contact of the charge 
with the silicon-silicon dioxide interface and 
thus improves device operation. In such a 
potential well diagram, as an electrode is 
made more positive, the well gets deeper 
(and charge may spill into the deeper well 
from adjacent areas). Similarly, as an elec- 

trode is made more negative, charge con- 
tained under that electrode may be “forced” 
into a different region as shown in Figure 1. 

The overall organization and readout of a 
two-dimensional CCD is illustrated in Figure 
2. As can be seen, the array consists of a 
serial register and a parallel (imaging region) 
register. The charge in all columns of the 
parallel register is shifted downward into the 
serial register one row at a time. As each row 
is shifted into the serial register, the charge 
from individual elements is shifted to the left 
into the readout amplifier. Thus, for each 
parallel shift, the entire serial register is read 
out. Fixed potential barriers are created be- 
tween columns to prevent charge migration 
across the parallel register. These barriers, or 
channel stops, can be created by the diffu- 
sion of a p-type material or by the use of a 
thick oxide over the area of the channel stop. 

potential bam’w - imaging amy1 

paralid 
clacks - 

FIGURE 2. Layout of a typical three-phase CCD 
showing the imaging area, serial register, and read- 
out amplifier. The photogenerated charge is shifted 
downward in parallel to the serial register. The charge 
in the serial register is then shifted left to the on-chip 
amplifier and measured. (Reprinted from Sweedler, 
J.V.; Bilhorn, R.B.; ,Epperson, P.M.; Sims, G.R.; 
Denton, M.B., Anal. Chem. 1988, 63, 242A. With 
permission.) 

In addition to the three-phase architec- 
ture, the transfer of charge can be accom- 
plished by using anywhere from one to four 
independently controlIable phases. One can 
use fewer than three by employing implants 
or variations in oxide thickness to create 
steps in the potential wells that force the 
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desired charge movement. Devices that use 
single-phase (uniphase, or Texas Instrument’s 
[TI] virtual phase) and two-phase devices are 
commercially available. Four-phase devices 
are also common because they lead to a 
simpler manufacturing process. Although the 
transfer of charge from the region of collec- 
tion to a low-noise amplifier allows the ex- 
tremely low read noise of CCDs, it requires 
an extremely efficient transfer of charge. In 
addition, using a single amplifier limits the 
maximum readout rate; several manufactur- 
ers offer four-quadrant devices with readout 
amplifiers in all four comers to speed up the 
readout process (i.e., this can be thought of 
as four arrays manufactured together with no 
dead zone between the arrays). Several high- 
speed CCDs have been made for military 
applications with readout amplifiers on each 
column. This greatly adds to the cost and 
increases the readout speed. 

In what follows, the major aspects of 
CCD performance are described. In each 
case, the optimum performance obtained for 
CCDs is described as well as more common 
architectures and specifications. 

2. Charge Generation and Collection 

One of the most important characteris- 
tics of an optical detector is the quantum 
efficiency (QE). Although a responsivity in 
the 400 to 900-nm range is available from 
almost every detector, silicon CCDs are 
available that respond from the 1- to 1000-nm 
regi~n.’~,’~ For photons with a long absorp- 
tion length (i.e., wavelengths greater than 
500 nm or less than 1 nm), the QE depends 
on the thickness of the photosensitive vol- 
ume. For intermediate wavelengths with rela- 
tively short photon absorption lengths in sili- 
con and silicon dioxide, the QE depends 
largely on the transparency, reflectivity, and 
surface conditions of the layers that overlie 
the photosensitive element. Because of the 
large variety of CCD architectures and tech- 
nologies, the QE response in these wave- 
length regions varies dramatically depending 
on device architecture. Because the UV to 
soft X-ray and the near-infrared regions are 

important to many applications, great efforts 
have gone into optimizing the response of 
CCDs to these energies. 

Conceptually the easiest to understand 
method of enhancing ultraviolet QE is the 
application of a down-converting fluorescent 
coating to the surface of the CCD. Such a 
coating absorbs the UV photons and reemits 
them at wavelengths to which the CCD re- 
sponds. Even with highly efficient coatings, 
however, many of the photons will be reemit- 
ted in directions away from the CCD surface 
and so the QE in the ultraviolet will be 
significantly less than the peak visible QE. 
Because such coatings are much less expen- 
sive than the alternatives (described later), 
a number of CCD manufacturers and sev- 
eral complete systems vendors offer such 
coatings. A potential concern of a down- 
converting coating involves the long-term 
stability when exposed to ultraviolet photons. 
Several coatings have been shown to be re- 
markably stable; for example, the lumagen 
coating offered by Photometrics Ltd. is stable 
for long periods when a cooled CCD is ex- 
posed to vacuum UV photons. 

A second method of optimizing the short 
wavelength QE is to eliminate the overlying 
gate electrodes over a portion of the imaging 
area and use an implant to allow charge 
integration and storage (i.e., similar to TI’S 
virtual phase devices). When looking at Fig- 
ure 1 for the three-phase device, one can 
imagine one phase held constant (using an 
implant) and shifting the charge by the cor- 
rect application of voltages to the remaining 
two phases. Because one of the phases of the 
CCD has no overlying gate electrodes and 
can have a thin oxide, it can respond in the 
UV region (and have an enhanced visible 
QE). Recently, Janesick and co-workers de- 
signed and tested such a device.23 In their 
implementation, the open phase was 12 pm 
wide and the two remaining phases were 
each 3 pm wide, so that two thirds of the 
surface area of the CCD had no overlying 
gate structure. With this structure, the CCD 
still maintained excellent charge-transfer 
characteristics and had the higher QE as 
expected. I expect to see more CCDs manu- 
factured using this process in the near future. 
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The minimization of overlying gate structure 
is also the reason for the high QE of TI’S 
virtual phase devices.24 

A third method of increasing the QE of 
the CCD in the UV region is the technique 
of back-side ill~mination.’~ In this case, the 
CCD is thinned to 10 to 30 pm and illumi- 
nated from the side opposite the gate struc- 
ture, as illustrated in Figure 3. The appropri- 
ate thinning depth is critical because the 
photogenerated electrons must migrate un- 
der the influence of the applied electric fields 
from the electrodes located on the front of 
the device. A device that is too thin will 
suffer from a loss of visible and red QE 
because these photons can pass through the 
entire device before being absorbed. Opti- 
mizing the QE of a back-side device is fur- 
ther complicated by the presence of a slight 
positive field at the back surface. Thus the 
first photogenerated electrons “stick” to the 

-photons 

A 

B 

C 

D 

I ]-silicon 

400-1000 nrn 120-450 n m  

p h osp  h or 
550 nrn emission 

-implant 

thjnned 
silicon 

FIGURE 3. Cross sectional diagrams of several dif- 
ferent CCD architectures demonstrating the methods 
used to enhance ultraviolet QE. Shown are (A) stan- 
dard thick CCD, (B) a phosphor coated CCD, (C) an 
open phase CCD, and (D) back-side-illuminated CCD. 

back surface and will not be collected by the 
electric field maintained by the electrode on 
the front surface of the device. This sec- 
ondary problem can be reduced by using a 
so-called flash gate, UV flooding, electron 
gun flooding or other techniques to leave a 
slight negative charge on the back (il- 
luminated) surface to repel the photogener- 
ated electrons toward the front ~ u r f a c e . ’ ~ ~ ~ ~ ~ ~ ~  
These methods can produce devices with 
measured QEs that are amazingly high (see 
the QE curves in Figure 4). However, prob- 
lems with long-term stability and repro- 
ducibility have prevented these techniques 
from being widely applied. One of the biggest 
problems with back-side-illuminated CCDs is 
commercial availability and cost; because of 
this, optimized back-side-illuminated devices 
may not be options for many users. 
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FIGURE 4. Quantum efficiency versus wavelength 
for several representative detectors: a Texas Instru- 
ments 800 by 800 CCD, a General Electric 244 x 388 
CID, a Reticon RL 10245 PDA, and a Hammamatsu 
GaAs opaque photocathode available in PMT’s. (Re- 
printed from Sweedler, J.V.; Bilhorn, R.B.; Epperson, 
P.M.; Sims, G.R.; Denton, M.B., Anal. Chem. 1988, 
63, 242A. With permission.) 

Regardless of the spectral region of in- 
terest, one of the first goals in obtaining a 
high QE is getting the photon into the CCD. 
In fact, several CCDs have a “100% internal 
QE” in the 200 to 500-nm range;Ig once the 
photon makes it into the CCD, the resulting 
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electrons will be collected. Because silicon 
has a very high index of refraction, large 
reflection losses occurs at the surface of these 
devices. The QE can be increased over lim- 
ited wavelength regions by the use of the 
appropriate antireflection coating. The pres- 
ence of thin layers of different materials on 
the CCD surface complicates the selection of 
an antireflection coating. Unfortunately, a 
single antireflection coating is not available 
that increases the QE over the entire 100 to 
1000-nm region. As illustrated in the QE 
curves shown in Figure 4, the QE of a back- 
side-illuminated antireflection coated CCD 
can be over 80% over a limited wavelength 
range. 

3. Charge Transfer 

Once the electrons are generated and 
collected in the detector element, the next 
major step is to transfer this packet of charge 
to the output amplifier. Charge Transfer Ef- 
ficiency (CTE) is a measure of the ability of 
the device to transfer the charge from one 
potential well to the next. For current CCDs, 
this process can be amazingly efficient; for a 
properly operated and manufactured device, 
the CTE is much greater than 0.99999 per 
transfer (a CTE of “five 9s”). The amount of 
charge left in a packet for a three-phase 
CCD is given by:” 

where Nfinal and Norig are the number of 
electrons in the final and original charge 
packet, and X and Y are the number of 
detector elements in the serial and parallel 
regions that the charge has to transfer 
through before reaching the on-chip ampli- 
fier. For a three-phase, 2048 element square 
array with a six 9s CTE, charge in the far 
corner of the array must be transferred 
through 2048 elements (or under 6144 gates) 
in both the parallel and serial registers. For 
this CCD, 120 electrons are lost from a 10,000 

electron packet into the first trailing element. 
The CTE is dependent upon the parallel and 
serial clock levels, the temperature of the 
CCD, and the amount of charge being trans- 
ferred. The most serious limitation to achiev- 
ing high CTE from low light level images is 
the loss of charge to what is termed the 
spurious potential The amount of 
charge trapped is a very small fraction of full 
well, so smearing is only observed at very low 
light levels. Much greater detail on CTE is 
provided in References 7, 19, 20, and 25. 

While CTEs have been improving with 
new device refinements, available CCD ar- 
rays also have been getting larger, and so 
CTE can still be a concern. Now that 4K by 
4K area sensors and 8K linear CCDs are 
available with read noises of only a few elec- 
trons, the device CTE needs to be very close 
to unity if CTE losses are not to limit device 
performance. Recently, CTEs of 0.99999999 
(eight 9s) have been recorded for the best 
CCDs operated under ideal circumstances. 23 

This CTE corresponds to a single electron 
being left behind from a 10,000 electron 
packet transferred from the far comer of the 
same three-phase CCD used in the foregoing 
example. As other devices are manufactured 
with the refinements of these high CTE CCD 
devices, charge-transfer losses in even large 
arrays should become insignificant. 

In addition to the transfer of charge down 
a column (in the parallel imaging region) or 
in the serial register, the charge needs to 
make two unique single transfers from the 
parallel to the serial register, and from the 
serial register to the output amplifier. Be- 
cause of the different geometries involved, 
the transfer efficiency for these transfers may 
be much lower than the efficiency for the 
serial and parallel register. (On the other 
hand, only a single transfer is required.) Some 
CCDs suffer from additional problems dur- 
ing the parallel to serial transfer that impact 
on their use in scientific applications. For 
example, several early CCDs suffered from 
charge-trapping effects, in which some of the 
first charge transferred from the parallel to 
the serial registers was not mea~ured . ’~ .~~ Be- 
cause these CCDs were commonly used for 
ultralow light level Raman spectroscopy, this 
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effect caused detector-induced band-shape 
distortions, which are a great concern be- 
cause the significance of the results often 
depends on subtle changes in band shape. 
Harris26 has recently described a quantitative 
investigation into charge-trapping effects on 
Raman spectra for the Thomson CCD. For a 
user of CCDs prone to charge-trapping prob- 
lems, the output can be seriously distorted at 
low illumination levels and various corrective 
measures need to be implemented. However, 
almost no modern CCD suffers from de- 
tectable charge-trapping problems. This ex- 
ample illustrates that careful selection of a 
CCD is important to avoid such problems for 
low light level applications. 

4. Charge Readout 

Once the charge is transferred to the 
output amplifier of the CCD, the next impor- 
tant task is to accurately and precisely mea- 
sure the amount of charge in the packet. 
Every time the size of a charge packet is 
measured, an uncertainty exists as to the ac- 
tual number of charge carriers. This un- 
certainty represents the read noise floor of 
the device (there can be further contribu- 
tions from dark current and other effects). 
Figure 5 shows a common output amplifier 
design for C C D S . ~ ~  The amplifier read noise 
is independent of integration time and can 
limit the ultimate sensitivity of the device. 
This read noise floor is limited to approxi- 
mately 2 e for the best scientific grade CCDs; 
read noises of 5 e are widely available, and 
read noises under 10 e are common. A read 
noise of 5 e is not the limiting noise source in 
almost all real-world situations with back- 
ground shot noise limiting most measure- 
ments. The read noise levels mentioned pre- 
viously are for CCDs operated in the “slow 
scan mode” with specialized readout elec- 
tronics that use double-correlated sampling 
to eliminate the effects of KTC (switch) 
noise,’ and represent readout rates of 40 to 
50 kHz. Although readout rates of 100,000 
elements per second sound impressive, a sin- 
gle read of a 1024 by 1024 CCD still requires 

*r t t vr 

reset I+( 
transistor 

supply voltage 

1 *c active transistor 

charge input I A V  = QlC. . 
output, GAV 

A CCD register * * 
substrate 
and ground 

FIGURE 5. A schematic diagram of a common 
charge-sensing circuit used with CCDs. (Adapted from 
Burt, D.J., Nucl. Instrum. Phys. 1991, A305,565. With 
permission.) 

over 10 s. As the read rate is increased, the 
read noise increases, so that for 1-MHz read- 
out rates, the read noise tends to be greater 
than 20 e. Thus, there is a trade-off between 
read noise (sensitivity) and read rate. Several 
systems have been manufactured that allow a 
slow (and low-noise) mode of operation and 
a fast (higher noise) mode. Because such 
systems are uncommon, careful balancing of 
read noise and read rate is required. 

Janesick and co-workers recently demon- 
strated a unique CCD readout amplifier that 
they termed the skipper CCD.29 In this de- 
vice, a charge-sensing amplifier similar to 
that found in a CID (described in succeeding 
text) has been incorporated into the device. 
In such devices, either the normal or skipper 
amplifiers can be used. Using the nonde- 
structive skipper amplifier, the charge infor- 
mation can be read many times nondestruc- 
tively, thus reducing the effective read noise. 
Such devices can have an overall read noise 
of less than 1 e, but involve an extraordinary 
slow readout speed. Several manufacturers 
have incorporated skipper amplifiers on their 
devicesY3’ but very limited reports of their 
use have appeared. The Advanced Technolo- 
gies Division of Photometrics Ltd. may be 
the only commercial manufacturer currently 
offering complete systems that allow the use 
of the skipper amplifier. 
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Another important contribution to the 
device noise can be dark current. The dark 
count rate of a CCD is quite high at room 
temperature, but can be reduced dramati- 
cally with cooling. By using a liquid nitrogen 
cryostat, the dark count rate can be reduced 
below 1 electron per element per hour, which 
is an insignificant rate for most applications. 
On the other hand, if most of the photoactive 
area of a CCD is “binned” together and the 
device used as an effective “single element” 
device, then the dark current from many 
thousands of elements is combined and the 
dark current again becomes significant. A 
question that most CCD system purchasers 
must address is whether liquid nitrogen cool- 
ing is required or whether thermoelectric 
cooling will be effective. Thermoelectric sys- 
tems tend to be much less expensive but do 
not allow cooling to as low temperatures and 
so have higher dark count rates. 

Recent refinements to CCD operation 
have allowed significant reductions to dark 
current at a given temperature. The most 
common, termed the multipinned phase 
(MPP), reduces the dark current by more 
than an order of magnitude and thus may 
relax CCD cooling requirements to the level 
where a thermoelectric cooler is ~ u f f i c i e n t . ~ ~ ? ~ ~  
Most of the thermally generated charge is 
created at interface states at the silicon- 
silicon dioxide interface. The MPP is a clock- 
ing technique that holds the parallel phases 
at a negative potential. This greatly decreases 
the surface dark-current components, but 
causes the potential wells essential for charge 
integration to be reduced so that the charge 
can spread up and down the columns. How- 
ever, some CCDs are made with a built-in 
potential step that maintains the potential 
wells when the parallel phases are biased in 
this way, thus allowing the reduction in dark 
current without charge smearing. The trade- 
off associated with this technique is a reduc- 
tion in the full-well capacity of the device. A 
flexible controller allows the user to select 
the MPP or normal modes based on the 
particular scene being observed. 

CCDs allow considerable flexibility in 
readout. Two of the most widely used capa- 
bilities are subarray readout and charge bin- 

Taking advantage of these capabili- 
ties requires that the electronics controlling 
the CCD be able to independently operate 
the serial and parallel registers and, for opti- 
mum performance, that the pixel digitization 
routine also be under separate control. Sub- 
array readout refers to reading out a contigu- 
ous group of pixels within the CCD array and 
is the simplest specialized readout mode. The 
operation consists of eliminating the charge 
barriers in the serial register while the paral- 
lel clocks are advanced to the subarray’s par- 
allel origin, thus dumping the charge that has 
accumulated in the array up to the origin of 
the subarray. Next, the barriers are reestab- 
lished in the serial register and the lines 
making up the subarray are shifted one at a 
time into the serial register. Slewing to the 
serial origin of the subarray is done with the 
summing well set to drain away charge. Once 
the serial origin is reached, readout com- 
mences in the normal fashion. At the end of 
each subarray line, the remaining charge in 
the serial register must also be dumped so 
that it is not combined with the next row 
when it is shifted into the serial register. For 
a similar reason, the remaining charge in the 
CCD should be cleared after the last row of 
the subarray is read out. If it were not, it 
would be combined with the charge from the 
next exposure. More sophisticated systems 
allow multiple subarrays to be read from a 
single exposure by keeping track of which 
pixels and which rows of pixels to dump. 

Restricting the number of pixels that must 
be processed by the data system to only those 
that contain useful information is important 
to both increase the readout speed and de- 
crease the data storage and processing time. 
In imaging applications, a region of interest 
might be established interactively from a 
full-frame readout before beginning an in- 
volved image acquisition sequence. In spec- 
troscopy, a subarray might be established for 
the region of the detector corresponding to 
the illuminated portion of the spectrometer 
entrance slit. 

A second readout mode, unique to CCDs, 
is charge binning. Binning involves combin- 
ing photogenerated charge from adjacent 
pixels on the detector prior to readout. The 
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main reasons for binning are to improve sig- 
nal-to-noise ratio (SNR), dynamic range, and 
readout speed.32 Detector read noise is inde- 
pendent of signal level, so combining the 
charge from two equally illuminated pixels 
results in doubling the SNR in detector 
read-noise-limited situations. Because only a 
square-root improvement is achieved with 
conventional signal averaging, the ability to 
bin can be a significant advantage of the 
CCD. In photon shot-noise-limited situa- 
tions, the expected square-root improvement 
is also achieved. Obviously, the trade-off with 
binning is loss in spatial resolution. Because 
dark current is binned along with signal 
charge, considerably better cooling is re- 
quired to prevent dark-current shot noise 
from becoming the limiting noise source in 
applications where long exposure times are 
combined with a high degree of binning. 

The process of binning involves shifting 
multiple rows from the parallel region to the 
serial register (parallel binning) or shifting 
multiple pixels from the serial register into 
the summing well (serial binning). Modern 
scientific CCDs are designed with binning in 
mind, so the serial register and summing 
node charge capacities generally exceed that 
of the parallel register.*’ However, with ex- 
cessive binning, it is possible to cause bloom- 
ing in the serial register or the summing 
node even though the exposure has been 
adjusted to prevent blooming in the parallel 
register. The combination of subarray read- 
out and charge binning is a powerful tool for 
optimizing SNR, illumination requirements, 
integration time, and total measurement 
time. 

One of the main advantages of binning is 
improving SNR when detector read noise 
dominates the measurement SNR. Because 
the read noise levels are so low in modern 
slow-scan CCD cameras, very little light in- 
tensity is required before the measurement 
becomes dominated by photon shot noise. 
Once this is the case, binning offers no ad- 
vantage over summing or averaging in com- 
puter memory in terms of SNR, although an 
advantage in readout speed and convenience 
may be realized. Caution must be exercised 
when binning in high dynamic range spectro- 

scopic applications. A common example in- 
volves one-dimensional spectroscopy, where 
the second array dimension is aligned along 
the slit. If the illumination along the slit is 
nonuniform, it may be possible to cause pixel 
saturation in one of the binned spectra with- 
out the problem occurring in the other spec- 
tra, thus complicating quantitation. Auto- 
mated routines that collect spectra from 
multiple binning groups, detect high-energy 
particle events and then average the spectra 
to produce a result must also check for 
saturation or present the spectra to the user 
prior to averaging. Because binning may not 
be desirable when sufficient light is available 
to bring pixel intensity values into the photon 
shot-noise-dominated range in a measure- 
ment time that is practical and convenient, 
binning should only be considered when 
dark-current shot-noise or detector read 
noise begin to dominate a measurement or 
when measurement time can be shortened 
without incurring a severe SNR penalty. 

The last readout mode of the CCD de- 
scribed here is the time delayed integration 
(TDI) mode. TDI involves synchronizing the 
movement of an image across the sensor with 
the CCD parallel clocks so that the photo- 
generated charge produced by the illumina- 
tion from the scene moves with the image. 
Thus, all of the pixels along a column of the 
CCD are used to integrate charge from a 
point in the scene. TDI readout allows the 
acquisition of long image swaths from a mov- 
ing scene, and is at present not commonly 
used in spectroscopy or scientific imaging. 
The technique was first developed in the mid 
1970s for use in airborne reconnaissance, but 
since that time has been applied in document 
scanning and inspection applications, spec- 
tral i m a g i ~ ~ g , ~ ~ , ~ ~  and analytical spectros- 
copy.36 In conventional imaging a trade-off 
exists between field of view and spatial reso- 
lution because of the number of pixels in the 
imager. If resolution and field of view re- 
quirements exceed what can be achieved in a 
single exposure, then multiple images must 
be combined. TDI is a viable alternative to 
combining still images. TDI is a technique 
for creating a scanned image where a two- 
dimensional imager much like a linear sensor 
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is used to scan an image. Smearing is avoided 
by maintaining careful synchronization be- 
tween the movement of the scene and the 
shifting of the charge in the CCD, and im- 
ages of unlimited scan length can be col- 
lected. An improvement in sensitivity over 
line-scan systems is achieved that is directly 
proportional to the number of lines in the 
two-dimensional sensor in the scan direction. 

5. Charge Blooming 

Blooming is the spilling of charge from 
an illuminated detector element to adjacent 
elements. The onset of blooming in a CCD 
occurs when the maximum number of photo- 
generated charge carriers that can be held in 
an element is exceeded. Because the charge 
initially generated in the imaging region is 
transferred through several different regions 
before being sensed at the output amplifier, 
blooming can occur in several different areas 
of the dete~tor . ’~ 

Even for low light applications, blooming 
performance can be important. As one exam- 
ple, when a CCD is used at the focal plane of 
a spectrograph with both intense and weak 
spectral lines, blooming can be the limiting 
factor dictating overall p e r f ~ r m a n c e . ~ ~  It is 
important to realize that the full-well capac- 
ity of the serial register can be several times 
larger than the parallel register, and that the 
summing register often has a capacity several 
times that of the serial register. Thus, bin- 
ning can still be used in cases where several 
bright features are expected.25 The channel 
stops in the parallel area usually prevent 
charge blooming across columns, and so the 
bloomed charge spills down the column. In 
many spectroscopic applications, the effects 
of blooming can be minimized by orienting 
the spectral lines with the parallel shift direc- 
tion. Thus, the excess charge will bloom down 
the column and not into regions correspond- 
ing to other wavelengths. 

Many manufacturers offer CCDs that 
contain antiblooming drains to prevent 
charge blooming. Such CCDs tend to have a 
slightly lower QE (because of the area taken 

up by the antiblooming drain). In these de- 
vices, excess photogenerated charge spills into 
the drain and is conducted away. While 
quantitative information is lost in the satu- 
rated element, the excess charge is con- 
ducted away and does not affect the charge 
information contained in nearby detector el- 
ements. In addition, several CCD architec- 
tures can be operated with unique clocking 
schemes that minimize the effects of bloom- 
ing. As one example, Texas Instruments 
makes a family of linear CCDs that can be 
operated in a readout mode that greatly re- 
duces the effects of charge blooming.24 

6. Array Formats 

CCDs are available in an amazing variety 
of sizes, formats, and characteristics. Table 1 
lists the formats of several representative 
CCDs; square arrays are available in sizes 
from 64 by 64 elements up to arrays of 4096 
by 4096 elements, and with photoactive sizes 
from 1 to over 2500 mm.2 As the area of an 
array increases, the number that can be man- 
ufactured on a given wafer goes down and, 
not surprisingly, the cost goes up. Thus, it 
is advantageous to use the smallest size 
array that can accommodate a particular 
application. 

Linear arrays are available with up to 
8196 elements. Unfortunately, most linear 
CTDs have small, approximately square, de- 
tector elements typically only 5 to 25 pm on 
a side.24,3839 On the other hand, linear CCDs 
require few overlying gate electrodes and, 
hence, can have higher quantum efficiencies 
than two-dimensional arrays.24,38,39 Because 
of the small geometries, efficient use of these 
detectors requires image demagnification to 
more efficiently measure the light from a 
spectrograph with tall narrow slits. The im- 
age of a tall slit can be compressed with a 
cylindrical lens.24 The greatest advantage of 
the linear CCD is in the area of cost; such a 
3456 element linear array can cost < $100, 
but complete systems optimized for low light 
level spectroscopic applications are just be- 
coming available. 
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TABLE 1 
Representative CTD Formats and Characteristics 

Device 

CID Technologies 
ClDl7BAS 
CID75 

EEV 
CCDO5-10 
CCDl5-11 

Loral Fairchild 
FA1 024L 
FA4096S 

Kodak 
KAF-4200 
KAF-13OOL 

Photometrics 
PM512 

Tektronix 
TK512CB/AR 

Texas Instruments 
TC104-1 
TC-211 

Thomson CSF 
7883 

Format 

244 X 378 
1 X l  

298 X 1152 
1024 X 256 

1024 X 1024 
4096 X 4096 

2048 X 2048 
1280 X 1024 

512 X 512 

512 X 512 

3456 X 1 
204 X 165 

384 X 576 

Dark current Readout Quantum 
(pm) (e / pixel / s) (“C) noise (e) efficiency 

Pixel size 

27 X 23 < 0.01 @ -140 50 (with NDROs) 47% at 550 nm 
1000 x 1000 loo@ -140 120 (with NDROs) 35% at 250 rnm; 

34% at 440 nrn 

23 X 23 6 @  -45 9 
27 X 27 3 X -120 (MPP) 4 40% at 700 nrn 

15 X 15 3 X -120 (MPP) 5 45% at 700 nrn 
7.5 x 7.5 

9 x 9  
16 X 16 

20 x 20 

27 X 27 

10 x 10 
14 X 16 

23 X 23 

7. CCD Defects 

When purchasing a CCD detector, one of 
the first questions asked of the user is what 
quality device is desired. What is usually 
meant by this question is what type and how 
many defects one willing to tolerate? Be- 
cause there can be enormous differences in 
the price between a device with bad detector 
elements compared to a cosmetically “per- 
fect” device, this question deserves some 
thought. Although all users would like per- 
fect devices, some defects have little impact 
on the overall system performance. There 
are many types of defects, ranging from non- 
responsive elements (a point defect) to prob- 
lems with a section of a column of the CCD 
(a line defect). Because a problem with one 
of the phases in a CCD can prevent charge 
from transferring past the defect, many de- 
fects “block” a portion of a column. Other 
defects affect a group of elements and cause 

0.02 @ -35 (MPP) 13 42% at 700 nrn 
15 40% at 700 nrn 

3 @  -45 5 45% at 700 nrn 
0.03 @ -1 10 

12@ -45 4 85% at 650 nrn 
0.01 @ -1 10 

0.1 @ -1 10 60 90% at 400 nrn 
0.1 @ -110 20 60% at 500 nm 

7@ -45 8 40% at 700 nm 

a dead area on the array. It is beyond the 
scope of this paper to review the causes and 
types of defects in CCDs. Readers desiring 
additional information should see the recent 
discussion by Sim~.~’  For a particular CCD, 
the locations of the defects can be deter- 
mined and the values from those elements 
replaced with the average of adjacent ele- 
ments. An understanding of the effects of the 
defect as well as the requirements of an 
application can save considerable time, 
money, and frustration. 

8. Cosmic Rays and High-Energy Events 

Silicon CTDs respond to cosmic rays and 
background radiation. Because each high- 
energy photon creates thousands of hole- 
electron pairs, relatively few events are 
enough to seriously degrade the sensitivity 
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and the quality of the data unless corrections 
are made. Depending on a number of fac- 
tors, including materials used in the con- 
struction of the CTD camera and the labo- 
ratory building, the geographic area, the 
altitude, the solar cycle, and other variables, 
exposure times as short as 1 min may be 
sufficient to produce a high-energy particle 
event that interferes with the appearance of 
spectra or images. Although both CIDs and 
CCDs respond to such high-energy events, 
CCDs tend to be used in low light level 
applications where their effects are much 
more troublesome. High-energy event re- 
moval is easiest when one is observing a 
scene that consists of low-frequency varia- 
tions that are many detector elements wide, 
for example, typically bandwidths in molecu- 
lar spectroscopy. In many Raman and other 
molecular spectroscopic experiments, the slit 
height dimension contains little high- 
frequency information and the spectral bands 
are many elements wide in the wavelength 
dimension. Therefore, the high-energy events 
can be removed by writing software routines 
that look at the ,raw CCD data for isolated 
spikes on a relatively smooth b a c k g r ~ u n d . ~ ~ , ~ ~  
Figure 6 shows the raw and spike-removed 
data from a Raman e ~ p e r i m e n t . ~ ~  While an 
extreme case, this figure demonstrates the 

2o 1 
1 l o o  1050 1000 950 

Wavenumber 

FIGURE 6. Raman spectra of pyridine adsorbed 
onto a smooth silver surface. Each spectrum is the 
average of 100 scans with 100-s integration times. 
(A) before and (B) after spike filtering was used to 
remove high-energy events. (Reprinted from Hill, 
W.; Rogalla, D., Anal. Chem. 1992, 64, 2575. With 
permission.) 

importance of removing such high-energy 
events before analyzing the data. In many 
low light level situations, only a few unde- 
tected high-energy events can affect the de- 
tection limit. Binning information into large 
subarrays makes high energy event removal 
more difficult. Specifically, the redundant in- 
formation offered by reading out individual 
detectors in a subarray individually instead of 
binning may be useful when long exposures 
are involved in aiding in the identification 
and removal of spurious signals produced by 
high-energy particle interactions with the 
CCD. 

In instances when the focal plane of the 
detector contains many narrow, high- 
frequency features (such as looking at a star 
field or at the focal plane of a well focused 
echelle system), discriminating against those 
features that are spurious and those that are 
not is much more difficult. In such cases, 
multiple exposures can be taken to identify 
the cosmic rays and other radiation by look- 
ing for inconsistencies in the series of expo- 
sures. This method is commonly used in as- 
tronomical imaging; typically, the value of 
each detector element from at least three 
“identical” exposures are compared and all 
spikes are removed. 

B. Charge-injection Devices 

The charge-injection device is the ap- 
proach to making solid-state imagers origi- 
nally undertaken by General Electric Com- 
pany in the early 1970s. As in the CCD, the 
individual detector element consists of sev- 
eral electrically conductive electrodes overly- 
ing a thin silicon oxide or nitride insulator. 
Unlike almost all commercially available 
CCDs, CIDs are made using an n-doped epi- 
taxial region grown over a p-doped substrate, 
and hence the CID collects photogenerated 
holes. The overlying electrodes are biased to 
allow charge integration and charge collec- 
tion in a similar manner to CCDs. In what 
follows, those aspects of CID operation that 
are different from CCD operation are 
emphasized. 
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7. Architecture and Readout 

Charge information is measured in the 
detector element where it is collected rather 
than moved to an on-chip amplifier. Al- 
though there have been a number of modifi- 
cations to the CID architecture, Figure 7 
shows a simplified diagram of a single CID 
detector element with the two electrodes used 
in charge readout and charge removal. Be- 
cause the charge never leaves the detector 
element where it is collected, CCD readout 
modes that allow charge combination such as 
binning are not applicable to CIDs. On the 
other hand, CIDs allow the charge informa- 
tion contained in a detector element to be 
read nondestructively (the NDRO), allow the 
interscenic dynamic range to be increased 
using random access integration (RAI), and 
are extremely resistant to charge blooming. 

After the exposure of the CID to a scene, 
the quantity of charge in each pixel is mea- 
sured. In CIDs, the amount of charge can be 
measured without removing it from the de- 
tector element, which is termed the nonde- 
structive readout. As illustrated in Figure 7, 

A. integration 

+++ +++ 

+I+ 1 + \+  

the procedure involves shifting the photogen- 
erated charge back and forth underneath two 
crossed electrodes. During charge integra- 
tion, the collection electrode is biased nega- 
tively SO that the photogenerated charge 
(holes in the CID) is collected under this 
electrode. For readout, the sense electrode is 
set to an intermediate voltage. A positive 
voltage pulse applied to a single collection 
electrode causes the photogenerated charge 
along the entire column to be shifted under 
the corresponding sense electrodes. For one 
selected sense electrode, the voltage change 
induced by the photogenerated charge is 
measured. A voltage proportional to the 
amount of stored charge is obtained by sub- 
tracting the voltage measured after the trans- 
fer of the charge to the voltage measured 
before the transfer, a form of correlated dou- 
ble sampling. 

As shown in Figure 7C, the photogener- 
ated charge is now contained under the sense 
electrode. By restoring the negative collec- 
tion voltage, the charge returns to its original 
starting position. This process can be re- 
peated and successive values of the amount 

B. measurement 7 

collection 

photogenerated 
charge 

D. injection C. measurement 2 

FIGURE 7. Readout of a CID showing the nondestructive 
measurement process. (A) The CID is in the integrate mode. (B) 
The first of two measurements of the potential at the sense 
electrode is made. (C) The charge is moved under the sense 
electrode and a second measurement is made. The readout 
process can be completed by shifting the charge back under the 
collection electrode (A) or injecting the charge (D) (Reprinted from 
Bilhorn, R.B.; Sweedler, J.V.; Epperson, P.M.; Denton, M.B., Appl. 
Spectrosc. 1987, 47, 1 1 17. With permission.) 
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of charge can be averaged to reduce the 
uncertainty in each measurement. This read- 
out mode is termed the nondestructive read- 
out mode (NDRO) and is used to greatly 
reduce the uncertainty in quantitating the 
charge in a detector element (although it 
does significantly slow down the readout pro- 
cess). The nondestructive and destructive 
readout are described in greater detail 
by Sims and D e n t ~ n ~ ’ ? ~  and Bilhorn and 
dent or^.^^*^^ 

Until recently, CIDs were not available 
with on-chip amplifiers. More importantly, 
the large capacitance associated with the en- 
tire sense electrode and associated scanner 
increased the video line capacitance. This in 
turn contributes to the much higher read 
noise in CIDs; for example, the CID 17 had a 
single readout noise of nearly a thousand 
electrons.22 Although this value can be re- 
duced by more than a factor of 20 using 
multiple NDROS;~ it is still much higher 
than in the read noise of modern low-noise 
CCDs. Several improvements in device fabri- 
cation and architecture have reduced this 
number considerably. A recently announced 
innovation is the presence of a preamplifier 
for every row of sense electrodes on the 
CID.46 With these new CIDs, the single read 
readout noise can be below 100 e, and with 
multiple rereads, the effective read noise is 
predicted to be reduced below 10 e. 

Figure 8 shows a schematic drawing of a 
two-dimensional CID. The individual detec- 
tor elements are selected by the action of 
horizontal and vertical scanners to select the 
desired sense and collection electrodes. Be- 
cause the horizontal and vertical scanners 
can be run independently, electrodes can be 
skipped over and small sections of the array 
can be accessed without the need to read out 
the entire array. In most devices, the scan- 
ners access rows sequentially rather than truly 
randomly, so many refer to this capability as 
pseudorandom access. The difference be- 
tween the ability of a CCD and a CID to 
read out subarrays should be emphasized. 
Both devices can read a small subarray in the 
center of the array; however, in the case of 
the CID, the photogenerated charge infor- 

collection scanner 

n 7 I-’ drive 

reset II 
FIGURE 8. Block diagram of a two-dimensional CID 
showing the sense and collection scanners. These 
registers open and close a series of switches to 
connect the collection and sense electrodes to the 
charge drive signal and the output amplifier. The 
detector element at the intersection of the selected 
scanners is shaded and will be read during the next 
readout process. (Reprinted from Bilhorn, R.B.; 
Sweedler, J.V.; Epperson, P.M.; Denton, M.B., Appl. 
Spectrosc. 1987, 47, 1117. With permission.) 

mation in the entire array is still intact, so 
other subarrays can be accessed. 

The nondestructive readout (NDRO) is 
used with the CID to reduce random noise 
and to extend the dynamic range of the sen- 
sor. The difference between the smallest level 
of charge measurable and the largest amount 
of charge that can be stored in a CID detec- 
tor element is not sufficiently large for many 
applications, for example, atomic emission 
spectroscopy. Fortunately, excess charge does 
not bloom (spill into adjacent elements) in 
CIDs. Therefore, different exposure times 
can be used for different regions of the CID, 
with the exposure times determined during the 
exposure of the CID to the source. This proce- 
dure, called random access integration (MI) 
uses NDROs during the single exposure to 
follow the accumulation of charge at both 
weak and intense spectral NDROs 
are used continuously during the exposure to 
determine when a high signal-to-noise mea- 
surement is possible at each spectral line. 
Once a high SNR can be achieved, the pre- 
cise amount of charge is measured and the 
exposure time is recorded. The conventional 
dynamic range of the CID is combined with 
the range of integration times available for 
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each spectral line to produce the dynamic 
range needed for atomic emission spec- 
troscopy. The RAI method is the most effi- 
cient means of measuring the intensity of a 
number of spectral lines because the expo- 
sure time is adjusted dynamically according 
to signal-to-noise requirements based on the 
intensity of each spectral line. 

2. Available Devices 

There is currently only one manufacturer 
of scientific CIDs, CID Technologies, Inc. 
CID Technologies Inc. was formed from the 
CID division at General Electric, so they 
have been involved with CID manufacture 
for over 20 years. Because they are a single 
manufacturer, there is much less variety in 
available CIDs compared to CCDs in terms 
of device architectures and formats. How- 
ever, CID Technologies are currently offer- 
ing a wide range of CID formats, including 
single element, linear, TV, and large format 
arrays. The formats and characteristics of 
several representative CIDs are listed in 
Table 1. All the CIDs from CID Technolo- 
gies have a high intrinsic quantum efficiency 
from below 240 to above 900 nm. The reason 
for this is the relatively small fraction of the 
front surface of the CID covered with overly- 
ing electrodes. If a significant QE is needed 
below 200 nm, a down converter coating can 
be used as described with CCDS!~ The dark 
current of a liquid nitrogen cooled CID is 
low enough to be difficult to measure. Be- 
cause the CID tends to be used in higher 
light applications than CCDs and is not used 
in applications requiring the combining of 
charge from thousands of elements, CID dark 
current tends to be insignificant. 

Based on the characteristics of CTDs de- 
scribed in the preceding discussion, the idea 
of using a single element CTD as a solid-state 
replacement for photomultiplier tubes has 
been investigated. A single element CID (the 
CID75) was manufactured specifically as a 
spectroscopic de te~tor ;~ '  the prototype de- 
vice had an incredible dynamic range (over 
12 orders of magnitude of photon fluxes) and 

a high sensitivity. As illustrated in Figure 9, 
interdigitated electrodes were used in the 
CID75 to allow charge collection over a mil- 
limeter photoactive area. The major prob- 
lems of hysteresis and charge clearing in the 
preliminary version of the CID75 have been 
addressed in a second generation device. The 
effectiveness of this second generation device 
as a solid-state replacement for the PMT 
awaits further electrooptical characteriza- 
tion. Whether using this device or another 
small CTD array, I expect that low cost solid 
state CTDs will replace PMTs in a number of 
low photon flux and high dynamic range 
applications. 

CID75 
I I , reset 

i- g-. out ut 

FIGURE 9. Diagram of a single element CID with a 
1 -mm2 photoactive area showing the interdigitated 
collection and sense electrodes. The associated 
off-chip amplifier is also shown. (Adapted from 
Sweedler, J.V.; Denton, M.B.; Sims, G.R.; Aikens, 
R.S., Opt. fng .  1987, 26, 120. With permission.) 

IV. SURVEY OF APPLICATIONS 

In the following sections, the applications 
of CTDs to a number of fields of chemical 
analysis are described. The purpose of each 
section is not to comprehensively review ev- 
ery reference of a CTD to each area, but to 
illustrate the variety of methods that have 
benefited from CTDs and to highlight emerg- 
ing trends in their use. In several areas, com- 
mercial instruments are available, whereas in 
other areas, little has been done except proof 
of concept demonstrations with laboratory 
prototypes. Nevertheless, the application of 
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CTDs is increasing as more researchers use tion source and either a series of filters or a 
them in an expanding number of roles. monochromator to separate the Rayleigh and 

One of the greatest impediments to using Raman scatter from the fluorescence, 
a CTD for a detector in most applications is whereas a chemiluminescent experiment sys- 
the different geometrical requirements tem needs neither. However, the need for 
placed on the optical system compared to 
systems designed to use PMTs. Although the 
imaging area of most CTDs is comparable to 
typical photocathode areas, the area avail- 
able for each resolution element is much 
smaller than the photocathode area of a typi- 
cal PMT. However, systems designed specif- 
ically for CTD array detectors are now avail- 
able. In addition to high sensitivity, such 
systems offer the advantages of compact size, 
lack of moving parts, lower cost, and extreme 
ruggedness. The approaches taken to match 
the optical system to the CTD and perfor- 
mance comparisons between the various ap- 
proaches are emphasized in the following 
text. 

A. Molecular Luminescence 

The sensitivity and detection limits ob- 
tainable in many luminescence experiments 
are constrained by a lack of signal. It is not 
surprising that the characteristics of CCDs 
that make them so well suited to microscopy 
and astronomical observations make them 
well suited to low light level luminescence 
measurements. In a luminescence experi- 
ment, the photons emitted as excited 
molecules return to the ground state are 
collected and detected. The term lumines- 
cence is used loosely here and can describe a 
number of different physical processes in- 
volved with the emission of a photon as a 
molecule returns to the ground state: the 
molecule can be excited by the absorption of 
a photon (fluorescence), be chemically ex- 
cited (chemiluminescence), be excited by the 
interaction of the molecule with a high- 
energy particle (scintillation), accept energy 
from another molecule (fluorescence energy 

sensitive detection is a similar requirement in 
each. Although the following discussion em- 
phasizes fluorescence and chemilumines- 
cence, CCDs are well suited as detectors for 
many of the other listed processes. 

Denton and co-workers were the first to 
demonstrate the acquisition of fluorescence 
spectra with a CCD.5' In their system, the 
CCD was located at the focal plane of a fast, 
aberration-corrected spectrograph and com- 
plete emission spectra were simultaneously 
acquired. As shown in Figure 10, recogniz- 
able anthracene fluorescence spectra were 
obtained using a mercury pen lamp source 
down to 10-l' M anthracene concentrations 
with a limit of detection (LOD) of = 
M. In these experiments, optimized binning 
parameters were used to match the effective 
CCD geometry to the spectrograph slit 
height.32 At the detection limit of M ,  
the fluorescence signal is 2800 e on a back- 
ground of 260,000 e; thus, the ability to see a 
small signal on top of a large background 
determines the detection limit in this fluo- 

Anthracene fluorescence spectra 

360 380 400 420 440 460 
Wavelength (nm) 

transfer), or be in the excited triplet state 
after an intersystem crossing (phosphores- 
cence). The experimental details of the dif- 
ferent approaches vary greatly. For 

FIGURE 10. Spectra of to lo- ' '  M an- 
thracene using a Hg pen lamp excitation source. 
(Reprinted from Epperson, P.M.; Ja,kian, R.D.; 
Denton, M.B., Anal. Chem. 1989, 67, 282. With per- 

a fluorescence experiment needs an excita- mission.) 
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rescence experiment. Just as in molecular 
absorbance, significant advantages accrue to 
acquiring the entire fluorescence spectrum. 
By using the area of the largest Raman scat- 
tering band of the solvent as a reference, 
source fluctuations can be removed. Poten- 
tially, correcting for variations in the Raman 
scatter of the solvent allows a pulsed source 
to be used and can remove the effects of 
pulse to pulse variations. Of course, the 
wavelength information may also aid in iden- 
tifying the fluorescent species, alert the user 
to unusual background impurities, and can 
be used to improve the LODs obtained using 
various whole-spectrum fitting  method^.^'^^^ 

In the preceding work, one dimension of 
the CCD contained the slit image and the 
other the wavelength-resolved emission spec- 
trum. An obvious extension is to illuminate 
the slit with a wavelength-resolved excitation 
spectrum, thus allowing the acquisition of 
simultaneous excitation-emission (EEM) ma- 
trices with extreme high ~ensit ivity.~~ To be 
successful, careful selection of the spectro- 
graphs is important because it should be 
highly stigmatic (have a point to point corre- 
spondence of the entrance slit and the exit 
focal plane). Alternatively to acquiring com- 
plete EEMs, the second dimension can be 
illuminated with many fiber bundles, each of 
which can be from a different sample (or a 
different region of a single sample).54 Thus, 
simultaneous spectroscopy on a number of 
samples becomes feasible. 

Another extension of fluorescence detec- 
tion is to couple a wavelength-resolved CCD 
system to a separation method. CCD-based 
fluorescence systems have been demon- 
strated for liquid ~hromatography~~ and cap- 
illary e l e~ t rophores i s .~~*~~>~’  Figure 11A shows 
a schematic diagram of such a fluorescence 
detector for high performance liquid chro- 
matography (HPLC), and Figure 11B shows 
the separation and wavelength information 
obtained from the system for a mixture of 
seven polycyclic aromatic hydrocarbons 
(PAHs). The emission-excitation matrix 
(EEM) shown in Figure 11C is for the same 
seven PAH mixture. This EEM demonstrates 
that the two wavelength axes do not contain 
enough information and that the HPLC 

separation is required to resolve the 
components. 

The combination of capillary elec- 
trophoresis (CE) and CCD detection has re- 
ceived considerable attention in the last sev- 
eral years. CE is a separation technique 
where the components in the sample are 
electrophoretically separated in narrow bore 
capillaries by the application of an external 
electric field. Typical separation capillaries 
have < a 50-pm inner diameter. If a laser is 
focused onto the capillary, the fluorescence 
excitation is effectively from a point or a line 
source, so well designed collection optics can 
match the source to the spectrometer slit 
very effectively. The first application of a 
CCD to CE used the CCD as a camera at the 
focal plane of the spectrometer. The camera, 
complete with a shutter, is used to take a 
series of pictures of the fluorescence emis- 
sion from a point on the capillary as a func- 
tion of time. Using this system, LODs of 
nanomolar concentration and attomole 
amounts of fluoresceinisothiocyanate 
(F1TC)-labeled amino acids have been re- 
ported.57 Zare and c o - ~ o r k e r s ~ ~  demon- 
strated a CCD-based system that used a 2-cm 
observation zone (compared to the < 100 
pm of typical systems). Figure 12A shows a 
block diagram of the system, where the op- 
tics image this section of capillary onto the 
entrance slit of an imaging spectrograph. 
During the separation (whether chromato- 
graphic or electrophoretic), the analyte band 
moves down the capillary and its image moves 
across the CCD. If the CCD readout rate is 
synchronized with the analyte band move- 
ment, then the effective integration time is 
the entire time the band is in the illuminated 
zone. Unlike non-imaging systems, this in- 
crease in observation zone does not corre- 
spond to a decreased spatial resolution (sep- 
aration efficiency). Using this TDI approach, 
LODs of M (zeptomole amounts) of 
FITC-labeled amino acids are ~ b t a i n e d . ~ ~ , ~ ~  
Figure 12B shows a wavelength-resolved sep- 
aration of approximately a 3-am01 injection 
of fluorescein and sulforhodamine 101.34 
When using the TDI mode, the CCD dimen- 
sion corresponding to the capillary image is 
used for signal integration, and the output of 
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coiumn 
h e a t e r  

etuant 

FIGURE 11. (A) The instrumental configuration for an on-line HPLC fluorescence detection system using a CCD 
detector. (6) Fluorescence emission-excitation matrix (EEM) of a seven PAH mixture. (C) Chromatogram of the 
emission spectra as a function of time obtained for the same seven PAH mixture. (Reprinted from Jalkian, R.D.; 
Denton, M.B., Proc. S P f f  1989, 7054, 91. With permission.) 
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Rayleigh 

~ 

740 500 
Wavelength (nm) 

FIGURE 12. (A) Schematic diagram of the optical system used to image a 2-cm section of 
a capillary electrophoresis capillary onto the slit of the spectrometer. The CCD focal plane 
records a fluorescence spectrum from every point along the 2-cm region. (B) A TDI 
electropherogram of 3 amol of sulforhodamine and fluorescein. The Rayleigh and Raman 
scattering bands are clearly visible at all times, with the wavelength-resolved sulforhodamine 
and fluorescein spectra also obvious. (Reprinted from Sweedler, J.V.; Shear, J.B.; Fishman, 
H.A.; Zare, R.N.; Scheller, R.H., Anal. Chem. 1991, 63, 496. With permission.) 

the system is an infinite series of fluorescent An important advantage of the combina- 
spectra, each of which corresponds to a sev- tion of a CCD and spectrograph is the acqui- 
era1 hundred micrometer wide band migrat- sition of complete emission spectra that 
ing through the observation region. Using allows multiple fluorophores to be spectro- 
rhodamine-based derivatizing agents, the scopically resolved. Because one of the most 
LODs of this system improved to < 1000 common methods of sequencing DNA is to 
tagged rnolecule~ .~~ use different fluorophores attached to each 
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of the four bases making up our genetic 
code, such wavelength-resolved information 
allows the fluorophore (and hence base) to 
be determined based on spectral characteris- 
t i c ~ . ~ ~ , ~ ~  As previously mentioned, the wave- 
length information can also be used to 
increase the measurement precision by cor- 
recting for source fluctuations and other 
insta-bilities. Other benefits are the ability to 
test and screen many tags without the 
need to have specially designed filters for 
each fluorophore, and to detect the pres- 
ence of contaminants in running buffers 
and solvents by the presence of back- 
ground fluorescence emission. 

In addition to fluorescence, the use of a 
CCD for luminol chemiluminescence mea- 
surements has also been reported.59 In this 
system, the CCD was positioned near a reac- 
tion cell where the luminol peroxide solution 
is mixed with a metal-ion solution. Such a 
system can be used to quantitate the amount 
of metal ion present. To increase the dy- 
namic range of these measurements, the CCD 
was divided into three regions with different 
binning parameters for each: one region con- 
sisting of 2 by 2 binning of 800 elements at 
the edge of the array for high intensity mea- 
surements, an intermediate region, and a re- 
gion of over 50,000 detector elements read 
with 10 by 70 binning. The last region yields 
the highest sensitivity. All three regions are 
read after each exposure period and the ap- 
propriate region is selected based on the 
measured values of each. The effective dy- 
namic range of the measurement is greatly 
increased using this method; the CCD detec- 
tor used 14-bit digitization electronics but is 
able to quantify Cr3+ and Co3+ solutions 
ranging from to M using these 
multiple readout regions without prior 
knowledge of the signal intensity. In addition 
to static measurements, the chemilumines- 
cence system also was demonstrated for liq- 
uid chromatography with LODs in the low 
ferntomole range.59 

One of the most obvious uses of a CCD 
detector is for spectroscopic imaging where 
the CCD is used to view an object and wave- 
length information is acquired using filters or 

spectrometers. The use of a scientific CCD as 
a detector for fluorescence microscopy is the 
most common application of scientific CCDs 
outside of astronomy, partly because it is 
straightforward to interface the 35-mm cam- 
era or C-mount video adapter on a micro- 
scope to a scientific CCD imaging system. A 
scientific CCD is ideally suited to fluores- 
cence microscopy because of its geometric 
fidelity, extreme sensitivity, and the availabil- 
ity of large format arrays. In the last several 
years, CCDs have started to dominate digital 
fluorescence microscopy for both slow-scan 
scientific  instrument^^^-^' and in intensifier- 
video CCD combinations for high-speed ap- 
p l i c a t i o n ~ . ~ ~ > ~ ~  In almost all cases, a series of 
filters is used to select both the emission and 
excitation wavelengths. As a further refine- 
ment, Sedat62.70 has developed a three- 
dimensional optical sectioning fluorescence 
imaging system using CCD detection. Slow- 
scan CCDs are well on their way to becoming 
a standard accessory on new high-end fluo- 
rescence microscopes. 

CCDs are ideally suited as fluorescence 
detectors for planar separations such as 
thin-layer chromatography (TLC) and planar 
slab electrophoresis. Although the mecha- 
nisms of separation for these two methods 
are different, the end result of both is a 
separation of a sample (or many samples) 
onto a two-dimensional medium. Detection 
of the bands or spots can be accomplished 
using staining, autoradiography or fluores- 
cence derivatization. Previously, quantitation 
from the stained or labeled media was per- 
formed by scanning densitornetry or film 
imaging followed by scanning. Using a CCD 
to detect fluorescently labeled bands is an 
obvious extension due to their success in 
other fluorescence imaging applications. In 
some of the original work using scientific 
slow-scan CCDs, Jackson et aL7' reported 
the first visualization of fluorescently labeled 
proteins in a two-dimensional polyacrylamide 
gel illuminated with a 150-W tungsten source. 
Since that time, other researchers have re- 
fined the methods for fluorescence detection 
in  slab^^*-^^ and in TLC plates.76 Because 
the sensitivity, detection limits, and acquisi- 
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tion speed are all greatly increased using 
CCD detection, their use should expand 
rapidly for this application. 

6. Raman 

One of the areas of spectroscopy that 
puts the most stringent demands on a detec- 
tor system is Raman spectroscopy. Typically, 
less than one in 10' of the incident photons 
undergo Raman scattering, so both an in- 
tense monchromatic source and a very sensi- 
tive spectrometer are required. To overcome 
the inherent low sensitivity of the Raman 
process, most experiments are performed at 
the limit of available technology. For this 
reason, CCD array detectors represent an 
important advance for Raman spectros- 

The detector characteristics already 
discussed - high QE, low dark current, 
and large format - all have impact on the 
use of CCDs for Raman. Richard 
McCreery has written an excellent discus- 
sion on the application of CCDs to Raman 
spectro~copy.~~ 

In the majority of applications of CCDs 
as Raman detectors, two-dimensional devices 
are used, but the device is operated as an 
effective linear array by binning the slit in- 
formation (either on-chip or in software). 
Because most commercial CCDs are less than 
1024 by 1024 elements, this results in a less 
than 1024-element spectrum. Although the 
second dimension of the CCD is rarely used 
for an analytical measurement, it facilitates 
alignment of the CCD and spectrograph, al- 
lows multiple spectra to be obtained simulta- 
neously by splitting the slit into two or more 
regions, and enhances the ability to remove 
high-energy background events by using the 
redundant slit information. 

The first applications of Raman spec- 
troscopy with CCD detection involved look- 
ing at the Raman signal from molecules ad- 
sorbed onto a surface; because the expected 
signal under typical conditions is approxi- 
mately 1 photoelectron per low 
noise, high QE detectors are critical. Murray 
and Dierker published Raman spectra from 

monolayer films of cadmium stearate on a 
silica surface obtained using a CCD.80-82 
Campion compared a scientific CCD and an 
intensified PDA for examining silicon sur- 
faces with various adsorbed mono layer^,^' 
and found that the CCD had an improved 
SNR because of the higher QE of the CCD 
and taller detector element size compared to 
PDAs (he used the CCD in a highly binned 
mode). Another important advantage of a 
nonintensified system is that the extreme ge- 
ometrical stability allows spectral subtraction 
and highly reproducible wavenumber results. 

A much higher background is observed 
for a liquid sample than for thin films. In 
these cases, background scatter is almost al- 
ways the dominant noise source, and so de- 
tector noise becomes much less important. 
Both Pemberton and S o b o ~ i n s k i ~ ~ , ' ~  and 
McCreery and co-w~rkers '~~ '~ have demon- 
strated the sensitivity and performance ob- 
tainable using CCD detection for solution 
Raman. For example, Figure 13 shows Ra- 
man spectra of (NH4)S0, in water at several 
concentrations; the CCD detection system 
had higher SNR than both PMT- and IS- 
PDA-based  system^.'^,*^ Figure 14 shows the 
arrangement of one such system; this instru- 
ment is designed to use a fiber optic sampling 
head, which greatly simplifies operation be- 

900 ( 0 0 0  11 00 1200 

RAMAN SHIFT [CM-1) RELATIVE TO 782nm 

FIGURE 13. CCD Raman spectra of (NH,)SO, in 
water obtained with a 782-nm diode laser. (Reprinted 
from Wang, Y.; McCreery, R., Anal. Chem. 1989, 62, 
2647. With permission.) 
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FIGURE 14. An integrated Raman system that uses 
a diode laser/fiber optics and CCD detection. See 
Reference 87 for details of the optical system and 
probe design. (Reprinted from Newman, C.D.; Bret, 
G.G.; McCreery, R.L., Appl. Spectrosc. 1992, 46, 
262. With permission.) 

cause only the fiber tip need be inserted into 
the sample.87 

In Raman spectroscopy, it is desirable to 
cover the spectral region comprising shifts 
from near 0 to 3000 cm-’ with between 1 
and 3 cm- ’ resolution.88 Unfortunately, 
sufficient wavenumber coverage or resolution 
is not possible with readily available CCDs. 
The standard approach to solving this prob- 
lem is to take several spectral segments, each 
of a section of the desired wavelength shift 
range, and piece them t ~ g e t h e r . ~ ~ > ~ ’  This in- 
creases the measurement time, and because 
grating drives are not perfect, introduces a 
small amount of inaccuracy in the wave- 
length axis. Discontinuities are usually ob- 
served at the individual spectra1 boundaries 
due to throughput variations as a function of 
diffraction angle of the grating. An improved 
approach has been described by Bilhorn, in 
which the CCD is read using the TDI mode 
by synchronizing the readout to the scanning 
of the m o n o ~ h r o m a t o r . ~ ~ ~ ~ ~  This method has 
the advantages of multichannel detection 
combined with the flexibility of single chan- 
nel scanning systems. By synchronizing the 
shifting of charge in the CCD to the rate that 
the image moves across the CCD elements, 
the restrictions placed on wavelength cover- 
age and resolution are relaxed. This method 
avoids the problems associated with the vari- 
ations in throughput as a function of diffrac- 

tion angle. Each element in the spectrum is 
continuously integrated as it passes through 
all of the angles that are intercepted by the 
CCD, thus averaging out any effects associ- 
ated with angle. 

Pelletier has demonstrated another ap- 
proach based on a low resolution echelle 
s y ~ t e m . ~ ~ ~ ~ ~  In this approach, an echelle grat- 
ing is used that has a high dispersion but 
highly overlapping orders. A second cross- 
dispersive element is used to separate the 
orders. The focal plane of the CCD sees a 
series of spectral segments that can be 
thought of as taking the original high resolu- 
tion Raman spectrum, cutting it into seg- 
ments, and stacking them on top of each 
other. Using such as system, a 5000-cm” 
range can be covered with 2-crn-l resolution 
using a 512 by 512 CCD. Because the slit 
height must be reduced (to accommodate the 
multiple spectral regions on the CCD focal 
plane), the system is slightly less sensitive 
than a conventional CCD Raman system used 
with a single exposure. If a wide spectral 
range is required, the two approaches will 
yield similar SNR, with the echelle having a 
higher wavenumber reproducibility because 
of the lack of moving parts. 

CCDs have allowed great increases in the 
sensitivity obtainable in the near-IR region. 
Because photocathode materials tend to have 
very poor QEs in this region, the near-IR 
region has not been highly used with PMT 
detection. For many important samples, it is 
not the weakness of the Raman scattering 
that limits a measurement but the interfer- 
ence of other luminescent materials in the 
sample. Thus, the reduction of the Raman 
scattering (because of the u4 dependence on 
cross section) is more than compensated by 
the reduction in background. Several groups 
have explored the use of a HeNe laser (632.8 

and diode lasers at 782 and 830 
or Raman experiments. The 

sensitivity of this approach is limited by the 
rapidly falling red QE of silicon detectors 
(see Figure 4). Several deep-depletion CCDs 
have been fabricated to improve the near-IR 
pe r f~ rmance .~~ ,~ ’  As non-silicon detectors be- 
come available, infrared Raman is expected 
to become more common, 

nm82,86,93-95 f 
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The ability to combine imaging and Ra- 
man is important when looking at heteroge- 
nous samples. In fact, a Raman microprobe 
system has been available commercially for a 
number of years. However, in these systems, 
the laser is focused through a microscope 
objective and rastered across the sample (and 
the Raman is collected by the same objec- 
tive). The two-dimensional CCD allows sig- 
nificant improvements to such a system. The 
straightforward approach is to combine a mi- 
croscope and a CCD camera (such a system 
has been introduced by Renishaw Trans- 
ducer Systems)?8 The sample is illuminated 
by a laser, the scattered light is collected by 
an objective, passed through a narrow band 
pass filter to transmit only a limited Raman 
shift range, and then imaged onto the CCD. 
In this approach, only a single wavelength 
(Raman shift) can be observed at a time. By 
changing filters, a series of images can be 
acquired at the desired Raman shifts. A sec- 
ond approach to acquiring the data is to 
focus the laser into a line, and scan the line 
across the sample.99 As the line is focused 
onto a spectrograph slit, Raman spectra are 
obtained at each position along the line. As 
the line is scanned across the sample, the 
wavelength and X-Y information are ac- 
quired. Treado and Morris'oo-'02 have pre- 
sented a third approach designed to work 
with highly photo-unstable compounds; in 
their system, the laser beam is not used to 
define the spatial resolution of the sample. 
Instead, the scattered light from the sample 
is collected using a microscope and passed 
through a one-dimensional Hadamard mask, 
and then onto a spectrograph slit. The mask 
multiplexes one of the imaging dimensions in 
time. After all data manipulations, the end 
result is a four-dimensional data set of inten- 
sity versus wavelength, X and Y positions of 
the sample. 

The research previously cited coupled 
with less expensive CCD detectors, near-IR 
lasers, and improved imaging spectrographs 
has attracted commercial vendors. En the last 
several years, companies such as SPEX, In- 
struments SA, and Chromex have introduced 
CCD attachments to several of their spec- 
trometers. Because many of these systems 

include high efficiency, aberration corrected 
single-stage spectrometers, holographic laser 
rejection filters, and CCD detectors, their 
performance can be excellent. Because of the 
match of CCD characteristics, the require- 
ments of Raman and the commercial avail- 
ability of systems from a number of vendors, 
I expect a large fraction of the new Raman 
systems sold to use spectrographs equipped 
with CCD detectors. 

C. Molecular Absorbance 

Although the reasons to use a CCD for a 
Raman or luminescence measurement are 
obvious in terms of the extreme low-light 
sensitivity offered by these detectors, the 
driving force behind applying CCDs to ultra- 
violet/visible (UV/vis) absorbance measure- 
ments is less obvious. In an absorbance mea- 
surement, one is measuring the difference 
between two large signals; in an ideal case, 
one is limited by the shot noise in these 
measurements (or in many realistic cases, 
one is limited by source fluctuation noise). 
Assuming that photon shot noise is the domi- 
nant source of noise, then the minimum de- 
tectable absorbance signal obtainable from a 
single read depends only on the full-well 
capacity of the detector:'l 

where Qsat is the full-well capacity of the 
detector element. For a single read, the mini- 
mum detectable absorbance occurs just be- 
fore detector saturation. A CCD with a full- 
well capacity of 300,000 e can measure the 
absorbance of a sample with an uncertainty 
no better than 0.002 absorbance units; of 
course, as multiple reads are added in com- 
puter memory, the minimum detectable sig- 
nal is improved. For a further discussion of 
the limiting SNR obtainable using an inte- 
grating detector for absorbance, see the dis- 
cussion in Bilhorn et aL2' Because low read 
noise and insignificant dark current are not 
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as important for such measurements as large 
full-well capacity and the ability to read the 
device quickly, linear PDAs work well for 
acquiring UV/vis absorption spectra. 

Although there are no reports of using 
CIDs for UV/vis measurements, they are 
well suited because of their high full-well 
capacity and the nondestructive readout 
mode. For a CCD or a PDA system used at 
the focal plane of a spectrometer, the array 
readout rate must be shorter than the time it 
takes to saturate any detector element (the 
readout rate is determined by the wavelength 
region with the highest photon flux). Many 
commercial PDA systems use a deuterium 
lamp and cover the 200- to 600-nm range. 
Although the readout rate is dependent on 
the flux falling at the detector in the ultravio- 
let region, the energy in the 500- to 600-nm 
region is typically more than an order of 
magnitude lower. At these longer wave- 
lengths, the readout rate is far from opti- 
mum. Unlike the PDA or CCD, the readout 
for a CID can be optimized for each wave- 
length interval by reading each detector as it 
approaches saturation; this allows the maxi- 
mum SNR to be obtained at the minimum 
data acquisition rate. 

Even though not commonly used, the 
two-dimensional format of a CCD allows high 
quality absorption measurements to be made 
when two-dimensional (i.e., spatial) informa- 
tion is required in such applications as 
bright-field microscopy, measuring heteroge- 
neous samples or the absorbance from ana- 
lytes separated using TLC plates or elec- 
trophoresis gels. As one example, absorbance 
measurements of highly absorbing films can 
be confounded by the presence of small pin- 
holes and, in some cases, by large variations 
of absorbance across the sample.‘* A proto- 
type absorbance system used the CCD as a 
detector in an imaging spectrometer and spa- 
tially measured the absorbance of optically 
thick films. The areas containing film defects 
(pinholes) were detected and the uniform 
areas of the film were used to calculate the 
absorbance of the sample. In this system, 
absorbances as high as 5 absorbance units 
were easily measured while discriminating 

against the pinholes; without removing the 
“stray light” from the pinholes, the resulting 
spectra would be seriously distorted. 

As mentioned in the previous discussion 
of molecular fluorescence detection, CCDs 
are well suited to imaging TLC plates 
and electrophoresis gels because the two- 
dimensional format of the detector is re- 
q ~ i r e d . ~ ~  Although low-noise CCD systems 
are not required for absorbance measure- 
ments, high precision digitization is required. 
Cosgrove and Bilh~rn’’~ have demonstrated 
the use of a cooled CCD for absorbance 
imaging of TLC plates and found that the 
peak shape and sensitivity were similar to 
those obtained with a mechanical slit scan- 
ning densitometer with a considerable saving 
in measurement time and a large improve- 
ment in the day to day precision. CCDs also 
have been used as detectors in slab elec- 
troph~resis.’~~’~ As one example, Yeung and 
c o - w ~ r k e r s ’ ~ ~  have developed a system for 
on-line detection of DNA using the ab- 
sorbance of 254-nm light. The CCD system 
allows on-line monitoring of the separation. 
With a detection limit of approximately 
5 ng/band, the CCD system has a better 
detectability than other on-line methods, but 
approximately five times less sensitivity than 
the ethidium bromide method. Of course, no 
staining or destaining is required to recover 
the DNA as with the more common ethidium 
bromide staining. As in the TLC experi- 
ments, one of the most important steps in 
using a CCD as a detector in an elec- 
trophoresis experiment is obtaining an accu- 
rate reference exposure to correct for varia- 
tions and inhomogeneities in illumination or 
in the gel. In many cases, the quality of 
the flat field exposure determines the mini- 
mum amount of material that can be 
detected. 

The CCD is starting to replace photo- 
graphic film as a detector in many TLC and 
electrophoresis applications. Not only are the 
detection limits better, but the quantitative 
nature of the information gained from a CCD 
is a large advantage. A commercial elec- 
trophoresis scanning system is already avail- 
able from Millipore, and as the price of such 
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systems becomes reasonable, CCD detection 
of slabs and plates should become routine. 

D. Atomic Spectroscopy 

Atomic emission spectroscopy (AES) is 
the most common analytical method for trace 
elemental analysis. The large number of res- 
olution elements, sensitivity, and dynamic 
range of available CTDs have allowed signif- 
icant improvements to be made in A E S  sys- 
tem performance. However, because A E S  can 
require a seven order of magnitude dynamic 
range and more than 100,000 spectral resolu- 
tion elements, the application of a CTD is 
not straightfonvard. In what follows, an 
overview of the applications of CTDs to ana- 
lytical A E S  is presented. Thermo Jarrell Ash 
has introduced a commercial system, and re- 
cent conference talks indicate that Perkin 
Elmer and Baird will soon follow. 

Traditionally, AES is performed with a 
slew-scan instrument or a direct reader. Since 
the 1970s, numerous groups have attempted 
to overcome problems with these approaches 
using a variety of array  detector^.'^^-'^^ How- 
ever, until the advent of CTDs, one could 
either have the sensitivity and dynamic range 
of the PMT, the high resolution simultane- 
ous detection offered by photographic emul- 
sion, or a much lower resolution and much 
less sensitive (than the PMT) detector array. 
To cover the UV to the near-IR wavelength 
region with the resolution required for atomic 
spectroscopy (i.e., < 0.01 nm), several hun- 
dred thousand resolution elements are opti- 
mum. Obviously, linear arrays are not avail- 
able with the number of elements required 
and so the only practical alternative is the 
echelle spectrometer. An echelle system em- 
ploys two dispersive elements: the echelle 
grating as a high dispersion element, and a 
low dispersion element oriented so that its 
direction of dispersion is at a right angle to 
the echelle grating.log As shown in Figure 15, 
the resulting output is a focal plane image 
that looks like a series of spectra arranged as 
text on a page, each line consisting of a 
contiguous piece of the whole spectrum. The 

Schmidt 
telescope 

/ 
L coIiimating 

mirror /- /objective lens 

en trance 
slit 

FIGURE 15. The spectrometer optical diagram for 
the University of Arizona CID17 echelle plasma emis- 
sion system. The echelle spectrometer produces a 
focal plane image compatible with the 6.5- by 8.7-mm 
size of the CID17. (Reprinted from Bilhorn, R.B.; 
Denton, M.B., Appl. Spectrosc. 1989, 43, 1. With 
permission.) 

spectrometers designed to use a CTD are 
similar to those designed to use a photo- 
graphic emulsion except the image size is 
greatly reduced in order to produce an echel- 
logram comparable in size with the silicon 

Several generations of CTD/echelle sys- 
tem have been explored at the University of 
hizona. 17,18,21,43- 45,47 The design of a later 
system is shown in Figure 15. A quartz cross 
dispersive element is used and the image 
reduction is achieved by using a short focal 
length camera mirror.47 The focal plane of 
the echelle sees many molecular bands and 
atomic lines from the solvent and a bright 
argon plasma background. Superimposed on 
this can be thousands of emission lines from 
the sample. Figure 16 shows raw and back- 
ground subtracted CCD echellograms from a 
mixture of Ni, Pb, Cr, Mn, Ca, and Fe.37 

Although Figure 16 shows echellograms 
obtained with a CCD, this system has been 
extensively characterized using a CID17 de- 
tector. With this detector, the system obtains 
a 0.005-nm/pixel resolution at 300 nm and a 
spectral range from 200 to 550 nm. The CID 
architecture offers several advantages for 
AES; notably, resistance to blooming and the 
random access readout mode described pre- 

detectors. 17,18,2L43-45,110 
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FIGURE 16. The raw and background subtracted echellograms of a six element mix obtained using a 3-s 
exposure of the CTD to a direct current plasma and the optical system illustrated in Figure 15. (Reprinted 
from Sweedler, J.V.; Jalkian, R.D.; Pomeroy, R.S.; Denton, M.B., Spectrochim. Acta 1989, 446, 683. With 
permission.) 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
9
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



viously. Although full frame reads are possi- 
ble, the CID is capable of an expanded dy- 
namic range by interrogating those portions 
of the CID that contain emission lines for 
the elements of interest and recording the 
intensity information for each line just prior 
to saturation. Because the CID is not subject 
to charge blooming, faint emission lines can 
be determined long after intense lines have 
saturated. To improve precision and accu- 
racy, the spectral region adjacent to each line 
is also read and a background corrected in- 
tensity is ~ a l c u l a t e d . ~ ~  Because an echelle 
system has no moving parts and records the 
background for the identical observation pe- 
riod as the analytical line, high quality back- 
ground corrections are possible.45 The bene- 
fits of CTD detection from transient AES 
sources such as arcs and sparks also have 
been demonstrated using the University of 
Arizona echelle system."' The ability to 
combine the best features of photographic 
film with the precision of CTD detection 
allows both qualitative and quantitative anal- 
ysis to be performed using direct solid sam- 
pling of a spark source. 

Thermo Jarrell Ash has introduced a 
commercial system that also uses a CID17 as 
the detector.48 Their echelle system covers 
the range from 170 to 800 nm with a greater 
light collection efficiency than the University 
of Arizona system, but with a reduced resolu- 
tion (at best, 0.02 nm/pixel). The spectrome- 
ter and detector performance have been de- 
scribed in detail by Pilon and c o - ~ o r k e r s ~ ~  
using an inductively coupled plasma source. 

CCDs also have been investigated for 
A E S .  CCDs offer the advantages of lower 
read noise and larger formats, but obviously 
they do not allow the nondestructive readout 
mode and many CCDs suffer from charge 
blooming. A comparison of an RCA CCD 
and a CID17 on the University of Arizona 
echelle system has been published.37 Charge 
blooming limits the ability to detect trace 
components in the presence of complex ma- 
trices. This report also presented preliminary 
data on the use of an antiblooming CCD for 
AES. With such a system, a series of expo- 
sures can be used to increase the dynamic 
range of the detector with little increase in 

total observation time.37 For example, if a 
series of three exposures of the plasma are 
taken with a CCD using observation times of 
0.5, 10, and 200 s compared to a single 200-s 
exposure with a CID, the total analysis time 
is not significantly different between the two 
approaches (neglecting the array readout 
time, which can be significant in CCDs). 

Several additional investigators have de- 
signed custom CCD/echelle instruments, with 
notable systems described by Scheeline et 
al.,"' Bilhorn,'12 and Krupa et al. (Baird 
C~rporation)."~ The system developed by 
Bilhorn uses an antiblooming Kodak 
KAF1300L CCD that has a 1280 by 1024 
element format. Bilhorn measured that the 
antiblooming drains on this CCD can con- 
duct away = 5 X lo6 e/s, and so these an- 
tiblooming CCDs can be used in AES.'12 The 
advantages associated with the greater CCD 
array size are obvious because the spectrom- 
eter covers the wavelength range from = 180 
to 800 nm with a resolution of 0.0025 
nm/pixel at 300 nm. 

Perhaps pointing to the future of CTD 
design, Perkin-Elmer has taken a completely 
novel approach to a CTD-based AES 
~ystem."~-"~ They have developed a custom 
CCD consisting of hundreds of small CCD 
subarrays located on a large silicon substrate 
with each subarray located at the positions 
that the major emission lines should fall on 
their echelle focal plane. Because each sub- 
array can be accessed separately, different 
integration times are possible for each subar- 
ray. Although charge blooming is a possibility 
within each subarray, the bloomed charge 
cannot migrate to other subarrays and so the 
device is effectively antiblooming. These lin- 
ear CCD subarrays have a high QE because 
they use less overlying gate structure and 
maintain high CTE by using a series of ion 
implants. The block diagram of this instru- 
ment, the Optima 3000, is illustrated in 
Figure 17. The optical system divides the 
emission into two wavelength regions: a visi- 
ble region from 380 to 860 nm and the ultra- 
violet region from 160 to 380 nm. Overall, 
this system overcomes the limited size of 
CID detectors and limitations of CCD full 
frame readout. The system acquires spectra 
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with a resolution of 0.0025 nm/pixel and 
mimics the RAI readout mode. Although 
there are only several hundred CCD subar- 
rays on the detector, multiple lines fall on 
many subarrays and so several thousand 
emission lines can be m ~ n i t o r e d , ' ~ ~  which is 
similar in number to the University of Ari- 
zona and Thermo Jarrell Ash systems de- 
scribed previously. Although this system 
requires a carefully designed and aligned 
optical system, it overcomes the shortcom- 
ings of commercially available CTD technol- 
ogy. The Perkin-Elmer approach is notable 
because it demonstrates what can be done 
by redesigning a CTD for a particular 
chemical analysis application. 

In the molecular fluorescence and Ra- 
man work described previously, the type of 
information acquired with the CTD is similar 
to that available with previous technologies; 
however a CTD/echelle system allows data 
processing never before possible. Because the 
entire emission spectrum is acquired with a 
single exposure, qualitative and semiquanti- 
tative surveys for a large number of elements 
are straightforward. As one example, 

Pomeroy and co-workers"' demonstrated the 
analysis of a - 20-1.1.8 particulate material 
found in a filter in the Respiratory Care Unit 
of the University of Arizona Medical Center. 
In this type of analysis, the limited sample is 
aspirated into a direct current plasma, a sin- 
gle echellogram is taken, and then at the 
analyst's leisure, the stored echellogram can 
be checked for the presence of any desired 
element. Pomeroy et al. also studied the 
amount of sample required to obtain quanti- 
tative results from SRM 1633a, coal fly ash, 
using a single 2-min exposure; their results 
are summarized in Table 2.11' 

Because these systems have no moving 
parts and have excellent stability, calibration 
information for a number of elements is easy 
to obtain. The flexibility afforded by such 
systems in terms of wavelength selection is 
an important feature compared to conven- 
tional scanning or polychromator systems. 
The choice of spectral lines to be used can be 
custom tailored to the components of the 
sample being measured. For example, the 
most intense lines are selected for trace com- 
ponents and less intense lines are used for 

FIGURE 17. 
insert shows 
Corporation. 
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Spectrometer optical diagram for the Perkin Elmer Optima 3000 system. The 
the unique multiple subarray CCD. Copyright 1993 by the Perkin-Elmer 
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elements at high concentrations in order to 
avoid problems with self-absorption. Multiple 
lines are available for each element to en- 
hance precision, and known spectral interfer- 
ences can be avoided in cases that alternative 
spectral lines are available. Because the 
echellogram has emission lines from the sam- 
ple, the sample matrix and information about 
the source and excitation process, a number 
of diagnostic tests become possible on source 
and nebulizer performance during the actual 
analyses,' l8 enabling powerful expert systems 
to be implemented.'lg Barnard of Perkin- 
Elmer reports'16 that their system obtains 
linear working curves for most elements at 
concentrations an order of magnitude lower 
than the source and nebulizer fluctuation 
noise limit. By monitoring the appropriate 
emission lines and correcting all results as 
needed, almost every analysis can become 
background shot-noise-limited. Not surpris- 
ingly, the software development for a com- 
mercial AES/CTD system is the largest cost 
associated with the instrumentation. 

While much progress has been made us- 
ing CTDs for atomic emission, relatively little 

has been demonstrated with atomic absorp- 
tion. Ideally, a resolution of greater than 
0.001 nm/pixel is desired for continuum 
source atomic absorption. The microsam- 
pling furnace techniques available for atomic 
absorption spectroscopy hold great promise 
as a powerful analytical tool for trace ele- 
ment analysis when sample sizes are limited. 

As one of the few studies yet published, 
Pardue and co-workers'*' described a system 
using a commercially available CID camera, 
a modified echelle system, and a xenon arc 
lamp source. The CID camera was used as 
supplied and was operated at room tempera- 
ture and, thus, the CID detector did not 
support the NDRO or RAI readout modes. 
To provide adequate wavelength resolution 
with the limited number of elements avail- 
able, a limited (=40-nm) spectral window 
was observed. Even these preliminary results 
demonstrate the ability to perform multiele- 
ment analyses, increase the dynamic range 
and improve precision by using multiple lines. 
Harnly has published several studies'*','** de- 
scribing the use of diode detection for 
graphite furnace continuum source AA, and 

TABLE 2 
Analysis of SRM 1633a Coal Fly Ash 

Coal fly ash concentation in solution 

Element NBS certified value A B C 

A1 
Ba 
Cd 
Ca 
Cr 
cu 
Fe 
Pb 

Mn 
Ni 
Si 
Sr 
Ti 
v 
Zn 

Mg 

1 40a 
1 .50a 

0.001 f 0.002 
11.1 * 0.1 

0.196 & 0.006 
0.118 f 0.003 

94 * 1 
0.072 & 0.004 

4.6 f 0.1 
O.lga 

0.127 f 0.004 
228 f 8 
0.83 f 0.03 

8.0a 
0.30a 

0.22 * 0.01 

139 k 7 
1.53 5 0.04 

0.001 * 0.0003 
10.80 & 0.02 
0.190 * 0.01 
0.13 k 0.01 
93.7 k 0.5 

0.070 f 0.004 
4.61 f 0.05 
0.18 & 0.02 
0.13 f 0.01 
231 f 3 
0.84 & 0.01 
9.40 f 0.70 

0.311 k 0.009 
0.240 k 0.03 

130.5 + 6 
1.55 f 0.07 

11.1 * 0.2 
0.18 f 0.03 
0.13 & 0.03 

95 t 3 
0.08 5 0.02 
5.3 0.3 

0.18 f 0.03 
0.150 f 0.05 

230 f 10 
0.87 * 0.05 

8 f 1  
0.29 f 0.02 
0.23 f 0.03 

- 

132 f 8 
1.50 Ifr 0.3 

10.8 f 0.5 
- 

- 
- 

98 k 5 

5 2 3  
- 

- 
- 

250 & 30 
0.50 f 0.5 
5.00 f 3 
- 
- 

Note: All values in micrograms per gram. A has a coal fly ash concentration of 1000 pg/ml, B 

a Noncertified value. 

has 400 pg/ml, and C has 40 pg/ml. 
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has developed the equations describing the 
advantages of such a system. He recently 
presented preliminary results 123 using a sci- 
entific CID for continuum source M that 
further demonstrates the advantages of a high 
resolution two-dimensional detector for this 
application. 

In addition to using the CTD at the focal 
plane of an echelle, two-dimensional detec- 
tors have been used in a number of diag- 
nostic studies of atomic sources. CCDs 
can be used for low resolution spectral and 
one-dimensional spatial imaging, two- 
dimensional wavelength resolved imaging, or 
in time-resolved applications. Figure 18 shows 
a low resolution atomic emission spectrum of 
a slice of a spark obtained from a sample of 
cold rolled ~tee1.l'~ In addition, the CCD can 
be located at the exit of a two-dimensional 
imaging m o n o c h r ~ m a t o r . ' ~ ~  Hieftje et 
al.125,126 have developed a wavelength- 
resolved tomographic imaging system to im- 
age the distribution of various atomic species 

in plasmas. Another application involves us- 
ing one of the CCD dimensions to store 
information acquired at different times; '17~128 

Mork and S~heeline"~ developed such a sys- 
tem to follow the evolution of spark plumes 
with a microsecond resolution. The multidi- 
mensional information obtainable using 
CTDs allows much more information-rich di- 
agnostic studies of atomic sources and should 
lead to improved atomic emission sources. 

E. High-Energy Photons and Particles 

During the last 10 years, there has been a 
considerable effort to use CCD detectors for 
imaging a number of types of radiation in 
addition to visible and near-visible photons 
in the fields of astronomy and astrophys- 

section briefly reviews the trends in the de- 
tection of X-rays and high-energy particles 

ics,129-131 biology , 132 and chemi~try.'~' This 

h f lJ 
302.0 

I 
I 

FIGURE 18. Wavelength-resolved spectral image from a single unidirectional spark from a sample of cold 
rolled steel. (Reprinted from Kolczynski, J.D.; Pomeroy, R.S.; Jalkian, R.D.; Denton, M.B., Appl. Spectrosc. 1989, 
43, 887. With permission.) 
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using CCDs. Such detection is often accom- 
plished by converting the high-energy events 
into low-energy visible photons by using a 
phosphor Such indirect detec- 
tion methods can work well and provide high 
spatial information. Because the image of the 
screen can be optically magnified to fit the 
dimensions of the CCD, considerable flexi- 
bility exists in matching the imaging require- 
ments to the CCD. 

In the following text, the direct imaging 
of low-energy X-rays and particles using a 
CCD is described. From the late 1970s, the 
potential for CCDs to directly detect single 
X-ray photons has been e x p l ~ r e d . ' ~ ~ ' ~ '  In 
the visible spectral region, a single photon 
produces a single electron-hole pair (e-h) 
pair, whereas for X-ray photons, hundreds of 
e-h pairs can be created with the number of 
e-h pairs created dependent on the photon 
energy. Quite early in the development of 
CCDs, it was realized that a CCD can be 
used for energy-resolved X-ray imaging, in 
which the CCD can simultaneously count 
X-ray photons and estimate their energy.I3* 
Thus, under optimum conditions, it is possi- 
ble to use an area CCD to determine three- 
dimensional information (intensity informa- 
tion as a function of X, Y, and energy). Over 
the last 10 years, Janesick and co-workers 
have investigated the detector requirements 
to achieve optimum performance from a CCD 
for direct X-ray 

What limits the energy resolution obtain- 
able with a CCD? On the average, it takes 
3.65 eV of energy to produce a single e-h 
pair in silicon; thus a Mg Krr photon, with 
an energy of 5.9 keV, should produce 1620 e. 
However, there is a statistical variation in the 
amount of charge generated because a finite 
amount of energy is distributed into the sili- 
con lattice by non-e-h processes. This uncer- 
tainty was first described by Fano in 1947,14' 
and reflects the ultimate limit of detector 
energy resolution possible: 14" 

FWHM = 2.3564- 

where the full width at half maximum 
(FWHM) of the peak has units of electrons, 
and E is the photon energy in electron volts. 
For the Mn Krr photon of 5.9 keV, the 

theoretical energy resolution is approxi- 
mately 110 eV or 30 e. This is the best that 
can be done if the CCD read noise is in- 
significant and the CTE is unity. To remain 
limited by the uncertainty first described by 
Fano (Fano noise limited) over the soft X-ray 
region, the read noise of the CCD must be 
kept below 2 e rms (root mean square) and 
the CTE must be extremely close to unity.14' 
Currently, energy dispersive X-ray imaging 
places the most stringent requirements on 
CCD performance of any application. Re- 
markably, Janesick has reported the develop- 
ment of several CCDs that reach these 
 level^.^.^^" Such an energy dispersive X-ray 
spectrum is shown in Figure 19 for an 55Fe 
source. Although other researchers have not 
demonstrated the same level of energy reso- 
lution, Lumb14' and Clarke'43 have also de- 
scribed such systems for X-ray spectrometry. 

im, I I I I 1'iI II 1 

FIGURE 19. X-ray spectrum of an 55Fe source us- 
ing a CCD in an energy-dispersive mode. The Mn K, 
and the Mn K, peaks, both escape peaks, and the 
silicon absorption peak are shown. (Reprinted from 
Epperson, P.M.; Sweedler, J.V.; Bilhorn, R.S.; Sims, 
G.R.; Denton, M.B., Anal. Chern. 1988, 63, 327A. 
With permission.) 

A significant source of nonideal behavior 
in energy dispersive X-ray spectrometry is 
that not all the charge from a single X-ray 
event is collected by a single detector. In 
many cases, the photogenerated charge is 
split between two adjacent detectors. This 
splitting of the charge packet can be greatly 
reduced with properly designed overlying 
electrode geometry (i.e., improved CCD de- 

91 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
9
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



sign) and its effects can be minimized with 
the development of the appropriate software 
that looks for such events and determines the 
total charge of the split event. Another limi- 
tation of using a CCD in such an energy 
dispersive mode is high flux rates. If the flux 
rate is high enough that multiple events be- 
come likely, it becomes problematic to re- 
solve a multiple event from a single, higher 
energy event. This restriction on maximum 
flux rate depends on CCD readout rate, so as 
faster readout rates become available, higher 
flux observations become possible. 

In addition to X-rays, CCDs have been 
used for the direct detection of beta parti- 
c l e ~ , ' ~ ~  heavy quarks,14' and other high- 
energy particles. The ability to detect ioniz- 
ing radiation with good spatial resolution has 
been the driving force behind the research. 
One limitation of directly detecting X-rays 
and high-energy particles is that if they pos- 
sess sufficient energy, they will damage the 
silicon lattice or cause significant degrada- 
tion of CCD performance over time. This is 
the reason that CCDs are normally used to 
detect X-rays of < 30 keV and low- 
energy particles. In fact, although much of 
the early development work on CCDs has 
been funded by NASA with the goal of using 
them on interplanetary missions, their sus- 
ceptibility to damage from long-term expo- 
sure to ionizing radiation has hampered their 
use on these missions. As the details of using 
CCDs for the direct detection of X-rays and 
high-energy particles are perfected and the 
newest generation of low-noise CCDs be- 
come common, an increase in the use of 
these detectors in such applications will oc- 
cur. As the price of these detectors drops, 
they may even be used in applications where 
the energy of the photon or particles is high 
enough to require replacing the detector on 
a regular basis. 

V. CONCLUSIONS 

The goals of this review have been 
twofold. The first is to describe the operation 
and characteristics of CCD and CID detec- 

tors, with particular attention given to those 
performance specifications that have the 
greatest impact on their use in chemical 
analysis. Perhaps one of the most surprising 
aspects in the evolution of the CCD is that 
their performance specifications have contin- 
ued to improve. PMTs have always been lim- 
ited by their poor QE and PDAs have been 
limited by the large read noise inherent in 
their readout process; these characteristics 
have not been significantly improved. On the 
other hand, users of CCDs a decade ago 
considered a 50-e read noise and a 40% peak 
QE excellent. Today, the same purchaser of 
a CCD expects a read noise of under 5 e, a 
peak QE in excess of 80%, and a dark cur- 
rent for a properly cooled device of l e/h per 
detector. Although not commonly used, sev- 
eral manufacturers already are placing skip- 
per amplifiers on their devices that can 
provide a read noise of < 1 e with multiple 
nondestructive reads. Devices have been re- 
ported with no measurable charge. transfer 
losses, greatly improved read rates, a respon- 
sivity from the near-infrared red region to 
the soft X-ray region, formats as large as 16 
million detector elements and very few cos- 
metic defects. As such characteristics become 
more common, imaging detectors are finally 
becoming available with almost the theoreti- 
cal limit of detector performance. 

The second objective has been to review 
the status of CCDs and CIDs in the field of 
chemical analysis. Although the application 
of CTDs to the major areas of chemical 
analysis have been described, CTDs have also 
been used as detectors in other areas such as 
circular dichroism.146 Many of the CTD/ 
spectrometer and imaging systems offer 
greatly improved sensitivity, spatial resolu- 
tion and/or time resolution compared to sin- 
gle channel or previous array systems. Al- 
though many of the optical systems outlined 
have been described in context to a specific 
area such as Raman or atomic spectrometry, 
most of the hardware implementations can 
be used in other applications. The accep- 
tance of these detectors has been most rap- 
id in those areas which already use two- 
dimensional detection schemes such as 
microscopic imaging. CCDs are now com- 
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monly used for Raman and fluorescence de- 
tection because these detectors allow ex- 
periments that are not feasible using other 
detection methods. However, the most 
effective use of two-dimensional array de- 
tectors often requires a complete rethinking 
of the design requirements of the mea- 
surement system. Most researchers are not 
willing to devote the required effort to 
design, build, and optimize such systems. 
Thus there is a significant delay between 
the demonstration of an approach and 
the commercial availability of the new tech- 
nology. Over the last two years, several 
analytical instrumentation companies have 
started offering complete systems using 
CTDs in the areas of atomic spectroscopy, 

fluorescence, and Raman spectroscopy. As 
this trend continues, CTDs will become com- 
mon and the performance they bring to 
chemical analysis will become routine. 
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A GLOSSARY OF CTD TERMINOLOGY 

Biasframe. A dark exposure of the CTD that is subtracted from all subsequent exposures. This 
removes the dark offset and any fixed pattern response of the detector array. 

Binning. The combination of the charge from multiple and contiguous detector elements into a 
single charge packet prior to readout of the charge packet by the on-chip amplifier in a CCD 
detector. 

Blooming. After the charge storage capacity of an individual detector element is exceeded, 
blooming is the process of excess charge spilling into adjacent detector elements. 

Buried Channel. An ion implantation into the p-type region to form a doped n region below the 
surface of the device. The resulting potential gradient causes the photogenerated charge to be 
stored away from the surface silicon-silicon oxide interface, greatly reducing dark current and 
hysteresis effects and improving low level CTE. 

Charge-coupled device (CCD). A member of the class of charge-transfer devices in which the 
photogenerated charge is read by the step-wise transfer of the charge from the imaging area to 
a readout amplifier. 

Charge-injection device (CID). A member of the class of charge-transfer devices in which the 
photogenerated charge is read by shifting the charge back and forth between two electrodes 
within each detector element. 

Charge-transfer device (CTD). An analog integrated circuit that consists of an array of MOS 
capacitors. The incident photons are converted to electrons and stored under an electrode. The 
amount of charge contained in an element is measured by either shifting it within an element 
(intracell readout, used by CIDs) or shifting it to an on-chip amplifier (intercell readout, used 
by CCDs). 
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Charge-transfer eficiency (CTE). A measure of the ability of a CCD to transfer a charge packet 
intact from the detector element where it is collected to the amplifier. It represents the fraction 
of charge that makes each transfer. A CTE of 1 indicates no charge-transfer losses. 

Crosstalk. For early CIDs, the charge contained in a row of collection electrodes can effect the 
measurement of charge at other detector elements in that row. However, the effect of the 
crosstalk can be removed using several corrections. Newer CIDs do not suffer from detectable 
crosstalk. 

Dark current. The charge generated in the absence of illumination. Because the generation rate 
is temperature dependent, most CTDs are cooled to reduce the dark count rate to extremely 
low levels. 

Flat field. A uniform exposure of the CTD to an illumination source to correct both system 
(optical) variations and detector nonuniformities to the average response. 

Multipinned phase (MPP). A method of biasing the phases in a CCD during the integration 
process to greatly reduce the dark current at a given temperature. This method also reduces the 
full-well capacity of the CCD. 

Non-destructive readout (NDRO). A method of reading out a CID that allows the charge 
information to be measured without destroying the charge contained within the element (hence 
the readout can be repeated). 

Output node. The output node is the input to the on-chip amplifier in a CCD and represents the 
last gate that the charge is transferred to in the CCD. 

Pixel. An individual detector element in a CTD. 

Phase. In a CCD, this refers to a set of electrodes that are electrically connected together. Thus 
a three-phase CCD has three sets of overlying electrodes for which the voltage can be 
independently controlled for each CCD region. 

Potential Well. A graphical method used to indicate the “favorableness” of a region for holding 
the charge carriers. As one example, as an electrode is made more positive, the region under 
the electrode becomes more energetically favorable to electrons, so a deeper potential well is 
drawn. 

Random access integration (MI). A readout mode used with a CID where the intensity 
information in a detector element is read nondestructively, and the 19lintensity and time are 
recorded. Because different regions of the CID can have vastly different exposure times for a 
single exposure, this allows the effective dynamic range from a single exposure to be greatly 
increased. 

Quantum eficciency. In a silicon CTD, this is defined as the number of electrons collected 
divided by the number of incident photons (times 100%). Thus, a QE of 90% at 600 nm means 
90% of the incident 600-nm photons create an e-h pair and that the electron (or hole) is 
collected. At wavelengths below 300 nm, the situation becomes more complex because the 
photon has sufficient energy to create more than one e-h pair. As an example, at 180 nm, a QE 
of 40% could indicate that 20% of the photons create two e-h pairs, 40% create a single e-h 
pair, or most likely, that the situation is somewhere between these two limits. The shot noise 
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and read noise of the detector in terms of minimum detectable numbers of photons is different 
in each case. 

Summing welt. A gate at the end of the serial register of the CCD. The charge in the last serial 
element is transferred to the summing well, where it can then be transferred to the output 
node. By allowing independent control of the serial register, the transfer of charge into the 
summing well and the transfer of charge to the output node, the readout noise becomes 
independent of the serial binning. Relatively few CCDs are equipped with a summing well. 

Su$uce Channel. A CTD without a buried channel. Currently, all CCDs used in scientific 
applications use a buried channel architecture and all CIDs use surface channel architecture. In 
a surface channel device, the photogenerated charge is stored near the surface silicon-silicon 
oxide interface. 

Time-delayed integration. A readout mode of the CCD in which the parallel shift rate of the 
CCD is synchronized to a moving scene. In this way, the image of an object sweeps across the 
CCD at the same rate that the photogenerated charge is shifted toward the serial register. This 
results in large increases in sensitivity compared to a linear detector and allows the CCD to 
acquire long swaths from a moving image. 
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