
APPLICATION OF CCDs AS ELECTRON DETECTORS IN ELECTRON MICROSCOPY 

P.T.E. Roberts, A.M. MacLeod, J.N. Chapman 

ABSTRACT 

A CCD area imaging a r r a y has been used as a det e c t o r o f 20-100keV 
e l e c t r o n s t o form the b a s i s o f an e l e c t r o n i c imaging system f o r an 
e l e c t r o n microscope. This system has considerable advantages over 
conventional imaging methods f o r image processing a p p l i c a t i o n s and i n the 
e l e c t r o n microscopy o f r a d i a t i o n s e n s i t i v e m a t e r i a l s . This paper presents 
the r e s u l t s o f p r e l i m i n a r y experiments t o measure CCD g a i n and the 
degradation i n performance caused by i r r a d i a t i o n . E l e c t r o n images o f 
specimens i n the e l e c t r o n microscope have been obtained v/ith 60keV 
e l e c t r o n s . 

INTRODUCTION 

I n a conventional t r a n s m i s s i o n e l e c t r o n microscope t h i n f i l m s p e c i ­
mens are i l l u m i n a t e d u n i f o r m l y w i t h a monoenergetic e l e c t r o n beam and the 
r e s u l t i n g image i s e i t h e r viewed on a phosphor screen or recorded 
permanently on photographic emulsion. An e l e c t r o n i c imaging system based 
on a CCD o f f e r s several advantages over the conventional system, p a r t i c u ­
l a r l y f o r image processing a p p l i c a t i o n s and when r a d i a t i o n s e n s i t i v e 
specimens are under i n v e s t i g a t i o n . For the former case, the o u t p u t of the 
CCD can be r e a d i l y d i g i t i z e d t o give an immediate g u a n t i t a t i v e r e c o r d o f 
tl i e e l e c t r o n i n t e n s i t y d i s t r i b u t i o n i n the image i n a form s u i t a b l e f o r 
computer a n a l y s i s . This i s i n marked c o n t r a s t t o photographic emulsion 
v/hich r e g u i r e s considerable processing before g u a n t i t a t i v e data are 
a v a i l a b l e . For the l a t t e r a p p l i c a t i o n , where m i n i m i s a t i o n o f the e l e c t r o n 
dose on r a d i a t i o n s e n s i t i v e specimens i s o f the utmost importance, 
advantages accrue from the increased e f f i c i e n c y o f e l e c t r o n d e t e c t i o n o f 
the CCD over a phosphor screen, together w i t h the a b i l i t y t o s t o r e and 
conti n u o u s l y d i s p l a y images w i t h o u t c o n t i n u i n g e l e c t r o n i r r a d i a t i o n . 

IMAGING SYSTEM 

A block diagram of the imaging system i s shown i n f i g . 1. The CCD i s 
housed under vacuum i n the camera chamber of a JEOL JEM I0OC e l e c t r o n 
microscope which can be operated w i t h e l e c t r o n energies from 20 to lOOkeV. 
The device used i n these experiments i s a F a i r c h i l d CCD 202, a 100x100 
area imaging a r r a y , w i t h an i n t e r l i n e t r a n s f e r s t r u c t u r e . An e l e c t r o n 
image i s i n c i d e n t d i r e c t l y on the f r o n t face o f the device, and secondary 
e l e c t r o n s from the r e s u l t a n t e l e c t r o n - h o l e p a i r s produced i n the s i l i c o n 
s u b s t r a t e are c o l l e c t e d as charge packots i n the i r r a d i a t e d c e l l s . The 
charge c o l l e c t e d i n each c e l l i s p r o p o r t i o n a l to the e l e c t r o n f l u x 
i n c i d e n t on i t . This charge i s t r a n s p o r t e d through the device t o produce 
a s e r i e s of vol t a g e l e v e l s a t the output, which are t r a n s f e r r e d t o a 
dedicated Data Accumulation and C o n t r o l U n i t i n c o r p o r a t i n g a F a i r c h i l d CCD 
D r i v e r Board, w i t h f a c i l i t i e s f o r d i g i t i z a t i o n , accumulation o f data from 
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Figure 1: Block diagram o f the imaging system 

sev e r a l i d e n t i c a l images, s u b t r a c t i o n o f background and storage of the 
accumulated image i n a s o l i d s t a t e memory. The s t o r e d data can be used 
to form an image on a d i s p l a y tube and t r a n s f e r r e d t o magnetic tape or 
a computer f o r f u r t h e r processing. 

S u b s t a n t i a l d i f f e r e n c e s e x i s t betv/een using a CCD 202 f o r photon 
and e l e c t r o n imaging. For the l a t t e r , removal o f the p r o t e c t i v e glass 
window i s necessary to avoid a b s o r p t i o n and s c a t t e r i n g o f the e l e c t r o n 
beam. Furthermore, the aluminium l a y e r which s h i e l d s the t r a n s p o r t c e l l s 
from l i g h t i s v i r t u a l l y t ransparent to e l e c t r o n s i n the energy range o f 
i n t e r e s t , so, t o avoid image smearing d u r i n g t r a n s f e r , the microscope i s 
operated i n a pulsed beam mode. F i r s t l y , the Data Accumulation and 
Co n t r o l U n i t d e f l e c t s the e l e c t r o n beam onto the specimen, simultaneously 
stopping the c l o c k i n g s i g n a l s t o the CCD. A f t e r a preset time the 
e l e c t r o n beam i s removed from the specimen, c l o c k i n g i s r e s t o r e d and, 
w i t h o u t a f f e c t i n g the charge s t o r e d i n the p h o t o c e l l s , the i n f o r m a t i o n i n 
the t r a n s p o r t c e l l s i s read o u t . With the t r a n s p o r t c e l l s c l e a r e d i n 
t h i s way, charge i n the p h o t o c e l l s i s read out i n the usual way f o r two 
i n t e r l a c e d frames. The sequence i s repeated s t a r t i n g w i t h the i r r a d i a t i o n 
o f the CCD by the e l e c t r o n beam, and the data from each cycle i s super­
imposed i n the Data Accumulation U n i t to form an image. The system allows 
f o r storage e i t h e r o f a lOOxlOO array o f p h o t o c e l l s alone, or o f an 82x02 
array o f p h o t o c e l l s w i t h the corresponding t r a n s p o r t c e l l s . 

CCD PERFORMANCE DURING ELECTRON IRRADIATION 

Before using the CCD f o r e l e c t r o n imaging, p r e l i m i n a r y experiments 
were performed t o measure the gain o f the device and the e f f e c t o f 
cumulative e l e c t r o n dose on i t s performance. Measurements were made a t 
thr e e e l e c t r o n energies, 20, 60 and LOOkeV. The number o f e l e c t r o n s 
i n c i d e n t on the CCD was monitored by a s c i n t i l l a t o r - p h o t o m u l t i p l i e r 
arrangement connected to a pulse counting system ( f i g . l ) . The s c i n t i l ­
l a t o r was adjacent t o the CCD and received the same e l e c t r o n f l u x . 

GAIN The gain o f the CCD was s t u d i e d by f l o o d i n g i t and the 
s c i n t i l l a t o r w i t h an e l e c t r o n beam of uniform i n t e n s i t y and measuring the 
average h e i g h t of tl i e o u t p u t pulses from each c e l l o f the CCD, a q u a n t i t y 



p r o p o r t i o n a l to the average charge c o l l e c t e d by a c e l l . The r e s u l t s o f 
t h i s experiment can be summarized as f o l l o w s : 
( i ) For any e l e c t r o n energy the g a i n o f the CCD (which we d e f i n e as the 
number o f secondary e l e c t r o n s c o l l e c t e d f o r every i n c i d e n t primary 
e l e c t r o n ) was independent o f i n c i d e n t e l e c t r o n i n t e n s i t y , provided the 
c e l l content remained below i t s s a t u r a t i o n value. 
( i i ) M the i n c i d e n t energy range from 20-lO0keV the gain increased non­
l i n e a r l y w i t h energy, the gains f o r 20, 60 and lOOkeV e l e c t r o n s being 
0.25xl0 4, 1.6x10^, 2 . 5 x l 0 4 r e s p e c t i v e l y . The number o f secondary 
e l e c t r o n s c o l l e c t e d f o r every i n c i d e n t primary e l e c t r o n i s approximately 
p r o p o r t i o n a l t o the energy deposited w i t h i n a d i f f u s i o n l e n g t h («50um) o f 
the semiconductor i n t e r f a c e . Two f a c t o r s a c t t o reduce t h i s below the 
i n c i d e n t e l e c t r o n energy and are responsible f o r the n o n - l i n e a r i t y 
r e f e r r e d to above. F i r s t l y , energy i s l o s t by the i n c i d e n t e l e c t r o n i n 
passing through the o v e r l y i n g l a y e r s o f the device. This increases as 
the i n c i d e n t e l e c t r o n energy decreases and i s t h e r e f o r e g r e a t e s t f o r 
20keV e l e c t r o n s . Secondly, i n c i d e n t e l e c t r o n s o f energy >100keV have a 
range i n s i l i c o n which i s >50ura and t h e r e f o r e produce e l e c t r o n - h o l e p a i r s 
which may not be c o l l e c t e d a t the i n t e r f a c e . The gain o f the CCD i s 
t h e r e f o r e expected t o decrease as the i n c i d e n t e l e c t r o n energy i s i n ­
creased s u b s t a n t i a l l y above lOOkeV. 

CELL CAPACITY The number o f i n c i d e n t e l e c t r o n s v/hich cause c e l l 
s a t u r a t i o n i s low, since the number o f secondary e l e c t r o n s each c e l l can 
c o n t a i n i s w 10 6 and the gain o f the device as an e l e c t r o n d e t e c t o r i s 
h i g h . The c e l l c a p a c i t i e s f o r 20, 60 and lOOkeV e l e c t r o n s correspond t o 
440, 65, and 45 i n c i d e n t e l e c t r o n s r e s p e c t i v e l y . 

As the number of i n c i d e n t e l e c t r o n s / c e l l should be £400 i f random 
v a r i a t i o n s i n the image are t o be unimportant, each image i n v o l v e s 
s e v e r a l cycles o f i l l u m i n a t i o n , readout and accumulation. For example, 
using 60keV e l e c t r o n s , 8 cycles are needed t o produce an acceptable image. 

EFFECT OF CUMULATIVE DOSE By s h i e l d i n g p a r t o f the CCD from the 
i n c i d e n t e l e c t r o n beam i t was p o s s i b l e t o compare the performance o f 
i r r a d i a t e d and u n i r r a d i a t e d c e l l s when u n i f o r m l y i l l u m i n a t e d w i t h l i g h t 
from a LED. As the cumulative dose increased, two e f f e c t s a t t r i b u t a b l e 
t o r a d i a t i o n damage were c l e a r l y observed. 
( i ) The dark voltage ( i . e . the o u t p u t v o l t a g e produced by the CCD when 
i t i s not i l l u m i n a t e d ) increased w i t h cumulative dose, r i s i n g to 10% o f 
the s a t u r a t i o n v o l t a g e a f t e r 10 6 i n c i d e n t 60keV e l e c t r o n s / c e l l . By 
c o o l i n g the device t o -40°C t h i s v o l t a g e was s u b s t a n t i a l l y reduced so 
t h a t i t s e f f e c t v/as n e g l i g i b l e . 
( i i ) As cumulative dose increased, the gain o f the CCD was no longer 
independent o f i n c i d e n t e l e c t r o n i n t e n s i t y but decreased as the o u t p u t 
vo l t a g e approached i t s s a t u r a t i o n v a l u e . R e s t o r a t i o n to i t s o r i g i n a l 
l e v e l was achieved, hov/ever, by i n c r e a s i n g the voltage a p p l i e d t o the 
gate elecrode which increased the depth o f the p o t e n t i a l w e l l . This v/as 
only p o s s i b l e f o r r e l a t i v e l y low doses and, as the gate v o l t a g e c o u l d n o t 
be increased i n d e f i n i t e l y , a decrease i n gain which could not be simply 
c o r r e c t e d was u l t i m a t e l y observed. For each value o f cumulative dose a 
maximum ou t p u t v o l t a g e c o u l d be determined below which the gain was 
normal, and i t s v a r i a t i o n w i t h cumulative dose i s shown as a f u n c t i o n o f 
i n c i d e n t e l e c t r o n energy i n f i g . 2. I f the l i f e t i m e o f the CCD i s 
d e f i n e d as the dose a t which the maximum ou t p u t v o l t a g e f a l l s t o h a l f o f 



the o r i g i n a l s a t u r a t i o n o u t p u t v o l t a g e , then the l i f e t i m e o f the CCD was 
2 x l 0 6 , 1.2x10 7 and 1. 5 x l 0 7 i n c i d e n t e l e c t r o n s / c e l l f o r 20, 60 and lOOkeV 
el e c t r o n s r e s p e c t i v e l y . Since ^ l o 3 e l e c t r o n s / c e l l are d e s i r a b l e f o r most 
image a n a l y s i s procedures i n e l e c t r o n microscopy the l i f e t i m e o f the CCD 
f o r 60keV e l e c t r o n s corresponds t o 1.2x10*' recorded images. 

From these r e s u l t s i t can be seen t h a t the damage done to the CCD by 
an i n c i d e n t e l e c t r o n increases w i t h decreasing energy. This i s c o n s i s t e n t 
w i t h the suggestion t h a t the degradation i n CCD performance i s due to 
ra d i a t i o n - i n d u c e d p o s i t i v e charge i n the S i 0 2 l a y e r , f o r the energy 
deposited i n t h i s l a y e r increases as the i n c i d e n t e l e c t r o n energy f a l l s 
from 100 t o 20keV. This mechanism has been proposed by K i l l i a n y e t a l 
who noted s i m i l a r degradation i n the performance o f a F a i r c h i l d 100x100 
area imaging array under gamma i r r a d i a t i o n . An improvement i n CCD l i f e ­
time has been achieved by the use o f a device w i t h a more s u i t a b l e 
s t r u c t u r e using a r a d i a t i o n hard f a b r i c a t i o n p r o c e s s 3 ' 4 . Furthermore i t 
has been demonstrated t h a t i n MOS s t r u c t u r e s trapped p o s i t i v e charge has 
been removed by heating t o temperatures >150°C 5 . I f the CCD can be 
heated t o t h i s temperature w i t h o u t damage i t may be p o s s i b l e t o extend the 
l i f e t i m e of the devices by r e g u l a r l y h e a t i n g a f t e r use to anneal out 
r a d i a t i o n damage. 

ELECTRON IMAGES 

Fi g s . 3 and 4 show e l e c t r o n images obtained using GOkeV el e c t r o n s 
w i t h the CCD cooled to -40°C. To avoid damage t o the on-chip a m p l i f i e r , 
the outer area o f the device v/as s h i e l d e d from the e l e c t r o n beam by a 
copper mask, le a v i n g an inner area o f approximately 82x82 p h o t o c e l l s and 
82x4 2 t r a n s p o r t c e l l s t o recor d the e l e c t r o n images. F i g . 3 shows the 
image o f a 0.5um repeat r e p l i c a d i f f r a c t i o n g r a t i n g , taken w i t h an average 
number o f e l e c t r o n s i n c i d e n t on each p h o t o c e l l o f 630. To show t h a t 
u s e f u l i n f o r m a t i o n i s not r e s t r i c t e d t o the p h o t o c e l l s f i g . 3b shows the 
image formed from the content o f the t r a n s p o r t c e l l s . F i g . 4 shows a 
through focus s e r i e s o f images o f a p e r f o r a t e d carbon f i l m , each recorded 
w i t h an average dose o f 300 primary e l e c t r o n s / p h o t o c e l l . The Fresnel 
f r i n g e on the overfocussed image i s p a r t i c u l a r l y prominent and i t s 
sharpness i n d i c a t e s t h a t , a t l e a s t f o r GOkeV el e c t r o n s the r e s o l u t i o n of 
tli e image i s l i m i t e d p r i n c i p a l l y by the si z e o f the p h o t o c e l l s (#400um ) . 
As the e l e c t r o n energy i s increased f u r t h e r , however, the diameter o f the 
cloud o f e l e c t r o n - h o l e p a i r s produced by e l e c t r o n s i n c i d e n t on one p o i n t 
w i l l also i n c r e a s e 6 and t h i s e f f e c t i s l i k e l y t o l i m i t the r e s o l u t i o n . 
F i n a l l y i t should be noted t h a t w h i l s t £10 3 i n c i d e n t e l e c t r o n s / p h o t o c e l l 
are r e q u i r e d t o o b t a i n good image i n t e n s i t y data f o r a n a l y s i s , much 
smaller doses (<50 e l e c t r o n s / p h o t o c e l l ) may be s u f f i c i e n t t o l o c a t e an 
area o f i n t e r e s t and t o a d j u s t the focus. This allows r a d i a t i o n s e n s i t i v e 
specimens t o be imaged w i t h very l i t t l e p r e l i m i n a r y i r r a d i a t i o n d u r i n g 
s e t t i n g up. 

CONCLUSIONS 

Despite the f a c t t h a t the CCD used i n the experiments r e p o r t e d here 
was designed f o r photon imaging a p p l i c a t i o n s , i t s advantages as an 
e l e c t r o n d e t e c t o r i n the conventional transmission e l e c t r o n microscope 
appear t o be considerable. I t s high gain when bombarded w i t h e l e c t r o n s 
i n the energy range of i n t e r e s t , together w i t h i t s low noise p r o p e r t i e s , 
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Figure 2: Variation i n signal handling c a p a b i l i t y of CCD with cumulative 
electron dose f o r various incident electron energies. The gain 
of the CCD i s decreased f o r signals greater than the maximum 
output voltage. 

a) Photocells b) Transport c e l l s 

m 

Figure 3: Transmission electron 
image of a re p l i c a d i f f r a c t i o n 
grating using 60keV electrons. 
Number of electrons/photocell = 630 
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Figure 4: Transmission electron image of perforated carbon f i l m 
using 60 keV electrons showing Fresnel f r i n g e . 
Number of electrons/photocell = 300 

116. 



ensures t h a t i t acts as a de t e c t o r v/ith a high quantum e f f i c i e n c y so t h a t 
recorded image i n t e n s i t i e s should be almost shot noise l i m i t e d . I t s most 
serious l i m i t a t i o n when used t o re c o r d e l e c t r o n images o f the k i n d 
i l l u s t r a t e d here i s i t s s u s c e p t i b i l i t y t o r a d i a t i o n damage although a 
la r g e number o f images w i t h s u f f i c i e n t s t a t i s t i c a l accuracy f o r most image 
a n a l y s i s a p p l i c a t i o n s may be recorded i n i t s l i f e t i m e . Nonetheless, t o 
maximize'the number o f images produced w i t h each device, approximate 
l o c a t i o n o f areas o f i n t e r e s t and some focussing must be done using the 
r e l a t i v e l y i n s e n s i t i v e phosphor screen o f the microscope. Thus the 
a v a i l a b i l i t y o f r a d i a t i o n r e s i s t a n t CCDs, w h i l s t advantageous f o r a l l 
a p p l i c a t i o n s i n e l e c t r o n microscopy, would be o f p a r t i c u l a r value when 
i n v e s t i g a t i n g r a d i a t i o n s e n s i t i v e specimens where high e f f i c i e n c y e l e c t r o n 
d e t e c t o r s are d e s i r a b l e a t a l l times. 

F i n a l l y , i t should be noted t h a t the need f o r a p a r a l l e l r e c o r d i n g 
system w i t h an e l e c t r o n i c o u t p u t i s not r e s t r i c t e d t o image a n a l y s i s i n 
the con v e n t i o n a l transmission e l e c t r o n microscope. E l e c t r o n s w i t h s i m i l a r 
energies are used i n scanning and scanning transmission e l e c t r o n micro­
scopes and i n e l e c t r o n d i f f r a c t o m e t e r s and spectrometers. I t i s p o s s i b l e 
t h a t e l e c t r o n i c r e c o r d i n g systems based on CCDs w i l l be b e n e f i c i a l i n a l l 
these instruments and w i l l g r e a t l y f a c i l i t a t e the c o l l e c t i o n o f g u a n t i ­
t a t i v e i n t e n s i t y data i n a form s u i t a b l e f o r immediate computer a n a l y s i s . 
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