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SUMMARY

This thesis describes the results of experiments to test the suit-
ability of charge-coupled devices (CCDs) for electron imaging. An
electronic imaring system based on a CCD has several advantages over
conventional imaging methods, particularly for image processing
applications where quantitative data is required.. The Introduction
outlines the advantages of an electronic imaging system, and discusses
available systems, and the possible merits of solid state devices, in
particular CCDs. The operation of CCDs is described in Chapter 1, with
particular reference to the Fairchild CCD 202, the device used in these

experiments,

The desirable proverties for an imager with a quantitative outrut
for computer nrocessing are described in Chapter 3. In this chapter
are renorted the results of exneriments to test the properties of the
CCD 202 and these results show it to be suitahle as a recording device
for producing a quantitative output for image processing, It has a
DIE in the ranze of 0.46 - 0.6, has an output which is linearly related
to the incident electron intensitv, and has an electron gain of ~ 103
for 20 keV and ~ 10% for 60 and 100 keV electrons.

An undesirable property of MOS devices such as CCDs is their limit-
¢* 3ifetime under exposure to ionizing radiation, Chapter & reviews
radiation effects in MOS devices, presents results on experiments to
test the CCD lifetime under irradiation, and discusses ways in which

the useful life of the device can be extended.

The output of the CCD is an analogue video sirnal. A Data
Accumulation Unit was built to digitise and store the output signal and
to transfer it to a-computer or to magnetic tape for storage, In addi-
tion the imace can be displayed on a CRT screen, and photo~raphed to
produce a permanent record., Chanter 5 deseribes the us=e of the CCD 202
to record electron images of various specimens and shows the images

which were obtained,

Chapter 6 summarises the findings on the suitability of CCDs for
electron microscopy, and surgests modifications to the devices and to
the imaging system which would extend the range of applications of
CCDS.
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INTRODUCTION

The electron microscope was first developed in 1931 by Ernst Ruska
in an attempt to overcome the resolution limit of the optical micro-
scope, set at = 0.2 ym by the diffraction limit for wvisible light.

The advantage of using electrons as illumination results from their very
short wavelength ( = 0.05% for 60 keV electrons) which allows imaging
of detail at considerably smaller spacing than the light microscone.
However, for the electroh microscone the resolution is determined not
only by the electron wavelength but also by lens aberrations, resulting
in a minimm lattice resolution « 13, and a point-to-point resolution

= 33,

In Conventional Transmission Electron Microscopy (C/EM) a thin
specimen (= 1003 thick) is illuminated with a uniform beam of
electrons, and the electrons transmitted by the specimen are used to
form an image. The optical system in CTEM is analogous to that of a
light microscope, with magnetic lenses being used to focus the electron
beam onto the specimen and to form and magnify the image. Contrast in
the electron microscope is obtained by 1) amplitude contrast, in which
electrons scattered through large angles by thick areas of specimen
are stopped by an aperture placed below the specimen, or 2) phase con-
" trast resulting from interference effects between the unscattered

electron beam and the elastically scattered electrons.

The resulting image in the electron microscope is normally recorded
on photographic emulsion which is subséquently developed to produce a
permanent record. Photographic emulsion consists of a suspension of
silver halide crystals in gelatine, of thickness tvpically 12 ym,
sunported on a plastic backing film. An electron incident on the
ermlsion loses little enercy in the gelatine, but does interact with
the silver halide crystals (grains) producing local aggregates of silver
atoms so that the grain readily re.uces to silver in the development
procedurel. Thus any grain which has been hit by an incident electron
appears dark on development. The number of grains developed by an
electron depends on the electron energy and on the grain size, but is
typically 3 - 4 for conventional ermlsions for energies of 30 - 60keV. 2
Thus every electron incident on the photogranhic film may be recorded.
The detective quantum efficiency (DQE) of photocraphic film or any
other recording medium is defined as (S/N)Zgut/{S/N)?1, where S = sirnal
amplitude and N = noise amplitude. This is a measure of the additional

noise introduced into the recorded data by the photographic plate, and



for an ideal recorder the DQE is 1. The DQE of photographic film has
been measured by Valentine for a variety of emulsions, and values in
the range 0.4 - 1 were obtained for the emmlsions tesfedB. These
values indicate that photographic film can he an excellent recorder of
electrons, with the noise in the recorded data being approximately

equal to the shot noise in the electron beam.

Tﬁe mmber of ircident electroms Aetermires the number of rrains
exposed in the emmlsion and thus the optical density of the mierograph.
The relationship between ontical density and electron dose has been
experimentally determined and has been shown to have the form
D=K (1 - e-Ek) where D = optical density, E = exposure, and K and k
are constants.3 However the relationship can be approximated as linear
up to opllcal densities of = 1 and thus electron micrographs are
normally recorded with an optical density of ® 1., The number of
electrons required to reach this density is a measure of the speed of
the ermulsion, and has a tvpical value of 1 - 3 electrons/ﬁmg for

standard electron microscope emulsions.’

Thus, photorrarhic emulsion is a good electron recorder, with a
high DOE and a linear response over part of its range. In addition,
photosraphic film stores a large amount of information and in many
cases image processing can be used to extract informstion from the
" recorded image which is not accessihle by visual inspection. The
types of image processint normally pérformed fall into 4 main categ-
oriess. These are 1) Image enhancement procedures snch as contrast
improvement and enhancement of high spétial frequencies, 2) Image
averaging ot radiation sensitive specimens to imnrove the signal to
noise ratio, 3) The formation of comnosite imaces from several micro—
graphs of the same snecimen recorded under different conditions to
obtain, for exarmle, information ahout the 3-dimensional structure of
a specimen, and finally 4) Determin~tion of the focus conditions of
the microscope by éxaminatibn of the Fourier transform of an amorphous

specimen such as a carbon film.

Before image processing can take place, the internsity distribution
in the image must be measured and converted to a dicital form. This is
normally done using a densitometer, which measures the ontical density
in the microsranh by scannine a small snot of light in a raster of
points across it and measuring the transmitted intensity at each noint.
The transmitted intensity is exponentially related to the optical

density, and so requires some method of conversion to produce an output



signal pronortional to the optical density, that is, te the number of
electrons incident on the film (assumine an optical density<1). The
output of the microdensitometer is in graphical or digital form, with
the latter recorded on magnetic tape or paper tape, or transferred
directly to a computer. The number of picture points normally used in
image nrocessing at present is 256 x 256, although the trend is towards
~using larger 512 x 512 arravs as cheaper computer memory becomes avail-

able.

Densitometry of photographic film, while it is the most cormon
method of obtaining quantitative intensity information, is unsatis-
factory in several respects. Firstly, the process involves several
" stages before the digital information is obtained, that is recording,
development and densitometry, and is thus time-consuming. In
particular, the necessary development stage means that several hours
may elapse between recording the image and obtaining the quantised data.
No selection of data for processinr can be done before the development
stage is complete, In arddition, both development and densitometry
normally take place remotely from the microscope. Thus the above pro-
cedure is wasteful in terms of operator time and certainly rules out

the use of image processing for instrumental adjustment.

A method of obtaining quantitative information immediately from the
microscope is to repnlace the photographic plate with a television-tyne
imagins system based either on a camera tube or a solid state imaging
array. The output of such a system is a series of voltage pulses
corresnonding to a raster of picture voints in the image, ideally with
the amplitude of a voltage pulse beinr linearly related te electron intensit;
on the corresnonding picture point. Such a signal is simply converted
by an analogue to digital converter (ADC) into the dicital form required
for computer processing., Thus the output of a television-type image
sensor can be transferred via an ADC irmediately to a computer, thus
avoiding the multistage and time consuming process necessary wiih
photographic film. 1In addition, the form of the video ontput sigmal
is such that the recorded image can be displayed on an oscilloscope

screen allowing the prior selection of suitable data for processing.

A further advantage of such a system is its superiority over the
phosphor screen for work with radiation sensitive specimens. Such
specimens damage under the electron beam, so that after a certain
critical electrcn dose the specimen is no longer repre<entative of the

original structure. Thus for these specimens it is important to



ninimise the electron dose on the specimen during the area selection
and focusing stage, so that the maximum number of electrons can be used
in recording the image6. This is normally achieved by focusing on one
area of specimen while viewing the image on a phosphor screen, and then
recording a new and unseen area of the specimen. Clearly, this is
unacceptahle, since images are recorded without prior selection of the
area, resulting in a high percentage of wasted films., 1In addition,
focus conditions may vary fr-m one specimen area to the next due to,

for example, specimen buckling,

The advantages of electronic imaging systems for radiation sensitive
materials are two-fold. Firstly, by suitable amplification of the out-
put signal, images can be seen on a display oscilloscope at beam
currents too low to be seen with the naked eye on the phosphor screen.
Secondly, once recorded in digital form the output signal can be
stored and cycled, so that the image can be continuously displaved on
an oscilloscope screen without further irradiation of the srecimen.
Using this method area selection and focusing can be done at consider-
ably lower electron doses than with the phosphor screen, and the area

for recording can be selected at a low electron dose.

As mentioned earlier, the choice of a TV type image sensor lies

_ between television camera tubes and the more recent solid state image
sensors, All of these devices are designed for photon imaging, although
the latter méy be suitable for direct electron imaging. Crmera tubes
h~ve been investigated for electron microscopy over a number of years,
and in many cases have been used simpl& to amplify the electron image
and allow the specimen to be viewed at low intensities, Their
quantitative performarce and suitability for image processing has been

investigated in particular by Herrmann, Krahl & Rust et a17’8’9'm’11

and by other workers12’13’lh.

The system of Herrmann et al is based on an Electron Bombarded
Silicon (FBS) camera tube. Since this is designed for light imaging,
the electron signal is converted to a photon sicnal by a transmission
fluorescent sereen made of ZnS, so that a photon image is incident on
the camera tube. The FBS camera tube onerates in the following way.
The photons are incident on a photoc-*hode, from which they liberate
photo-electrons. These are accelerated to a silicon target maintained
at a positive potential of typically 5 - 10 keV with respect to the
photocathode, The target consists of an array of reverse hiased

photodiodes which are discharged by the photo-electrons, so producing



a charge nattern on the target corresmonding to the optical image. An
electron beam accelerated to a potential of € 1%V scans the target on
the other side from the photocathode. The current in the reading beam
depends on the potential (and thus the stored charge) of the point
being scanmned, and is therefore related to the image intensity. Thus,
measurement of the current pulse produces the video signal, The camera

is enclosed within an evacunted glass tube.

This system has been shown by Herrmann et al to have excellent
responce in pnlse counting mode, in which the number of electrons
incident on each picture point is either O or 1. The system has an
efficiency of 65% for the detection of single electrons, equivalent to
a DOE of 0.6, which is in the ranre available with photographic plate.
Signal processing of the video output is necessary in this mode to
avoid multiple couvnts due to signal spread to adjacent picture elements
and image lag between successive frames., In pulse counting mode an
image intensifier before the camera tube is used to increase the photon
sirnal, The stase which is least efficient in this system and leads to
the loss of DOE is the fluorescent screen in which the electron-photon
conversion tslres place., This point has also heen made by Kuo &
GlaeserlQ, who obtained %= 10% efficiency in single electron detection
with a Secondary Electron Conduction (SEC) camera tube, Kerzendorf &

‘prpelj have suggested that the DOE of the system could he impr;véd to
x 0,95 by the replacement of 7ZnS by CaFy as the screen material.

waevef,‘this method has not been tested experimentally.

Although television camera tubes provide the necessary quantitative
output for image processin~ and can have a high DNE in electron counting
mode there are several areas in which they could be improved. Firstly,
the noise introduced into the output signal in the electron-photon-
electron conversion degrades the performance of the camera in analogue
mode and limits the maximum number of electrons which can be discrimin-

. ated, Secondly, a non-uniformity of response of image elements is
introduced bj non-normal scanning by the electron beam of elements at
the edge of the array15. Finally, from the practical point of view,
they are expensive, have a high power consumntion, are of fragile con-
struction and are relatively large compared with the space available in
an electron microscope. Thus there is an incentive to test solid state

arrays as alternative to camera tubes for electron imaging.

The two main types of solid-state detector array now available are
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charge-coupled devices and photodiode arrays  '. Both devices are
based on silicon substrates, the first consisting of an array of metal-
oxide~semiconductor (MOS) cavacitors, and the second of an array of
p-n diodes, In both devices incident radiation creates electron-hole
pairs in the silicon substrate which are collected in the M0S
capacitors in the CCD and in the reverse-biased diodes in the phdto-
diode array. The amount of charge collected is directly pronortional
to the intensity of the incident radiation. The main difference in the
two devices is in the readout method employed. In the photodiode array,
a depletion region is formed at the p-n junction of the diodes by
connecting each diode in turn momentarily to a reverse bias voltage,
The charge stored on the depletion laver capacitance is discharged by
the electron-hole paifs created by the incident radiation. An output
signal is obtained when the diode is once more connected to the reverse
bias voltage, with the signal being the quantity of charge required to

restore the diode to its previous level,

In CCDs, the signal charge is stored in the depletion region formed
in the silicon substrate by the application of a suitable potential to
the metal electrode. The charge is read out by removing the potential-
from the storage electrode and placing it on an adjacent electrode, so
"moving the depletion region and therefore the stored chargce. Ttis
process continues, moving the charge one electrode at a time until it

is read out of the device throush an output amplifier.

Although desirned for photon imagiﬁg, both of these devices can be
used as electron detectors, since incident electrons can create electron
-hole pairs in the silicon substrate. O0f the two devices the CCD area

imaging array seemed the more suitable, for the following reasonslS:
g & ¢ y ’ =

1. The output noise in the photodiode array is greater than that
of the CCD array due to the large capacitance of the output video
bus, which is connected to all of the elements in the array. As a
result, in the photodiode array the output noise increases with j??
where n is the number of image elements., In the CCD the output
noise is due to the capacitance of the single output element and

to the noise whi~h is introduced in charge transfer.

2, Photodiode arrays suffer from non-uniformity in the response
of the image elements. This is caused by spatial variations in
the switches which connect the diodes to the reverse bias voltage,

and in the scan pulses which control then.



3. For the reason given in 1 above commercial development of
solid state arrays for cameras for video recorders is tending to
concentrate on CCDs rather than photodiode arrays. Therefore CCDs
are available cormercially in larger arrays sizes than are photo-
diode arrays, and the price of CCDs is less for equal numbers of
elements, For computer processing an array size of at least

256 x 256 elements is desirable, and while this is available in
CCDs, the largest photodiode array commercially available has

100 x 100 image elements,

However, there are aspects of CCD structure which are less suitable
for electron imaging than photodiode arravs., Foremost among these is
the degradation in the MOS structure of the device caused by ionising
radiationlg’go’gl. The oxide layer in the MOS structure gains fixed
positive charge under ionising radiation, and this affects the
threshold voltage levels and the shape of the potential wells of the
device. This problem does not affect the p-n structure of the photo-

diode array.

On balance, it was decided that CCDs held greater promise for
electron imaging because of their lower noise and more advanced

commercial development,

This thesis is concerned with an investigation of the performance
of a particular CCD as an electron imager, with a view to using it to
obtain guantitative information for image processing, The CCD chosen
for these experiments is the Fairchild CCD 202, which is a 100 x 100
element array. Althouch this is smaller than the number of elements
which is desirable for image processing, it allows assessment of the
performance of CCDs as electron detectors, since the results obtained
with this device should be applicable to larger arrays. The cost of
the device is = £200, with a further £200 required for driver
circuitry. Althouch the CCD 202 is designed for photon imaging, it was
decided to use it in direct electron imaging mode, to avoid the degrad-

ation in the image associated with electron-photon conversion.

Chanter 1 of this thesis describes the operation of CCDs and of the
Fairchild CCD 202 in particular, and outlines the differerces between
usine the CCD for electron and photon imaging. Chapter 2 describes the
apparatus nsed in the experiment, including the modifications to the
CCD drive circmitry reqnired for electron imaging and the Data Accumla-
tion and Controcl Unit which was desieoned to drive the CCD in the micro-

scope, to collect data, and to output it for storage and processing.

7



Since the CCD is intended for photon imaging, little was known about
its performance as an electron imager. As a result a series of experi-
ments was done to investigate its performance in this mode, that is,

to measure the gain, resolution, uniformity of response, single
electron detectability and cell capacity. The results of these experi-
ments, their impvlications for the suitability of CCDs for electron
microscopy, and a comparison of the CCD performance with that of other
imagers is reported in Chapter 3, Chapter 4 deals with the damage
caused to the device by electron irradiation, and the measures which
can be taken to extend the device lifetime after damage has occurred,
In Chapter 5 results on using the CCD for recording electron images,

including images of radiation sensitive materials, are presented.

Although this thesis is concerned with the role of CCDs in CTEM,
there are several other branches of electron microscopy in which they
may prove useful, Thus the results of the performance tests in CTEM
are a guide to the potential usefulness of CCDs in other fields, and

will be discussed in this light where aporopriate,

In Electron Fnergy loss Spectroscopy (EELS), the energy lost by the
electron beam in passing through the specimen is analysed to determine
the chemical structure of the specimen materia122. An electron
_ spectrometer after the specimen converts the energy distribution into
a spatial distribution, The resulting spectrum is normally recorded
either by scanning it across a slit in front of a scintillator-
photormltiplier, or by recording it directly on photocraphic platc.

The second method involves all the problems of densitometry of photo-
graphic plate described earlier. The first method mrovides a quantitat-
ive output irmediately, but has the serious drawback that all the
channels of data are recorded serially, resulting in a long recording
time and inefficiepncy in the collection of the tranemitted electrons.
Typically 512 or 1024 channels of data are recorded for gnod energy
resolution, thus the recording time and the electron dose on the
specimen are both increased by a factor of NIO3 over the necessary
values. This may well result in problems with radiation semsitivity
and spa2cimen drift. As a result, a parallel recording system which
conld record all channels sirultaneously would be of considerable
advantager. A linear CCD imaging array is potentially suitable for

this application.

Another field in which a position sensitive recorder such as a CCD

would be advantageous is in Scanning Transmission Electron Microscopy



(STEM). 1In this mode a fine electron probe is scanned in a raster
across the specimen and infcrmation about the srecimen is contained in
the angular intensity distribution in the transmitted beam. Thus
detectors with different geometrical confipurations can extract differ-
ent information about the specimen., The detector configurations which
can yvield useful information are the common eircular bright and annular

2
dark field detectors, the split detectorQh, the quadrant detec‘tor'5

and
the Rose multiannular detectorQG. All of these modes require detectors
with a specific geometry, and some of them require multiple detectors
with matched gains. An area imaging array with a large number of
individual imaging elements suck as a CCD would produce an output which,
when suitably processed, would be capable of representing any of the
above geometriesQB. This would remove the need for more than one type
of detector in a STEMVinstrument, and would avoid the ung>~irehle

changing of detectors in high vacuum instruments.

While the CCD 202 is not used in any mode other than CTEM imaging,
its performance in that mode gives a guide to its suitability as a

detector in these other anplications., This is discussed in Chapter 3.



CHAPTER 1

CHARGE COUPLED DEVICES

SECTION 1.1 INTRODUCTION

Imaging charge coupled devices (CCDs) are produced commercially as
solid state television cameras. They were first proposed in 1969 by
Boyle &-Smith1 and the first device was manufactured in 1973 by
Fairchild Camera and Instrument Corporation. Their design is based
on a metal - oxide - semiconductor (MOS) structure and as a result has
the advantage of being compatible with standard semiconductor manu-
facturing technology. This, in addition to their small size (typi-
cally 5mm x 5 mm for the image sensing area) and their robustness when
compared with traditional television cameras, means that they are very
suitable for the home video market, and has resulted in extensive

commercial interest and development.

Although CCDs are intended for photon imaging they are also sensi-
tive to other forms of radiation, and, in particular, can detect
electrons. In this chapter their basic operation is described in
Section 1.2, Section 1.3 deals with the particular structure of the
CCD used in our experiments, the Fairchild CCD202, and Section 1.4
discusses the differences encountered in using the devices for electron,

" rather than photon, imaging.

SECTION 1.2 OPERATION OF CHARGE COUPLED DEVICES

1.2.1 Introduction

An imaging CCD consists of a large array (typically 100 x 100 or
more)-of MOS capacitors (known as photocells) each of which can store
an amount of charge proportional to the intensity of the radiation
incident on it. The charge packets from the photocells are read out
of the CCD serially to form a video signal which represents the image
on the front face of the device. This section describes firstly the
method bj which charge is collected and stored in the photocells,
secondly the way in which the signal charge is read out of the device,
and finally the various available readout organisations of CCDs, The
information in this Section is taken largely from Hobson's book

"Charge Transfer Devices"2,

1.2.2 Storage of Charge

The simnlest form of CCD, known as a surface channel device, con-

sists of a doped silicon substrate of thickness = 250 ym, covered with
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an insulating layer of Si0g of thickness = 0.1 - 1ym overlaid with an
array of conducting electrodes made, for example, of aluminium.
Figure 1.1 shows a cross-section of a CCD cell. The apnlication of a
suitable potential to the electrode drives away the majority carriers
in the silicon, producing a depletion region under the electrode and
creating a potential minimum for minority carriers at the interface.
The electron-hole pairs produced in the substrate by incident radia-
tion are separated by the applied field, with the minority carriers
being attracted to and stored at the interface, and the majority
carriers being swept into the silicon bulk. TFigure 1.2a shows the
electric field and potential profiles in a single cell in the absence
of stored charge, and Figure 1.2b shows the profiles when charge is

present.

In Appendix 1 the relationship of the surface potential Vs to the
stored charge @ is calculated for a surface channel CCD. It is shown
that for this case Vs is approximately linearly related to‘k with the
MOS structure behaving as a capacitor having the capacitance of the
oxide layer &&[d . As a result, as charge collects at the inter-
face, the depth of the potential minimum decreases until it becomes
the same as that in neighbouring cells which do not have an applied
electrode voltage. At this point, which is defined as saturation,
spillage of charge from the collecting cell to adjacent cells occurs.
The stored charge at saturation is the saturation charge, and the

corresponding output voltage is the saturation voltage.

The storage of charge at the interface has the disadvantage of
allowing it to interact with interface states, energy levels within
the silicon band gap which can trap charge making it unavailable for
readout. These interface states result from the mismatch between the
Si and SiOo lattices, and from impurities trapped at the interface
which distort the periodic potential. They are discussed in greater
detail in Sections 4.2.2 and 4.2.5. To avoid the interaction of
signal charge with interface states, buried-channel CCDs are used in
which charge is stored and transvorted, not at the interface but in
the silicon bulk =~ 0.5mm away from the interface., This is accomplish-
ed by the insertion at the interface of a thin channel of doped silicon
typically = l;m thick of opposite polarity to the substrate material.
The channel-substrate junction is reverse biased by applying a suitable

potential to the channel, so depleting the buried channel,
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Figare 1.3 shows the electric field and potential diagrams for a
buried-channel device with and without stored charge. It can be seen
that the potential minimum, and therefore the position at which charge
is stored, is displaced from the interface, and that its position
depends on the value of the applied voltage. As signal charge is
created by incident irradiation it is attracted to and stored at the
potential minirmum. The density of the stored charge is such as to
maintain a zero electric field and therefore a potential minimum in
the storage region. Since the electric field is comstant there can be
no net charge in this region, implying that the densityof stored
charge is equal to the doping density of the n-channel. The charge in
a buried channel device is therefore stored in a finite volume of the
buried channel layer. Saturation charge for a buried channel device
can be defined as the stored charge which causes the volume of the
storage region to increase so that some charge is stored at the inter-
face. At this point the CCD is working in surface channel mode since
the charge at the interface can interact with interface states and may
be trapped by them. In practice, the electrode voltages are arranged
so that saturation by spillage to an adjacent cell occurs before this
point is reached. In addition, it can be seen that if the edge of the

storage region reaches the n-type - p-type junction the electric field
‘becomes zero in the former depletion region so that the potential
minimum exiéts throughout the silicon bulk and the storage well is no
longer defined. The distance Iyg shown in figure 1.3, the distance of
the potential minimum with no charge stored from the n-type - p-type
junction, is the quantity which sets the absolute maximum limit on
stored charge for a given electrode voltage. The maximum charge which
can be stored in a well is therefore eNyAL  where N, is the doping
density of the n-layer and A is the area of the electrode.

1.2,3 Readout of Charge

The stored charge in a CCD cell is read out to an output sensing
amplifier using the charge transfer method first suggested by Boyle &
Smith., The charge is transferred out of the CCD by removing the
electrode voltage on the storage cell and applying it to an adjacent
cell, so translating the potential minimm and therefore moving the
charge. This process can be continued, moving the charge packet one
electrode at a time until it is transferred to an output gate which
senses the charge and produces a voltage pulse of size proportional to

the charge packet.
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When the electrode voltage is applied to the adjacent cell, there

are 3 mechanisms by which the charge transfer takes place:

1. Mutual Repulsion. Application of the electrode voltage to the

adjacent cell removes the potential barrier which previously exist-
ed round the storage cell, Charge at the edge of the storage
electrode which experiences a repulsive force due to-the rest of
the charge packet is then free to move until it comes within the
electric field of the receiving well, at which point it can be

stored there.

2. Self-Induced Drift. The non-uniform charge density in the

well caused by the transfer of charge in (1) above produces a non-
uniform surface potential in the emptying cell. The surface
potential energy is lowest at the edge of the cell (where the charge
density is least) and so there is a movement of charge towards the

receiving cell.

3. Diffusion. The non-uniformity of charge also causes diffusion
of charge towards the receiving cell, aiding the charge transfer

process,

Clearly it is necessary to heie at least two electrodes per cell so that there
is one empty well available to collect charge transferred from the adjacent
cell., In the most simple transfer structure each cell has three iden-
tical electrodes, only one of which is used during the storage phase

to store charge., Figure 1.4 shows how transfer occurs. The purpose

of the third electrode is to provide a potential barrier during trans-

fer to define the direction in which transfer takes place. Charge is
initially stored under electrode 1 , which has a potential of typ-—

ically 10V on the electrode. The application of a positive potential

to electrode 2 removes the potential barrier between electrodes 1 apd 2
allowing charge transfer to take place. Finally, removal of the pos-

itive potential from electrode 1 creates a potential barrier confining

the charge to the region under electrode 2. This process is rbpeated

to transfer the charge to electrode 3. A third transfer would result

in the charge being stored under electrode 1 of the adjacent cell.

This transfer mode in which there are 3 electrodes per cell is
known as 3-phase clocking. While allowing a simple CCD structure, it
has the disadvantages of requiring a driver circuit with 3 different
clocking phases and of being inefficient both in terms of storage space

and transfer time. A more efficient organisation is 2-phase clocking
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in which there are 2 electrodes per cell and in which the surface
potential under each electrode is profiled to provide a potential
barrier and ensure unidirectional charge transfer. TFigure 1.5 shows
a 2-phase CCD with profiled wells. There are several ways in which
the surface potential can be increased to provide the potential
barrier. The most common methods are 1) to increase the oxide thick-
ness at one side of the well, so increasing the potential drop across
the oxide under it, or 2) to insert a more highly doped recion of
material of the same polarity as the substrate immediately under the
electrode. The 2-phase clocking method is used in the Fairchild

CCD202, the device used in these experiments,

1.2.4 Orcanisation of CCDs

The above subsections have discussed the storage of charge in the
CCD cells and the transfer of charge from one cell to the next. In
imaging CCDs the readout of signal has to be organised in such a way
that the resulting video signal can be used to reconstruct the image
incident on the device., There are 3 main readout orgamnsations by

‘which this can be done, and these will be described separately:

1. Interline Transfer Method. This is the readout organisation

employed in the Fairchild CCD202, the device used in these experi-
ments, Figure 1.6a shows schematically the organisation of the
device. There are N columns of light sensitive cells (called
photocells) in which charge is collected, interlaced with N columns
of transport cells through which the signal charge is transferred.
(N is typically ~ 100 - 500). The transport cells are shielded
from the incident light by a thin layer (=~ 1 ym thick) of alumin-
ium so that there is no signal charge produced in these cells.,
When an electrode voltage is applied to the photocells sigmal charxe
collects in them. To read out the charge the electrode voltage is
removed so that charge transfers into the adjacent transvort cell
which has an applied electrode voltage. The electrode voltage is
immediately restored to the photocell so that signal collection can
recommence. The potential wells are profiled, as described in the
previous subsection, to create a potential barrier between photo-
cell and transport cell, allowing both to have an applied electrode
voltage and to store charge simultaneously. Once in the transport
cells a 2-phase clocking mode transfers the charge along the
vertical transport register towards the horizontal transport

register. As each row of charge packets reaches the horizontal

14
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register it is read out horizontally by 2-phase clocks to the video
output amplifier which senses each charge packet and produces a
voltage pulse at the device output of size proportional to the ﬁag-
nitude of the signal charge. After each horizontal row has been
read out a vertical transfer puts the next horizontal row into the
output register. This process continues until all charge péckets

have been transferred out of the transport cells.

Interline transfer devices employ a television type readout in
which alternate fields of odd and even-numbered rows of photocells
‘are read out separately. This method has the advantage of pro-
ducing a flicker-free display at a lower clocking frequency than
would be possible if both odd and even rows were read out simul-
taneously. In addition, since only N/2 charge packets are trans-
ferred into each column of transport cells at any one time only N/2

transport cells each with 2 electrodes are required.

2. Frame Transfer Method. The second readout method cormonly

employed in imaging CCDs is the Frame Transfer structure. A schem-
atic diagram is shown (Figure 1.6b). The device consists of an N
x 2N array of cells of which half (N x N).are photocells, and half
(N x N) are shielded from light to form a storage area from which
the charge is output via an amplifier. Incident light creates
charge in the photocells in the upper half of the device (Figure
l.6b). To read out the signal, the charge is transferred vertic-
ally out of the photocells to the shielded storage cells in the
lower half of the device. From there the signal is read out in the
same way as in the Interline Transfer organisation described above
by clocking the charge vertically into a horizontal output register

and reading it out row by row.

Separating the photocells and transport cells in this way has
the advantage that none of the information in the image is lost by
being incident on shielded transport cells, resulting in a twofold
increase in efficiency over the interline transfer method. How-
ever, it has the drawback that charge transfer takes place through
an irradiated region, so that charge is added to the cells during
transfer through the photocells to the storage region, resulting
in charge smearing. This is minimised by clocking the charge at
a high rate (typically 10 MHz) in to the storage cells, and ensur- -
ing that the transfer time is short compared with the charge inteco-

ration time. A tvpical transfer time of 50ns and integration time
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of 25 ms reduces the smeared charge to = 0.2% of the output
signal.

With this structure an interlaced output where alternate fields
of odd and even-numbered rows of photocells are read out separately'
can be obtained by suitable application of electrode voltages to

alternate rows of photocells during the integration time.

3. Line Transfer Method. The final readout method, and one which

is not in common use, is the line transfer method. A schematic
diagram is shown in Figure 1.6c. The signal is read out of the
device one horizontal row at a time, with charge transfer taking
place through the photocells., Although the absence of storage
cells constitutes a X2 saving in device area, the complicated drive
circuitry required to clock the charge through the device has made

manufacture of this device difficult.

Of the 2 readout organisations available, the second, the Frame
Transfer Method, would seem to be the most suitable for electron imag-
ing, because it avoids the problem of electron penetration to the
transfer and storage cells. This will be discussed in more detail in
~ Section 1.4.3. However, there was difficulty in obtaining information
and devices from manufacturers using the Frame Transfer structure, and
as a result the Fairchild CCD202, which is an Interline transfer device,

was used throughout this project.

SECTION 1.3 FAIRCHILD CCD 202

1.3.1 Introdunction

This éection describes the Fairchild CCD202, the imaging device used
in these exmeriments. The CCD202 is cormercially produced for photon
imaging, énd no attempt has been made by the manufacturers to harden
the device to ionizing radiation. (The effect of radiation damage on
the CCD performance and the desirable features for a radiation hard CCD
are described in Chapter 4). The only modification to the standard
commercial devices adopted in these experiments was to have the glass
window over the device removed by the manufacturers to avoid absorption
of the incident electrons when the CCD was used in electron imaging
mode. Firure 1.7 shows the Fairchild CCD202 with the glass window re-
moved. The CCD is mounted on a ceramic base in a 24-pin dual in-line
format. The dimensions of the base are 3cm x 1.5cm and the active area

of the device measures 4 mm x 3 mm.

1.3.2 Device Organisation and Drive Signals

The Fairchild Design Development Board Brochure3 describes the
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electrical properties of the CCD202 and the clocking voltages which
drive it. The CCD202 has the interline transfer organisation de-
scribéd in the previous subsection, and consists of a 100 x 100 array
of photocells interlaced with a 50 x 100 array of shielded transport
cells., The structure is buried channel, with a p~-type silicon sub-
strate and'gn n~type silicon buried channel, with minority electrons

from the substrate conétituting the signal charge.

~ The driver voltages are provided by the Fairchild Driver Board
SI61268 and consist of 6 clock pulses for charge readout together with
several dc voltage levels which are required for the charge sensing
circuitry and output amplifiers. In particular, the buried channel is
depleted by the application of a +16V level to the drain of the output

diode and the substrate is grounded at several points.

Figure 1.8 shows the clocking signals required to read out the
CCD202, and their timing with respect to each other. One photogate
pulse, ¢p, controls the transfer of charge from photoéells to transport
cells, two complementary vertical clocking pulses ¢v1 and ¢v2 transfer
the charge along the transport cells and two complementary horizontal
clocking pulses g1 and @go transfer the charge along the output
"register to the output amplifier. A sixth clocking pulse, f[g, is used
in the CCD202 to reset the output diode after each charge packet has
been sensed. With respect to the video output, @, occurs at the start
of each frame, ¢v at the start of each horizontalArow, and ¢H and ¢R
have the same clock frequency as the video signal, The amplitude of
the clocking pulses can be varied, with the upper and lower rail volt-
ages being continuously variable by means of potentiometers from -10V
to +10V. Both @y and ¢yo and #q and @po remain complementary when
the clocking voltage is varied and diode protection ensures that the

polarity of the clocking voltages cannot be reversed.

The charge sensing circuitry consists of an output diode whose
voltage changes linearly with the applied charge. The output of the
diode is connected to the gate of a MOS transistor, the first stage of
a two-stage amplifier. The output video signal from the amplifier is
in the range 0 - 1V, with the saturation charge corresponding to an
output of 1V, and the output voltage proportional to the number of

minority carriers in the photocells.

1.3.3 Cell Structure of CCN202

The details of the cell structure are imnortant in the understand-

ing of the respomnse of the CCD202 to electrons reported in Chapter 3
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and the results on radiation damage in Chapter 4. The structure de-

scribed here is given by Killiany et alk,

The CCD202 is a buried channel device with an arsenic implanted
n-type buried channel. Since a 2-phase clocking method is used, the
potential wells are profiled by the implantation of boron in selected
regions of’the n-channel, Figure 1.9a shows a cross-section through a
column of transport cells, while Figure 1.9b is a cross section through
a row showing a photocell and transport cell. The n-channel is covered
by a thin layver (O.lQnm) of Si0g. In this device the electrode struc-
ture is formed by depositing a layer of high resistivity polycrystall-
ine silicon over the Si0g insulator, and selectively doping it to form
conducting regions which are used as electrodes. The remaining
regions of undoped polycrystalline silicon provide insulation between
adjacent electrodes. Polycrystalline silicon is used as the electrode
material because, unlike aluminium, it is transparent to light. A
thick layer of vapour deposited Si0, covers the device above the poly-
crystalline silicon layer and a layer of aluminium above the tramsport

cells shields them from light.

The boron implanted barrier between the photocell and transport
cell ensures that no charge spills between them, even when the potential
on both electrodes is held high. The p+ silicon implants at the edges
of the photocells and transport cells provide potential barriers to
define the potential wells, Figure 1,10 shows the potential profile
under the photocells and transport cells during a) integration of charge

and b) transfer of charge from the photocells to transport cells.

Values for the thicknesses of the various layers overlying the
silicon substrate are necessary to allow calculation of the energy lost
by an incident electron before it reaches the silicon substrate, and
thus of the electron gain of the CCD. Unfortunately this information
is not available from the manufacturers. However some figures are
given by Killiany et ai&, and further data was calculated from the work
of Currie?. Currie's data applies to the Fairchild CCD201, of which
the CCD202 is an improved version. It is not known if the improvements
in the device affect the thicknesses of the various layers, but
throughout this description it is assumed that the two structures are

identical. The known thicknesses are given in Figure 1. 9.

The Si0p channel layer thickness of 0.12pm and the n-channel thick-
ness of 0.3 pym are given in the paper by Killiany et al2. The figure

for the thickness of the aluminium layer of 0.8um,for the combined
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thickness of the polycrystalline silicon and the upper SiOy laver Qf
0.9 pm and for the thickness of the insulator step between the photo-
cells and transport cells of O.2pmare approximate values which were
calculated from data civen by Currie?. Currie gives a figure of 14.6
keV for the maximm electron energy which can be absorbed by the over-
lying layers of the transport cells, that is the aluminium, vapour-de-
posited SiOé, polycrystalline silicon and channel Si0,, and gives 8.5
keV and 9.6 keV as the energy remaining after a 14.6 keV electron has
- penetrated the thick and thin regions of the photocells respectively.
Application of the Thomson-whiddington law for energy loss6 and know-
lJedge of the range of electrons in the various materials? gives the

approximate thickness figures quoted above.

The areas of the photocells and transvort cells are given in the
Fairchild Design Development Board brochure and are respectively 18 pm
x 30 ym for photocells and 22 ym x 60 pm for transport cells. The
total area of the device is therefore 4 mm x 3 mm with slightly more

than half of the area being transvort cells,

1.3.4 Full Well Capacitv of CCD202

) In investigating the response of the CCD to high energy electrons
it is important to kmow the relationship of the CCD output voltage to
the number of minority electrons present in the potential well., EKnow-
ledpe of this relationship allows caleculation of the number of electron-
hole pairs produced by each incident electron which are collected in
the potential well and therefore of the electron gain and efficiency
of the device., Once again this information is unavailable from the
manufacturers. However Currie? quotes a figure of 4 x 107 as the
number of minority electrons required to saturate a photocell of the
CCD201. Although this figure may not apply to the CCD202 it gives an
order of magnitude value for cell capacity.

SECTION 1.4 DIFFERENCES BETWEEN ELECTRON AN PHOTON IMAGING WITH CCH
202

1.4.1 Introduction

While the Fairchild CCD202 is designed for photon imaging an
electron image incident on the front face of the device will also be
detected as signal charge in the CCD wells. An incident electron
creates many electron-hole pairs in the silicon substrate, and the
resulting charge packet is collected by the photocells in the same way

as the charge produced by an incident photon. However the very
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different energies of visible photons and of electrons used in electron
microscopy (=« 2eV and=x6GC..eV respectively) and the different inter-
actions which they can have means that there are several differences
between the CCD operation in the two modes. The main differences and

their consequences are listed below.

1.4,2 Fnerpgy Deposited in Silicon Substrate

A visible photon incident on the silicon substrate creates one:
electron-hole pair. In contrast, when an electron enters the silicon
one electron-hole pair is created on average for every 3.66eV of energy
deposited in the substrate. For a 60keV electron this is equivalent
to a charge packet of = 1.6 x 10% minority electrons created by each
incident electron. Clearly the number of incident electrons required
to cause saturation will be very much less than the number of incident

photons.

1.4,3 Interaction with Overlving Lavers

The polycrystalline silicon electrodes and the Si0Op layers do not
absorb visible photons of wavelength greater than =~ A450nm, although
reflection at the interfaces between materials causes some loss of
. intensity. As a result there is no photon energy deposited in the
electrode layers. However electrons of energies in the range used in
these experiments (20 - 100keV) interact with the overlying layers,
causing ionization and a resultant loss of electron energy. There are
two consequences of this interaction. Firstly, the energy deposited
in the electrode structure causes damage in the Si0y laver resulting
in a deterioration in the CCD performance., This is discussed in detail
in Chapter & which also presents experimental results on the lifetime
of the device under electron bombardment. Secondly, the loss of energy
in the overlying layers of the device means that less than the full
incident electron energy is deposited in the silicon substrate, and the
output signal from the CCD is correspondingly smaller. In addition,
the amount of energy lost is a function of the incident electron energy,
with electrons with energy less than = 15keV being completelyrabsorbed,
and, above 15keV, the deposited energy decreasing as electron energy
increases. As a result the electron gain of the device (the number of
minority carriers collected /incident electron) is not simply related

to the electron energy. This is discussed in Chapter 3, Section 3.2.4

In the transport cells the electron interaction with the overlying

layers is again different from that of photons. The aluminium layer
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over the transport cells (» 1pm thick) is sufficient to shield the
transport cells from visible photons, thus ensuring that no signal
charge is introduced into the transport cells during charge transfer.
However, in the case of electrons of the energies used in these
experiments, the incident electrons can penetrate the aluminium shield
and can create electron-hole pairs in the silicon substrate under the
transport cells. Curried reports a threshold electron energy of 14.6
keV below which electrons are stopped by the aluminium shield, and above
which the incident electron is sufficiently energetic to create
electron-hole pairs in the silicon. Consequently continuous irradia-
tion and readout of the CCD202 results in image smearing with incident
electrons creating signal which adds to the charge packets being
transferred through the transport cells., It becomes desirable to
remove the electron beam from the CCD during readout, and to inter-
rupt clocking of the transport cells during electron irradiation.

This problem, and the modifications to the drive circuitry required to

implement the new readout cycle, are described in Chapter 2, Section
2.5.2.

This problem of electrons penetrating the tramsport cells is

- peculiar to the interline transfer readout organisation. In the frame
transfer organisation described in Section 1.3.2 the separate storage
cell area can be shielded from the electron beam, so that electron imag-
ing can take place in the same way as photon imaging. For this reason
the frame transfer structure is more desirable for electron imaging,

but, as explained before, these devices were difficult to obtain.

l1.4,4 Volume of Electron-hole Pair Production

A visible photon entering the silicon substrate interacts with an
atom and produces an electron-hole pair within a distance of typically
2 lym from the point at which it entered the silicon8. is a result,
practically all minority carriers are produced well within the deple-
tion region under the electrode on which the photon was incident,
giving very little spread of signal to adjacent cells, and ensuring .

that little signal charge is lost due to recombination.

An electron incident on the silicon substrate, however, produces
a roughly pear-shaped cloud of electron-hole pairs over a volume which
is determined by the electron energy. For a 20keV electron the depth
of penetration of the electron-hole pair ecloud into the material is

« 2ym, whereas for 100keV electrons the corresponding distance is
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'=60wm7. The diameter of the cloud is approximately equal to its depth
with the shape becoming less spherical and more elongated for higher
energy electrons. The implication of this large volume of electron-
hole pair production for, eg,100keV electrons is twofold. Firstly,
the width of the distribution ( =~ 60nm) comnared with the dimensions
of the CCD photocells (18m x 30pm) means that an incident electron
will produce signal charge in several cells other than the one on which
it was incident, resulting in a reduction of the effective number of
. picture elements in the device and a loss of resolution. This effect

is less severe for lower energy electrons, eg 20keV, where the 2ym
width of the electron-hole pair cloud ensures that most of the minority

carriers are collected in the appropriate cell. Secondly, for high
energy electrons a significant fraction of the electron-hole pairs
produced in the substrate will be created outside the depletion region.
which typically extends to a depth of 10jm from the Si - Si0Op interface.

The minority carriers produced outside the depletion region do not

experience a force towards the potential minimum and so will only be

collected if they enter the depletion region by diffusion. Lateral
diffusion is responsible for further smearing of signal charge to
_surrourding cells and, in addition, since the diffusion length of
electrons in silicon is » 50pm, significant recombination of minority
electrons will occur. The electron gain of the CCD will thus be re-
duced by inefficiency in the collection of minority carriers created

far from the potential minirmum,

These effects are discussed in Chapter 3 where experimental results

on CCD gain and electron spread are presented.

22



CHAPTER 2

INSTRUMENTATION

SECTION 2.1 TNTRODUCTION

This chapter deals with the anrparatus used in the experiments
reported iq this thesis. Figure 2.1 shows the main features of the
experimental system, which is attached to the JEOL JEMIOOC electron

microscope., The CCD is housed under vacuum in the camera chamber of

" the microscope, and is driven by a Fairchild driver board, supplied by

the manufacturers, which provides the necessary clock signals. This
driver board also amplifies the output signal from the CCD and pro-
vides X and Y scan pulses to drive a ﬂisplay oscilloscope. Since the
CCD is designed for photon, rather than electron, imaging, modifica-
tions to the driver board were necessary to produce a clocking cycle
suitable for CCD operation in the electron microscope. The driver
circuit and the modifications for electron imaging will be described

in Section 2.5.

The simple driver board shown in Ficure 2.1 was later incorporated
in the Data Accumulation and Control Unit, designed by Dr A M MacLeod
specifically for this work. It performs two main functions. Firstly,
since the cell capacity of the CCD 202 is small (Section 3.2.3) it is
necessary to superimpose the data from several frames of CCD output to
obtain an image in which the electron shot noise is satisfactorily low.
The unit does this by digitising the video signal, adding the data from
successive frames, and storing the result in a solid state memory. Its
second function is to provide flexible facilities for data transfer so
that the accumilated image can be displayed on an oscilloscope screen,
can be transferred to the departmental computer for permanent storage
or can be stored in digital form on magnetic tape. This Unit will be

described in Section 2.6,

The interline transfer readout mode employed in the Fairchild CCD
202, the device used in these experiments, would result in image smear-
ing if the CCD was irradiated by the electron beam during the readout
time, It is therefore desirable to remove the electron beam from the
CCD during readout. This was achieved in the JEOL JEMINOC by the
application of a deflecting pulse, synchronised with the CCD readout
cycle,to the alignment coils. The deflection system and its perfofm—
ance is described in Section 2.3. An electron counting system adjacent
to the CCD was used throughout these experiments to monitor the electron

dose on the device and will be dealt with in Section 2.4.
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SECTION 2.2 HOLDERS FOR THE CCD IN THE FLECTRCON MICROSCOPE

Section 2.2.1 Basic Holder

The holder for the CCD and electron counting equipment is shown in
Figure 2.2. It is attached to the JEOL JEMIO0C electron microscope
below the camera chamber in the position normally occupied by the
single STEM detector. O-ring seals on all joints allow the system to
be held under vacuum. The holder is made of brass, with walls of
. thickness = 1.5 cm to absorb X-rays generated by high energy electrons
hitting the walls. The CCD is mounted on a 2% pin dual in-line holder,
which is sealed with Araldite into a Dural plate, which in turn is
attached by three screws and an O-ring seal to the bottom of the brass
holder. Electrical signals are transferred to and from the CCD via the
pins of the duwal in-line holder, and the terminating resistors for the
CCD drive pulses are on the outside of the Dural plate as is the
transistor éircuit to. irive the video signal down the line to the

video amplifier.

So that the CCD can be illuminated with light in the electron
microscope, two LEDs are mounted on the top surface of the Dural plate
= 21 cm above the device. The LED brightness is varied by an external
7control, which adjusts the diode current. This arrangement was used
routinely to check the CCD performance without the necessity for
electron irradiation. In particular it was used in the radiation damage
experiments described in Chapter 4 to monitor the deterioration in CCD

performance with electron dose.

In the radiation damage experiments (Chapter 4) small areas of the
CCD ( ® 150 photocells) were irradiated with electrons and their sub-
sequent performance compared‘with that of unirradiated areas. For these
experiments the whole area of the CCD was shielded by a brass plate
(#* 1.5 mm thick) with an aperture of = 0.5 mm diameter to allow irradi-
ation of the chosen area. The plate was mounted on brass studding
approximately 1 cm above the CCD., Several plates were made, with
apertures in different positions, to allow different areas of the CCD

to be irradiated.

The scintillator and light-pipe assembly occupying the other half
of the holder formspart of the electron coﬁnting system whose operation
is described in detail in Section 2.%. The scintillator is NE 1024
plastic scintillator and is = 3 mm thick. The top surface of the
scintillator is silvered to reflect back-scattered light into thelight-

pipe, thus ihcreasing collection efficiency. The light-pipe is made
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s

of glass.which is covered with 250 pm thick aluminium foil to reduce
signal loss due to transmitted light and partially reduce unwanted
sirnals from stray X-rays generated by the électron beam striking the
brass holder. The light-pipe passes through the base-plate of the .
brass holder, to which it is sealed by an O-ring. A screw fitting
below the light-pipe holds the photomultiplier which is held in contact
with the liéht-pipe by a spring and coupied to it by optical grease.

To ensure that no stray electrons penetrate the aluminium foil and

" enter the light-pipe this half of the holder is shielded from the
incident beam by a 1.5 mm thick semicircular aluminium plate on the top
of the holder and % 0.3 pm thick aluminium foil dividing the centre of
the holder. A small hole in the aluminium plate (2 mm diameter) ahove
the scintillator supports an AEI electron microscope aperture with,
typically, a 500 ym diameter hole in the centre. This aperture is
removable to allow the size to be varied to match the electron beam
intensity, so that the maxiumum rate of the counting system is not

exceeded (see Section 2.%).

Section 2,2,2, Cooling Holder

As will be described in Section 4.3.4, the increased dark current
‘resulting from damage to the CCD necessitates cooling the device to
temperatures below 0°C. The cooling system built to accomplish this
is attached below thé brass holder in the position occupied by the
Dural plate in Figure 2.2. A crbss-section of the cooling holder is
shown in Ficure 2.3. Heat is conducted from the CCD by a copper braid
-via an aluminium cylinder and a copper rod to conper braid which is
cooled at one end by liquid nitrogen. The dimensions of these compon-
ents are given in the table on Ficure 2.3. They are encased by a 1 cn
thick brass canister which is at room temperature and which prevents
condensation on the cooled areas. The cooled sections are attached to
the brass shield by a hard-solder joint between the copper rod and the
stainless steel rod, with the temperatufe differential being maintained
by the high thermal resistance of the thin-walled (0.25 mm) stainless
steel tube. The CCD is held in a zero-force holder which is supported
by 2 lengths of plastic studding. Electrical connections are made by
means of thin insulated copper wires which pass through PTFE-lined copper-
nickel tubes through the bottom brass plate and have a high thermal
resistance. Since the inside of the CCD holder is under vacuum the
electrical feed-throughs are sealed to the copner-nickel tubes with
sfiecast adhesive and the copper-nickel tubes are hard-soldered to the

brass plate so forming a vacuum seal.
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An aluminium can below the brass holder contains the terminating
resistors for the drive pulses and supports the 12-way pluc by which
connection is made to the driver circuit. There are 47 2 +termina-
tions hetween all driver signals and ground. The circuit to drive the
video signal down the coaxial cable to the amplifier is contained in
this holder. Two LEDs mounted inside the vacuum system and above the
CCD provide a light source for the CCD in the electron microscope.
~ These were used for the same purpose and are controlled in the same way
as the LEDs described in the previous section. A brass plate mounted
on top of the aluminium cylinder inside the brass holder supports
apertures to define the irradiated area of the CCD., These are used in
performance tests to select a small area (= 150 photocells) for
irradiation, and in imaging experiments to mask off the surrounding

circuitry from the electron beam.

The CCD temperature is measured by means of a Cu/Cu-Ni thermocouple
attached to a Comark electronic thermometer Type 1625. One junction of
the thermocouple is taped to the top surface of the ceramic base of the
brass holder which is assumed to be at room temperature. Copper feed-
throughs in the brass plate connect the thermocouple to the thermometer

‘via sockets in the base of the aluminium can. If the temperatures of
the brass plate on the CCD holder and the socket in the thermometer
which receives the thermocouple connections are the same, this arrange-
ment is equivalent to a simple Cu/Cu-Ni thermocouple with leads connect-
ed directly to the thermometer, in which case the CCD temperature is
given directly by the thermometer reading. Throughout these experiments

it was assumed that this condition held.

Using this system the lowest CCD temperature achieved is -66°C,
The temperature was varied by adjusting the length of the copper braid
between the liquid nitrogen and the copper rod by raising or lowering
the liquid nitrogen flask using a platform jack. Typically -20°C was
chosen as the working temperature of the device and the CCD could be
stabilised at this temperature in ® 20 minutes by cooling as rapidly
as possible for 15 minutes and then lowering the liquid nitrogen flask
to leave a 6 inch length of copver braid outside the vessel. This
level of cooling, ie to % -20°C, can conveniently he achieved using a
Peltier element iﬁ contact with the back of the ceramic base of the
CCDI, and this method has been used in X-ray imaging work2 and latterly
in electron microscopyj. In aldition, in the experiments on radiation
damace to the CCD and its removal by annealing described in Chapter k%,

it was found that the properties of annealed devices are very sensitive
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to the CCD temperature,requiring the temperature to be controllablé to
within a few degrees. As a result, a Peltier element, in which the
_teﬁperature is controlled by the current through the device, would be
extremely useful for setting device temperature. However, when the
cooling system was designed we had expected to require cooling to con-
siderably lower temperatures, and had not foreseen the necessity for
fine temperature control. In future work a Peltier element cooling

system would be advisable.

SECTION 2.3 BEAM DEFLECTION SYSTEM

Section 2.3.1 Description of Svstem

As explained in Section 1.3.3, it is desirable to remove the
electron beam from the CCD while charge packets are transferred through
the transport cells to avoid image smearing due to penetrétion of the
transport cells by incident electrons. In the JEM100C this has been
accomplished by the application of a deflection pulse either to the
beam alignment coils or the gun alignment coils. These coils usually
provide small corrections to the direction of the electron beam to en-
sure that it passes centrally through the microscope column., Figure 2.k

. shows the position of the coils in the microscope column and the three
modes in which the alignment coils can be used to deflect the electron

beam from the CCD, These are described below:

1) Gun translate mode: The electron beam is moved approximately
laterallv across the electron microscope column with negligible

tilt -~ the beam by applying a current to gun alignment coils 1.

The beam is deflected through an angle © by coils 1, and is bent

by the field of the first condenser lens so that it is approximately
parallel to the column axis., Therefore, at the first condenser lens
the beam has heen approximately laterally translated through a dis-
tance 6D, where D is the distance from coils 1 to the first con-
denser lens., If the beam is translated through a large distonce

(= 100 um) in this mode it is cut off by the condenser aperture, so

stopping irradiation of the specimen and CCD,

2) Gun tilt mode. This mode compensates for any beam tilt which is
present when the beam leaves the electron gun. It tilts the beam
about a point on the electron gun without causing any translation
in this plane. In this mode the beam is again cut off by the con-

denser aperture, stopping irradiation of the specimen and CCD.

3) Ohjective alirmment rmode : The electron beam is moved approximately
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laterally across the specimen by the application of a current to
the alignment coils 3. After deflection by coils 3 the field of
the objective lens bends the deflected beam so that it is approxim-
ately parallel to the column axis. In this mode translation through
a large dicstance results in the electron beam being cut off by the
objective lens aperture and so removed from the CCD although it may

still Be present on the specimen.

In normal use of the microscope the three modes are operated by
separate manual controls which move the centre slider on a potentiometer
control. This varies the voltage applied to the appropriate operational
amplifier circuit feeding the beam alignment or gun alignment coils. In
order to deflect the electron beam from the CCD during readout a deflec-
tion pulse is supplied by the modified driver circuit (Section 2.5 and
2.6) and added to the voltage from the manual potentiometer control by

an operational amplifier circuit.

The adder circuit used is shown in Figure 2,5. The magnitude of the
deflection signal is OV during the time for which the CCD is irradiated
and transfer is stopped (the irradiation time) and is 3V at all other
times. As a result the electron beam is deflected from the CCD at all
" times other than the irradiation time. To allow the microscope to be
aligned before the CCD is used a d.c. level is provided which cancels
the 3V signal from the Data Accumulation and Control Unit during align-
ment, and can be switched off to remove the beam from the specimen.

The magnitudes of hoth the deflecticn pulse and the d.c level can be
varied by potentiometers to allow the amount of beam deflection to be
controlled. Since the deflection pulse height is within the voltage
range provided by the manual deflection control (-5 - +5V) no umusual

deflection conditions occur.

Section 2.3.2 Performance of the Deflection Svstem

For the deflection system to be useful the time for which the
electron heam moves across the specimen must be small compared with the
irradiation time. This condition is necessary to avoid variation of
the electron dose across the specimen and to avoid loss of contrast in
phase contrast microscopy due to a change in the angle of incidence of
the electron beam. This was checked for the 3 deflection modes de-
scribed above by exposing the scintillator - photomulitiplier arrangement
in the camera chamber to the electron beam during deflection and measur-
ing the time for which the signal on the photomultiplier varied. Figure

2.6 shows a typical output from the photomultiplier displayed on an
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oscilloscope (in this case for deflection by the gun translate mode).

For deflection by thé gun translate coils there is a delay ofx 60 us
after the deflection pulse switches to OV before any signal is seen on
the photomultiplier. This is followed by a period of = 150 ps during
which the intensity of the signal from the photomultiplier changes
before a steady output is reached., When the deflection pulse switches
to 3V, there is a delay of=30 ms before any change in signal is seen
. and a further period of=30 ns during which the intensity of the signal
varies, These delay times and variation times result from the expon-
ential variation of the current in the alignment coils as the applied
voltage is changed, and the corresponding variation in the magnetic
field and beam position. The beam position attime t can therefore be
given by an expression of the form X’= Xoe'gﬁ s where X is the distance
of the centre of the beam from the centre of the viewing screen X, is
the corresponding position at t = 0, and ¥ is the time constant of the

alignment coils, From the figures above ¥ was calculated to be 84 ps,

The deflection times were also measured for deflecting in gun tilt

mode and alignﬁent translate mode, and the times for gun tilt mode were
comparable with the above results. However, in alignment translate mode
;an extremely long delay of 2 ms for switch-on was encountered, and
variation times were approximately twice as long as in the other two
modes, The time constant ¥ in this case was « 1.25 ms. Of the three
deflection modes, alignment translate is least satisfactory due to long
variation and delay times., There is little difference between the

other two modes, gun translate and gun tilt, but gun tilt mode was most
cormonly used for deflection in these experiments. These experiments
measure only the time for which the beam intensity varies, and a constant
photomultiplier output can be obtained even if the angle of incidence of
the beam varies. This is of interest in phase contrast microscopy where
variation in the angle of incidence of the electron beam on the specimen
causes a loss of contrast. However, from the time constant for deflec-
tion for gun translate mode, the residual movement in the beam after the
intensity becomes constant is calculated to be x 15% of the half-angle
of the electron beam. Therefore the image blurring in phase contrast
microscopy caused by beam movement‘after the beam intensity has become
constant causes little degradation beyvond that already present as a
result of non-axial illumination. Intfensity variation time is thus

sufficient to determine the required irradiation time.

.The time for which the electron beam intensity on the CCD varies
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imposes a limit on the minimum usable irradiation time. With the varia-
tion encountered here of approximately 250 ps an irradiation time of not
less than 2.5 ms is necessary so that the intensity variation is small
compared with the total signal on the CCD. The irradiation time was
11.4 ms in the preliminary driver circuit and was in the range 4.8 ms

to 158 ms for the Data Accumulation and Control Unit.

SECTION 2.4 COUNTING SYSTEM

During electron irradiation the number of electrons incident on the
CCD was monitored by an electron counting svstem, This information was
necessary for the experiments on CCD performance and on device lifetime
under electron bombardment described in Chapters 3 and 4 respectively.
" The courting system consists of 1) the scintillator and light-pipe
assembly described in Section 2,1.2 which converts each electron-to a
pulse of photons; 2) a photomultiplier which detects the photon pulse
from the scintillator and produces a voltage pulse of amplitude pro-
portional to the incident electron energy; 3) an a-plifier; and 4) a
discriminator which detects vdtage pulses greater than a chosen thres-
hold value and produces a square wave at the output for each suitable
.input pulse; and 5) a fast scalar which counts the pulses from the
discriminator. |

The scintillator used in the exﬁeriments was Nuclear Enterprises
NE102A with an absolute scintillation efficiency of 2.6% and a maximum
emission wave length of 423 nm%,5. As ﬁescribed earlier, the top
surface of the scintillator is coated with aluminium to increase the
collection efficiency, and the light-pipe, which is made of optical

glass, is surrounded with aluminium foil for the same reason.

The photomultiplier is an EMI model 9824B, which has a photocathode
with quantum efficieney = 18% for photons of wave length 423 mm and a
typical electron gain in the dynode chain of = 4 x 106 electrons/photo-
eléctron (for an applied voltage of IOOOV)G. Assuming a typical value
of 10% for the efficiency with which the scintillator-light-pipe assemb-
ly transfers created light to the photomultiplier, gives a typical
figure of ~ 107 electrons for the charge packet created at the photo-
multiplier outnut by an incident 60keV electron. The last electrode
is connected to earth via a 100k resistor across which a voltage pulée
is produced. The voltage output from the photomultiplier depends on the
pulse length and on the resistance of the load it drives but for a 509
cable the output signal is typically 25 mV. Figure 2.7 shows the pulse

height distribution from the photomultiplier, recorded using a multi-
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channel analyser. Clearly, from this graph it can be seen that the
pulses due to single electrons are well separated from those due to
noise, allowing a discriminator threshold level to be set to ignore

noise pulses.,

The voltage pulses from the photomultiplier are transferred via
an amplifier (EG & G Type AN101) to a discriminator unit (EG & G
Type T100A). The discriminatér unit produces a 1V square pulse for
~each input pulse greater than a chosen threshold voltage. This allows
the spurious pulses due to dark signal in the photomultiplier to be
ignored by the subsequent  counting system. The amplifier has a gain
of X16, and both the discriminator threshold voltage and the length
of the output pulse can be varied. The discriminator output pulses
are counted by a fast scalar (Borer & Co Fast Scalar Type 613)
capable of a count rate of 100 MHz with a digital display to 1015

counts. .

The maximum count rate of the whole system is determined by the
length of the output pulse from the photomultiplier, which was= 0.3 ns
at half height when driving the 50 ) input impedance of the amplifier.
An output pulse length of 0.16 pns was chosen for the discriminator
and the threshold voltage suitably chosen to ensure that each photo-
multiplier output pulse was sampled once only. This gives a maximum
count rate of 6 MAz for regular pulses, but since the arrival times
of the incident electrons are random a maximum average count rate of
0.6 MHz was chosen to ensure that 99.5% of pulses would be counted.

To maintain the electron count rate below 0.6 MHz, an aperture was
placed above the scintillator (as described in Section 2.2.7) and the
aperture size chosen to match the electron beam intensity. Since the
efficiency of the system allows the detection of single incident
electrons, the error in a measurement of number of counts is due
mainly to the random nature of the electron arrival at the scintill-
ator. Assuming a Poisson distribution, this is /N where N is the
number of electrons counted. There is a small background count due to
dark current signals which are greater than the discriminator thres-
hold but this signal is only 0.001% of the tynical count rate, and so
is insignificant compared with the statistical error. In addition,
with an electron beam in the column but deflected off the CCD and
photomultiplier there is a spurious count due to stray electrons of
0.05% of the typical count rate, again insignificant compared with

the statistical error.
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SECTION 2.5 PRELTMINARY DRIVER CIRCUIT FOR CCD

Seetion 2.5,1 Fairchild Driver Board

The Fairchild Driver Board SL 61268 provides the clock signals
and d.c. bias voltages for the CCD 2027, It also amplifies the video
signal from the CCD and provides X and Y scan signals to enable the
image to be displayed on an oscilloscope. A schematic diacram of the
Driver Circuit together with modifications to allow electron imaging
- is shown in Figure 2.8. A basic clock pulse is converted to the
required CCD driver pulses by a clock generator consisting of a TTL
logic circuit. The clock pulses required to drive the CCD are de-
scribed in Section 1.1.4 and are shown in Figure 1.6. These square
waves are amplified by discrete transistor circuits whose upper and
lower rail voltages are set by variable resistors. The circuit
allows the heights of @, d,, ¢p and g to be set independently to
the required level, and the value of pulse height typically used in

these experiments was 0-6V.

For operation in the electron microscope the CCD is mounted in
one of the holders described in Section 2.2, The clock pulses and
d.c. levels to the CCD are transferred from the Driver Board via 500
‘cable terminated with 47X) resistors which are located outside the
Dural base in the basic holder, and within the aluminium can in the
cooling holder. An emitter follower circuit is used to drive the
video signal from the CCD to the amplifier, and is held in the same
place as the terminating resistors. This puts a d.c. level of 8V on
the CCD signal, which is removed by the a.c. coupled amplifier on the

Fairchild Driver Board.

Section 2.5.2 Modifications to Driver Circuit for Electron Microscove

Operation

Several modifications to the Fairchild Driver Board were necessary
to allow the CCD to be used for electron imaging. The design of these
modifications was done by Dr A M MacLeod, and the circuitry was built
by the Electronics Laboratory in this Department.

As described in Section 1.3.3, the aluminium layer over the trans-
port cells in the CCD 202, which shields them from incident photons,
is not thick enough to stop electrons, and so it is desirable to de-
flect the electron beam from the CCD during readout and to stop all

clocking signals during irradiation. The resulting irradiation and
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readout cycle is shown in Firure 2.9 and is as follows:

1) The CCD is illuminated by the electron beam, and all clocking
signals are stopped. '

2) The electron beam is removed from the CCD, clocking restarted
and the signals in the transport cells are read out. Since no
photogate pulse occurs to transfer charge from photocells to
transport cells only signal from electrons incident on the trans-—

port cells is contained in this field.

3) A photogate pulse transfers charge from the even numbered rows
of photocells into the transport cells and this is read out in

the second data field.

L) Charge from odd numbered rows of photocells is read out in the

third data field.

5) A final readout cycle occurs, clocking out the even numbered
rows of photocells again. This field should be empty, and the
presence of electron signals in it indicates charge transfer

inefficiency.

, This ends the irradiation/readout cvcle which is repeated for a
preset number of times, The irradiation time can be varied in steps
of 2.25 ms from 2.25 ms to 36 ms, the readout time being fixed at 25
ms. This 4-field readout cvecle was adopted at the time for simplicity
in the design of the electronic circuitry. With hindsight, since the
information in the fourth frame is seldom used, a 3-field cycle with

the corresponding saving in readout time would be preferable.

SECTION 2.6 DATA ACCUMULATION AND CONTRNL UNIT

Section 2.6.1 Introduction

The driver circuit described in the previous section was used in
some of the experiments to test the CCD performance as an electron
imager (Chapter 3). However, this simple system was inadequate for
later work for 2 main reasons. Firstly, the full-well capacity of the
CCD, that is the number of incident electrons which saturate a photo-
cell of the CCD, is X 50 electrons/photocell, for electrons of
energies in the range 60 - 100 keV (Section 3.2.3). As a result, to
obtain a statistically significant image, the data from many cycles
of irradiation and readout must be superimposed. Secondly, computer

processing of data and images requires conversion of the CCD video
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output into a form suitable for transfer to a computer, and makes it
desirable that the output can be stored in a readily accessible form.
Therefore, to proviae these functions a unit was designed to drive the
CCD 202 in the electron microscope, with flexible facilities for data

storare and transfer,

This Data Accumulation and Control Unit was designed by Dr A M
MacLeod and was built in the departmental Electronics Laboratory. It
.-digitises the analogue video sigmal from the CCD, and stores the
result in solid state memory, so allowing the use of logic circuitry
to modify, organise and output the video data. A block diagram of the
unit is shown in Figure 2.10, ard its main functions are outlined

below.

Firstly, to circumvent the problem of the small well capacity
described above, the data from many cyvcles of irradiation and readout
can be summed cell-by-cell, stored in the memory, and output as a
single array to nroduce an accumlated image. In a similar manner, a
subtraction can be performed on the data in the memory Allowing, for
example, dark current to be subtracted from an image. Secondly, the
data stored in the memory can be output in several ways. To display
kan accummlated image the data is transferred via a digital to analogue
converter (DAC) to a display monitor for viewing or photogranhy. For
processing and storage the data is transferred on-line to an IBM
370/145 computer. Finally, the data can be output via an interface to

magnetic tape for permanent storage.

The transfer of data through the system to the outputs is con-
trolled by the driver circuit, which provides the timing pulses to the
various components. its operation is described briefly in the follow-
ing sub-section, and in the remainder of this section the transfer of
data through the individual components and their interaction with the

driver circuitry will be described.

Section 2.6.2 Driver Circuit

The driver circuit incorporates the Fairchild Driver Board SI61268
and from the CCD clocking signals derives the timing pulses for the
other components of the system. The elements of the driver circuit
are: 1., the hasic clock; 2. thé Fairchild driver board; 3. the mode
select controls; 4. the logic circuitry to provide the irradiation and
readout cvele described in Section 2.5.2; 5., the logic circuitry to

control components; 6. the microprocessor section for controlling the
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seven-segment displays and addressing the memory.

1. The basic clock is produced by a Schmidt trigger oscillator
with a period of ® 2 ns. This pulse provides the basic clock

for the Fairchild board and the logic circuitry.

2, The Fairchild driver board has been described in Section 2.5.1.
One chahge has‘been made in this system and that is to remove the
amplifier from the Fairchild board and to use instead a video
amplifier with a higher and variable gain to amplify the wvideo
signal. This is described in Section 2.6.3. The clock pulses

¢H’ ¢v’ ¢p and ¢R, are derived from the basic clock and are wused
to drive the CCD, in the logic circuitry to produce.the irradia-
tion and readout cycle, and in the logic ecircuitry to produce the

component timing pulses.

3. The mode select controls produce voltage levels which are used
in the logic circuitry to enable and disable components and select
data, thereby controlling the path of the data through the system

and the operations which are performed on it.

L, The logic circuitry to produce the irradiation and readout
cycle uses the basic clock fed to a counter to produce the 'beam
deflect' pulse to deflect the microscope beam (see Section 2.3 ).
This pulse is gated with the basic clock to provide the clock for
the Fairchild board which is stopped during the irradiation time.
In addition this section contains controls and circuitry for
selecting either a 2-frame mode of operation, where the data from
a 100 x 100 array of photocells is transferred to the memory, or
a 3~frame mode where an 82 x 82 array of photocells together with
the corresponding 41 x 82 array of transport cells is transferred.
The curtailed image which is transferred in 3-frame mode is a
result of the memory capacity, which is limited to 10k words.

This will be discussed in Section 2.6.5.

5. The logic pulses to control the component timing and thus the
flow of data through the system are derived from the basic clock
pulse, the clock pulses from the Fairchild board, and the mode

select leveis.

6. The microprocessor section converts the XY position of a given
cell into a memofy address and controls a seven-segment LED display
which displavs both the cell location and content. The location

of the cell to be examined is selected by two variable resistors
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connected to ADCs.

Section 2.6.,3 Amplifier

The video data from the CCD is transferred during the readout cvcle
to a video amplifier with a variable gain. The amplifier consists of
two stages, the first with a fixed and the second a variable gain. The
amplifier gain can be varied from X1.35 to X23.5 with a maximm output
signal of 12V. A d.c. level can be added to the video input from the
. CCD at the first amplifier stage to remove the 8V d.c. level added by
the emitter-follower drive circuit., The d.c. level is variable to
compensate for shifts in the video d.c. level due to temperature
changes, and to match the input d.c. level to the amplifier gain so
that the output level remains constant. The amplifier response was
checked, and it was found to be linear for output voltages in the range
0-1v.

Section 2.6,4 Sample~and-Hold and ADC

The video output from the amplifier is transferred to the input of
the sample-and-hold. The sample-and-hold circuit samples the video
signal and on a command pulse from the ADC holds its output at the
.instantaneous value of input voltage. The output of the sample-and-
hold is connected to the input of the ADC which is commanded by a
'start convert' pulse to convert it to a 10-bit digital signal. At
the end of the conversion time the ADC produces an 'end-of-conversion'
pulse which cormands the sample-and-hold circuit to hold the next

video pulse.

To increase the rate at which video data is converted to digital
form two ADCs were used to convert alternate pulses, The video data
is presented to the inputs of two sample-and-holds and the start
convert pulses to the ADCs determine the timing. The data rate of the

entire system is determined by the maximm sneed of the ADCs.

The ADC accepts input signals in the range Ov to 10v and converts
to a 10-bit nurber in 4 ps. The system data rate was therefore chosen
to be = 0.5 MHz and the basic clock set to give this figure. This
conversion time is by no means the shortest available in cormercial
ADCs, and the data rate could be increased by the use of a more
expensive device., However, the cost of ADCs increases greatly with
speed because of the more comnlex design of the faster devices, and

the data rate is thus a compromise between system speed and cost.

An ADC with 10-bit accuracy was chosen to match the dynamic rance
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of the CCD which is given as 300:1 in the manufacturer's Data Sheet.
This dynamic range is not used in electron bombardment mode due to
the large signal produced by each incident electron, but will be of

use in the future if an electron-photon conversion mode is used.

Therefore, for the direct electron bombardment mode, a gain in system

speed could be achieved by using a less accurate (eg 8-bit) but faster

ADC.

Section 2.6.5 Memory and Adder

There are 5 modes in which data can be transferred into the memory.

These are selected by switches on the front panel of the Data Accumul-

ation and Control Unit, and control the 'mode select' levels mentioned

previously. The input modes operate as follows:

1) Accurulate Mode: This is the mode which is used to record the
images from the CCD. In this mode the data from the ADCs is added
cell by cell to the data already stored in the memory. Thus the
memory content is a digitised image accumulated from many cycles
of CCD irradiation and readout. Referring to Fisure 2.10, the
data is transferred from the ADCs through a multiplexed latch
which converts the 2 parallel data streams into I. It then passes
unchanged through a buffer circuit and rultiplexer to a two-input
adder; whéré it‘ié édded io'the memory contents. The result is
then stored in the appropriate location in the memory. The number
of cycles of accumulation is selected by a control on the Data
Accumulation and Control Unit, and can be varied from 1 to 128 in

factors of 2,

2) Subtract Mode: In this mode the data from the ADCs is subtracted
from the data in the memory. Its operation is identical to that of
Accumulate Mode with the exception that the data is inverted by the
exclusive or buffer, which is gated with a mode select pulse. The
complement of the ADC output is thus added to the memory content.
This mode is normally used, after data has been accumulated, to

subtract the signal due to the d.c. level on the amplifier output.

S)Run Mode: This is similar to accumulate mode, but has no pro-

‘vision for selecting the number of cycles of data for accumulation.

Cycling continues until stopped manually.

4) Tent I Mode: This mode transfers a content of (1016 - 1) to all
memory locations, and is used in testing the output facilities of

the unit. The multiplexer before the two input adder is gated with
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a mode select level to present all 1's at its output in this mode.

5) Test O Mode: This is similar to Test I Mode, but is used
normally to zero the memory content before data is accumulated.
In this case the multiplexer is gated with a mode select level to

present all 0's to its output.

In all of the input modes the driver board provides write enable,
memory enable and address signals to the memory section. The address
signals are derived from a counter which is operéted by the basic clock
and determines the memory location which can be accessed. The memory
enable signal determines whether an operation can be carried out on the
memory, and the write enable pulse determines whether the operation is

data input to the location or data output.

The type of memory used in this system is static RAM capable of
storing 20k 8-bit words, which is used in parallel to give a capacity
of 10k 16-bit words. This word length was chosen to match the 10-bit
output of the ADC, and allow a large number of accumulations at signals
near ADC saturation. The 10k word capacity is sufficient for storing
an image produced by the photocell contents, but is inadequate when
transport cell contents are also stored. This results in the curtailed
82 x 82 array described earlier. It would be desirable at a later date
to increase the memory capacity to eg 16k, so that the full array can
_be stored, and to modify the output to combine the data from photocells

and transport cells to produce a singlé image.

Once stored in the memory, the data can be output in several ways.
In all output modes, the memory data is transferred to a display multi-
plexer, which selects which 10-bits of the 16-bit number are to be
output. For example, if the content of the memory locations is high,
the 10 most significant bits will be selected for output. Conversely,
if the memory content is low, and the most significant bits are zero,
then the 10 least significant bits will be transferred. The bits to
be selected are set by a control on the unit. There are three ways in
which data can be output from the memory. Firstly, in all modes the
data is transferred to the DAC where it is converted to analogue form
to reproduce the video signal. Secondly, the data can be output via a
tristate buffer outnut interface for transfer to storage systems.
Finally, in several modes the data from a selected location is trans-

ferred to a seven segment display.

The 10-bit accuracy of the output siegnal was chosen as being
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suitable for image processing work. Although the frame stores now used
in image processing use 8-bit words, this accuracy is inadequate for
processing requiring, for example, Fourier transformation® and for opera-
tions where the result is the difference of two similar quantities as
in, for example, difference images. However 10-bit accuracy is

sufficient for these applications.

Section 2.6.6 Digital to Analogue Converter.

The data from the display mmltiplexer is transferred to the DAC for
conversion to a video signal. The 10-bit binary number at the DAC
input is converted to a positive poing sampled-and-held pulse with a
maximum voltage of 10v. This pulse is used to modulate the brightness
‘of a Tektronix 608 display monitor which has X and Y scan pulses pro-
vided by the Fairchild board., In 3-frame mode, in which data from both
the photocells and transport cells are stored in the memory, the output
from the DAC can be chosen to be either the transport cell or photo-
cell contents, Thus the data from the photocells and transport cells
are used to produce separate images on the oscilloscope. To display
the image the memory is addressed by the memory counter, which is
cycled continuously so that the video signal to the display oscilloscope
"is also continuously cycled. Thus, once an image is stored in the
memory it can be displayed for viewing or photography without further

irradiation of the specimen.

Section 2.6.7 Numerical Display

The microprocessor unit allows the data from a selected location
in the CCD to be displayed continuously on a seven-segment display in
accumulate subtract, run and display modes. The slider of a variable
resistor is connected to the input of an ADC which produces a digital
output of value determined by the position of the slider., The ADC
output is transferred via a tristate buffer to a set of seven-segment
displays where it is displayed as the coordinates of a row and column
of the CCD. The output of the ADC is also transferred as data to a
microprocessor which calculates and outputs the corresponding memory
-address. This address becomes the input of a comparator circuit whose
other input is the output of the counter which provides the memory
address and which is constantly cycled. ¥When the two memory addresses
become equal the memory content is transferred to the seven-segment

display and remains there until the next cycle is completed.

Section 2.6,8 Output Interface and Storage Systems

The output interface transfers the data to the IBM 370/145 computer
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or to magnetic tape for storage. The data is transferred as 10-bit
numbers and stored temporarily in the interface memory before permanent
storage. The interface directly addresses the memory of the data
accumulation and control unit, and the rate at which it addresses can

be varied.

A Conversational Remote Job Entry (CRJE) system on the IBM 370/145
allows data and procrammes to be submitted to the computer using a VDU.
~ By linking the interface with the VDU, the data from the CCD can be
transferred to the IBM 370/145 as if it was typed in at the VDU, The
creation of a file in the IBM 370/145 and the saving of data is done
from the VDU but data transfer takes place automatically from the
interface., Once in the computer the data from the CCD can be treated
as any other dataset. The rate of data transfer is determined by the
CRJE rate of = 10 words/sec, giving a transfer time of = 15 minutes
for a 4k dataset. This transfer time is undesirably long and is de-
termined solely by the CRJE system, which is a mmlti-user system linked
to the departmental computer. However, CRJE is subsidiary to the
computer's main function and accepts data from many users at the same
time, so that the data transfer rate is reduced accordingly. The
- transfer time could therefore be considerably reduced by using a

separate computer.

The maximum memory capacity of the interface is 4k, so at present
it is not nossible to transfer complete images to the IBM 370/145. In
2-frame mode the first 80 rows of one frame of photocells can be trans-
ferred, as can the transport cells and a small area of photocells in 3~
frame mode. As a result, the system is not yet suitable for image
processing although the addition of memory cards to the output inter-

- face will remedy this. However, it was used to transfer video data to
the IBM 370/145 in the tests on CCD performance described in Sections
3.3 - 3.5.

The system for storing data on magnetic tape uses the frequency
shift keyipg method in which the data is sfored'on tape in digital
form, with a binary I being represented by a high frequency signal and
a zero by one of low frequency. These signals are produced by the
interface and transferred to a cassette tape recorder at a rate of = 10
words/sec where they are stored on audio cassettes. One C60 cassette
is capable of storing 120k 10-bit words, the equivalent of 12 stored
images. Data can be transferred from the cassette to the IBM computer

via the same interface.
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Section 2.6.9 Summary of Svstem Parameters

The data accumulation unit accepts analogue video signals from the
CCD at a rate of ~ 0.5 MHz, dicitises them to 10-bit numbers and stores
them in random access memory with a capacity of 10k 16-bit words. The
data from many cycles (1 to 128 in factors of 2) of irradiation and
readout can .be accummlated in the memory and output as a single image.
The system stores either a complete 100 x 100 array of photocells, or

~a smaller 82 x 82 array of photocells and transport cells.

In addition to storing the CCD data the Data Accummilation and
Storage system provides the clocking signals to drive the CCD 202 and
the deflection pulse to deflect the electron beam off the CCD during

- readout.

The data in the memory can be output in several ways. In all cases
the dafa is output as 10-bit numbers, with a display rmltiplexer
selecting 10 of the 16-bits. The content of a chosen location of the
CCD can be shown on a numerical display. In display, accumulation and
subtract modes the accumulated data is converted to analogue form and
displayed on a monitor oscilloscope. Finally, the data can be output
for permanent storage via an interface to the IBM 370/145 eomputer or

to magnetic tape at a rate of ® 10 words/sec.

Section 2.6,10 Tests performed on Svstem

The Data Accumulation and Control Unit was tested to investigate
the system performance and to eliminate any faults in the system. As
an overall test which checked most functions of the system the CCD was
illuminated with electrons and the digital output on the numerical dis-
play vs. “‘he number of electrons incident on the CCD was measured.
When this test was done the output of the CCD had already been shown
to be linear with electron dose, up to the saturation voltage of the
device (Section 3.2.2). As a result this tests the amplifier, sample
and hold, ADC, memory adder, and the logic circuitry driving them since
a fault in this section will be evident in a non-linearity of the out-
put signal with respect to the input siomal. Displaying an image
incident on the CCD checked the memory address system, since a fault
in this area would be seen as a fault in the organisation of the image.
The address in external mode was similarly tested by transferring an
image of an anerture edge to the IBM 370/145 and printing the stored

data in digital form,

No problems were found with the lozic circuitry but several were
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identified at the input stage~with the amplifier and samnle-and-hnld,
Firstly, the preliminary test showed that it was necessary to bypass
the arplifier on the Fairchild hoard, hecause this was a.c. counled
and resulted in a varying base line, giving a change in the digital
output of a cell if the signal in adjacent cells was changed. This
amplifier had previously been resnonsible for removing the 8v d.c.
level of the CCD output and so a negative voltare was provided at the
input of the amplifier which was added to the video signal to give a
- base line of 0V, This voltare was made variable to enable its heirht

to be adjusted to suit the amplifier gain,

A problem arose in operating the amplifier at high gain. The
frequency of the video signal is 0.5 MHz, recuiring an amplifier band-
width of 10 MHz to maintain the square wave shape of the pulse at
the amplifier output. At low amplifier cain this condition holds.
However the gain bandwidth product of the amplifier is such that at
high gain the bandwidth is reduced to a level where the pulse edges are
distorted, This means that the point at which the video sifmal is held
by the sample-and-hold has to be chosen to he on the flat top of the
pulse where it is least affected by the distortion at high gain, This

~was set accordingly.

A non-linearity in the output signal on the numerical display
against the CCD output was seen for low values of CCD output., This was
identified as a problem arising from the non~linearity of the amplifier
for low signals and was solved by setting the bias voltame on the
amplifier input to give a larger input signal which was in the range

with constant cain.

A problem arose in the linearity tests when it was noted that the
digital output for a given signal was a function of temperature of the
CCD, This was investigated by measuring the digital output as a
fanction of CCD output for various temperatures. The result is shown
in Figure 2,11, It apvears from this result that the 8V d.c, bias
voltage on the CCD drifts with temperature by ~ 1mV/°C. This result
means that it will be necessary to stabilize the CCD temperature to

avoid drifts in the digital output,

With the temperature stabilised and the ahove adjustments made, the

system was linear throughout the range of CCD signals.
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SECTION 2.7 DISPLAY‘OSCILLOSCOPE

The output signal from the DAC is displayed on a Tektronix 608
monitor to allow the accumulated image to be viewed and photographed.
The monitor consists of a cathode ray tube with a high brightness
phosphor screen, with the electron beam intensity and thus the screen
brightness modulated by the voltage output from the DAC. The Fairchild
Driver Board SL 61268 provides the X and Y scan signals to produce the
image raster. The images on the phosphor screen are recorded on photo-
graphic plate; either on Polaroid 1070 film for immediate prints or on
I1ford HP5 220 roll film. The high brightness phosphor allows the

image to be seen when the room is moderately well 1lit,

The display monitor has a gain control and a variable d.c. level to
match the input signal level to the usable voltage range of the Cathode
ray tube and thereby to use the full brightness range of the monitor,
The voltage range on the CRT input required to give the maximum number
of grey levels distinguishable to the eye was measured using a step
function generator designed by Dr E H Darlington and built in the
departmental Electronics Laboratory. This unit generates a step
function consisting of 20 voltage steps of equal magnitude which is
"used to modulate the monitor brightness. The start of the pulse can be
triggered by the horizontal scan pulse, giving a series of vertical
stripes of increasing brightness. By suitably adjusting the gain and
d.c. level controls and the number of voltage steps, the msable voltage
range was determined and the maximum number of grey levels which could
be seen on the monitor was found to be 14, with a voltage on the CRT
input of 0 - 70v. A series of calibration photographs of the step
function displayed on the screen allowed the optimum exposure time and

aperture setting to be estimated.
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CHAPTER 3
EXPERIMENTS ON CCD PERFORMANCE AS AN ELECTRON IMAGER
SECTION 3.1 INTRONDUCTION

Section 3.1.1 Desirable Proverties of CCDs for Electron Imaging

The Fairchild CCD 202 is designed for photon imaging and since
differences exist between the interactions of electrons and photons
with the MOS structure of the device, it is not clear, a priori,
whether the CCD 202 will be equally suitable for electron imaging.
These differences are outlined in Section 1.3. 4is a result, a series
of experiments were performed to test the suitability of the CCD 202
for imaging in the electron microscope. There are several criteria
which the CCD must fulfil if it is to compete with estahlished imaging
methods such as photocraphic film and more sophisticated ecuipment

such as television-type image intensifiers,

1. Detective Quantum Efficiency (DOE). 1In an ideal recording

system no noise is introduced into the output signal by the detector,
This is not achieved in practice and the DQE of the system, defined as
(S/N)Qoutput/(S/N)Qinput is used as a measure of noise increase.

- (S = signal amplitude; N = noise amplitude). A DQE of 1 corresponds
to an ideal recording system with no additional noise. This condition
holds in an electron imaging svstem if all electrons in the image are
detected, so that the noise in the detected image is equal to the
original shot noise in the electron beam. This requires firstly that
the imapring device is sensitive enough to detect single electrons,
that is, the gain of the device should be high enough that the output
signal from 1 electron is greater than the output noise. If this con-
dition holds, the imaging system can be used in electron counting mode,

12,3455 In this mode, the electron

as in the system of Herrmann et al}
dose on the detector is low enough that the number of electrons incid-
ent on each cell is either 1 or 0, and a discrimator set on the output>
signal produces a 1 or 0 signal accordingly. This method yields a

high DQE (0.6 in that of Herrmann et al) but has the disadvantape that
a large number of cvcles of readout and data accurmlation must be per-

formed to produce a statistically significant image.

In an ideal detection system, the detector would be able to dis-
criminate between the signals due to n - 1 andnelectrons, where n is
the number of electrons which saturates the device. For this tobe the

case requires that f;AS < S where S is the sirmal produced by one
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electron and 4S is the noise in that signal. Therefore for discrimina-
tion of high numbers of electrons the width of the probability dis-
tribution for signals due to one electron must be small. Finally, so
that no additional shot noise is introduced into the output, the CCD
mist make use of every incident electron, that is there must bhe no
inactive areas on the device. This will be the case for the CCD 202
for electron bombardment, since both the photocells and the transport

cells are sensitive to electrons.

Two experiments were performed to see whether these conditions held.
Firstly, the gain of the CCD in terms of output voltage/incident
electron was measured and this is deseribed in Section 3.2, In addi-
tidn, experiments were done specifically to test single electron
detection ability and to determine the single electron distribution and

these are reported in Section 3.5,

2, Linear Response. An important and desirable feature of a

detector for image processing is an output which is simply related to
the number of electrons incident on each picture element., A linear
relationship clearly fulfils this requirement, and Section 3.2.2 de-

scribes experiments to check that this holds for the CCD 202

3. Spatial Resolution., It is important that the spatial resolu-

tion in the image is decraded as little as possible by the resolution
of the detector system. This can normally be achieved by magnifying
the image to match the required resolution to the minimum resolvable
distance in the recorder. For example, in the JEOLJEM 100C, a lattice
resolution of 1.4 § is po;;ible in the image. For this to be resolved
on a typical photographic emulsion (with a resolution of & 30 m®) re-
quires a minimum electron microscope magnification of =« °00,000.

In this case considerable enlargement of the image on the photographiec
plate would be required to make the detail at 1.k | sprcing visible to
the naked eye. |

The best resolution possible with the CCD 202 is determined by the
cell size of 18 ymm x 30 ym for photocells and 20 ym x 60 ym for trans->
port cells, If this was the only limitation on CCD resolution the CCD
could in theory detect image detail as small as 2 x 30 nm/250 x 103
(where the latter figure is the maximum magmification of the JEM100C).
This gives a figure of 2.4 2 for the smallest resolvable lattice repeat
distance, suggesting that it should always be possible, with this
microscope and CCD to come close to the resolution limit of the micro-

scope by suitable adjustment of the magnification.
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However, the CCD resolution may be degraded beyond the limit impos-
ed by the cell size. As described in Section 1.3.4 an incident electron
creates a cloud of electron-hole pairs in the silicon substrate, with

the diameter of the cloud increasing with the incident electron energy7.

Experiments were performed to measure the spread of an electron

signal to adjacent cells and these are described in Section 3.4.

%, Uniformity of Resnonse, Since the CCD consists of an array of

detectors it is important that there is good cell-to-cell uniformity
of response, If this condition is not met separate calibration of the
response of each cell and manipulation of the video output would be
required before the output data could be used to reconstruct the image.
Since the CCD is a monolithic device, it is expected that variations
in cell size and in depletion layer depth, both of which can affect
electron gain, will be minimal. In addition, the readout method
employed in CCDs has the advantage of sensing all charge with the same
output amnlifier, so avoiding the problems of matching the gain of
individual amplifiers encountered in some types of photodiode arrays
and other solid state imaging devicesS. An experiment to study: the
uniformity of response of the CCD 202 for electrons is described in
Section 3.3.

5. Speed of NData Collection. This is an important factor in

determining the applications in electron microscopy for which CCDs are
best suited, Tdeally, the collection system should impose no limita-
tions on the beam current density, so that collection time is minimised,
and instabilities in the specimen and in the microscope are unimportant.
Howvever, the maximm readout r;tevof the CCD 202 is limited by the
device structure to 2 MHz, and the Data Accumulation and Control Unit

further reduces this figure to &« 0.5 MHAz.

The time ® required to accumulate an image with an average of N

electrons/photocell is:

T = nTy + nTR
n is the number of cycles of irradiation and readout required and
is = 2N/Nf.w where Nf.w is the full well capacity of the CCD, that is,

the number of incident electrons which fill a cell of the device.
(Ot ic ass'med that the cells are half-filled at each accurmlation)
Ty is the time for one irradiation and has the minimm value

Ty = R BEAM where RBEAM is the electron beam intensity

rasured in
electrons/photocell/second.

eleCu: ULID/ THULULELL/ DECULIU .

Ty
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Tp is the time for 1 readout cycle,

2N N 5w 2N
Therefore T =% RWBEAM * Npw 'R
=on & L )

RBEAM * Tpw

With TR fixed, and N chosen, ¥ is determined by the electron beam
intensity and the full well cavacity of the CCD. Experiments to
measure the full well capacity together with the implications of the
data collection rate on possible uses of CCDs in microscopy are de-

seribed in Section 3.2.3.

6. Radiation Damage to CCD. An ideal detector would suffer no

degradation in performance due to the incidence of ionizing radiation
but the CCD, being an MOS device, does undergo such a deterioration.
Since this aspect of CCD performance is crucial to its use as an
electron imager a large amount of time was spent in investigating the
effects of radiation damace and in combating these effects. The
results of this work merit a separnte chapter and so are described in
detail in Chnpter 4. .

SECTION 3.2 MEASURFMENT OF GAIN AND CELL CAPACITY

Seetion 3.2.1 Exmerimental Method

In these experiments the relationship of output voltage to the
nunber of electrons incident on the device was studied and from the
results the number of incident electrons required to fill a cell was
found. This was done for electrons of energy 20, 60 and 100 keV, these
being representative of energies of interest in electron microscopy.
The experiments were performed on the Fairchild CCD 202 described in
Chapter 1 using the apparatus described in Chapter 2, The CCD was
mounted in the cooling holder in the camera chamber of the JEOL JEM 100C
electron microscope and was typically cooled to -20°C. The number of
electrons incident on the device was measured using the scintillator-
photormultiplier counting system and the output voltage was measured by
displaying the video output on an oscilloscope. The number of incident
electrons was varied by adjusting the electron gun bias voltage to vary
the beam intensity. A small aperture ( » 500 mm diameter) above the
CCD allowed an area of <« 150 nhotocells and ® 75 transport cells to be
irradiated for each energy, while shieldinm all other areas from the
incident radiation. Since the radiation damapge described in Chapter 4

affects the gain of the device, all measurements were made on areas
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which had not previously been irradiated.

In the experiments described in this Section the preliminary driver
board with modifications was used to drive the CCD. The saturation
output voltage of the CCD was therefore 2.5V.

Section 3.2.2 Results for Output Voltage versus Number of Incident
Electrons

Figure 3.1 shows the results of the experiments to determine the
variation in output voltage with the number of incident electrons. The
number of incident electrons/cell/irradiation was limited to = 60 in
these experiments by the speed of the counting system and the maximum
irradiation time available in the system (35 ms). With hindsight, the
size of the aperture over the scintillator should have been reduced to
allow the beam intensity to be increased te cover the full range of
output voltage of the CCD. However, this was not done at the time, and
only the data for 100 keV electrons is complete. The experimental
errors arose from the scale reading error on the oscilloscope together
with the shot noise in the electron beam encountered with the low

electron doses measured here.

Clearly, within experimental error the output voltage of the CCD
increases linearly with the number of incident electrons over the
voltage range studied. There is, as expected, an increase in the out-
put voltage/incident electron with the electron energv and this
quantity is shown in Table 3.1 for the 3 electron energies used in the
experiment. The table also shows the output voltage per unit of energy
for the 3 electron energies (in mV/keV). This is a measure of the
efficiency with which the CCD collects the energy from the incident
electrons, and it can be seen that the value for 20 keV electrons is
considerahly lower than for 60 and 100 keV. This is consistent with
the large fraction of the ener~y of 20 keV electrons which is deposited
in the overlying layers of the CCD and which therefore does not create

electron-hole pairs in the silicon.

The linearity of the CCD outnut voltare with the nurber of incident
electrons augers well for its use in image processing. Digitising the
CCD output thus rives a figure which is directly proportional to the
number of electrons incident on the corresnmonding photocell, which is
not true (except in a limited range) of the output of the photogranhic

plate-densitometer systemg.
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Electron Fnersy (keV) 20 60 100
Cutnut voltase/incident electron (mV) 5.6 38.4 55.5
mV/keV 0.28 0.6% 0.55
Cell capacity (electrons/~hotocell) 440 65 45

Table 3.1: Response of CCD 202 for various electron energies




Section 3.2.3 Cell Canacitv

The number of incident electrons required to fill a cell of the CCD
can be calculated from Fipure 3.1. The results are given in Table 3.1
for reference and are resrectively 45, 65 and 440 electrons/cell for
100, 60 and 20 keV electrons. This low cell canacity implies that many
cycles of irradiation, readout and accumulation will be required before
the number of incident electrons/cell of the CCD is statistically sig-
nificant. This was the motivation for designing the Data Accumilation
and Control Unit described in Section 2.6 to allow the data from many
cycles to be digitised, added and stored. Table 3.2 shows the number
of accumulations required at each electron energy to collect an accept-
able image with an average of 103 electrons/nhotocell and the time
taken to do this using the Data Accnwmulation and Control TUnit (assuming
that the shortest possible accumlation time of 5 ms is used). It is
assumed in this caleulation that 103 electrons/photocell are sufficient
to produce an image suitable for image processing and in which statis-

tical variations are not visible to the human eye.

While these cell capacities and accumulation times are acceptable
for producing images in CTEM, the limited cell capacity rules out the
“use of CCDs in direct bombardment mode as detectors in EELS. The
height of the zero-loss peak in the EELS spectrum compared with the
heights of the energy loss peaks requires a detector with a large
dynamic range ( » 104) if the full spectrum is to be recorded in
parallel’®, Clearly, the limited full well capacity of the CCD for
electrons means that the direct electron bombardment mode cannot be
used in EFLS, However, an optical coupling system which converts the
electron signal into a photon signal, which is then detected by the CCI)
would effectively reduce the CCD gain, and increase the cell capacity
of the device, Such a system, incorporating a microchannel plate

image intensifier, has been renorted by Hicks et alll,

As described in the introduction, CCDs could be used in place of
the single detector normally used in STEM, and fhe output signal pro-
cessed to simulate different detector geometries., It is unlikely in
this case that more than one accurmlation will be required, since the
signal processing involves the addition of Signals frdm areas contain-
ing a large number of cells. For electrons of energy in the range
60 - 100 keV, é signal which half fills the photocells is equivalent
to a total signal of x 5 x 107 electrons on the CCD. Hovever, even if

the signal from 1 accumilation provides sufficient data for each
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Tlectron Enerev (%eV) 20 60 100
Cell Capacity (electrons/photocell) 440 65 45
Number of accumulations for ¥:shot noise| % » 30 45
Time to accumlate image with 3%

shot noise (seconds) 0.24 1.8 2,7

Table 3,2: Cell capacity and accuwmletion time




pieture point in the image, the CCD rmst be read out for each picture
element, resulting in an-accumulation time of <, 1 hour for an image

of 256 x 256 picture elements at the present data rate.

Neither the data rate nor the cell caracitv are fundamental
limitations on the performance of CCDs as electron imagers. CCDs have
-been manufactured which operate at 2z 100 MHZ}Q, and the CCD cell
capacity can be increased by increasing the cell area., The latter is

particularly simply done in the case of linear arrays.

Section 3.2.4 Electron Gain of CCD 202

Exact values for the electron gain of the CCD 202 cannot be cal-
culated from the measured results because of lack of information on the
full well capacity of the device. In addition, values for the thick-
nesses of the overlying lavers of the device and for the depth of the
depletion region are necessary for a theoretical calculation of
electron gain. As discussed in Chapter 1, these figures are available

for the CCD 201, the forerunner of the CCD 202, but not for our device.

However, it can be assumed that the full well capacity of the
CCD 202 is of the same order as tbat of the CCD 201 which is 4X 10
. This gives figures of 0.9 x 103, 6.0 x 103 and 9 x 103 for the

513,

electron gains of 20, 60 and 100 keV electrons respectively. These
figures are considerably less than the theoretical maximwmn number of
electron-hole pairs created if it is assumed that 3.66 eV is required
for the production of each electron-hole pair ( = 5 x 103, 16 x 103,
27 x 103 for 20, 60 and 100 keV respectively). There are 2 factors

which act to reduce this figure below the theoretical value.

Firstly, energy is deposited in the overlying layers of the CCD,
and is therefore not available for the creation of electron-hole pairs
in the silicon substrate. This mechanism is most important in the
case of 20 keV electrons, where the range of the electrons in silicon
is comparable with the thickness of the electrode layers. Therefore,
the gain for 20 keV electrons is relatively smaller compared with that
of 60 and 100 keV than would be at first expected.

Secondly, only electron-hole pairs created in fhe depletion region
of the cell experience the force due to the electric field which
collects them in the potential mininmum. Electron-hole pairs created
outside the depletion region may diffuse into it and so be collected

in the signal charge packet. However, since diffusion occurs in all
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directions, a large fraction of the charge created outside the deplet-
ion region is not collected, and the number is further reduced by the
recombination of electron-hole pairs. A typical value for the thick-
14

ness of the depletion region is 5 mm~*, and with ranges in silicon of
20 and 60 nm respectively for 60 and 100 keV electronsld, it is clear
that most of the electron energy is deposited outside the depletion
region. A’very rough calculation, which assumes dE/dx is constant
throughout the range of the electron in the silicon and is zero there-
‘after, that half of the created electrons diffuse towards the inter-
face, and that the diffusion length of electons in silicon is 50 ym,
was done to determine the fraction of the electron energv collected in
the potential minimum. This surgests that 22 30% of the energy of

100 keV electrons is collected as sismal, and that the equivalent figuwe
for 60 keV electrons is 40%. The figures are reasonable in the light
of the experimental results., The calculation for 20 keV electrons is
highly dependent on the thickness of the overlying layers of the CCD,
and the data for the CCD 201 does not give a figure compatible with the

experimental results.

Despite the uncertainty in the figures for electron gain, it is
clear that the value for gain for 20 keV electrons is n4103, while for
60 and 100 keV this figure is s 10%. These larre gains sucgest that
single electron detection by the CCD should be possihle at all 3
enerpgies given the anproximate random noise ficure of * 0.1% of full
well signal for ajcooled CCD (equivalent to 2 300 minority electrons)
given by Currielj, and the statistical variation in the number of

electron-hole pairs created in the silicon ( = 14 for 100 keV).

SECTION 3.3 TUNITFORMITY OF RESPONSE OF CCD 202 TO ELFCTRONS

Section 3.3.1 Exverimental Method

As described in the introduction to this Chanter, it is important
that the response of the individual cells of the CCD is uniform over
the device to avoid the necessity of scaling the cell outputs. The
uniformity of resmonse was checked by illuminating the CCD with a
uniform electron heam, ie one in which variations in the number of
electrons incident on each cell are due only to the shot noise in the

electron beam, and producing a historram of output cell contents.

In this experiment the CCD was housed in the cooling holder in the
electron microscone and was tynically coole? to 1N- -20°C., An area of

82 x 82 photocells and the associated trarsport cells in the centre of
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the device was exposcd to the electron beam with the rest of

the device being shielded from electrons hy a corper arerture of thick-
ness 75 nm to avoid irradiation of the output amplifiers. The counting
svstem described previously monitored the number of electrons incident

on the CCD, so that the variation in output signal from the CCD cells

could be compared with the shot noise in the electron beam.

In the experiments described in this Section the CCD was driven by
the Data Accurulation and Contrel Unit, and the video output was
digitised and stored by the Unit. Either 31 or 63 accurmlations were
.performed to collect each data-set. Once accumulated, the data was
transferred to the IBM 370/145 computer using the output interface
described in Section 2.6.9., The data stored in the computer was
analysed to produce a histogram of cell contents. From the width of
this distribution, knowing the contributions from shot noise, non-
uniform illumination, and random noise the uniformityv of response of

the CCD photocells can bhe calculated.

It is important to ensure that the illumination on the CCD is
uniform for these experiments, since otherwise variations in CCD output
may occur which cannot be attributed to the device itself. In these
experiments an irradiation time of 47 ms and a readout time of 56 ms
were used with the beamldeflected by the translate coils. Variation
in intensity across the device should therefore be %= 1% (see
Section 2.3). Before the data was accumulated the photormltiplier
output was checked on the oscilloscope to see if this condition held.
The intensity wvariation counld have been further reduced to = 0.5% by
deflecting via either the gun tilt or gun translate coils but this was

not realised at the time.

After each set of accumulations the background siesnal due to the
d.c. level on the CCD was subtracted to ensure that the signal stored

in the memory was due only to electron signmals.

Results were ohtained at 2 electron energies, 40 and 100 keV.
20 keV was not used in these experiments due to the rate at which
electrons of this enercy cause damage in the CCD (see Section 4.3).
The data from photocells was transferred by operating the Data
Accumilation and Control TUnit in 2-frame mode, and transnort cell data
was transferred by operating in 3-frame mode. Normally the data from
4096 cells (the maximum memory capacity of the interface) was trans-
ferred to the computer for analysis. The computer program calculates
the mean and standard deviation of the content of irradiated cells and

produces a printed histogram of cell contents.
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Section 3.3.2 Fxperimental Results

The experimentally measured standard deviation in the output sigmal
from the photocells is in the rangme 3-5% for the 2 ernergies studied,
Fipure 3.2 shows the histogram of cellcontents for 40 and 100 keV
outputs, Taking the contribution to this figure from the shot noise
in the electron beam and the 1% variation due to beam deflection into
account gives a non-uniformity of responsé in the CCD in the rance 2-4%
of the ontput signal. This variation is of the same size as that quot-
Aed by the CCD manufacturers for irradiation with light which is 2%
typical and 10% maximum 'shading'. 'Shadine' is described as the
variation in output signal across a row of photocells when the CCD is
uniformly illuminated with light. It is not certain how this relates
to the standard deviation in output signals but is probahly of the same

order of magnitude.

This uniform response of the CCD photocells suggests that the noise
introdnced into the video output by the CCD does not seriously derrade
the video data, It is asswmed that the wvariation in output signal is
due to fixed pattern nnise since the random noise in the output signal
should be low, From Currie's data, the random noise due to the output
“amplifier is calculated at » 1% of the total signal, and at the
temperature used in these experiments the random noise due to dark
current is necligible. That the variation is dune to fixed pattern
noise counld have been verified by cormparing two sets of video data
collected from the CCD at different times, since the same pattern of
sipnal should be observed for both datasets, However, this was not

done due to lack of time.

It is probable that the fixed pattern noise is due to variations
in the efficiency of collection of the created electron-hole pairs from
cell to cell, This results from varintions in lifetime of the electrons
in the silicon due to ron-uniformities in the composition of the sub-

16.

strate -

Thus it is to be expected that the noise introduced into the sigmal
for 100 keV electrons should be greater than that for 40 keV electrons,
since 1N0 keV electrons have a range of ® 60 ym in silicon, and 40 keV
electrons have a range of & 8 pm. As a result, the electron-hole pairs
created by 100 keV electrons have to diffuse a greater distrnce to the
potential minimum and so are more affected by variations in diffusion
length., This is consistent with the exmerimental results, which rive a

noise introduced into the output =ignal of 2¢ and 3.5 for 40 and 100
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keV electrons resnectively,

The DOE of the CCD for electrons can be calculated from the figures
for output noise in the signal., TFor 40 keV electrons a DQE of x 0.6 is
obtained which is satisfactorily hich., For 100 keV electrons the DIE
is lower, due to the rsreater dependence of charge collection on

.dlff0810n, and is 0 46151nce DOE may be a function of the number of incident

electrons, thes ejflwures apply only to a dose of ~ 103 electrons/nhotocell.

During the course of these experiments it was obhserved thet the
noise introduced into the video signal by the CCD increased dramatic-
ally (to & 124) if the CCD temperature fell belowa -20°C, It was
postulated that this may be due to ice forming on the surface of the
. CCD but it is not clear whether this is the case,

SECTION 3.4 SPATIAL RESOIUTION OF CCD 202

Section 3.4.1 Txperimental Method

T-is Section describes the measurement of the spread of the simmal
from an incident electron from the cell on which it was incident to
other cells, This proves to be more imrortant than the cell size in
“deterrining the resolution of the CCD for 100 keV electrons. The
exneriment was performed for 40 and 100 keV electrons, A conper
aperture, of thickness 75 ym, was placed ahove the CCD, and the
device was illuminated with a uniform electron heam. As a result
there is a transition at the aperture edge from an area which has
been illuminated with electrons to one which has received no
illvmination, If there is no scatterine at the edge of the aperture
the variation in outnut sipnal at the aperture edge reflects only the
spread of charge from the irradiated to the unirradiated cells,

Tt is assumed that this conditior held for these exrerirents,
However, under an ontical microscore the edre of the aperture is
uneven on the scale of = 6jm so that there should be an intensity
variation over this distance at the aperture edge, However,

since this is * 1 of the width of a photocell the effects of

edge non-uniformitr should
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normally be limited to 1, and at worst to 2, cells.

The CCD output was collected and transferred to the IBM 370/145
using the Data Accmulation and Control Unit. The dicitised values for
cell content were plotted at the aperture edge to show the intensity

variation.

Section 3.4.2 Experimental Results

Figure 3.3 shows the variation in photocell content along a
horizontal row at the aperture edge for 100 keV electrons. A sirmific-
ant variation in cell eontent can be seen over 4 photocells. The total
digital output from these 4 cells is equivalent to the content of one
full photocell and one which is 75% full. We can therefore assume that
"eell 1 has received its full quota of incident electrons, that cell 2

“is partly irradiated, and that cells 3 and 4 have not been irradiated.
This suggests that the aperture edge is positioned in cell 2 so that a
distance of 15 nm on the left-hand side is irradiated and the remainder

of the device(5 jm)is shielded by the aperture.

In electron microscopy, the diffusion width at an aperture edge for
photogréphic film is defined as the point at which the density of the
emulsion falls to 1/10th of its maximum value17. This criterion gives
a figure of 50 ym for the diffusion width for 100 keV electrons in the
CCD. Thus a significant sipgnal is created in an area of diameter

100 nm.

Figure 3.4 shows schematicallyahorizortalsection through this row
of the CCD showing how the spread of charse to nearby cells occurs.
The finite width of the electron-hole pair clouds created by the incid-
ent electrons, results in the creation of electon-hole pairs under
electrodes which have not been irradiated (as in the case of the trans-—
port cell between photocells 2 and 3). In addition, the lateral
diffusion of the minority electrons results in charge dAiffusinc to and
being collected over a still larpger area. In this case the charge
collected in photocells 3 and 4 is due to minority carrier diffusion.
Returnine to figure 3.3, the loss of charge in cell 1 is due to the
smaller amount of charge which spills over to it from cell 2 than to

the other cells from their fully irradiated neighbours.

Figure 3.5 shows the same effect for 40 keV electrons, In this
case the simnals from both photocells and transport cells were collect-
ed and suitably scnled to show the variation in output across the edge.

As can be seen from looking at the outputs of the photocells alomne,
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there is no smearing of signal to nearest neighbour photocells for

40 keV electrons. There is some charge spillage from a photocell to
the adjacent transport cell, and vice versa. Trom the contents of the
cells at the edge of the aperture it appears that cell 1 (a transport
cell) was comnletely irradiated, cell 2 (a photocell) was irradiated
over x 25% of its area and cell 3 (a transpnort cell) was unirradiated.
The output signal falls to 1/10th of its maximum value in = 14 um in
this case, giving a diameter of = 28 ym for the area over which 40 keV
electrons create a significant signal. The effect of diffusion on the
spread of charge is less significant in the case of 40 keV electrons
than 100 keV electrons, since a large fraction ( = 40%) of the electron
energy is deposited within the depletion region as compared with 4%

for 100 keV electrons.

These calculations of signal snread assume that there is negligible
charge smearine as a result of charge transfer inefficiency in the
horizontal output register. Since the CCD clockino voltages were
adjusted according to the manufacturer's instructions to ensure that
this was the case, it is assumed that the charge transfer wefficiency
was negligible. However, since this was not measured directly, these
experiments can only set an upper limit on the area over which charge
is created.

Section 3.4.3 Comparison of Results with Expected Values

-

Experimental results on the shapes of the electron-hole pair cloud

volumes in bulk material are not available in the literature for 40 and
100 keV electrons, and there is unfortunately a wide variation in the
electron-hole pair cloud diameters predicted by various theories? (eg
ranging for 100 keV electrons from 19 ym (Reed) to 100 nm (Duncumb)).
waever, a rule-of-thumb guide generally used by electron microscopists
is that the diameter of the volume of X-ray pro-duction ( % the volume
of electron-hole nair production) is approximately equal to the
electron range in the material and that the shape of the distribution
is roughly spherical. This assumption becomes less true with increas-
ing electron energy and with decreasing atomic numBer, resulting in a
more elonrated distribution with diameter less than the electron range.
This is the case for 40 and 100 keV electrons in silicon. The range

of the electrons 8.5 1m for 40 keV and 60 ym for 100 keV thus puts an
upper limit on the expected diameter of the electron-hole pair cloud.
This is approximately a factor of 2X smaller than the spread of charre

ohserved in the CCD, where the variations in sipnal at the aperture
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edge suggest that an incident electron creates a sienificant signal
over an area of diameter 28 pm and 100 ym resnectively for 40 ani 100

keV electrons. The probable exnlanation for this greater spread is

~ the diffusion of electrons created outside the denletion recion into

the potential wells of distant cells, This effect is most irportant
in the case of 100 keV electrons where a large fraction (= 96%) of

the electron-hole nairs are collected by diffusion. In the case of 40
keV electrons = 60% of the electron-hole pairs are created outside the

‘depletion region.

Section 3.k,4 Tmnlications of Charge Snre~dinec ) -

Charge spreadinc has the effect of decrading the resolution of the
-CCD by decréasjnr the effective number of nicture elements in the
device., Tn the mode in which we intend using the CCD there is no
advantace in h-vine CCD cells which are smaller than the charge spread
distribution ani the number of effective picture elements is the active
area divided by the area over which chnrge is created. The CCD 202 =ith
photocells of size 18 ym by 30 )mn is therefore well smited for imaging
with 40 keV electroﬁs, but its resolution is reduced by a factor of = 4

when imaging with 100 keV electrons.

Thus for fature use, it would be desirahle to have a CCD with a
larpger cell size, which matches the diareter of charce spreadire for
100 k2V electrons. A cell size of 100 x 100 pm would be snitable,
Fo-sever no sﬁch devices are currently évailable and it mey be
necessary to have a device specially made for electron
imacine, .

SECTION 3.5 STINGLE FLFCTRAN NISTRIBITION

Section 3.5.1 TIntroduction

A series of exneriments was performed at various electron enercies
to investigate the ability of the CCD to detect single electrons, and
to determine the spread of output signals pro-uced by a single electron
incident on a cell., As discussed in the introduction.to this Chapter,

this will determine whether the CCD can discriminate between output

. pulses due to large numbers of electrons.

The initial plan in these experiments was to perform only one.cycle
of accurmil~tion and readout and transfer the output of the CC) to the
IBM 370/145 for analysis. However, in the course of the experirents a
problem arose in the CCD performance which made this method unworkable.

Since this problem necessitated some modification of the arn~ratus and

57



alteration of the experimental plan it will be discussed first.

Section 3.5.2 Charge Barrier Problem

A 100 keV electron incident on a CCD cell should create a sigmal
of ~ 22 mV at the CCD output. At maxirnm amplifier gain this should
rive a signal of # 53 units in the Data Accumlation Unit. However,
in the experiments to detect single electrons, the CCD was irradiated
with a signal of 1 electron/5 photocells, and the content of the cells
.in the Data Accurmulation Unit was zero, instead of the expected average
of = 11 units, Further experiments were performed to investigate this

phenomenon and as a result the following observations were made:

At low signal levels, the outﬁut signal/incident electron depends
on the number of accumulations performed, being apnroximately zero for
1 - 3 accumulations and increasing thereafter. The number of accurmla-~
tions.required before a charre output is seen depends on the number of
electrons incident per accumulation. Firure 3.6 shows the output of
the ADC versus the number of accumulations for a low and a high
intensity electron beam. From these and other measurements it appears
that an electron dose of 4 - 7 electrons/cell must be collected before

any output is produced.

This effect may be due to charge trapping in states in the CCD bulk,
suggesting that there are ~ 3 -6 x 10" such states per photocell., This
figure is of the order of the number of bulk states present in a photo-
ce1118,19 (~ 1017 - 1019/m3). These states are approximately in the
middle of the hand gap and are due mainly to metallic impurities in the
silicon, such as goldQO. Since the CCD is cooled, and is cycled con-
tinuously while not being irradiated, the bulk states which normally
retain charge can be emptied, and become ready to trap any minority
carriers present. The absence of dark current in the cooled CCD means
that the signal charge due to incident electrons provides the only
available minority carriers and so is trapped. Cooling the CCD to
~20°C reduces the dark current from its room temperature fioure of

~ 107 minority electrons/photocell/accumilation to x 102 minority

electrons/photocell/accumilation,

Section 3.5.3 Modification to Data Acecwmulation and Control Unit

This charge trarping effect means that it is not possible to carry
out the experiment to detect sirngle electrons according to the original
plan of irradiating the CCD with a very low dose of electrons for one

accummulation and examining the output. Clearly, it will be necessary
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to provide some signal charge for the trapping states, so that the CCD
is reading out normally, before collecting the output. A modification
to the driver circuitry was built to accomplish this. It allows the
CCD to be irradiated and read out for a chosen number of times without
data being transferred to the memory or adder circuitry, then allows
the data from a chosen number of cycles to be stored in the memory,
and finally allows cyecling to continue with no storage of data, In
this way the contents of the CCD can be examined midway through the
-accumulation of data rather than at the beginning of the accuwmlation
when the CCD has not‘come to equilibrium. This modification was used

in the following experiment to measure the single electron distribution

Section 3.5.4 Fxperiment to Measure Sincle Electron Distribution

The experiment was performed with electrons of energy 40, 60 and
100 keV. The CCD was cycled for 63 periods of irradiation and read out
without storin~ data, and then the data from the 64th cycle was stored
in the memory and output to the.IBM 370/145 computer for analysis.

Since the electron dose used in these experiments was % lé electron
/ﬁhotoce]l, from the previous resnlts 15 - 35 accumulations would have
been sufficient to ensure that the empty states in the silicon bulk
" had been filled and that the CCD was working normally. Therefore, 63
accunulations was chosen so that the output was examined in the region
where the CCD has come to equilibrium. The CCD was cooled to & -=10°C
during the experiments to reduce the signal due to dark current noise,
and 1 subtraction was performed after the data had accumulated to
remove the signal- due to the d.c. offset on the CCD output. The
electron dose on the CCD was monitored by the counting system, and an
aperture of diameter 2 rm (equivalent to 3272 photocells) was placed
above the scintillator to match the number of electrons incident on the
scintillator to the maximum count rate of the system. The count rate
was measured for the 127 accurml~tions and was suitably scaled to
obtain the number of electrons incident/cell for 1 accurulation. Ain
amplifier gaiﬁ of 23.5x was used to 7ive the maximum signal arplitude

into the ADC.

Section 3.5.5  Experimental Results

The historrams of cell contents ohtained for 40, 60 and 100 keV
electrons are shown in Figure 3.7. The electrnon dose on the CCD was
0.19, 0.13 and 0.33 electrons/photocell resnectively for the 3 energies
From the results no obvious difference in cell content can bhe seen

between irradiated and unirradiated cells. This surgests that the
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effect of charge smearing from an irradiated to an uwunirradiated cell is
to produce at least a smallYsignal in all cells in the device. This
should have been anticipated in the case of 100 keV electrons, where an
incident electron creates a sigmal in # 9 photocells. However, the
result is surprising for 40 keV electrons, where the created charge
could be expected to be limited to = 4 cells. With a dose of = 1
electron/5 photocélls, by Poisson statistics ¥ 45% of the photocells
should receive no signal at all, neither by direct bombardment nor by
"spread of charge. Therefore there should be a large zero peak in the

distribution for 40 keV electrons.

The probable reason for the disappearance of the zero peak is the
emptying of the bulk traps discussed in Section 3.5.2 during the time
in which there are no electrons incident on the cells, This effect is
well documented for huried channel CCDs for the case in which a series
of high pulses (ones) followed by a series of low pulses (zeros) is
transferred through the device., Sigmal trarped from the series of ones
is re—-emitted into the first zero, whereas the first one of a series

loses charge to the bulk statesls’lg.

The equivalent mechanism for the
case of electron bombardment could be as follows., When an electron is
_incident on the cell, the traps fill since the trapping time is very
much shorter than the emission time. The photocell is then read out
leaving no signal in the cell, In the period until the next readout
time ( =~ 28 ms) the bulk traps empty, and some of their electrons are
swept by the field gradient to the potential minimum and are stored
there, Others are re-trapped by bulk states. Thus when the photocell
is next read out sigmal has collected in it from the bulk states and is
read out in the usual way as signal charge. Only bulk states within
the depletion region wiil contribute to the signal charge so that the
maximum possible signal packet due to bulk states is ~ 0,25 - 1 x 10%
minority carriers, ie is % 15 - 60 on the ADC output. This will be
reduced by trarping, but the magnitude of this effect is not known,

The length of time between readouts ( = 28 ms) cormpared with a typical
emission time of # 250 nsls means that practically all traps will have
emptied during the cycle. This explanation seems possible in the light
of the average signal height of # 8 units obtained for both 40 and 60

keV electrons.

It may be possible to reduce this effect to some extent by using a
small background charge, auch as is normally sunplied by dark current,

to provide a source of charge which maintains equilibrium between
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tranpine and emission by the bulk statesls. This conld be achieved
either by increasing the device temnerature to increase the dark
current or by continually illuminatine the device with a low level of
vhoton illumination., The first method has the disadvantage of increas-
ing dark current noise, while the second has no effect on the hulk
states in the transport cells, However, since the transport cells are
clocked at a considerabhly hicher frequency than the photocells, they

are lecss affected by emission of charge from bnlk traps.

Assvminc the above explanation to be correct, these resuvlts surgest
that the detection of single electrons by tre CCD may be hampered by
the effects of hulk trans, hut that this effect can perhaps be avoided
by the use of a backecround charre & 104 of the outrut signal, If this
can be done, the noise level of the CCD is low enonch for the detection

of single electrons.

The effect of trarninc and emission by bulk states is less import-
ant for the ca=e of 100 lceV electrons, since at the electron dose used
here (0.33 olectrons/photoceil) the probabilitv of a cell receivine a
zero‘signal isx 0.05. TWo-ever the zero peak is smaller than would he
expected for “his nrobahility. Since 100 keV electirons create signal
in a region of diameter & 100 zm Aronrd the noint of impact, charre is
produced in=2 O photocells and 4 transvort cells (equivalent to an area
of % 17 nhotocells), Very ronrhly, the distribntion of charge can bhe
arrroximated as uniform over this area and zero elsewhere, Thne the
distribntion of cell contents may be expected to be a Poisson distri-
bution of mean 17n, where n is the number of incident electrons/
photocell, Fowever, the distribution of cell contents for 100 keV is
well fitted by a Poisson distribution of mean 5n, sunrgesting that
the major pnart of the signal is created +within a distance of 1 cell
from the noint of imnact, giving a diameter of » 60 zm for the area

over which a significant simal is collected,

Section 3,5.6 Trmnlications of Sinole Flectron Distribution

Clearly, at present the distortion in the output signal, due nossibly
to bulk trappinr,is too large to allow single electron discrimination.
However if this problem c¢nan he removed by the use of a backgronnd signal,
it should be possible to detect single electrons and identify the
irradiated cell, if the CCD is vsed in an electron countin~ mode. This
requires that the electron dose on the device is extremely low, so that
there is little overlap of the distribution from incident electrons.

It also reqnires processin~ of the output sirnal from the CCD to
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identify the centre of the charge distributien and so the irradiated
0
cell, This technique has been used by Herrmann,Krahl and Rust]""j’l*'5

using a TV camera tube with an electron-photon conversion.

Figure 3.8 is a contour plot of.the distribution of energsy in the
region over which charge is collected (assuming a spherical distribu-
tion), and shows the size of the photocells relative to the width of
the collection areé for 40 and 100 keV electrons., For k0 keV electrons,
an electron hitting‘a cell creates a sisnificant charge in it and in at
host 3 adjacent cells, Since the size of the charge distribution is
approximately equal to the cell size, the signal in the cell will be
highly sensitive to the point of impact of the incident electron., In
addition, by determining which adjacent cells contain charge it should
be possible to assign the point of impact of the electron to one of the
4k quadrants of the cell, Finer determination of the position of imp-ct
may be possible by examination of the relative magnitudes of the
sienals in the cells, For the case of 100 keV electrons, where the size
of the electron-hole pair cloud is very much greater than the photocell
size, a large number of photocells receive annroximately equal signals
when a nearhy cell is hit by an electron. As a result it is not
possible to relate the output of a cell to the number of electrons
directly incident on it, and identification of an irradiated cell will

require nrocessing of a large area of cells,

This problem in determinine the irradiated cell for 100 keV elect-
rons results from the electron spread to adjacent cells and reinforces
the need for a CCD with a larger cell size outlined in Section 3.4.L4,

In addition, the time required to accumulate an image in electron count-
ing mode would be prohibitive at present readout speeds, being = 15

mins for 40 keV electrons and considerably longer for 100 keV.

SECTION 3.6 COMPARISON OF CCD WITH OTHER FLECTRON IMAGFRS

This section compares the performance of the CCD as measured in the
previnus sections with that of other electron detectors, The detectors

discussed will be photographic film,TV cameras, and photodiode arrays.

Section 3.6.1 Photorranhic Film

Photographic film is the recording medium which is most commonly
used in electron microscopy. Its main drawback, as discussed in the
Introduction, is the difficﬁlty in extractings quantitative information
from the recorded intensities. Photographic ermulsion concists of a

layer, = 12 ym thick, of a suspension of silver halide crystals in
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gelatine, covered with a protective layver, = 1 ym thick, of clear
gelatine. This is supported on a plastic base, The size of the silver
halide crystals, ie the grain size, is typically = 0.5 ym in emulsions

used in electron microscopyg.

An electron incident on the photogravhie film deposits energy in
any silver halide grains with which it interacts, making them suscept-
ible to reduction to silver in the development process, The number of
grains developed by an electron depends on the range of the electron in
the emulsion and thus on its energy, with lower energy electrons
developing fewer grains. Thus the ultimate resolution limit of photo-
" graphic plate is set by the range of the electrons in the emulsion and
by the emulsion thickness(although in practice statistical considera-
tions are more important). This is a function not only of electron
energyv, but also of the emulsion structure. The width of the profile

6,9,21 and gives

of an aperture edge has been measured by several workers
results which can he compared with those of the CCD. All of the
ficures give the distance from the aperture edge at which the signal
falls to 1/10th of its maximum value (the diffusion width). The
results are given in Table 3.3. It can be seen that for a standard
emulsion thickness of % 12 pm, at low energies the diffusion width is
approximately the same as for the CCD (14 ym for 40 keV electrons - see
Fifure 3.7). At higher energies, the diffusion width is highly depend-
ent on ermlsion thickness, but for all emmlsions is lower than the
value of 60 ym measured for 100 keV electrons in the CCD. At low
emulsion thicknesses, the diffusion width is reduced.

The DQE of nhotographic plates is degraded by non-uniformities in

the number and areas of grains exposed by an incident electron17’22.
Valentine has measured the increase in noise in the recorded image
caused by the photographic ermmlsion for a range of developers and
emulsions. Taking the figures for each emulsion with the most suitable
developer gives a rance of DOE of 0.4 to 1 for 60 keV electrons.
These figures sre clearly better than the results for the CCD, which
had a DOE of 0.6 for 40 keV electrons, and of anmnrovimately 0,46 for
100 keV electrons., Ilowever, the DNE of photorraphic plate is also a
function of energy, beinc a maximum for the range 60 - 100 keV and

decreasing considerably below 60 keV20.

For low electron doses the number of grains developed and thus the
optical density of the microgravh is linearly related to electron dese.

Eowever as electron dose increrses a significant fraction of thérrains

63



Fleetron Energy Frmulsion Thielmess Diffusion Width

Author
- ( keV) ( mnl (ym)
Farnell & Flint9 75 - 7.5
| zeit1er & Hayes® 59 13.4 14
" 22,4 14
68 13.4 13.5
n 31.4 17.5
82 13. % 13
" 53.9 30
Burge & Garrard-' 60 ' 13 13.8
60 10.5 8
60 2 5.52
Lo 13 6,4k
7.3 13,10.5,2 1.15

Table 3.3: Diffusion widths in vhotorranhic ermlsions measured

-

by various workers.



is already developed and so is unaffected by the electron beanm,

resulting n a departure from linearitj. The linear region corres-
ponds to| a density ranre of 0 - 1.4, The electron dose required
to achieveﬁiensity z\l,k varies with emulsion type, but a typical valune
is 3 electh'ons/nmZ at 100 keV17, compared with 0.08 electrons/pm2 for
the CCD at the same energy. Thus the range of intensities for which

the photographic piate is linear is considerably greater than that of
the CCD,

[y

The information capacity of photographic plate is considerable,
with a typical film of dimensions 8 x 5 cm containing 'VI06 - 107
picture elements (assuming a cell size of 30 x 30 ym to match the
resolution of the film).

Clearly, from the ahove discussion, photogranhic plate is an
excellent electron recorder, with its only disadvantage comnared with

the CCD 202 bheing the inaccessibility of quantitative information,

Section 3.6,2 TV Comera

Several grouns of workers have used cormercial television tubes for
electron recording, either for image intensification or for quantitat-
-ive work, All of these systems use a fluorescent screen to convert the
electron image into a photon image, and in most cases use an image
intensifier before the camera to intensify the photon signal. Electron
counting mode is normally used in the systems which are reported in the
literature, so that the DQE of the system can be maximised. In these
systems the DNE is determined mainly by the response of the fluorescent
screen., Kuo and Glaeser23 using a Secondary Electron Conduction (sxc)
camera tube, preceded by an image intensifier and a 7n S screen,
obtained an electron counting efficiency of only 10 - 20%. They
suggest that this is due mainly to the effect of scattering and diffus-

o =
1,2,5,7,23 htained

ion of the light in the Zn S screen, Herrmann et al
a counting efficiency of 65% (equivalent to a DOE of 0.6) using a
similar system with an Electron Bombarded Silicon (EBS) camera tube, an
image intensifier and Zn S scintillator. However, due to image lag and
sirnal spread to adjacent nicture elements, it is necessary to process
the camera output to achieve this low noise figure. This figure is not
attainable in analogue mode, but no figures are given for DONE in that
mode, Once again the DNE degradation is due mainly to the performance
of the scintillator, which in this case has an efficiency of =« 70%11.

: )
Kerzendorf & Hoppe“5 surgest that the DOE of the scintillater and thus
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of the system could be improved to 0.95 if a CaF, screen was used in
place of the 7n S screen. In addition, they suggest cooling the TV
camera to 2 -40°C to reduce image lag and eliminate fixed pattern noise,
so reducing the processing requirements. Thus the DJE of present imag-
ing systems based on TV cameras is comparable with or worse than that

of the CCD 202, when the TV camera is used in pulse counting mode and
the CCD is used in analogue mode although there is a possibility that
the performance of TV cameras will be improved by using a more efficient

fluorescent screen,

From the data of Herrmann et al the resolutions of TV -cameras and

' CCDs are comparable., The target of the EBS camera is a 256 x 256 array
of silicon diodes each of size 35 x 46 nm5. The thickness of each
diode is =~ 12 nm25. In processing the output the data froma 3 x 3
array of cells is processed to find the point of immact of the electron
on the array. This corresponds to a radius of signal spread at the

array in the range 23 - 69 um.

Section 3.6.3 Photodiode Arrays

The use of photodiode arrays in electron microscopy has been
2] 2
investigated by Jones, Jenkins et al “6’27’"8. Results have been
published on the performance of linear photodiode arrays as detectors

26,27 or 9628 diodes

in EFLS. The arrays used consisted of either 6L
with centre-to-centre spacing 100 pur, In the latter array the active
area of each diode had dimensions &0 ym x 800 ym, and the maxirmum

charge on each diode was 2 x 108 electrons. The efficiency of this
array has been measured for inéident electrons in the range 10 - 100 keV
by measuring the time taken to saturate the device at a snmecific beam
current, and is > 0.5, in the above energy range, being = 1.0 at 40
keV27. This high gain figure requires a very thin oxide layer above

the silicon substrate and a depletion region which extends to a depth

of ~ 8 y;m from the surface, so that practically all of the signal from

40 keV electrons is created within the depletion region.

In the 64 diode array the depth of the p-type diffusion is 1.0 mm
below the silicon surface2 s and in measurements up to 30 keV a charge
collection efficiency of = 1 is obhtained for every keV above a threshold
energy. The threshold enercy depends on the thickness of the overlying
oxide layer, In this case no signal is created in the silicon bulk

below the depletion region.

The spatial resolution of photodiode arrays should be similar to
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that of CCDs, since in both cases it is determined by the width of the
electron-hole vair cloud in the silicon substrate, and by the diffusion
of electrons in silicon. There is no information available on the D7E
of photodiode arravs as electron detectors, but the cell-to-cell non-

29,30

uniformity in response is typically I 10% This ls due mainly to

non-honmogeneity in the silicon and thus to variations in carrier life

time16.

) Despite the encouraging performance of photodiode array imagers,
the number of elements in an array is restricted by the necessity of
.maintaining a low capacitance in t?e output bus line., The noise in the
output signal is proportiomal to C? where C is the output capacitance.
~ With an XY addressed imager, the output capacitance is proportional to
the number of picture elements, so that the output noise also increases
with the number of picture elementsS. Thus it is unlikely that area
photodiode arrayvs will mateh the noise performance of equivalent sizes

of CCDs.

66



CHAPTER 4

EXPERIMENTS ON RADIATION EFFECTS ON CHARGE COUPLED DEVICES

SECTION 4.1 INTRODUCTION

As commercially available CCDs are designed for photon rather
than electron imaging it was important to investigate the perform-
ance of the Fairchild CCD202 under electron irradiation before
using it in earnest for imaging in the electron microscope. It is
known that a deterioration in performance occurs in dngle MOS cap-
acitors, the structure on which CCDs are based, after exposure to
ionizing radiation dosea as low as 107 rads (Si). Extensive inves-
tigation of these effects has been undertaken1’7, and positive
charge build-up in the oxide layer and an increase in the number of
interface states have been identified as the main causes of device
degradation. Although the effects of these are well known and
empirical methods of producing radiation hard devices are reported7,
there is little agreement among workers about the mechanisms for
damage production.

8-10 .14 Chang!! have studied the effect

of ionizing radiation on CCD performance and have suggested CCD

Killiany and co-workers

structures which are radiation hard to’106 rads (Si). Despite this,
radiation hard CCDs are not yet in production. There are reports in
the literature on MOS radiation effects of the removal of radiation
damage by annealing devices to temperatures between 150 and 400°C,
However there are no reports of similar annealing of CCDs to remove

radiation damage.

The three areas to be investigated to determine the smitability

of CCDs for imaging in the electron microscope are:

1. Whether changes in device performance eventually render the
device unusable as an electron detector, and if so what the

device lifetime is,

2. Whether the radiation effects can be minimised by suitable

operating conditions.

3. Whether radiation effects can be reversed by annealing and
if so whether a cycle of irradiation and annealing can extend

the device lifetime indefinitely.

The results of these tests are reported in this chapter.
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SECTICN 4,2 REVIEW OF RADYATION EFFECTS IN MOS DEVICES

4.,2.1 Positive Charge Build-up in the Oxide Layer

Positive charge build-up in the oxide layer in MOS devices has the
effect of changing the operating voltage of the device by causing a
negative shift in the flat band voltage. The flat band voltage is
defined as the bias voltage which must be applied to the electrode to
make the energy bands flat throughout the semiconductor, Since this
voltage shift can be large ( = 30V) the change in its characteristics

can render a device inoperable.

Early reviews (Snow et al2 (1967), Zaininger & Holmes Siedlel
(1967), Lamb? (1970)) and experimental work (Zaininger’ (1966)) suggest
that the oxide charge build up is caused by the production of electron-
hole pairs in the oxide by the incident radiation and the subsequent
trapping of holes within the oxide near the Si-Si0, interface.
Zaininger's model states that if no field is present in the oxide the
electron-hole pairs will recombine, but that under the influence of an
electric field electrons are free to drift to the more positive
electrode, the less mobile holes being trapped. Electron-hole re-
combination can still occur in regions of the oxide through which the
electrons drift, but no electrons are available to recombine with the
trapped holes which are at the interface furthest from the positive
electrode. Tbus if the metal electrode is positive with respect to
the substrate there is a build-up of positive charge in the oxide at
the S5i-Si0p interface, whereas if the metal electrode is negative
with respect to the substrate charge build-up occurs near the Metal -
Si02 interface. This agrees with the observation that the flat band
voltage shift is greatest for irradiation under positive bias and
Zaininger and Holmes-Siedle (1967) suggest that the hole traps are
non-bridging oxygen atoms (that is oxygen atoms in which only one
electron forms a bond with an adjacent silicon, and in which the
other valence electron is not bonded). These sites can trap a hole
to become Si0O.. The increase in radiation damage in oxides con-
taining metallic impurities such as sodium may be a result of the

greater number of non-bridging oxygen atoms caused by the impurities.

The work of Powell & Derbenwick12 (1971) substantiates the electron-
hole pair creation model. By irradiating MOS structures with ultra-
violet photons they estimated the threshold photon energy required to
cause positive charge build-up to be 8.8eV, consistent with the energy

for electron-hole pair formation., However their results support a
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'mobile hole' model in which holes are transported to the Si-S5i0o-
interface and subsequently trapped. Their evidence for this model is
that all of the positive charge is located within 30 nm of this inter-
face even in the case in which all the photon energy is deposited in

the upper layers of the oxide,

Reweszl? (1971) suggests several possible hole traps present in
the oxide. Firstly, hole trapping is an intrinsic property of the
Si-0 bond due to the discontinuity of the 77 energy band within the
oxide, Therefore if a hole appears in a lower continuous energy
le#el, an electron from the T -band can recombine with it, leaving a
trapped hole in the 1 -band. Secondly, defects can be generated by
irradiation, in particular, breaking of Si-0-Si bonds produces non-
bridging oxygen and trivalent silicon (ie silicon in which only 3 of
the 4 valence electrons are bonded to oxygen atoms) both of which are
traﬁs. Thirdly, impurities at the interface form bonds with the
silicon, in particular producing Si-H and Si-OH which can dissociate
under ionizing radiation to produce trivalent silicon and interstitial
hydrogen which again behave as traps. Finally, Sahb (1976) suggests
trivalent silicon and interstitial oxygen as the centres responsible
for positive charge trapping in the oxide. Both centres can capture
holes produced by ionizing radiation and both can be ionized by
energetic electrons, with the free electrons in both cases drifting

to the more positive electrode.

4,2.,2 Interface State Production

Interface states are energy levels within thé forbidden énérgy
gap of silicon which can readily exchange charge with the silicon.
They provide states for the thermal generation of electron-hole pairs
and thus contribute to device dark current., They result from irreg-
ular potential distributions at the interface which perturb states in
the conduction and valence bands of the silicon into the forbidden

6

gap. Sah” identifies trivalent silicon resulting from the mismatch
between the SiOp and Si lattices to be the centre responsible for
interface states. This model assumes that the trivalent silicon
bonds to OH ions during oxide growth so that the number of pre-
irradiation interface states is reduced considerably in a steam
grown oxide, Under irradiation, however, the generated electrons and
holes can interact with this bond to release the OH- ion and regener-
ate the trivalent silicon. The OH  ion is then free to drift to the

more positive electrode. This model is consistent with the observation
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(due to Aubuchon) that there is very little increase-in interface state
density with irradiation in oxides in which there are few Si-OH bonds,
and with the greater increase in interface state density obtained when
devices are irradiated under positive gate bias. In another model,

due to Reweszlj, the trivalent silicon and interstitial hydrogen de-
scribed in Section 4.2.1 provide the perturbation responsible for

interface states.

»

4,2.3 Effect of Electron Energy on Damage Mechanism

The type of radiation damage caused in MOS devices depends on the
energy of the incident radiation. The above discussion is confined
to energies which are sufficient to break electronic bonds and so
cause changes in the energy band structure, but are too low to cause
displacement of an atom from its lattice site. For electrons this
assumes that their energy is less than 140keV1%., This is the energy
region in which the experiments described in this thesis were per-
formed and so the damage effects described apply to the experimental
results in Section 4.3.

A further damage effect can occur which, while not applicable to
these results, is seen with electron energies greater than 140keV14.
In that energy range an incident electron has sufficient energy to
displace an atom in the silicon substrate, so disrm»ting the periodic
potential of the lattice and perturbing energy states into the band
gap. The effect of these states, which are in the silicon bulk, is
to increase the component of dark current produced in the bulk in
both surface and buried channel devices, and to decrease the transfer

efficiency of buried channel devices by charge trappingls.

4,2,4 Effect of Oxide Charge on CCD Performance

In CCDs the trapped oxide charge causes a negative shift in the
flat band voltage of the device which is equivalent to a permanent
positive gate bias, In p-buried or n-surface channel devices in
which a negative gate bias is required the potential wells eventually
~ collapse as the flat band voltage shift becomes greater. In the more
common P -surface channel and n -buried channel devices the oxide
charge has the effect of increasiﬁg the depth of the potential wells

. but can nevertheless degrade device performance in several ways,

The first effect (and the most important in devices with a poly-

crystalline silicon gate structure) is the increased conductivity
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induced in the polycrystalline silicon interelectrode isolation by the
field due to the trapped positive charges. The field bends the energy
bands in the insulator allowing channelling of charge from the
electrodes through the polycrystalline silicon. As a result, the clock
wave forms on adjacent electrodes are no longer isolated but can be
mixed, so decreasing the potential barrier between cells and allowing
charge collected in the photo cells to leak continually into the
transport cells, This has the effect of decreasing the amount of
charge which a cell can contain and so decreasing saturation output
voltage of the device. This effect is described by Killiany®, and has
been noted by him after a dose of 3 x 10% rads (Si) in a Fairchild
imaging CCD with a similar structure to the CCD202.

Secondly, in buried channel devices it is important that the n-
buried channel is maintained in a depleted state to avoid flooding
the potential wells with the majority electrons from the n -layer
thus causing dark current (Section 1.2.2 ). A large positive charge
trapped in the oxide increases the channel bias required to deplete
the n-channel region. If the required bias becomes greater than that
provided on-chip,the channel is driven out of depletion and the device
flooded with electrons. The maximmm voltage which can be applied to
the channel is.limited by the breakdown voltage of the channel output
diode and so cannot be increased indefinitely. This effect has been

described by Killiany8, and was first apparent at a dose of 10% rads
(si).

A third effect is possible, which is not of interest in the
CCD202 but occurs in devices in which more than one type of gate
material is used. The amount of flat band voltage shift for a given
dose depends on the oxide thickness (proportional to t}}l and on the
gate materials. The voltage shift is approximately twice as great
under bolycrystalline silicon gates as under aluminium gates for a
dose of 107 rads. This results in distortion of the potential well
profile and in a reduction in the full well capacity, and thus in the

saturation output voltage, which becomes worse with increasing dose.

To swmarise, there are two possible effects of radiation induced
oxide charge on the performance of the CCD202, The first is a
decrease in the saturation voltage of the device due to a breakdown
in the polycrystalline silicon interelectrode isolation as a result

of the field due to the positive charge. The second effect is an
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increase in the dark current in irradiated areas arising from the
inability of the positive bias on the n-channel to deplete that
region in the presence of fixed positive charge in the insulator.

Both effects appear at a dose of =« 10% rads (si).

4,2.5 Effect of Interface States on CCD Performance

As described in Section 4.2.2 interface states are states within
the forbidden energy gap of silicon which can interact readily with
carriers in the silicon substrate, The effect of this interaction is
to provide generation-recombination centres for electron-hole pairslo.
In an unirradiated CCD there is a small leakage current (dark current)
due to thermal generation of electron-hole pairs in the depletion
region. These do not recombine but are separated by the field in the
depletion region, the minority carriers falling to the potential
minimum while the majority carriers are swept into the substrate.

The minority carriers generated in this way add to the signal charge
contained in the potential wells, and, if allowed to collect for long
enough, will eventually swamp the signal. This sets an upper limit
‘on the time for which charge can be stored in a potential well and
therefore sets a lower limit on clock frequency. This generation
process occurs not by direct excitation of an electron across the
band gap but by a two stage process in which an electron is excited
to an intermediate energy level in the gap and another electron is
excited from that level to the conduction band16. The number of such
transitions occurring, and therefore the dark current, increases
linearly with the number of available states in the band gap17v 18,
Since radiation damage increases the number of interface states (eg
from 1010 to 101! eviem 2 for a dose of # 3 x 10% rads8), the dark
current in the device also increases. This holds for both buried
channel and surface channel devices, since in both cases minority

carriers created at the interface can fall to the potential minirmum.

The second effect seen is on the transfer efficiency of surface
channel and éome types of buried channel devices, In surface channel
devices it can be shown that the transfer inefficiency £ is pro-
portional to Ngg, the fast state density8., & is defined as the
fraction of the signal charge which is lost after one transfer, and
fast states are those which interact with the charge in the silicon
substrate. Killiany8 has shown that an electron dose of 3 x 10% rads
(Si) on a surface channel device can cause a 10-fold increase in the

number of interface states, resulting in a loss of 30% of the signal
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charge after ~ 500 transfers. In buried channel devices the charge
packets are transported in the poteﬁtial minimum which is displaced
by ~ 1 ym from the Si-Si0y interface, and so should not interact
with the interface states, and should not be affected by transfer
inefficiency. However the volume of the depletion region occupied
by the charge packet increases as more charge is added, and some
mixed-mode buried channel devices operate in surface channel modefor
signals greater than 50% of full well sign319a19, As a result, sur=-
face trapping at interface states will become important in these
devices for large signals, This effect is seen at doses of = 2x10%
rads (Si)9.

In sumary, interface states increase dark current in both sur-
face and buried channel devices and decrease transfer efficiency for
all signals in surface channel and for large signals in mixed-mode

buried channel devices.

4,2.6 Requirements for Radiation Hard CCDs

Killiany9 et al have suggested features which are desirable for
a radiation hard CCD, These relate to the effects described above

and are:

1. Buried channel structures to minimise the effect of interface

state trapping on transfer efficiency.

2, N-channel structures to avoid the collapse of the potential

wells with positive charge trapping in the oxide, This structure
has the added advantage that with a large positive bias on the n-
channel the holes in the SiOp will be repelled from the SiOg -~ Si

interface, so reducing their effect on the silicon substrate.

3. An electrode structure that avoids differences in flat-band
voltage shifts between electrodes. This requires that the oxide
thickness should be uniform and that the same material should be

used for all electrodes,

4, Avoidance of polycrystalline silicon insulators, since
channelling is induced in this material by the field due to the

trapped positive charge in the oxide.

5. A structure which allows a large reverse bias to be applied
to the channel-substrate junction to counteract the effect of the

positive oxide charge and so maintain the channel depletion.

6. Some method of controlling the surface potential between
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electrodes.

An attempt has been made by several workers, in particular Changll,

to produce a radiation hard device following these specifications,
This has resulted in CCDs which are radiation hard to 106 rads, an
improvement of X100 on non-hardened devices. However these devices
are not generally available, although it is possible that a radiation
hard 100 x 100 array imaging CCD may be manufactured commercially by
Hughes Aircraft Company.

4,2,7 Suitability of Fairchild CCD202 for Llectron Irradiation

The device used in this project, the Fairchild CCD202, fulfils
some of the above requirements. It has an n-buried channel structure
and the interelectrode surface potential is controlled by an oxide
layer (requirements 1, 2 and 6). However the interelectrode isolation
in the transport register is polycrystalline silicon9. The reverse
bias applied to the buried channel ( =~ 16 V) does not appear to be
large enough to deplete the channel in the presence of positive charge
under certain experimental conditions (see Section 4.4.4). There may
be some effect on the potential profile due to the variation in oxide
thickness where the transport cell electrode overlaps with the photo-
cell electrode, since the greater positive charge trapped in the
thicker oxide in this region will tend to lower the potential barrier
between photocell and transport cell. This will cause a decrease in

the amount of charge which can be stored in the cell.

It is not clear fr?m the manufacturers literature whether the
CCD202 operates in buried channel mode for all signal heights or
whether surface channel mode is employed for large signals. From the
linear response of the device to an input signal it is assumed that
the former is the case, and that therefore no transfer inefficiency

is introduced by surface states.

4.2.8 Backface Imaging

The damage effects described in this section refer to the front
face imaging mode in which the illumination incident on the CCD passes
through the electrodes and the oxide layer before reaching the silicon
substrate where it produces a signal. This is the more common imaging
mode and is that employed in the Fairchild CCD202, the device used in
these experiments. An alternative to this is the backface imaging
method in which the CCD is illuminated from the substrate side so

avoiding damage in the oxide layer and at the interface. 1In this mode
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the substrate is thinned so that the incident radiation generates
electron-hole pairs within a diffusion length of the potential minimum,

thus avoiding signai loss through recombination of minority carriers.

The radiation hardness of thinned backface illuminated CCDs has
been investigated by Borsuk et a120, They irradiated a buried channel
CCD, in which the substrate had been thinned to 10 pm, with a dose of

2 108 rads (Si) of 20keV electrons. A dose of 1600 rads (Si) was
absorbed in the oxide during this irradiation due to X-rays produced
in the silicon. This gave an increase of =2 2X in the dark current
and no change in transfer efficiency, consistent with front face imag-

ing results for a 1600 rads (Si) dose.

Although this is an attractive soluntion to the problem of radiation
damage, at present there are no commercial backface devices available
which are suitable for electron imaging. The range of electrons of
the energies used in CTEM is such that a substrate thickness of
60‘pn is required to maximise minority carrier collection efficiency
while avoiding damage due to deposition of energy at the interface by

the primary electron. However, since commercial devices are designed
for nhoton imarine (in narticular for the detection of nhotors nf wave-

lencth £ 60003),_th9 snbstrate is thinrned to & 10pm, which is incommat-

ible with the regunirements for electron imaginrc.
4,2,9 Removing Damage in MUS Devices by annealing

It has been reported in the literaturel'li that the effects of
radiation damage can be completely removed in MOS devices by annealing

to temperatures in the range 150 - 400°C

Mitchell & Wilsoﬁiquote results of damage produced by 10 - 20 keV
electrons being removed by annealing for 15 minutes at 150 - 200°C,
and of damage by 5keV electrons being removed at 200°C. Zaininger4
reports that oxide charge can be removed by annealing, with most
improvement occurring between 150 - 300°C and almost all charge being
removed by 400°C. He suggests that the improvement is due to the re-
combination of trapped holes with electrons and shows that the same
effect can be achieved by irradiating with UV photons of energy greater
than 4eV., This suggests that the traps must be more than 4eV above
the valence bond edge in SiOj. Snow et a12 attribute this energy
threshold to the height of the Si-Si0, barrier (4.3eV)required for
injection of electrons from the silicon into the conduction band of
the oxide., The improvement in thermal annealing rate with positive

electrode bias bears out this suggestion, Oxide charges are removed
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eventually (after =~ 1000 hrs) at 300°C but very quickly ( = 15 mins)
at 500°C., Interface states are completely removed at 300°C. Compar—
ison of the isochronal anneal graphs of Zaininger for oxide charge

and Snow et al for interface states suggests that there may be two
different states contributing to the oxide charge, one of which has
the same annealing behaviour as the interface states and is completely
removed by 300°C, and the other which requires temperatures of 300-
400°C to remove it. In addition Zaininger reports that damage can be
removed-completelf by irradiating the damaged device under a slight

negative bias,

A recently introduced technique for the removal of radiation
damage in MOS devices is that of RF annealinng, suggested by Ma & Ma.
It is thought that the RF field interacts strongly with the centres
at which the oxide charge is trapped and changes their state to give
a more ordered Si0o structure. Electron-hole pairs are also generat-
ed and oscillate spatially in the Si0y under the action of the RF
field, so that the probability of the free electrons recombining with
trapped positive charge is high. An experiment has beep done to com-
pare the annealing of irradiated devices by the two methods, thermal
and RF annealing. This shows that a 7.5 minute 500W RF anneal is
equivalent to a 30 minute thermal anneal at 300-400°C, and that the
témperature of the device during the RF anneal is less than 340°C.

4,2,10 Summary

To summarise, radiation damage is introduced into MOS devices at
doses as low as 107 rads (Si), and is evident in CCDs at doses greater
than 10* rads (Si). This damage is due to fixed positive charge in
the oxide layer, and to interface states. Although investigations
with MOS dévices sucgest that temperature annealing to 300-400°C
restores device performancé to its pre-irradiatioﬂPevel, there are no

reports of similar annealing experiments on CCDs.

SECTION 4.3 EXPERIMENTAL RESULTS ON RADIATION DAMAGE

4,3.,1 Introduction

A series of experiments was performed to investigate the deterior-
ation in performance of the CCD202 under bombardment with electrons of
energies used in the electron microscope and hence to determine its

useful lifetime as an electron imager. From the results of Killianyg,
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the performance should begin to worsem at & 3 x 10% rads (si), with
increases in dark current and transfer inefficiency and a decrease in
saturation voltage being the visible effects. Experiments were nec-
essary to determine when these effects reduced image quality to an
unacceptable level. In addition Killiany reports an improvement in
device performance obtained by suitable adjustments of the clocking

and bias voltages, and this effect was investigated.

In order to monitor damage effects a small area of the CCD was
irradiated with electrons and the performance of the irradiated area
was compared with that of the rest of the device after each irradia-
tion. The CCD performance was studied under two sets of conditions.
Firstly, the dark current in the irradiated area was measured at room
temperature. Secondly,.the transfer efficiency and saturation voltage
were monitored by uniformly illuminating the whole device with light
and comparing the output signal from electron irradiated cells with .
that of other areas. For this application a quantitative value of
transfer inefficiency is not required and it is sufficient to deter-
mine the electron dose at which the characteristics of damaged cells
become sicmificantly different from those of other cells. Using light
rather than electron irradiation to investigate the CCD performance
has a two-fold advantage. Firstly, there is no further damaging expos-
ure to the previously irradiated area, and, secondly, the unirradiated
area which is used as control remains undamaged. As irradiation pro-
gressed the increased dark current masked the decrease in output
signal due to transfer inefficiency, and so it became necessary to
coolthe CCD to &~ -20°C to allow independent measurement of the two
effects, ‘

%,3.2 Experimental Arrangement

The CCD was irradiated in the camera chamber of the JEM 100C.
In the preliminary experiment the CCD was housed in the holder de-
scribed in Section 2.2.1 and in all later experiments in that de-
scribed in Section 2,2.2, which allows the device to be cooled. An
AEI electron microscope objective aperture of 600 jm diameter was
used to define the irradiated area. The aperture is made of molybdenum
and the edge thickness varies linearly from 240 pm to 100 xm in the
space of 200 ym.

The deflection system described in Section 2.* was used to con-

trol the electron beam, with the beam being normally directed off the
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CCD and being deflected onto the device during irradiation.

In these experiments the CCD was driven by the circuit described
in Section 2.5 with a clocking rate of « 1MHz, giving a readout
time of 28 me for 4 frames, and an irradiation time of 11.2 ms. The
total cycle iime was therefore approximately 40 ms. As described in
Section 2, 4 the electron dose on the CCD was monitored by the photo-
multiplier-based counting system with an aperture of the same type and
gsize as that over the CCD being placed above the scintillator. .The
- dose measured by the counting system is therefore equal to the dose
collected on the irradiated area of the CCD., This figure allows cal-
culation of the electron dose/photocell by noting the number of photo-
cells and transport cells in which a signal could be seen during ir-
radiation, and correcting for the different areas of the two cell
types (18 x 30 ym for photocells, 22 x 60 ym for transport cells).
This gives a figure of =~ 350 photocell equivalents for the area of

the apertures.

The number of electrons incident on the CCD is quoted in electrons/
photocell in the remainder of this chapter. These units are convenient
in practice in that they are simply calculated from the quantity meas-
ured by the counting system, and are more suitable than rads for de-

scribing imaging effects in electron micracopy.

To allow comparison of experimental results with those reviewed in
Section 4.2 a comparison table from electrons/photocell to rads (Si)

is given in Table 4.1 below:

Electron Fnergy (keV) |Electrons/Photocell | Rads (Si)
20 15.2 1
60 60 1
100 ' 182 1
20 106 6.6 x 10%
60 | 106 1.6 x 10%
100 106 0.5 x 10%

TABLE 4.1

Conversion from electrons/photocell to rads (Si)

Throushout these experiments the output signal from the CCD was
displayed on an oscilloscope to allow measurement of magnitude of the
output signal and comparison of the signal from irradiated and unir-

radiated areas., Voltage measurements are average values across the
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irradiated area resulting in errors of typically * 0.1V (cf 2V satura-

tion voltage).

Section %4.3.3 Preliminarvy Experiment on Dark Current Increase with
Electron Dose

In a preliminary experiment to investigate damage effects the CCD
was irradiated with 60 keV electrons. The electron dose on the device
was increased gradually and no damage effect was seen up to a total
dose of « 105 electrons/cell. After a further irradiation which
increased the total dose to 2 x 107 electrons/cell a signal was seen
in the irradiated area in all four frames in the.;bsence of incident
illumination being largest in frame 1, of equal size in frames 2 and 3
and smallest in frame 4., The signal was initially 14% of saturation
in frame 2, but decreased to 10% when the CCD was returned to room
temperature by allowing air into the camera chamber, and decreased
further to 5% overnight with the device switched off and at room tem-
perature. The temperature dependence of the signal suggests that it
is dark current. That permanent damage has occurred is borne out by
the fact that the dark current is still apparent after the device has
returned to room temperature. Dark current caused by local heating

alone would have disappeared in this time.

The CCD was next irradiated with seven doses of ~ 107 electrons/
photocell and the dark current after each dose was monitored, both
immediately after irradiation and at some time later when the dark
current had come to a steady value (approximately 30 minutes). At
the end of the experiment, after a total dose of 7.7 x 105 electrons/
photocell (approximately 2 x 10% rads (Si)), the dark current at room
temperatﬁre had increased to 17% of the saturation output voltage.
Since in electron imaging mode the CCD will receive spatially non-
uniform illumination and will therefore have a spatially non-uniform
dark current a signal of this size makes the CCD unusable at room
temperature. Experiments were therefore performed to investigate| the

effect of cooling on the CCD dark current.

4,3,k Cooling CCD to reduce Dark Current

The CCD was placed in the ice box of a refrigerator (Tricity
Polarfrost 5), inside a polythene bag to avoid icing on the device
surface, and the temperature inside the bag was monitored using a Cu/
Cu-Ni thermocouple with a Comark electronic thermometer type 1625,
Cooling the CCD to -11.5°C considerably reduced the dark current in
the irradiated area to 0.5% of the saturation voltage. The dark
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current reappeared when the device returned to room temperature.

As a result of this experiment a cooling system was built to house
the CCD in the electron microscope., This is described in Section 2.2,2

and was used in all the dark current experiments described hereafter.

A second area was irradiated with 60keV electrons to give a total
dose of 2.1 x 106 electrons/photocell. The room temperature dark
current at the end of this irradiation was 30% of the saturatién out-
put voltage. The effect of cooling on dark current was measured in
this area with the CCD temperature monitored by a thermocouple in
contact with the ceramic base of the device. The CCD was under vacuum
in the JEM 100C camera chamber to avoid icing during the cooling pro-
cess. The results of this experiment are shown in figure 4.1. The
saturation output voltage is 2V in this case. The graph does not seem
to be tending to 0V, but this is a result of the arbitrary choice of
origin from which the voltage is measured. At -2°C there was no
obvious difference in dark current between irradiated and unirradiated.
areas. A graph of log V vs 1/T gives a linear relationship with a X

characteristic energy of 1.% X 0.1 eV.

4,3.5 Experiments on CCD Dark Current

The increase in dark current with irradiation does not affect the
CCD's potential as an electron imaging device because it can be made
negligible by cooling the device to temperatures near 0°C. However
the increase in dark current is a measure of the amount of damage
which has occurred and so was included in a set of experiments to
measure the effect of incident electron energy on degradation rate.
These experiments were performed at 3 electron energies of 20, 60
and 100keV., As before, an aperture over the CCD defined a small ir-
radiated area of = 350 photocells, with the aperture being moved to
a new area for each electron energy. The CCD was cooled to »~ -20°C
during irradiation to avoid saturating the device with the combined
dark current and electron signals., After each irradiation the CCD

was heated to room temperature and the dark voltage measured.
The main points arising from the results of these experiments are:

1. Under bombardment with electrons in the energy range 20-100keV
the dark current in the CCD increases with irradiation until the

point is reached where the dark current saturates the device.

2. The rate at which the CCD dark current increases with dose is

a function of incident electron energy, with damage occurring most
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quickly with lower energy electrons., Figure 4.2 shows the dark current
increase with dose for the 3 electron energies., The electron dose re-
quired to half-fill the photocells is 1.4 x 106, 3.0 x 106 and 4.7 x 106

for 20, 60 and 100 keV electrons respectivelyfunﬂer the conditions o%‘
‘Section 4.3.2.
The energy dependence is consistent with the damage models describ-

ed in Section 4.2 in which dark current is attributed to an increase

in the number of states at the Si-Si0Op interface. The amount of energy
deposited by an electron within a given distance is a function of its
energy, and there are several empirical formulae by which this can be
calculated. The Thomson-Whiddington law is one such formula which is
commonly used in electron microscopy22. It states that for an electron
with initial energy E,, the energy Ex remaining after traversing a dis-
tance X of material is Ey = E, 1 -X where Ry is the range of

the electron in the specific material.

Knowledge of the thicknesses of the electrode and oxide layers of
the CCD202 would enable calculation of the energy deposited in the '
channel oxide layer between electrode and substrate. Although full
information is not available from the manufacturer, a rough calcula-
tion can be made of the energy deposited in the channel oxide by tak-
ing its thickness as 0.1 ums, and ignoring electron energy loss in
overlying layers (See Section 1.3%.3 for device structure). The
ranges of 20, 60 and 100keV electrons in Si0y are taken to be 2, 20
and 60 ym respective1y23. This gives the energy deposited in the
oxide as 0.5, 0.15 and 0.09keV for 20, 60 and 100keV electrons re-
spectively, suggesting, for example, that a 2CkeV electron deposits
six times more energy in this region than does a 100keV electron, and

so should increase dark current six times faster,

As the damage to the CCD increases, a difficulty arises in separ-
ating the effect of dark current from that of transfer inefficiency.
The dotted lines on the 20keV and 60keV curves of Figure 4.2 corres-
pond to the doses at which the dark current signal becomes greater A
than the maximum usable output voltage (See Section 4.3.6 for explana-
tion). Measured dark voltage for doses above the dotted line are
lower than the true value since not all of the dark current produced
by the device is transferred out as signal. For the 100keV curve

this point occurs at 1.3 x 107 electrons/photocell and so is not shown.

Thus the results of these experiments show that dark current in-
creases with electron dose and that damage occurs most rapidly for low
energy electrons in a manner consistent with the proposed damage mech-

anisms,
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4,3.6 Preliminarv Experiments on Decrease in Transfer Ffficiency
with Electron Dose

The object of this experiment was to detect any change in the re-
‘sponse of irradiated cells to an electron or photon signal when com-
pared with the response of previously unirradiated cells. The method

by which this was done is described in Section 4.3.1.

Throughout these experiments the CCD was cooled (typically to -200°C)
using the cooling system described in Section 2.°.2 to allow the out-
put signal to be studied independently of the dark current. The elec-
tron energy used in this preliminary experiment was 60keV. The main

points arising from these investigations were:

1. After a significant electron dose » 1.5 x 106 electrons/
photocell the output signal from electron irradiated cells is
.lower than that from other cells when the CCD is uniformly illum-
inated with light. The difference in output signal in the 2 areas
under photon illumination becomes progressively larger as the total

electron dose increases,

2, The efficiency with which the damaged area can transfer charge
depends on the height of the output signal and therefore on the
size of the charge packet which is being transferred. If the
photon illumination on the CCD is low, producing a low output
signal, the damaged cells appear to behave normally, producing the
same magnitude of output signal as other cells. As the illumina-
tion is increased, the output signal in all cells increases until
a point is reached where the output from damaged cells fails to
increase at the same rate as that of other cells., A relatively
lower output signal is then observed in the damaged cells and the
discrepancy between damaged and undamaged cells increases as the
illumination is increased. Figure 4.3 is an oscilloscope photo-
graph of the output of a horizontal row of the CCD in a damaged
area showing a normal output for a small signal, and a lower out-

put in the damaged region for a large signal.

3. The performance of the damaged cells can be improved by in-
creasing the voltages @v and #p which transfer the charge out of
the CCD., For example, after a totaldectron dose of 2.2 x 106
electrons/cell, the damaged area behaved normally if the vertical
clocking voltage @y highwas greater than 2.8V, but became in-
efficient, exhibiting the effect described in (2) above, if ¢v high

was smaller than 2.8V. A similar effect is seen with {fp, the
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Figure k,"3: Output of horizontal row of CCD
in damaged area.

a) small signal - output signal normal

b) large signal - note lower output signal

in damaged region.



Photogate voltage. A 'threshold clocking voltage' can be defined-
for each of @v and @p which is the magnitude of the clocking sig-
nal required to achieve efficient transfer. As damage progresses
the 'threshold clocking voltage' increases for both @~ and ¢p
until it becomes greater than the maximum clocking voltage pro-
vided by the Fairchild driver board. As a result of the effect
described in (2) the magnitude of the threshold clocking voltage
is a function of the height of the output signal.

4.3.7 Effect of Flectron Irradiation on Threshold Clocking Voltage

An experiment was performed to obtain quantitative results on how
the threshold clocking voltages of the CCD increase with electron dose.
The experiment was done at three electron energies, 20, 60 and 100keV.
After each irradiation the threshold clocking voltage for #r and @p
was measured for three different output signal levels, namely 0.5V,
1.0V and 1.8V (Saturation Voltage = 2V). v was held at 0-6V while
the threshold value of @p was being measured and vice versa., Fig-
ures h4,%4a and b show respectively the variation in the threshold value
of #¢ and @fp as electron dose increased for an output voltage of 40%
of saturation. Clearly the threshold voltage increases with dose,
until it eventually becomes greater than the maximum voltage of IOV
supplied by the CCD driver board. The broken lines on figures 4.4a
and b show the same effect for an output of 72% of saturation demon-
strating that a larger threshold voltage is required to clock out
higher signals. The energy dependence of the threshold voltage curve
with dose shows again that the CCD damages most quickly under 20keV

irradiation and most slowly under 100keV irradiation.

From these experiments the CCD behaves normally for the longest
time if both v and @p are set at their maximm levels. Both signals
were therefore set at 0-10V, With the signals at this level, a max-
imum usable output voltage can be defined which is the voltage below
which the output from irradiated and unirradiated cells is the same,
and above which irradiated cells produce a lower signal than others.

4.,3.8 Change in Maximum Usable Output Voltage with Electron
Irradiation

The maximum usable output voltage was measured as the total
electron dose increased, again for 20, 60 and 100keV electrons. _G;
and gp were set to 0-10V for this, and the measurements were made on

frame 2, The CCD was uniformlf illuminated with light and the output
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of a horizontal line was displayed on an oscilloscope. To determine
the maximum usable output voltage the LED intensity was increased
until the output voltage from the irradiated area first became lower
than that of other areas. The experimental error in the maximum
usable output voltége is £ 0.1V, arising from the difficulty in de-
ciding when the output from damaged cells first becomes different
from that of other cells. The results of this experimept are shown

in figure 4.5,

The maximum usable output voltage falls with total electron dose
as expected, and again falls more quickly as the incident electron
energy decreases, The implication of this result is that as total
electron dose increases, the size of signal that the CCD can collect
and transfer normally decreases until a point is reached at wﬁich the
device is no longer usable. Arbitrarily choosing this point to be
when the maximum usable output voltage falls to half of its pre-
irradiation value, this gives the CCD 202 the lifetimes shown in the

table below fof the three electron energies:

Electron Energy (keV) 20 60 100

Lifetime (electrons/photocell)| 2 x 106 6 x 106 1.5 x 107

Number of Images 2 x 103 6 x103 [1.5 x 10%

TABLE 4.2

Lifetime of CCD 202 for electrons of various energies
The second row in the table shows the number of images which can be
produced within the lifetime of the device. This assumes that 103
electrons/picture element is required to produce an acceptable image.
This figure of 105 arises because the shot noise in this number of
electrons is 3%, the level below which contrast variations are not
detectable by the human eye. This noise level is also a typical

figure for satisfactory image processing.

These lifetimes, while sho&ing that a CCD can produce a large
number of images before the maximum usable output voltage is greatly
reduced, restrict the range of possible applications of CCDs in
electron microscopy. If the CCDs are to be used for locating the area
of interest in the specimen and for Yiewing the image during focusirc
and adjustment, they will receive a considerably greater electron dose

than if they are used solely for recording images. This continuous
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mode of operation is particularly attractive in the field of radiation
sensitive materials, for the reasons given in the Intraductior =% 1i%s
routine use is at present precluded by the device lifetime, In summary,
with these lifetimes CCDs are of use as recording devices giving a
quantitative output, but a radiation hard device with a longer life-

time would widen their scope in electron microscopy.

4,3.,9 Effect of Irradiation on CCD Gain

In earlier experiments (See Section 3.2.2 ) the output voltage
of the CCD was shown to be linear with the number of incident electrons/
cell. From the above results which show that after irradiation the
CCD output is the same for damaged as for undamaged regions up to the
maximum usable output voltage and is less thereafter, the gain is
clearly reduced in the region beyond maximum usable output voltage.
An experiment was done to investigate this in which the gain of the
CCD for 60keV electrons was measured before it had received any sig-

nificant irradiation and was remeasured after irradiation.

Figure 4.6 shows the change in CCD gain with irradiation for an
area irradiated with 9.7 x 100 electrons/photocell, The post-irradi-
ation curve follows the original until the output voltage increases
to 0.7V, and thereafter has lower gain. The figure of 0.7V is equal
to the maximum usable output voltage which was measured with the CCD
illuminated by light, confirming that measurements of this quantity

made with light are applicable to electron illumination.

This result is in agreement with the observed differences in out-
put from irradiated and unirradiated cells described in Section 4.3.6
and shown in figure 4.3. Because of the scatter of experimental
points it is no. possible to say whether the curve is linear for out-

put signals greater than the maximum usable output voltage.

4,3.10 Irradiating CCD under Negative Bias

The literature on radiation effects on MOS systems reports that
the effects of positive charge build-up in the oxide can be minimised
by negatively biasing the metal electrode during irradiation (See
Section 4.2.1). This causes the positive charge to collect at the
metal-insulator interface where it has a smaller effect on device
performance than charge at the insulator-semiconductor interface. In
an n-buried channel CCD the large positive potential applied to de-
plete the buried channel ensures that the electrode is negatively

biased with respect to the semiconductor. However this negative bias
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can be increased by applying negative clocking voltages to the elec-
trodes, and this was done in the following experiment in an attempt

to reduce the rate at which damage occurred in the CCD.

The experiment was performed in the same way as those described
previously, but in this case the values of @vandfp were set at -6 to
OV during irradiation instead of O to +6V ag before. The change in
maximum usable output voltage with electron dose was used to monitor
the radiation damage. No significant difference could be seen in the
damage rates in positively and negatively biased areas, and it was
concluded that negative bias on the electrodes does not reduce the
rate at which the CCD damages.

4,3.11 Explanation of Results

The increase in dark current with total electron dose is simply
explained by the increase in the number of interface states with ir-
radiation as described in Section 4.2.5. However the decrease in
transfer efficiency with dose requires further explanation. The
transfer inefficiency is manifest as an inability of the CCD to
transfer large charge packets efficiently, although transfer is normal
for signals less than some maximum usable output voltage. There are

several possible explanations for this:

1. Charge may be trapped in interface states, the number of which
has certainly increased as shown by the large increase in dark
current. This is the main cause of transfer inefficiency in sur-
face channel devices, and since a buried channel CCD behaves as
surface channel for large signals, with some charge being trans-
ported at the interface, interaction with interface states may
occur. Small charge packets would not be affected since they are
transported in the bulk of the channel and are not in contact with
the interface states. However it is known (Section 4.3.7) that
increasing the electrode bias voltages so that they have a more
positive voltage during the charge collection phase improves per-
formance by increasing the maximum usable output voltage. It is
shown in Appendix 2 that incfeasing bias voltage moves the potential
minimm closer to the interface, which should cause more inter-
action of minority carriers with interface states and should increase

the charge loss., This explanation therefore seems unlikely.

2. When charge is added to a potential well in a buried channel
device, the volume of the region of the n-channel used for charge

storage increases, and saturation is reached when the edge of the
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storage region reaches the interfacels. In Avrpendix 5 it is shown
that the amount of charge which can be stored before this occurs
decreases as Vg, the electrode bias voltage, increases, The nos-
itive charge created in the Si0o insmlator by electron bombardment
behaves as a pocitive bias increase ard may have the effect of
causing the CCD to saturate at lower sigmnal charges, However,
once again the improvement in performance achieved by increesing
the bias voltages disproves this theory, since a bias voltage

increase should also reduce the saturation charge.

3. The vpositive charge induced in the Si0, laver by electron
bombhardment causes an increase in the effective bias voltare
applied to the cell electrodes, If the increase in positive bias
cances an unequal increace in Vm, the minimum potertial, under
wells with different initial hias voltages this will result in
distortion of the potential wells which may cause a decrease in
csaturation charge., However, in Aprendix & it is shown that for 2
wells with different initial bias voltages an equal increase in
the bias voltare in bnth wells will result in an unequal increase
in Vp, with the increase bheing greater for the cell with the
higher initial value, Thns the voltace difference hetween the
potential minima in 2 c¢ells increases if a mositive bias offcet
is added, This mechanism therefore pnredicts that tra—ninc of
positive charpge in the oxide layer will caunse an increase in the
armount of charce which can bhe stored in the CCD, Thus this

exnlanation is not consistent with the observed facts.

k. The final possibilitr is that curgested by Killiary et al®
(Section 4.2.4). The rositive charoe trapned in the oxide layer
canses field irduced channellZ=z in the undoped polycrystallire
silicon interelectrode isolation, This redwces the resistance
between adjacent electrodes at different notentials and allows
the clockine waveforms to hecome mixed, Ficure 4,7 shows the
capacitance model for two adjacent CCD cells, V4 apd V; are the
voltages produced by the power surrlies to the two electrondes
and v is the iﬁternal impedance of the eunnlie<, 2 is the
impedance of the nolysilicon isolation an? V, ' and V4! are the

bias voltages on the insnlator surface, The vnlta~e dron across

Z is:
z (vy - v,)
st — R 1 0
V1 Vo' = 77 o7
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If Z is very large, as it is before irradiation, then

Vit = Vo' =V, -V, )
and the bias voltages applied to the cells are those provided by
the power supnly. However if channelling occurs and & is low,
then Vi' - V,' tends to zero as & tends to zero. As a result the
bias voltages to the two cells become almost equal and the values
of V,, the potential minima in the cells also become equal,
Charge will therefore spill from one cell tothe next at low signal
charges. The potential difference between the cells car: be
increased by increasing V4 - V,, so improving the potential
profile, This explanation is again consistent with the observed

results.

While the last explanation accounts for loss of signal due to
spillage of signal charge to adjacent cells, it suggests that a sharp
cut-off in output charge will occur below which the device is normal
but above which no more charge can be transferred, However that this
is not the case can he seen from the graphs of voltage output against
number of incident electrons which show an increase, although a non-
linear one, in output voltare arsainst number of incident electrens
ahove the maximm usable output voltage., This occurs in the following
way. The variation of V, the minirnm potential, with stored charge
is not linear for a buried channel CCD but has the form shown in
Figure 4.8. Saturation for the damaged CCD occurs when the stored
charge incre~ses Vy to the point where it is equal to the V, of a
neighbouring cell which does not have an apnlied bias voltage and
therefore should not store charge, At this point, if an amount of
charge is added to the oricinal cell it will not all be stored there
but will be shared between it and the neighbouring cell. This extra
charge will increase the potential minimum VL of both cells, and the
relative amounts of charge stored in the cells will be such as to
maintain their equal values of V;. Since the collecting cell contains
more charce than the ofher, its Ilnerea<e in Vy with stored charge will
be smaller (see Fimare 4.8) and it can therefore store more charge for
an equal increase in V. Therefore more than half of the additional
charge added after maximum usahle outpnt voltare is reached is retained
in the oririnal cell., This is consistent with the gain results ob-

tained for irradiated areas (Section 4.3.9).

4,3.12 Sumaryv

In swmary, twvo main damage effects are seen in the Fairchild

CCD202 as a result of electron irradiation in the electron microscope,
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The first is an increase in dark current with total electron dose
sufficient to half fill the potential wells of the CCD at a dose of
typically 3 x 106 electrons/cell. This effect, while rendering the
CCD unusable at room temperature, can be made negligible by cooling
the device to ~ 0°C and so does not limit the useful lifetime of the

device. | These resvlts apply to a CCD cycle time of 40 ms.

However the second manifestation of radiation damage, a decrease
in the maximum usable output voltage as total electron dose increases,
does restrict the CCD lifetime. The lifetime varies with electron

energy but is typically ~- 107 electrons/photocell.

SECTION 4.4k EXPERIMENTS TO REMOVE RADIATION DAMAGE IN CCD202 BY
ANNEALING

4,%,1 Introduction

The reports of removal of radiation damage from MOS devices by
heating to temperatures greater than 150°C (Section 4.2.9) led to an
experiment to see if the same techniques could be applied to radia-
tion damage in the Fairchild CCD202, The manufacturer's specifica-
tions quote a maximum storage temperature of 100°C, so the effect of
elevated temperatures on the device packaging was uncertain before
the experiment took place. A series of preliminary experiments were
done in which the device was heated to temperatures within and slightly
above the specification, culminating in a 4-hour anneal at 100°C. No
improvement in transfer efficiency or dark current was seen after this
anneal and it was necessary to exceed the manufacturer's specifica-

tions in subsequent experiments.

4,4,2 Experimental Arrangement

The CCD was heated under vacuum for one hour at temperatures of 150°C,
190°C, ?08°C, 208°C again and 238°C, and in nitrogen for one hour at
238°c, 270°C, 300°C, 330°C and 370°C. The series of experiments under
vacuum were performed in a Townson and Mercer vacuum oven with the
temperature measured ﬁy a thermometer placed within the oven insulation.
The second seriesAin nitrogen was done in a furnace and the temperature
measured with a thermocouple before the CCD was inserted. A slow nitro-
gen flow ( £ 0.3 litres/minute) was nassed over the device during
annealing. The performance of the CCD was monitored after every anneal
to detect whether any improvement had occurred. The CCD used in this

experiment was that used in the radiation damage experiments described
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in Section 4.3 and so contains seven damaged areas which have received
various total doses at electron energies of 20, 60 and 100keV., This
allows comparison of the dependence of the annealing temperature re-
quired to remove damage on the energy of the damaging radiation and

the total dose.

The dark current at room temperature was measured for all the
irradiated areas after each anneal at temperatures greater than 180°C
(this was not done for the first two anneals at 150°C and 180°C).

The maximum usable output voltage was measured for all seven areas for
all but the first two anneals, In addition, oscilloscope photographs
were taken of the scan across one line after each anneal at room
temperature to show dark current, and cooled and illuminated to show
transfer inefficiency. The CCD was not annealed to temperatures
greater than 370°C because there were signs of new damage appearing
after this anneal (See Section 4.%.5).

In the experiments described in this section the CCD driver system
described in Section 2.1.3 which was u'sed for previous experiments in
this Chapter is replaced by the driver and accumulation system de-
scribed in Section 2.2.6 . As a result the irradiation time and
readout time are different from those of previous sections resulting
in a different dark vadtage for the same device dark current. In
graphs where data obtained using bothsystems is presented the values
of dark voltage obtained with the old system have been converted to
those which would have been obtained with the new system. In addition,
bypassing the amplifier on the Fairchild driver board SL61268 in the
new system has resulted in the measured output voltage being smaller
by a factor of two and as a result saturation occurs at = value of 1V,

4,%,3 Results of Annealing Fxperiments — Temperaturetecuired to remove
Dark Voltage

From the results of the preliminary experiments anneals at temp-
eratures less than 100°C produce no improvement in device performance.
However the results of the experiments described in the previous
section show that annealing to & 330°C was sufficient to remove dark
current from all the damaged areas of the CCD. Figure 4,9 shows
oscilloscope photographs of the output of the same horizontal line of
the CCD taken after successive anneals., The decrease in dark current
after each anneal can be clearly seen. This line passes through two
regions which had been irradiated, with cells 32 -~ 46 receiving a
dose of 17.7 x 106 60keV electrons, and cells 80 - 94 a dose of 7.2

x 106 60keV electrons. In addition, dark current overflowing from
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Figure 4.9: Output of horizontal row in
damaged area taken after successive anneals,
showing the decrease in dark current in the
damaged area as annealing proceeds. The most
heavily damaged region had received a dose of

17.7 * 10~ electrons/photocell.



other damaged areas is seen in cells 6 - 30, After a one hour anneal
at 150°C a small decrease in dark current could be discerned from the
line photograph and a further émall decreage was noted affer the one
hour 180°C anneal., A large decrease in dark current (by a factor of
»~ 3) occurred after the 210°C anneal, and a further large decrease

after the 240°C anneal, At this point almost all dark current had

been removed, and a further anneal to 270°C reduced the dark current

to an ummeasurable level ( < 1% of saturation) in all but one area.

Comparison of three areas pre&iously irradiated with 60keV electrons
at various total doses shows the effect of previous dose on the rate
of removal of dark current. The dark voltage after anneal is greatest
for the area with highest previous electron dose, but all the damage
in all three areas is removed by annealing to the same temperature.
Therefore, regard.’2 ss of previous dose, an anneal to 270°C is suffic-
ient to remove dark voltage caused by bombardment with 60keV electrons.

This is shown in figure 4.10(a).

It is difficult to determine the effect of electron energy on the
rate at which dark current is removed by annealing because no areas
have been irradiated to the same electron dose at different energies.
Figure 4.11(0) shows three areas which have approximately equal dark
volitages before annealing but have received different electron doses
at different energies, The damage in all three areas is removed by
330°C. The area previously irradiated with 100keV electrons seems to
require a higher temperature to remove the dark voltage, but it is not
clear whether this is truly energy dependent or is simply a result of
the very high electron dose received by this area.

4,4,4 Results of Annealing Experiments - Temperature required to
improve Maximum Usable Output Voltage

No improvement in the maximum usable output voltage (as defined
in Section 4.3.7) was achieved by the preliminary anneal to 100°C.
In the experiments reported here, annealing to 370°C increased the
maximum usable output voltage to the saturation voltage in almost all

areas, so restoring the device performance.

Some improvement in maximum usable output voltage occurs after
the first anneal to 150°C, and a further improvement occurs after
180°C, 210°C and 240°C. A further anneal to 270° results in a con-
siderable improvement in efficiency, and the CCD output is restored
almost to normal after the final anneal at 370°C. TFigure 4.12 shows

oscilloscope photographs of a line of output as the performance
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a) Before anneal

b) 180°C
c) 240°C
Figure 4.12: Output of horizontal row in

damaged area after successive anneals, showing
the improvement in maximum output voltage in
the damaged area as annealing proceeds. The
most heavily damaged region had received a dose

of 17.7 electrons/photocell.



improved. The intensity of light on the CCD is 2 75% of saturation
in all four photographs. The previous doses in the damaged regions
were 17.7 x 106 60keV electrons in cells 32-4k, 2,1 x 106 in cells 45
- 55 and 7.2 x 100 in cells 83 - 93.

Measurement of the maximum usable output voltage after each anneal
showed that it had inéreased to the saturation voltage after 370°C in
all but two of the seven areas studied. These two areas had been
heavily irradiated, one with 60keV electrons and the other with 100keV
electrons, and before annealing had a maximum usable output voltage of
OV. Their maximum usable output voltages after the 370°C anneal were

respectively 70% and 80% of saturation.

Figure 4.10(b) shows the annealing curve for three areas damaged
by 60 keV electrons. The two least damaged areas show a sudden im-
provement after annealing to 240 and 270°C while the most heavily
damaged area shows a steady improvement in performance which is not

complete by 370°C, the highest temperature to which the CCD was heated.

As in the ca=e of dark current it is difficult to separate the
effects of incident electron energy and total electron dose on the
annealing temperature required to remove damage. Figure 4,11(b) shows
the improvement in maximum usable output voltage with annealing for
three different electron energies and four different doses., It is not
clear whether the highest temperature required to remove the damage
due to 100keV electrons is due to the electron energy or the high

total dose received by the area.

Thus, for five of the seven areas studied the maximum usable out-
put voltage was restored to the saturation voltage by annealing to
370°C. In the two areas which had previously received the highest

total dose there was still evidence of damage after an anneal to 370°C.

4.4.5 Damage caused by Annealing

After the final anneal to 370°C the CCD became very sensitive to

the clocking voltage levels, The following effects were noted:

1. The dark currént in some areas of the device became very large,
with saturation occurring in one region. All but one of the areas
in which this occurred had been previously irradiated. The signal
is known to be dark current because of its temperature dependence
and can be removed comnletely by reducing the clocking voltage
height to 4V for the vertical transfer pulse @ and to 2V for the
photogate pulse ¢b. These two facts suggest that the signal may

92



be due to incomplete depletion of the buried chanmel (described
in Section 4.2.4), since it is probable that irradiated areas
bhave a higher oxide charge, which can inhibit depletion, and that
reducing the clocking voltages improves performance by opposing
this effect. The voltage applied to the buried channel was pre-
viously sufficient to deplete the buried channel but the final
anneal to 370°C could have caused an increase in the resistance
of the gold wire-aluminium electrode contact, thus decreasing the
voltage applied to the silicon. This effect, due to depletion of
the aluminium from the area under the gold electrodes, is report-
ed by Maissel & Glang24 and can occur at temperatures of 300°C.
If this is the correct explanation it will be possible to remove
the dark current by increasing the reverse bias to the channel -
substrate junction, but this has not been attempted. The CCD was
-not heated to temperatures above 370°C in case the dark current
became worse. At this point it should be made clear that this
dark current mechanism could not be responsible for the dark
current increase observed when the device was irradiated since in

that case there was no dependence of dark current melectzode voltage,

2. The saturation voltage of all cells of the CCD became depend-
ent on the value of the clocking voltages and became lower as the
clocking voltage increased. It could be restored to its former
value of 1 V by rediucing ¢v and ¢p to 5V and 4V respectively.

This is consistent with the dependence of saturation voltage on
electrode voltage described in Appendix 5, in which the saturation
voltage is greatest for small electrode bias voltage. However it
is not clear why this effect should only become important after
annealing. Incomplete depletion of the buried channel may cause
the effective number of donor atoms to decrease, thus decreasing

the saturation charge, but this effect should be evident only in

those regions which have been irradiated.

3. The CCD became very noisy with a noise signal of & 30% super-
imposed on the signal. This could be removed for a short time by
switching on and.off nearby apparatus, suggesting a poor connec-
tion either within the CCD or in the external wiring. The external
connections were checked and replaced, but the problem persisted,
and was eventually solved by increasing the value of ¢v to 4V,

This effect may once again be due to poor contact between the gold

wires and aluminium interconnections.

. A dependence of saturation voltage on device temperature was
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observed, and since no such effect had been noticed before this
is assumed to be a result of annealing. Figure 4.13 shows the
decrease in saturation voltage with temperature. This effect is
not due to a change in the gain of the CCD because a given output
voltage does not decrease continuously as the device is cooled,
but only shows a decrease after the temperature corresponding to
maximum output voltage is reached. This may be due to an effect
similar to that described in (2) in which an increase in the de-

- vice clocking voltage caused the saturation voltage to decrease.
The occupancy of states in the band gap depends on the position
of the Fermi level and therefore on device temperature, with donor
states becoming more negatively charged as temperature decreases,
and acceptor states becoming more positively charged as temperat-
ure decreases2’. Therefore, if there is an excess of acceptor
states over donor states a decrease in temperature will result in
an increase in the positive charce at the interface, increasing
the effective bias voltage on the semiconductor and reducing the
cell capacity as described in Appendix 5 . While the trivalent
silicon states are donors, the non-bridging oxygen states are

acceptors and may be responsible for this effect.

In suvmmary, annealing to 370°C removes the effect of radiation
damage in almost all irradiated areas but is insufficient to remove
damage in areas which were heavily irradiated. However damage occurs
as a result of annealing, and some of the damage effects may be due
to the increased resistence of the gold wire-aluminium interconnection

contacts.

k.4,6 Lifetime of Annealed Device under Electron Irradiation

If it can be shown that an annealed CCD damages under irradiation
at the same rate as a new device, then it may be possible to extend
the life of the CCD indefinitely by this process. To tﬁis end a series
of experiments were performed in which the whole area of the annealed
CCD was irradiated with 60keV electrons, and the deterioration in dark
current and maximum usable output voltage measured; This allowed com-
parison of the rate at which damage occurred in irradiated areas with
that of areas which had not previously been damaged. The following

experimental conditions were in operation:

1, The border of the active area of the device was masked off by
a copper aperture., As a result rows 6 - 94 and cells 8 - 99 were

irradiated, with the remaining cells being shielded. Cells 1 - 7
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could therefore be used for comparison with the irradiated area

to detect changes in the maximum usable output voltage.

2. The clocking voltages to the CCD were chosen to minimise the
damage effects described in Section 4.4.4 above. The best per-
formance was achieved with §, = 0-4V and @, = 0-5V, which,
although in the correct range for minimising noise and maximising
saturation voltage, allow a large dark current (95% of saturation
at room temperature) in 3 areas, These areas cannot therefore be
used to study the increase in dark current with irradiation but
behave normally when cooled and so can be used for studying max-

imm usable output voltage.

3. The experiment was performed with the apparatus described in

- Section 2.2 . The beam current and irradiation time were chosen
so that the electron signal half-filled the CCD wells, and the
irradiation time was the shortest compatible with the speed of the
counting system. Initially an irradiation time of 1%4.3 ms and a
count rate of 26 electrons/photocell/irradiation was used, and
latterly a rate of 50 electrons/photocell/irradiation with an
irradiation time of 47 ms., The readout time in both cases was 56

mse

4.7 Nine irradiations were performed with the CCD performance
checked before the first and after each subsequent run. The total
dose received by the device during this experiment was 14.2 x 106
electrons/photocell. The total irradiation time was approximately
nine hours. Some additional irradiation of the CCD occurred while
the gain of the device was measured after each run, and this is

accounted for in calculating the total dose on the device.

5+ Since the satvration volta~e of the CCD varies with termerature
(&.%.5), it is irmortent that the device temrerature is as hich as
nossihle so that early changes in maximm ontpnt voltace c=n he
detected, TIf, for example, the maximwa outmmt veltage “alls to 1V,
this will be detectahle at 220C, with a saturaticn voltase of l.2v;
but not detectable at -k0°C, where the saturation voltace is= 0,6V,
Thus the measurements were made at —6°C, which gives a saturation

voltare of 1,08V and a reaserna®ly low dark voltare of 20mV.

4,%k,7 Results of Fxneriment on CCD Performance after Annealing -
Increase in Ilark Voltare with Irradiation

A comparison of the rates of dark current increase before and
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after annealing is made in Figure %4.14(a). An area which was irradiat-
ed with 2.1 x 106 electrons/photocell, annealed to 370°C and reirrad-
iated damages more quickly than an area being irradiated for the first
time. The cumulative dose required to half-fill the potential wells

is 2.5 x 106 electrons/cell fara CCD which has been neither irradiated
nor annealed,is 1.4 x 10% for an area which has not been irradiated
but has been annealed, and is 0.7 x 106 electrons/photocell for an
area which had been previously irradiated and annealed. Figure 4.14(b)
shows that an area damaged previously with 20keV electrons, annealed
to 370°C and reirradiated with 60keV electrons, damages more slowly
with 60keV electrons than it did in the earlier 20keV irradiation,
demonstrating a considerable improvement in performance. Figure 4.15
shows the effect of previous total dose on the damage rate. For the
two areas irradiated under positive gate bias and the previously un-
irradiated area the rate of damage increase as the total dose in-

creases as can be seen from the following table:

Previous Dose Dose required to increase Dark Current
(electrons/photocell) to half saturation voltage
(electrons/photocell)

0 1.3 x 106

0.97 x 100 1.1 x 100

2.1 x 100 0.75x 10°
TABLE 4.3

Effect of previous dose on dark current increase for 60keV electrons

The other area on this graph was previously irradiated under negative
bias (Section 4.3.10). At that time there was no difference noted
between the damage rates with positive and negative bias. However

this area now seems to damage more slowly than would be expected from
its previous total dose, with a damage rate less than that of another
region with a considerably smaller total dose. It may be that the
different location of the damaged areas in the Si0y under negative bias
makes annealing more effective.

4,4,8 Results of Experiment on CCD Performance after Annealing -
Change in Maximum Usable Outnut Voltace with Irradiation

The maximum usable output voltage decreases with total electron
dose as described before (Section 4.3.8). As can be seen from Figures
4,16 and 4.17 the damage rate denends on the previous total electron
dose, with the CCD lifetime being longest for those areas which were

irradiated least. The following table gives device lifetimes after
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annealing to 370°C as a function of previous total electron dose of

60keV electrons:

Previous Dose Lifetime
(electrons/photocell) (electrons/photocell)
0 8.2 x 100
0.77 x 100 6.7 x 106
2.1 x 100 6.7 x 106
7.2 x 106 (negative bias) ° 8.0 x 109
15.6 x 100 6.7 x 100
17.7 x 100 5.2 x 106
TABLE 4.4

Effect of previous dose on CCD lifetime for 60keV electrons

Once again the area previously irradiated with negative bias damages
more slowly than the other.areas. For all areas except the most
heavily irradiated the CCD lifetime is greater than the value of 6.0

x 106 electrons/photocell measured in the original experiment when

the device was first irradiated. This suggests that annealing the CCD
to 370°C removes not only radiation induced oxide charge but also fixed
oxide charge which was present in the device before irradiation. The
lifetimes for areas previously irradiated with 20 and 100keV electrons

are 7.0 x 106 and 8.0 x 106 respectively.

The main points arising from the experiments to measure the rate

of damage after annealing are as follows:

1. The dark current increases more quickly with electron dose in
a CCD which has been irradiated, annealed and reirradiated, than

in a new device.

2., The maximum usable output voltage in most cases decreases more

slowly in a damaged and annealed device than in a new one.

3. For areas previously irradiated with the same electron energy
the rate at which damage occurs is greatest for those areas with

highest previous total dose.

L. An area which had been previously irradiated under negative

bias damaged more slowly than one which had been irradiated under

positive bias.

It is not known whether these results which are observed after ore

cycle of irradiation and annealing will apply to a device which has
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undergone many such eycles. Further investigation of this effect is

required before a final figure can be put on CCD lifetime,

4,4,9 Reannealinc CCD for Use in Imaging

To demonstrate that an annealed CCD can be used for imaging of
specimens in tﬁe electron microscope, the device used in the experi-
ments described in Sections 4.2 and 4.3 was annealed once again and
used to record images of radiation sensitive materials. The work on
imaging is described in Section 5.3. Annealing was done in a furnace
as before in a N, atmosphere. The CCD was annealed three times, twice
for one. hour at 350°C, and once for one hour at 365°C. The maximum
usable output voltage and the dark voltage were measured after each
anneal, and, since a variation in output signal from different areas
of the device was apparent, this was done for each of the irradiated
areas discussed previously. The performance after each anneal was as

follows:

1. After anmeal to 350°C for one hour.

The dark voltage in all areas was reduced to approximately 10%
of saturation. The residual dark voltage was greatest in those
areas which had received the greatest electron dose in the first
set of irradiations. The maximum usahle output voltage had in-
creased to greater than 80% of saturation in four of the seven
areas., Again the most heavily damaged areas in the first set of

irradiations performed worst.

2., Anneal to 350°C for one hour

This further anneal caused little improvement in performance.

3. Anneal to 3635C for one hour

A dark voltage of 10% of saturation was present in all areas
but those used in the first set of irradiations, in which the dark
voltage was less, The most heavily damaged areas had the smallest
dark voltage, it being as low as 5% of saturation in the area pre-
viously irradiated with 17.6 x 106 60keV electrons. It is not
clear why this dark voltage should be present or why it should
depend in this way on electron dose since this seems to contradict
the effects observed after the first set of anneals described in
Section 4.4.5, and after the first of this set of anneals. Xo
significant reduction in the dark voltage was observed when the

clocking voltages were varied.

The maximum output voltage was restored to saturation voltage in
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four out of the seven areas, was 90% of saturation in two areas, and
60% of saturation in the most heavily irradiated area. The CCD was
used in this condition without a further anneal., No decrease in sat-
uration voltage with temperature was seen after this anneal. When
cooled to -24°C the dark current decreased to a negligible value and

the CCD was capable of producing the images shown in Figure 5.

SECTION 4,5 TMPLICATIONS OF DAMAGE RESULTS

The results outlined above are encouraging for the future of CCD
as detectors in the electron microscope. The results on device life-
time show that 101i images with a shot noise limit of 3% can be pro-
duced before the device becomes inoperahble, using electrons of energy
60 and 100keV. The considerably greater damage rate of 20keV elec-
trons reduces the lifetime to 107 images. This sugrgests that the CCD
is useful for recording separate images in the way that photographic
plate is used but cannot be used continuously to view the specimen as
can a phosphor screen. The lifetime of the CCD under continuous ir-

radiation at a typical rate is approximately 5 hours.

The lifetime of the Fairchild CCD202 can be extended, after damage
has rendered the device unusable, by annealing to 370°C. The minimum
time required at this temperature to remove damage is not kmown, but

is certainly less than one hour.

Due to the increase in dark voltage with irradiation a method of
cooling the device to # -20°C is necessary, and the increased sensit-
ivity of the CCD saturation voltage to temperature after annealing re-
quires that this be controllable to within a few degrees. A Peltier
element bonded to the CCD base may allow more precise temperature

control than the present system.

It is possible that cormercial radiation hard devices may soon be
manufactured with a lifetime which is a factor of 30-100 greater than
the non-hardened devices presently available. If this is so, continu-
ous electron irradiation of the CCHs will be possible, and the devices

can be used both to continuously view and to record images.
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CHAPTER 5
IMAGING WITH CCD 202
SECTION 5.1 INTRODUCTION

This Chapter describes the use of the CCD 202 to record images of
various srecimens in the elecon microscope and shows the imaces which
were obtained. They range from perforated carhon film, a simple test
specimen, to lattice fringes in chlorinated copper phthalocyanine,
‘which is a radiation sensitive specimen. The experiments allow both
visual assessment of the quality of images recorded by the CCD and
experience of the practicalities of CCD operation as a routine viewing

and recording device.
SECTION 5.2 RECORDING PROCEDURE

The apnaratus used in recording the images is described in

Chapter 2. The recording procedure is as follows:

1. A suitahle area of the specimen is selected and focused, using
either the CCD alone or, more cormmonly, the phosphor screen for

area selection and rough focusing and the CCD for fine focusing.

2. The electron beam intensity is suitably adjusted to match the.

CCD cell capacity and recording time,

3. An image is recorded by the Data Accumulation and Control

Unit.

4L, The image is displayed on the C.R.T. screen and photographed

to produce a permanent record.

Section 5.2.1 Area Selection and Focusing

This stage vrroved to be the most difficult and time-consuming.
The Data Accumulation and Control Unit has the ability to store and
continuously cyvcle image data so that a recorded image can be displayed
withont further irradiation of the specimen. This makes the CCD
attractive for area selection and focusing of images of radiation
sensitive specimens, where it is important to minimise the electron
dose on the specimen. With a specimen of perforated carhon film an
image recorded with a dose of = 30 electrons/photocell was sufficient
to assess w,ether an area was suitable for recording with better
electron statistics. However, perforated carbon film is a particularly
simple high contrast snecimen, and most other specimens will require

hipher doses than this. The imaging system in its present state is
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not suitable for selection of areas for recording. This is due to the
limited number of picture elements in the device which means that only
a small area of the specimen can be imaged at a given resolution. In
addition, the CCD is mounted non-centrally in the electron microscope
column, so that changes in mamnification result in movement of the
image on the CCD., Thus area selection has to be done at the magnifica-
tion at which the image will be recorded, This proved to be difficult
with the limited number of picture elements of the CCD even for per-
forated carbon film, which is a particularly simple specimen. Area
selection could thus be made easier by mounting the CCD centrally in
the microscope column., In addition, the trend in new CCDs is towards
devices with greater numbers of picture elements,land devices are now

"~ available which can image considerably greater areas than the CCD 202.

Thus, although low dose area selection and focusing is highly
desirable for radiation sensitive specimens, it is not practical to
use the CCD for this purrose, with the present experimental system.
For this reason, in recording images, the area was normally selected
approximately using the phosphor screen, with the CCD being used only
for fine focusing and for recording. The CCD position was marked by
an indentation on the phosphor screen to facilitate positioning of the

specimen.

Section 5.2.2 Beam Intensity

The electron counting system was used to adjust the electron dose
rate before the image was recorded. This was normally done irmediately
before recording the image, but could take place before area selection
and focusing to minimise the electron dose on the recorded area., The
beam intensity was normally chosen to approximately half-fill the CCD
photocells at each accurmlation, with an irradiation time of normally
24 ms, chosen as giving reasonably short recording times, while being
long compared with the beam deflection time. The exception to this
was in the case of the images of chlorinated cooper phthalocyanine
where it proved necessary to continuously irradiate the specimen and
CCD to avoid image blur (Section 5.3.4). 1In that case it was desirable
to have the irradiation time long comnared with the readout time of 56
ms, and so an irradiation time of 158 ms and a low beam intensity were

used,
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Section 5.2.3 Imace Recording

An electron dose of = 107 electrons/photocell was normally used
to record the images, giving an electron shot noise of % 3% in the
recorded image. The number of accurmlations/image was chosen accord-
ingly, and was typically 31. This results in a typical recording time
of % 2.5 seconds for an image with 3% electron shot noise, After
accumulation, an equal number of subtractions was performed with the
_CCD unirradiated to ensure that only signals due to incident electrons
contribute to the data stored in the memory. The image was normallyv
recorded in 3-frame mode, so that an 82 x 82 array of photocells and
a 41 x 82 array of transport cells were recorded and could be displaved

separately,

Section 5.2.4 Photooranhvy

The images were displayed on tﬁe Tektronix display monitor
(Section 2.7) and were photogranhed with both a Shackman camera using
Polaroid 107C film for an irmmediate record, and a Tektronix camera
using 220 roll film (HP% or HP5) to obtain negatives for printing.
The photogranhs in this Chapter are reproduced from the images re-~
corded on 220 roll film. There is a magnification of & 20x between
the image on the CCD and the image screen of the display oscilloscope.
In addition, the macnification of the electron microscone is greater
than the nominal value siven by the instrumental disnlays, because of
the different positions of the CCD and the photogranhic plate. The
distance from the projector lens pole piece to the photorraphic plate
is 35.4 cm, compared with a distance of 62.9 cm from the projector
lens pole piece to the CCD, givine a magnification at the CCD greater
by a factor of 1.78x than the nominal magnification., This has to be
borne in mind in calculating the sizes of features on the recorded

images,
SECTICN 5.3 TIMAGES

Section 5.3.1 Im~ces of Perforated Carbon Film

This standard electfon microscope test specimen was chosen for the
first set of imaging evneriments with the CCD 202, Ficure 5.1 shows a
through-focus series of images taken with an electron microscope
magnification of 2000x ( = 3560x on the CCD) and an electron dose of
typically 300 electrons/photocell. This gives an electron shot noise
of ® 6%, and demonstrates the ability of the CCD to produce imares at

lowv electron doses, The irradiation time used for these images was 24
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Total accurmlation time (seconds) 5
Irradiation time/accurmlation (ms) : 24
Readout time/accumlation (ms) ' 56
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Electron intensity at CCD (e~ /photocell/second) 195
(4/ci2?) 5.8x10~-6
Flectron intensity at specimen (e-/%2) 0.07
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- Electron energy (keV) : 60
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ms, the readout tine was 56 ms, and the number of accumulations was 64
giving a total accumulation tine of 5 seconds. Clearly this figure
could have been much reduced by using a higher intensity electron bea”,
since for these images the electron dose/photocell/accumulation was,

on average, only 5 electrons. Thus, the number of accumulations
necessary to record the image could have been reduced by increasing the
electron dose/photocell/accumulation. In changing from one focus
position to the next, the image was examined before the final recording
was made by accunul'’ting for a small number of cycles. A typical
figure of 30-50 electrons/photocell was sufficient to ascertain the
suitability of the image for recording. This corresponds to a dose of

0.007- 0.010 electrons/”" on the specimen.

These images were recorded in 3-frame mode, so that an image was
al”o formed from the transport cell contents. Figure 5*2 shows one of
the through-focus series of ohotocell images, together with the
associated transnort cell image, and the image of the same area taken
on photorranhic nlate at the same electron microscope magnification.
The sunerior resolution of the photographic plate compared with the
photocell image, and of the photocell compared with the transport cell
image, can be seen from the sharpness of the Fresnel fringes around
the holes in the carbon film. The "granularity" introduced into the
image recorded on photographic f£il” by statistical fluctuations in the
electron beam intensity” can be seen in the variation in the thickness
of the dark fringe round the small holes in the carbon film and in the
apparent detail in the carbon film. This noise particle size corres-
ponds to a distance of » 30 Jui on the photographic film, which is
compatible with the expected figure for this type of photographic
emulsion. Thus for 60 keV electrons, with images recorded at the same
magnification, the resolution of photographic emulsion is better than
that of the CCD. This is to be expected from the results of
Section 3*4.2, since the charge spread caused by 60 keV electrons
should be intermediate between that of 40 keV and 100 keV electrons,
and so should be in the range 28 - 120 pm. The size of specimen detail
which can be resolved in the image can clearly be reduced by increasing
the electron microscope mamification, but this would bring a corres-

ponding reduction in field of view.
Section 5*3«2 Images of Renlica Diffraction Grating

A second specimen which was suitable for preliminary imaging tests

was a carbon replica diffraction grating of spacing 0.46 pm, commonly
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used in the electron microscope for calibration at low magnifications.
Since the grating extends over the whole specimen no area selection
was necessary in this case. Figure p.3 shows a photocell and a trans-

port cell image recorded at an electron energy of 60 keV, an electron

dose of 629 electrons/photocell, and a magnification of 6b0x (= 1200x
on CCD). The total time to accumulate the image was 4.1 seconds. The
average number of electrons/photocell /accumul”~tion was 20 which is \

of cell saturation, so that a reduction in accumulation time could be
achieved by increasing the electrons dose/photocell/accumulation and
so decreasing the necessary number of accumulations. Comparison of

the photocell and transport cell images shows the loss of resolution
in the vertical direction for the transport cells due to the smaller

number of picture elements (41 instead of 82).
Section p.?.3 Torres of Catalage Calibration Snecimen

The next set of images shows a catalase calibration specimen with
lattice fringes of spacing 8.75 nm. .The electron energy in this case
was 100 keV and the electron microscone magnification was 13,CO00x
(23,400 on CCD). The electron dose on the CCD was tynically 500
electrons/photocell, giving an electron shot noise of 4.4/. 32 accum-
ulations were performed for each image, a total accumulation time of
2.6 seconds per image. Figure 5*4 shows a series of images of the
catalase lattice fringes ta”“en et different defocus values. The
specimen was not irradiated between focus positions in this case, so
that the full series of 7 images was recorded with a total dose on the
CCD of 3,700 electrons/photocell (equivalent to an electron dose on

the specimen of 37 electrons/"-).

Figure 5.3 shows the sa”e specimen recorded under the same condi-
tions as above with a lower electron dose of 280 electrons/photocell,
giving a shot noise of ©~ 6/. The horizontal band seen across the
ira”pe in this photograph is an artefact introduced by the CCD, which
has not been satisfagtorily explained. It appears intermittently when
the CCD is cooled to ~ -30°C and disappears when the device is heated.
There are several possible reasons for this banding, all of which rely
on the fact t"at the dark area 1lies approximately along thelength of
the copper braid under the CCD which cools the device. It may be
expected, then, that this region -will be colder than the rest of the
device and so more susceptible to problems due to, eg,contamination or
icing. However, since it is possible to cool the CCD to a temperature

low enough to remove dark current, but above the temuerature at which
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the horizontal hand appears (ie to £ -10°C), this problem was sub-

sequently avoided.
Section ).3.4 Images of Chlorinated Conner Phthalocyanine

The final set of images produced with the CCD 202 were of a radia-
tion sensitive snecinen, chlorinated cooper phthalocyanine. The
specimens were provided by Dr W R K Clark of this department. The
specimen 1is crystalline, with a monoclinic structure, and unit cell
dimensions: a = 10.62", b = 26.04”" and £ = 3.?6 The specimen
preparation technique resulted in the growth of many small crystallites
( ~ 1 jm diameter) with their c-axis at 26° to the film normal and the
a- and b-axes 1in the horizontal plane of the substrate, lying along
directions defined by the KCl su> trate on which the crystallites were
grown. Thus if the specimen is tilted through 26° in the electron
microscope, a fraction of the molecules will 1lie with their c-axis
vertical, resulting in stacked vertical columns of molecules from which
phase contrast images of lattice fringes c¢”n be produced. FOr this form
of chlorinated cooper phthalocyanine the electron do”e at which long

range order disappears 1is a 12,G00 electrons/S~

Initial attempts to record images of lattice fringes in chlorinated
copper phthalocyanine with the CCD were unsuccessful, although the
fringes could be recorded on pbotograohic plate. This proved to be due
to movement of the image on the CCD when the electron beam was defect-
ed on and off the snecinen, which blurred the image and washed out the
lattice fringe detail. No such blurring was visible, under the same
conditions, with specimens of perforated carbon film and with the
replica diffraction grating. In addition, the image movement was

greatest 1in the centre of a grid square, decreasing to zero near the

grid bar. Figure 5.6 shows images of phthalocyanine crystals recorded
on photographic plate. In Figure 5.6a the electron beam 1is steady on
the specimen and no blurring is seen. In Figure b5«6b the electron beam

is deflected on and off the specimen during recording and blurring
occurs corresponding to a movement in the specimen plane of ca °00a.
Figure 5.6c shows an area of the specimen near a grid bar with beam
deflection during recording, and that no image blurring occurs is

demonstrated by the presence of lattice fringes.

From these observations the image movement seems to be due to
charging effects in the uoorly conducting crystals when the electron
beam is deflected on and off the specimen. The crystals charge up

while the beam is on the specimen, causing movement of the image and
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blurring in the direction of movement. While the beam 1is removed from
the specimen the charge on the crystals leaks away so that there is
further charging and image blurring when the electron beam is restored.
The fact that there 1is no blurring of the image near a grid bar is due
to the conduction away of the charge along the grid bar. An attempt
was made to record images of lattice fringes in crystallites near the
grid bar, but this considerably increased the difficulty in finding

suitable areas for recording in an already difficult specimen.

The uhthalocvanine crystallites are supported on one side by a
thin film of evaporated carbon, which should decrease the charging
effect by conducting charge away from the crystallites. The other
side of the specimen was originally uncoated and in an attempt to reduce
the amount of specimen charging and thus the movement of the image,
this side was also coated with a thin layer of evaporated carbon.
However, no improvement in performance was seen and it seems Btha” 110
beam deflection should be used in recording images of phthalocvanine
and of other poorly conducting specimé%s. Thus, in order ?é record
images of chlorinated copper phthalocyanine tne electron beam was hold
steady on the specimen both during the integration time and the readout

time -«

In order to minimise image smearing due to penetration of the trans-
port cells by incident electron's* dwb ‘nr readout, the integration time
was made as long as possible co pared with the readout time. The
maximum integration time of the system is 158 ms, and the time taken
for the signals from each field to be transferred through the transnort
cells is 14 ms. Thie to the readout system of the CCD 202 (see
Section 1.2.4) the first row of charge to be read out regains for a verv
short time ( ~ 0.28 ms) 1in the transport register, whereas the last
row is 1in the register for the full 14 ms. As a result the fraction
of the output signal due to smeared charge varies from 0.16" to 8. If-
with an average of 4,13". This amount of smearing proved small enough

to allow imaging of lattice fringes in the specimen.

Fi«uire 5»7 shows the images recorded by the CCD of lattice fringes
in chlorinated corner phthalocyanine. It is worth noting that the
device used to record these images was one which had previously been
rendered unusable by radiation damage, had been annealed to 320°C to
remove the damage effects, and had been damaged end annealed a cecord
time (see Section 4.4.9). The images were recorded with an electron

energy of 80 keV, and an electron microscope magnification of 66,000x
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Total accumulation time (seconds) 6.8

Irradiation time/accumulation (ms) 158
Readout time/accumulation (ms) . 56
Number of accumulations 32
Average number of electrons/uhotocell 1000

Electron intensity at CCD (e-/photocell/second) 198

(A/cm2) ~ 5*9x10“ 1

Electron intensity at specimen (e~/A9) 24.07
(A/cm2) 77196
Electron energy (keV) 80
Full well capacity (e“/photocell) 45

(C/cm2) ! 1.3x10~10



Y’ ?

Inf'lron imp r ol laMica fringes
in rl(Inr jii-'|.f»il ciu nor pht.lialorvaninr n*cnnlo<l
willi DI'f'ij.
i) 1-ini '-oar in- I 'Ml rol'lool j,)t,)
r*F ' "irinrrs [I»J>UA 1111 ami _III) r»floc |l iops
and 15.(>:’A (iJOr<*flrr lion)
vrr r HI 1 1al rlortroim/nlio(orr |1 * If

(rr li'<in onerj \ H(lk oV

I'"H run >irm onip ma nifie 11ion (»(n v



(equivalent to 114,0f0x on the CCD).

Tn order to identify areas for recording”the microscope was used
in selected a“ea diffraction mode to search for the known diffraction
pattern from suitably alimed crystallites. When such a crystallite
was identified, the rhosnhor screen was u=ed for focusing to obtain
lattice fringes. Since these are difficult to see at 66,000x magnific-
ation, a higher magnification (16ny000x) was used for focusing. The
focus controls were then altered in a previously determined manner to
obtain the lattice fringes at 66,000x magnification. The fine focusing

was done using the CCD.

To record the images, the d.c. voltage 1level which holds the
electron beam off the specimen (Section 2.3) was switched off, so that
the specimen and CCD were illuminated by the electron beam. Accumula-
tion was then started and lasted for a preset number of cycles.
Finally the d.c. voltage level was restored to remove the electron beam
from the specimen and CCD. The delay in starting accumulation and in
switching off the electron beam after accumulation means that the
electron dose on the specimen and CCD 1is greater than that used in
recording the image. Before recording, the electron beam intensity
ewas set to = 30 eloctrons/uhotocell/accumulation, and a total of 52
accumulations was performed for each image, giving an electron dose
of ~ 1000 electrons/photocell used to record the images of Figure 5.7%
However the electron dose on the specimen and CCD for each image was

2000 and 1lp60 respectively for Fi'mres 5*8a and b due to the recording

met' od described above. The fringes in Fiuire 5»8a corresuond to the
020 reflection and have a spacing of 13.02". Figure 5.8b 1is an under-
focus image showing 3 sets of lattice fringes. The two sets on the ton

left-hand corner have snacings of 14.60", and an angle between them of
68°. These are the 110 and 110 reflection”. A third faint “et of
fringes can be seen in the bottom right-hand corner of the image, making
an angle of 56° with the 110 fringes. These are the 020 reflection and

have spacing 13.02.".

The electron dose of ~ 1000 electrons/photocell to record each
image is equivalent to a dose on the specimen of « 250 electrons/A-.
The closes received by the specimen during recording of 2000 and 1570
electrons/photocell corresnond respectively to doses of £ 500 electron?7

and < 390 electrons/”2. However, the specimen received a consider-
ably greater dose than this during focusing at 160 O0OOx ma'mification,

and greater use of the CCD during this phase 1is necessary in future to



reduce the total electron do”e.
SECTION 5.4 SUMMARY OF IMAGING RESULTS

These results show that the CCD can he used to record images of
various types of specimen, and in particular can record useful images

of radiation sensitive specimens.

The ability of the CCD to record images at low electron doses has
been demonstrated, and it has been found to be useful for assessing
the suitability of an image for recording at very low doses ( 3 0
electrons/photocell in the case of perforated carbon film). However,
if CCDs are to supersede phosphor screens as the only viewing system
used in the field of radiation sensitive materials, a considerably
larger field of view 1is clearly necessary. Fortunately, the trend in
commercial CCDs 1is towards devices with larger numbers of image
elements; for example, Texas Instruments have produced a CCD with

327 x 245 image elements with a cell size of 25 x 25 um.

From the results on signal spread to adjacent cells (Section 3.4)
it may be expected that the size of detail that the CCD can resolve will
be severely restricted. However, in the first image of lattice fringes
in phthalocyanine, Figure b5.7a, the lattice fringe reneat in the
horizontal direction is 4.6 photocells, and the fringes can be clearly
seen on the photograph. This shows that although at this energy
(80 keV), s”readinn- of charge from the 'bright fringe' <cells to the
"dark fringe* cells should result in all CCD photocells containing some
charge, the fraction of charge spread is not enough to obscure the
image detail. However, the contrast in this specimen is high, and it
may be that for lower contrast specimens charge spreading will limit
the CCD resolution. The loss of resolution compared with photographic

plate can be seen in Fifmre 5.2.

The problems i." using the beam deflection system with a poorly con-
ducting specimen, chlorinated copper phthalocyanine, have highlighted
the desirability of the frame transfer readout organisation, rather than
the interline transfer method, for electron imaging (Section 1.2.4).

The organisation of the frame transfer CCD would allow continuous
irradiation with considerably less smearing and shorter readout time

than that used in recording the images described above.

In summary, the CCD 202 has recorded giialitatively acceptable
images of all the specimens studied, and has been used at low doses for

focusing and image assessment. Its main drawback in practice is its
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CHAPTER 6
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

Section 6,1 CCDs as Imagina Devices in CTIM

The initial aim of this research project was to evaluate the per-
formance of CCDs as electron detectors in CTEM with a view to using
them for the extraction of quantitative information from images., In
this respect they have fulfilled their promise, meeting the main re-
‘quirements for a detector for quantitative work, The important factors
for this application are 1) eleetron gain, 2) linearity, 3) resolution

and 4) uniformity of response, These will be discussed individually.

1. Electron Gain. The electron gain of the CCD is ~ 103 for
90 keV electrons and ~ 10% for 60 and 100 keV electrons., The

efficiency of the CCD for 20 keV electrons is determined mainly
by energy loss in the overlying lavers, while the efficiency for
60 and 100 keV electrons is limited by diff-ision and recombination
of electrons in the silicon bulk., These gain firures, when com-—
pared with the CCD output noise of o« 300 electronsl, surgrest that
single electron detection should be possible, However, an experi-
ment to verify single electron detection ability showed that for
very low sirmals, = 0.2 incident electrons/photocell, the CCD
performance is degraded,probably by bulk traps in the silicon
substrate which trap signal charge and re-emit it into empty cells.
This problem does not affect the CCD at high signal levels, since
then charge emitted into a cell will be balanced by charge trapped
from the signal chafge packet., A possible solution to the problem
which would allow the CCD to be used at low sirmal levels is to
provide a small background charge ( = 10% of the saturation
charge) to ensure that the CCD potential wells are never empty and

that charge emission is balanced by charge trappingQ.

2, Linearity. The output signal from the CCD 202 was linearly
related to the number of electrons incident on the device for
electrons of energy 20, 60 and 100 keV, This was studied for input
signal levels up to 50 electrons/nhotocell, Thus the output sicmal
can be digitised to provide quantitative data which is linearly
related to the electron beam intensityr, which is highly desirable

for imace processing,

3. Resolution. The resolution of the CCD was determined by measur-

ina the spread of signal at an aperture edge. This gave diameters
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of = 28 ym and <« 100 nm respectively for the area over which
significant charge is sreated by 40 and 100 keV electrons. Con-
ventional photogranhic emulsion is typically of thickness 12 nm3,
so that the spread of signal in it is = 24 ym™*5 for 40 and 100
keV electrons, with only the first 12 ym of the electron-hole

pair cloud for 100 keV electrons being collected, Thus the spread
of signal for 40 keV electrons in the CCD is comparable ,with the
figure for photocraphic plate, whereas for 100 keV electrors the
resolution of the CCD is poorer than that of photogranhic plate
due to the greater thickness of the detector material. The firfures
for both 40 and 100 keV electrons compare well with the resolution

6

of TV camera tubes™,

L, -Uhiformitv of Resnonse, The uniformity of resmonse of the CCD

was measured for signals which half-filled the photocells. At this
sigmal level, the D)E of the CCD is determined mainlykby non-
uniformity in the resnonse of individual cells, since the random
noise in the output voltage is low. The INE of the device was 0.6

6

for 40 keV electrons, comparable with that of camera tubes”, and
 4§ith that of some types of photographic emulsions’, For 100 keV
electrons, the DQE is 0,46, which is still C°um“b|°fhﬁfh‘SOW€
types of photogranhic emulsion., The poorer DRE for 100 keV electrons
is probahly due to the fact that the signal collection for this
energy is more dependent on the minority carrier lifetime, which
can vary from cell to cell due to variations in cell compositions.
This high DNE, which means that little noise is introduced into the
image data by the CCD and recording system, shows that the CCD can
be used for quantitative work, and in particular is useful in work
with radiation-sensitive specimens, In this field it is desirable
for the recording system to detect every electron incident on the -
‘detectar , and so cause no noise in the image bevond the shot noise

already present due to the small number of electrons collected,

Thus the imaging system based on the CCD 202 fulfils most of the
requirements Jor a system for obtaining quantitative data for image
processing, The possible uses to which the system may be put will be
discussed in Section 6,6, Towever, there are several undesirahle
aspects of the CC) performance as an electron imager, and these will

be discussed in the following Section,
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Section 6.2 Tactors limitine the Ranee of Avmlications of the CCD 202

in Electron Microscopv

Trere are several factors which limit the rance of apnlication of
the CCD 202-based imaging system in electron microscopy. These are
1) dynamic range, 2) mumber of picture elements, 3) readount speed and
%) lifetime under electron hombardment. The effects of each of these
and the possihilities for their irprovement will be discussed

individually,

1. Dvnamiec Rance. The dynamic range of the CCD for electrons is

determined by the number of incident electrons which saturate a
cell of the CCD., The figures for this are 45, 65 and 4L0 for 100,
60 and 20 keV electrons respectively. The Data Accumlation Tnit
allows data from successive cveles to be superimposed in the memory
to form an image, and while this is accenptahle for CT™M imaging,
where dynamic range in the image is normally low, it is not satis-
factory for data in which the dynamic range is high, This category
inclndes, for example, EELS data, with a trpical dynamic rance of
> 104, and diffraction patterns, where there can he a factor of

] 104 difference in intensity between zero and hicher order spots,

2, Numher of Pictvre ¥lements, This quantity determines the area

of the =peciren which can he recorded with a given resolution, and
ideally, for ease of operation, should he as large as possible, 1In
any recorder it is determined by the active area of the recorder
and by the spatial resolntion for electrons. In the case of the
CCD 202, the active area is 3 rm x 4 rm, and the area over which
an incident electron creates sionificant charpe has diameter 28 wm
and 120 um respectively for 40 and 100 keV electrons., Thus the
effective number of picture elements in the CCD is = 10% for

40 keV and =~ 103 for 100 keV electrons, This number of elements
is adequate for recording images for computer processine, althouch
a larger number would be desirahble, but it makes area selection
extremely difficult. It to some extent rules ont the use of CCls
as replacements for the phosphor screen in the electron microscopy

of radiation-sensitive materials.

-

3.~ Readout Sneed, The readout speed of the present system of
. T P

~ 1 MHz is not a Irawback for image recordinzi, since usable
images can be accumulated in = 2 - 5 seconds, FHowever, it is
certainly a limitation to the use of the CCD in STEM recording.

One possihility for future uses of CCDs is that they can be used
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to simulate different detector geometries in STF}Iimagingg’lo.

This is desirable bhecause different information about the specimen
can be extracted from different regions of the angular distribu-
tion of transmitted electrons, The detector geometries which are
likely to be of most interest are 1) the svlit detector,which
consists of 2 semicirclesll, 2) the quadrant detector, which con-
sists of 4 quadrants of a circlelg, and 3) the Rose detector con-
sistinr of several concentric annular detectbrslB. Computer pro-
cessing of the CCD output would allow it to simulate any of these
geometries, However, this anplication requires at least one cycle
of irradiation and readout of the CCD for each picture point in the
STEM image. Thus for a 256 x 256 STEM image, the total recording

timé wovld be & 1 hr. Clearly this is unacceptably long.

4, Lifetiwe under Flectron Rombardment. As renorted in Chapter &4,
the lifetime of the CCD 202 is limited under electron hombardment
to 2 x 106, 6 x 106

20, 60 and 100 keV electrons. This ficure is satisfactory for

s 1.5 x 107 electrons/nhotocell respectively for

usjng the CCD purely as a recording device, but is unacceptably low
when the CCD is to be irradiated over a long period or when a large
dynanic range, and thns a large number of electrons, is reguired in
the recorded data. The former case rules out, for examnle, the use
of CCDs as routine area selection and focusino aids., This would
hnave been of narticular interest in the field of radiation sensit-
ive materials, The cecond case includes IELS and diffraction
nattern recordine, Thus it is highly desirahble that the radistion
hardness of the CCD be incfeased. In Chapter 4 it was described
how damaged CCDs can bhe restored to their former performance by
annealing to 2~ 370°C. This has been done twice in the case of
one CCD, which was suhsequently used to record high resolution
images of chlorinated conner phthalocyanine, However, an increased
gensitivity to device termerature and clockins voltares was noted
in the device which had been damaged and annealed twice, and it may
be that some irreversible processes are occurrinr in the annealing
process., Other methods by which device lifetime may be improved

are discussed in Section 6.3,

Section 6.3 Imnrovements to CCD for Flectron Tmacing

This Section deals with ways in which the desiom of CCDs counld he
ontimised for electrnn imasinr, Some of the features to be discussed

are already available in some cormercial devices, but vnfortimatelr
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there is no sincle device incormorating them all, The most imrortant
areas in which the CCD performance could be improved are 1) radiation
damage, 2) cell capacity, 3) number of picture elements, k) readout

rate, 5) readout organisation, These will be discussed separately.

1. Radiation Damage, Possihly the most important area in which

CCD performance could be improved is in the radiation hardness of
the devices, The most desirable method of increasine device life-
time is to use a CCD whichk has been desirmed and fabricated using
a radiation hard process, This has been extensively investigated
by the Naval Research Iﬁboratory14’15’16 and by Hughes Aireraft
Company17, and the factors influencing radiation sensitivity have
been determined. The radiation hard CCDs have structures which
are relatively insensitive to positive charge trarped in the oxide
layver, and, in addition, have a slow-grown oxide layver which has few
ionizable traps nand therefore is less likely to become positively
charged., The lifetime of such a device has been shown to he

«# 100X lonrer than that of conventional devicesls. The research
in the field is meainly concerned with military applications, and
there is no commercial incentive at present to make radiation hard
devices, However, Hughes Airc£aft Company have marketed a new CCD,
the weet 200al79%0

their radiation hard military CCDs, and so might be expected to

s which incorporates some of the features of

have a longer lifetime than other CCDs. The device is a 100 x 100
array, with a cell size of 25 x 25 pmm, and with a line transfer
readout orpanisation. This readout orrcanisation is a drawback of
the Hughes device, since it requires pulsed illumination to avoid
signal smearins. In general for a CCD to be rélatively radiation
hard requires an n-buried channel structure and avoidance of the
use of polycrystalline silicon electrodeslé. It is also desirahle

that it should be able to withstand annealing to = 370°C.

A second way in which CCDs can be improved for electron imaeing
is to use them in backface imaging mode,'in which the radiation is
incident on the substrate side of the device. In this case the
incident electron beam does not pass through the electrode structure
and in particunlar deposits no enermy in the Sillp, so aveiding the
creation of fixed vnositive charge. This mode of operation requires
that the CCD substrate is thinned to #» 10-100 nm to minimise re-
combination of minority carriers, Experiments on bhackface imarcing

devices hnve shown that they have a considerably greater lifetime
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than conventional devices under ionizing radiation. One manufact-
urer has produced a backface imaging device which is now commerci-
ally available., This is the RCA array with 500 x 350 picture
elementsgl. However, this device is intended for photon imaging,
and so the silicon substrate is thinned to = 10 ym. Given the
range of 60 and 100 keV electrons of = 20 pm and * 60 ym
respectively it is clear that electrons in this energy range would
penetrate the silicon substrate and would devosit some energy in
the insulator and electrodes. Thus a backface imaging device for
electron imaging would require a substrate thiclkness which was

matched to the electron energy used,

One way in which the problem of radintion demage can be avoided
allogether is to convert the electron image into an optical image
by means of a fluorescent screen, so that the CCD is used in vnhoton
imaping mode. However, the inefficiency of the fluorescent screen
results in a degradation of the DNE of the system, as described by
Herrmann et al for the case of camera tubes, Thus, this imaging
method is less attractive than direct bombardment mode, and a

radiation hard CCD would be preferable,

2, Cell Cavacity. As discussed in the previous section, the number

of incident electrons which saturate a celil of the CCD determines
the dynamic range of the device for electrons, and thus should be
as large as possible to give the widest range of anplications. The
cell canacity of huried channel devices is smaller (by a factor of
~ IOX) than that of surface channel devices, However, the other
disadvantares of surface charnel CCDs, such as increased radiation
sensitivity ard increased noise outweigh this advantape., Thus the
cell canacity is limited to that available in buried-channel CCDs.
The cell capacitv of the CCD 201 of 4 x 107 electrons is reported
by Hall to be considerably smaller than the maxirmum theoretical
valuegg. He surgests thet it may be improved b¥ modifications to
the device, The canacity of the Hughes HCC1 100A is also of this
orderlg. Possible methods for increasinec the dynamie rance of CCDs
for direct electron imaging include inereasin~ photocell area, and
decreasing the charge collection efficiency of the photocells,
Unfortnnately, neither of these options is comﬁercially available.
Since CCids have been renorted with active areas & 26X greater than
the CCD 20223

size by this factor while retainine the same number of photocells,

, it would clearly be vossihle to increace the cell

resulting, for examnle, in a cell capacity of = 103 60 keV
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electrons. The second proposal is highly tentative, and results
from a suggestion by Kamins and Fonggh for improving the spatial
resolution of photosensing devices, They surgest the formation of
a potential carrier at a distance of 2 10 ym from the substrate
surface to exclude charge created far from the surface from the
signal charge packet., Their intention was to use this method to
reduce the nvmber of charge carriers created far from the surface
which could diffuse to other photocells, thus improving spatial
resolution for, in particular, infra-red radiation. The potential
barrier is formed by a highly doped layer of material of the same
polarity as the substrate, 7learly, for electron detection, this
wonld allow only charge from the top of the electron-hole nair
clond to contribute to the sigmal charge packet, so decreasing
electron pain and imrroving dynamic rance. FHowever, no devices

incorporatine this princinle have been manufactured cormercinlly,

3., MNumber of Picture Flemenits. As discussed earlier, the area of

the specimen which can be imaged at a given resolution derends on
the effective number of picture elements in the CCD., An increase
in the nurmber of nicture elements in the CCD is desirable for hoth
area selection and for recording imares for computer processinr,
The simplest way of increasing the number of picture elements is to
use a device with a larger imaging area. There are now imaming
CCDs available with eonsiderably larser numbers of picture elements
and larger active areas than the CCD 202, For example, Bell
Laboratories have reported a 496 x 475 arrayv, with a total active
area of 320 mmg, 26 times bigger than the CCD 202, Since this
number of picture elements is necessary for US broadcast television
it is likely that large devices will be made in greater numbers in

future., The cell size in this particvlar array is 39 ;jm x 27 pm,

In some imaging CCDs, for example +the Fairchild CCD 211, an
increase in the number of nicture elements is gained by a decrease
in cell size, so that the area of silicon used is kept constant,

For electron imaging, since the spread of charge in the silicon is
large, there {s therefore no advantage to be gained by using the
Fairchild CCD 211 instead of the CCD 202, Thus both the number of
picture elements and the cell size must be considered in any attempt

to increase the effective number of picture elements of the CCD,

A second method of increasing the effective number of picture

elerents in the CCD is to improve the resolution of the device for
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electrons, so that the number of elements is not limited by charge
spread., The suggestion of Kamins and Fong for improving the resol-
ution of silicon imaging devices has been diséussed earlier., If
this were applied to CCDs, it would considerably improve their
resolution for hicher energy electrons., However, since only a
fraction of the ereated sicsnal would be collected, the gain of the
CCD would be reduced and this may have the effect of reducing the
DOQE of the device, Further investigation of this method to deter-
mine whether it is compatible with buried channel structures would
be most interestins. However, there seems to be no cormercial
effort towvards the manufacture of devices employving this "diffusion

cut-off" principle.

4, Readout Rate. As discussed in the previous section, a consid-

erablv hirher readout rate is required if the CCD is to be useful
for STEM imeging., CCDs bhave been built which can operate at read-

25

out rates in excess of 100 Mz although these devices are not
cormercially available. Imnfortunately, the readout rate required
for broadcast television is & 25 - 35 frames/second, so there is
little incentive to build imaging CCDs which operate at higher
speed, Thus there may be no cormmercial development in this direc-
tion with imaging devices, although high_épeed is important for

signal processing CCDs,

5. Readout Orranisation. The most suitable readout organisation

for electron imagine has been discussed in Chapter 1., This is the
frame transfer organisation which allows continuous irradiation of
the device with electrons, With the interline transfer organisation
used in the Fairchild CCD 202, and the line transfer organisation
used in the Hughes HCC1 100A it is necessary to stop clocking the
CCD during the irradiation time, and is desirable that the electron
beam should be removed from the device durinc readout to avoid imarge
smearine., This last feature is unsatisfactory, since as discussed
in Chapter 5, deflection of the electron beam on and off the
specimen can result in chargins and image movement in poorly-
conductin~ snmecimens, Thus these readout organisations should be
avoided if possible. All manufacturers other than Fairchild and

Hughes are at present using the frame transfer readout organisation.

Sectinn 6,4 Other Solid State Devices for Flectron Imarine

The other tvpes of solid state imaging arravs are photodiode arrays
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and CID (Charge Injection Devices) imagers, The formerhave been dis-
cussed in Chapter 3 and havebeen rejected on the grounds of the l-rge
readout noise associnted with the high capacitance of the output busgs.
This results in an output noise which iﬁcreases as [N, where N is the
number of picture elements in the device., While this factor is very
important for recordineg images in CTFM, it is of lesser importance in
EELS, since the numher of image elements in linear arrays is normally
smaller than in area arrays. Thus in direct electron bombardment mode
in EEiS, photodiodes would anpear to be more suitable than CCDs because
of their larger cell capacity and resistance to radiation damage.
However, for electron-photon conversion mode, CCDs are preferable
because of their lower noise., In STFM imaging mode, if a small number
of imape elements can be tolerated then it may be possible to use
photodiode arravs instead of CCD arrays. Howvever, if a large area
array is required then CCDs are more suitable,

CID fCharge Injection Device) imagers collect and store charge in
the same way as CCD527. However, the readout of charge is not by
charge transfer but by the removal of the potential well, so injecting
the stored charce into the silicon substrate, and creatings a sigmal in

~the external circuit, This readout method requires XY- addressing of
cells, leadinag to fixed pattern noise and a high output capacitance.
Thus there seems to be no advantage, for our arplication, in using

CIDs rather than CCDs,

Section 6.5 Imnrovemente to Annaratus

The Data Accurmulation and Conrntrol Tnit very satisfactorily allowed
the CCD to be used for electron imarcing., The main improvement which
could he made to the Unit is the addition of memory cards to increase
the memory capacity fr-m 10k to 15k words to allow the storage of the
full content of both photocells and transmort cells. Havine done this
it wonld then be desirahle to scale the output of the transport cells
to match the photocell output, so that they can be used in reconstruct-
in7 the image on ths oscilloscope screen, Since there are only 50 rows
of transrort cells, as orrosed to 100 rows of photocells, each transnort

cell content will hnve to ammear in 2 consecutive rovs,

For more general considerations, since it is urlikely that this
~research will continue with the CCD 202 alnne, a more flexible Data
Accumulation Tnit would he desirable, The present unit incorporates
the Fairchild Driver Board, and relies on it for clock and selection

nulses, For a more flexible system, the Data Accummulation Unit showlAd
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vse only the hasic clock of the driver system, with the memory address
being operated by a micronrocessor wnit with selectathle controls: For
the deflection pulse, too, if necessary, it would be desirable to avoid
gating by pulses from the driver board, and to have instead a pulse
derived from the basic clock controlled by a counter with selectable

loadinc and resets,

On the output side of the system, an increace in the memory
canacity of the output ihterface from L4k to 15k words is necessary to
allow full images to be transferred to comruter and to magmetic tape.
In addition, the time talten to transfer data to the IBM 370/145 via the
CRJE system is unacceptably long, and plans are underway to link the
CCD output to a dedicated minicormmuter, This shonld considerably
increase.the data rate, so reducing the transfer time. With this
modification it will be possible to use the CCD for determininc the
focus of the microscope, by Fourier transformation of images of

amorphous specimens, as well as for other types of image processinc,

Two modifications to the CCD holder would be desirable. Firstly,
since fine temperature contrel of the CCD becomes nescessary as damage
and annealinc proceed , a Peltier element would be preferable to the
present cooling system. Secondly, to facilitate area selection, it is
desirable that the CCD is mounted centrally in the camera chamber, so
that changes in mammification do not result in movement of the chosen

area.

Section 6.6 TFuture Work

There are several directions which future investigations can pursue.
The first is the use of the present system, with the instrumental mod-
ifications surrested in the previous section, for image processin~ since
the performance of the CCD 202 is adequate for this purpose, However,
~since this CCD is no longer available, it will be necessary to find a
replacement device, and one which is more suitable for electron imaginc.
The choice in this case would seem to lie between the radiation hard
Hurhes device discussed earlier, and a larger frame transfer device,
In the latter case it wonld he imnortant to ensure that the device is
relatively radiation hard, The use of a new device would require mod-
ification of the Data Accumulation and Control Tnit, ﬁreferably with
the final result being a more flexihle system. A series of exneriments
alonr the lines rernorted in this thesis would be necessaryv to investig-
ate the verformance of the new device under electron hombardment. A

third possibilitr in the =election of a renlacement device for the
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CCD 202 is to have a device made to our specifications for electron
imaring, One CCD manufacturer, Thomson-CSF, has advertised that it
intends producing custom-made devices in the future. However, this is

a lona-term prospect, and the cost of such devices is not known.

The third possiblé area of investication with CCDs is in the
optically counled mode as detectors in EELS. This mode of operation
avoids the problem of radiation demage, but it is likely that a deecrease
in the DNE of the system and verhaps in the spatial resolution, will
result from inefficiency and charge spreading in the phosphor screen.
In addition, a highly efficient optical system will be required to
maximise the light collection efficiency. If such a system proves
feasible, it will provide a parallel detection system for EELS, theredby
considerably reducins the time and the specimen dose required to record
a spectrum, An optically counled CCD may also be of use in recording
diffraction patterns, since it can give quantitative data ahout the
intensities and positions of diffraction srots, which can be used for

determinine srecimen structure.
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Aprendix 1 Charece Storare in a Surface Chanrel CCD

Following Hobson, for a metal-oxide-semiconductor (MOS) capacitor
the electric field in the semiconductor can be calculated from

Poisson's equation:

¢ s & g% = e (p—NA-n)

where p is the density of free holes
. Np is the density of acceptor atoms in the semiconductor

n is the densitv of free electrons

If a positive potential is applied to the metal electrode, so depleting
the semiconductor under the electrode, no free charge exists in that

region and so
£s £o 3£ - _en
s £o 5= - eNjy

Integrating gives

£s €0 E = -eNjX
where X = 0 is chosen to be the edge of the depletion region,
The potential V in the denletion region is therefore:

_ Nae X2
V= Vot 4svs5 73
where Vo is the voltagse in the undenleted region of semiconductor.

The surface voltare at the semiconductor-insmlator interface, Vs,
ocenrs at X = L, where ¢ is the depletion layer depth, and is

_ Nie 42
Vs = Vot yzvs 3
The bias voltage, Vg + Vo, amnlied to the electrode is related to

Vs accnrding to the following derivation.
From Maxwell's Equations, Dy = Dg +A
where Dy is the electric displacement vector in the insulator
Dg is the electric disnlncement vector in the semiconductor

f» is the charge stored at the interface (charge Jatea)

Therefore:

€o ETET

€s €0 Eg +/,

-Nyel  + /A

This rives Vi, the voltage in the in<ul-tor as
(\‘ GE-EA)
Vi = Vs + (—‘%-o €7) (x - 1)

Gt the oxide-metal interface X = L + d, where d is the oxide thickness

and so
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+ Nael -,

VB+VO=VS 0£I d
Therefore
1
s Nie =z d
Vg = (Vs -Vo)+£I d [Q(Vs—Vo) e GRS
From this

ot

= d d o
Vs - Vo = VB+-¢§;§ + Vy - {QVA [VB+€‘I—£—;] +VA}

\EY:
where V, = hé; i: 30 X 0,3V in a typical device and the square root

term is negligible for the voltages and doping in a normal CCD.
Finally, this simplifies to:
d
- ~ 1 A
Vs - Vo ”‘B“{’fe—o' + 0.3V

if a charge A 4 is added to the storagec.11 there will be a

corresponding chance A Vs in the surface voltage given by:
d . . -
A Vs = 04 PET since Vg and Vo are fixed in normal use,
5 :

Thus, there is an approximately linear relationship hetween the
stored charge /? and the surface potential Vs — Vo, The CCD potential
well behaves as a capacitor with a capacitance due to the oxide of
€1 &

3 .
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Appendix 2 Relationship between Rias Voltare and Position of

Potential Minimum for a Buried Channel Device

Referring to Figure Al,Vy, the bias voltage'anplied to the metal

electrnde,is given by:

x =14 x = 1o x=Jdo+d
Vg = - j By dx - f Eo dx - fEIdx
X=0 x=11 x= 1o

where x 0 is the position of the edge of the depletion layer

14 = length of depleted region in the p-type substrate

15 = position of Si - Silo interface
d = thickness of Si0g insulator
E{ = field in p-type s:bstrate

field in n-type channel

NS
non

field in SiO2 insulator
Hence Vg = —5fply - +Fpt - SEnt -Ejd

where Ep is field at interface of p and n-type regions

En is field at Sj - Sj0o interface

- . OF

By Poisson's equation €Es Co 5% = f

wherefs = relative permittivity of semiconductor
€0 = permittivity of free space

_ /0 = positive charge density
In the n-channel, P = Npe

wvhere Ny = density of donor atoms

e = electronic charge = 1.6 x 10~19%¢
so , -
_ Npel
s g,
where 1 is distance of point of zero field from interface
_ NDet _ t
Ep_m-m._EnH-I)

where t = Lz-lﬁis thickness of n-channel

s

EI= EIEn

where £I = relative permittivity of insulator

Hence
1 . t 1 is
VB=-§En(11+t)(1-I)—=~jEnt--€—fEn

Since by the position of the point of zero field
Naely =Xpe (t - 1)

where Njy = density of donor atoms
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_ N _
11—-NK(t 1)
So
1 iS
vp=En {4 (R (t-uu-—>-§t--€_
2
_ 1 Np e 2  2Nj Np s ) NA 2}
=t oo {,L _NI—)(/\t+t+ DL+t Nﬁt
Hence .
Vg =K (L% = el + k)
Np2 e
__1__._.__........_
where K = 5 Na %o
c = ?52 (§2 t+t+&s a)
NA Ny €1

k

N
2 (1+2)
, Np

replacing by typical numerical values (Hobson) of

Np = 3 x 10°% w72
N, = 1020 w>
t = 2
d= 0.m
and with

e=1.6 x10"19 ¢

€s = 11.3
€1 =2.8
éo = 8.85 x 10-12 Pl
pives K = 7.2 x 1017 vm~2 -
¢c =54,12 ym
k=% an
Hence

Vg =72 (L% - k. 122 + 4) Volts
where X is measured in jym
Thus as I increases from zero Vg is initially = 288V at L = 0,
decreases to a minimum of = 0.24V at 1 = 2.06 pm and increases there-
after._ Since in a practical CCD the value of I can never exceed d, then
only the region of the curve with 0< .L ¢ 2 ym is of interest."In this

region, increasing Vg causes 1l to decrease ie causes the potential

minimumm to move nearer to the interface.
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Appendix 3 Relationship of Potential Minimum V.. +to Bias Voltace

n
Vg for a Ruried Channel CCD

Referring to Ficure Al

12+d 12
Vmin=VB+_[ Brav+ [ Bpodx
1> -1
Since EI = ——% En
Npe
Ep = MD° . (x- (Iy - 1))
Np e2

and Eh:Ts—TE

Vmin = Vj + po5 (%—‘%d+—§)

Thereforé Vmin is always greater than Vg by an amount which increases
as 1 increases. Since in the region in which a practical CCD operates
an increase in 1 causes a decrease in Vg, the first term in the
expression decreases as ! increases, while the second term inereases
as ! increases., However, the first term dominates and so Vminlecreases
as 1 increases. To swmarise, increasing Vg moves the position of the
minimum nearer to the interface, and also increases the depth of the

potential minimum.
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Anpendix & Rate of Chanre of Vi, with Vg

Noel 3 1
Vmin = VBt ety (7 d+5)

AVmin _ Nokz a2 € s z 14z
g TlrEE {dVB (F72+3)+3 a3

_1+Noe (lﬂ ES dl)

- Es o dvg £~ dvg
Noe Al s

=1+t o (d+—gp )

. AVmi vy s .
To determine how -1 depends on Vg, it is necessary to examine

the behaviour of ae_ and 1 with Vg. Referring to Appendix 2 iﬁ— is

dvg ’ dvp

negative in the region of interest and its absolute value decreases as
. . d Vmi

VB increases. 1 also decreases as Vp increacses, As a result —n

dvg
increases as Vp increases, Therefore if two adjacert electrodes, one

with a high and the other with a low bias voltage both undergo the
same d.c. offset in bias voltage, Vpjp will increase more for the
electrode with the higher initial bias voltage. The potential differ-

ence between the minima of the two electrodes will therefore increase.
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Appendix 5 Effect of Bins Vnltace on Saturation Charge for a

w ied Channel CCD

When signal charge is stored in the potential well of an n-huried
channel CCD, it is stored in the region previously occunied by the
majority charee carriers iu the n-region. The maximum density of
sifnal charge is therefore NJ), the density of donor atoms, and since
the net charre is zero in the region of stored charge, the electric
field is zero in that area. Fipure Al shows the change in the
electric field profile with stored charge, As the amount of stored
charge increases the region of zero field increases and the distances
1, and 1y, decrease, Saturation occurs when ic becomes zero. At this
point the amount of charge stored in the well is:

Np e (t = 1)) where t is the thickness of the n-channel
Therefore to maximise the saturation charge lb must be as small as

possible, ib is related to Vg in the following way

LR h N
Vm=-Ep(éJ-+.é— = -Ep 5= §+1)
Npelb ,  Np ]
=tote 1 G+ 1)

Since Vg = V, at saturation (since the field across the insulator is

" zero), then Ib at saturation is:

. £Es &o 1 Vi %
ibsat ={—-———- XY 3}
<. 3))
Npe (1 + N )

Therefore to minimise A} and thus increase the saturation charge which

can be collecterd the well Vg must he reduced.
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