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The t e m p e r a t u r e  dis t r ibut ion in thin ca rbon  f i lms  i r r ad i a t ed  in an e l ec t ron  m i c r o s c o p e  
has been  m e a s u r e d .  The expe r imen ta l  cu rve  is  in good ag reemen t  with the r e su l t  ca lcula ted  
by a s suming  that heat  is r e m o v e d  f rom the object main ly  by conduction. 

In var ious  e l ec t ron -op t i ca l  devices  the s ta te  of the object under  study is changed by the e lec t ron  b e a m .  
One of the impor tan t  f ac to r s  is the heating of objects  as  a r e su l t  of the absorp t ion  of par t  of the e lec t ron  
energy .  Thus under  ce r t a in  conditions the high cu r ren t  dens i t ies  in e l ec t ron  m i c r o s c o p e s  m a y  r a i s e  the 
t e m p e r a t u r e  of thin objects  s e v e r a l  hundred degrees  [1-3]. This  effect  has  been used for  the d i rec t  o b s e r -  
vation of phase  t r an s fo rm a t i ons  [2, 4]. 

Data on the t e m p e r a t u r e s  of thin f i lms  i r r ad ia ted  by e lec t rons  r epor t ed  by var ious  inves t iga to r s  [3, 
5-7] a r e  approx imate  and genera l ly  widely d ivergent .  Accura te  m e a s u r e m e n t s  of the t e m p e r a t u r e  a r e  di f -  
ficult  because  of the nonuniform dis t r ibut ion of e l ec t rons  in the beam and because  the t e m p e r a t u r e s  a r e  
different  at var ious  points of the object under different  heat r e m o v a l  condit ions.  To a g r e a t e r  or  l e s s e r  
degree  e a r l i e r  m e a s u r e m e n t s  of the t e m p e r a t u r e  a r e  a v e r a g e s .  The t e m p e r a t u r e  dis t r ibut ion mus t  be known 
to explain the pa t t e rn  of t h e r m a l  changes in the object .  

The t e m p e r a t u r e  dis t r ibut ion in objects  was ca lcula ted  in [8-10] by making var ious  assumpt ions  about 
the re la t ive  impor tance  of m e c h a n i s m s  of heat r e m o v a l .  The method of success ive  approximat ions  appea r s  
to be  the mos t  accu ra t e  [10] but it r equ i r e s  compl ica ted  calculat ions and a knowledge of a number  of quant i -  
t ies  such as the t h e r m a l  conductivi ty which in mos t  c a se s  cannot accu ra t e ly  be e s t ima ted  fo r  this f i lms .  

We have m e a s u r e d  the t e m p e r a t u r e  dis t r ibut ion in objects  heated by the beam of an e lec t ron  m i c r o -  
scope .  P r ev ious ly  the ve ry  poss ib i l i ty  of making such m e a s u r e m e n t s  had been in doubt [10]. 

Let  us cons ider  the radia t ion  conditions c h a r a c t e r i s t i c  of e lec t ron  m i c r o s c o p e s .  The  object  1 in the 
fo rm of a thin f i lm is fas tened to a me ta l  s c r e e n  2 with holes of radius  R (Fig. 1). The e lec t ron  beam p a s s e s  
c lose  to the cen te r  of the hole and does not hit the edge.  The s c r e e n  is fixed in a m a s s i v e  holder  which is 
hard ly  heated; its t e m p e r a t u r e  r em a i ns  c lose  to room t e m p e r a t u r e  T R ~. 290~ After  the e lec t ron  beam is 
tu rned  on, it typical ly  r equ i r e s  '~10 -2 sec to es tab l i sh  a s teady s ta te  [10], and the re fo re  the t e m p e r a t u r e  of 
the object can be r e g a r d e d  as independent of t ime .  If the center  of the beam coincides with the cen te r  of a 
hole in the me ta l  s c r e e ~  the t e m p e r a t u r e  dis t r ibut ion in the object  depends only on the dis tance r f rom the 
cen te r .  The inc rease  in t e m p e r a t u r e  AT 0 = T 0 - T  R is max imum at the cen te r .  The p rob lem is to d e t e r -  
mine the r a t io  A T r / A T  0 as a function of r .  

It is known that e lec t rons  emit ted  by a hot cathode have a Gauss ian  dis t r ibut ion at the c r o s s o v e r  of 
the e lec t ron  beam.  It was shown in [9, 11] that the f o r m  of the dis t r ibut ion function is p r e s e r v e d  even a f te r  
the e lec t rons  pass  through the d iaphragms  and condenser  l enses .  T h e r e f o r e  the cu r ren t  densi ty Jr at a d i s -  
tance r f rom the center  of the beam in the object plane is r e l a t ed  to the cu r ren t  densi ty  J0 at the cen te r  by 
the expres s ion  
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Fig. 1 

F i g . 1 .  Schemat ic  d i ag ram of i r rad ia t ion :  1) object;  2) s c r een .  

F i g . 2 .  T e m p e r a t u r e  at the cen te r  of the i r r ad ia t ed  por t ion of an object as 
a function of the cu r r en t  densi ty at the cen te r .  ~ 1) exper imenta l ;  2) l inear ;  3) 
ca lcula ted  by Eq.  (3). To, ~ J0, t e l .  uni ts .  

where  a is a p a r a m e t e r  cha rac t e r i z ing  the half-width of the dis tr ibut ion h (h = 2a l~-n-2). Since 94% of the 
e lec t rons  pass  through a c i r c l e  of radius  h, the half-width of the cu r ren t  density dis tr ibut ion is s imu l t a -  
neously  the effect ive radius  of the beam [11]. The  quanti t ies J0 and h a re  m e a s u r e d  by the method d i scussed  
in [11]. The objects  were  carbon f i lms  20nm th ickfas tened  to copper  s c r eens  with c i r cu l a r  holes 50 ~ in r a -  
dius o Thin l aye r s  of indium, tin,  b i smuth ,  lead, ant imony,  and s i l ve r  were  deposi ted on these  by vacuum 
evapora t ion .  The mel t ing points of these  meta l s  a re  r e spec t i ve ly  429, 505, 544, 600, 903, and 1233~ F o r  
an ave rage  l aye r  th ickness  of about 10 nm all  these meta ls  f o r m  isola ted is lands in the deposit  on the sub-  
s t r a t e .  Only for  th icker  l aye r s  is a connected f i lm fo rmed  as a r e su l t  of coa lescence  of the is lands and 
r ec ry s t a l l i z a t i on  of the l a y e r .  The me ta l  l a y e r s  consis t ing of individual sma l l  c r y s t a l s  a r e  convenient in-  
d ica to rs  of the t e m p e r a t u r e  of i r r ad i a t ed  objects  since the t e m p e r a t u r e s  of the var ious f i lms in the f r ee  
s ta te  and with sma l l  meta l l i c  c r y s t a l s  deposi ted on them differ sl ightly under fixed i r rad ia t ion  conditions 
[3, 6]. 

A gradual  i nc rea se  in the beam intensi ty  leads to melt ing of the sma l l  c r y s t a l s ,  r e co rded  by the d i s -  
appea rance  of the diffract ion re f lec t ions  in the da rk - f i e ld  image .  In o rder  to prevent  the evapora t ion  of the 
ant imony and s i l ve r  l a y e r s ,  which occurs  quite rapidly  at t e m p e r a t u r e s  below the i r  mel t ing points ,  a ca rbon  
f i lm about 5 nm thick was deposi ted on them.  It was f i r s t  es tab l i shed  that depositing a thin ca rbon  fi lm on 
the other me ta l s  did not affect  the value of the cu r ren t  at which the meta l  mel ted .  

Because  of the sp read  of the geomet r i c  p a r a m e t e r s  of the sma l l  c ry s t a l s  they mel t  at different  values 
of the cu r r en t  dens i ty .  It was a s s u m e d  that the mel t ing point of the l aye r  co r r e sponds  to the cu r ren t  den-  
s i ty at which t h e l a s t  dif f ract ion re f lec t ions  vanish in the cen te r  of the field of view. The l a rges t  c r y s t a l  
s i zes  were  50-100 rim. F o r  such s izes  the the rmodynamic  effect  of lowering the melt ing point of smal l  p a r -  
t i c les  should be smal l  [12]. T h e r e f o r e  the mel t ing point of the l aye r  de te rmined  by the instant  of t r a n s i -  
tion of the l a rge s t  c r y s t a l s  to the liquid s ta te  can be cons idered  equal to the melt ing point of m a s s i v e  s a m -  
p l e s .  

The p roposed  method of measu r ing  the t e m p e r a t u r e  dis tr ibut ion in a spec imen  r equ i r e s  a knowledge 
of the t e m p e r a t u r e  at the cen te r  of the i r r ad i a t ed  por t ion as a function of the cu r ren t  densi ty .  This  r e l a -  
t ion,  obtained by measur ing  the cu r r en t  densi ty  producing melt ing of l a y e r s  of var ious  me ta l s ,  is shown in 
Fig .  2. In p e r f o r m i n g  the m e a s u r e m e n t s ,  the half-width of the cu r ren t  densi ty  dis t r ibut ion r ema ined  con-  
s tant  at 8P and the acce le ra t ing  voltage at 80 kV. The init ial  por t ion of the exper imen ta l  curve  is nea r ly  
l inear ,  and for  T O ~ 900~ the deviat ion f r o m  l inear i ty  does not exceed 20%. In this t e m p e r a t u r e  range  
the r e su l t s  a r e  ve ry  r e l i ab le .  At higher  t e m p e r a t u r e s  the re  is a g r e a t e r  sp read  in the m e a s u r e d  values of 
the cu r ren t  densi ty ,  leading to mel t ing  of the me t a l s ,  poss ib ly  because  of the beginning of graphi t iza t ion of 
the ca rbon  f i lms  [3]. Hencefor th  we cons ider  t e m p e r a t u r e s  below the melt ing point of ant imony (903~ In 
mos t  p r ac t i ca l  c a s e s  the t e m p e r a t u r e s  of i r r ad i a t ed  objects  a r e  lower  than this .  

To tes t  the re la t ion  found for  the t e m p e r a t u r e  as a function of the cur ren t  density T o = f(J0) we made 
mul t i l aye red  objects  by deposit ing l aye r s  of t in and ant imony on opposite s ides of a carbon f i lm.  The p r e s -  
ence of the second meta l  has only a sma l l  effect  on the cur ren t  at which the f i r s t  me ta l  me l t s .  This  conf i rms  
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Fig .  3. En la rgemen t  of mel t ing zone of tin with inc reas ing  
cu r r en t  densi ty .  The  zone boundary is the i s o t h e r m  T 
= 505~ a) j0 = 0.40 A/cm2;  b) J0 = 0.43 A / c m  2. Magnif ica-  
t ion (x9000). 

the prev ious  assumpt ion  [3] that ve ry  thin meta l  l aye r s  deposi ted on var ious  objects  do not s ignif icant ly  a f -  
fect  the i r  t e m p e r a t u r e s  in an e lec t ron  b e a m .  The ra t io  of the cu r r en t  densi t ies  j0(Sb)/j0(Sn) leading to m e l t -  
ing of ant imony and tin for  a constant  b e a m  d i ame te r  is about 3.7, which is 1.3 t imes  as l a rge  as it should 
be for  a l inear  dependence of the t e m p e r a t u r e  on the cu r r en t  densi ty .  This  value a g r e e s  with the r e su l t s  
shown in Fig .  2 within the l imi t s  of expe r imen ta l  e r r o r .  

The deviation of the expe r imen ta l  r e la t ion  T o = f(J0) f rom l inear i ty  can be explained by the i nc rea sed  
impor tance  of rad ia t ion  as a heat r e m o v a l  m e c h a n i s m  at higher  t e m p e r a t u r e s  (3). F o r  a s teady s ta te  the 
amounts  of heat  gained and lost  by the object  a re  r e l a t ed  by [6] 

]o = AATo + B (T4 o - -  T~), (2) 

where  A and B a re  f ac to r s  de termining  the contr ibut ions of conduction and radia t ion to the heat  l o s s .  These  
f ac to r s  cannot be ca lcula ted  because  the p a r a m e t e r s  cha r ac t e r i z i ng  the t h e r m a l  p r o p e r t i e s  of a thin f i lm 
a re  inde te rmina te .  However  the i r  r a t io  in the p r e sen t  case  can be e s t ima ted  f rom the m e a s u r e m e n t s .  Let  
us  a s s u m e  j0(Sb)/j0(Sn) = 3.7. Th is  condition can be sa t i s f ied  by sett ing B = 4 �9 10 - l~ A .deg -3. Then 

io = A [Av. + 4. I0-~o (to ~ - -  r~) .  d~g -~ :]. (3) 

It is c l ea r  f r o m  F ig .2  that the expe r imen ta l  cu rve  for  T O = f(J0) l ies  between the s t ra igh t  line and the 
curve  de te rmined  by Eq.  (3). In calculat ing the t e m p e r a t u r e  dis t r ibut ion in the object  we a s sume  as a f i r s t  
approx imat ion  that J0 = AAT0 and l a t e r  c o r r e c t  for  the deviation f r o m  l inear i ty  at higher  t e m p e r a t u r e s .  

The t e m p e r a t u r e  dis t r ibut ion was m e a s u r e d  d i rec t ly  in l a y e r s  of tin, chosen because  of i ts  low m e l t -  
ing point,  sma l l  evapora t ion  r a t e ,  and re la t ive ly  high oxidation r e s i s t a n c e .  A cu r ren t  densi ty  j ~0) causes  
mel t ing  of sma l l  tin c r y s t a l s  at the cen te r  of the i r r ad i a t ed  por t ion .  This  value of the cu r r en t  densi ty  c o r -  
responds  to an object  t e m p e r a t u r e  o fT0= 505~ or a t e m p e r a t u r e  r i s e  AT (0) = 215OK. An i nc r ea se  in the 
cu r r en t  densi ty  causes  an en la rgemen t  of the melt ing zone of the me ta l  (Fig. 3), the boundary of which is 
obviously the i s o t h e r m  T r = 505~ Suppose the cu r r en t  densi ty  j~r) cor responding  to the radius  r of the 
mel t ing  zone of tin leads to an i nc r ea se  in the t e m p e r a t u r e  at the cen te r  by AT0(r). The sma l l  e l l ipt ic i ty  of 
the zone is due to the a s t i g m a t i s m  of the condenser  and can be taken into account in measu r ing  the ave rage  
value of r .  F o r  a l inear  dependence of the t e m p e r a t u r e  on the cu r r en t  densi ty  we have 

]~r) 
ATg,) = • o) i(o 0 ) .  (4) 

Taking into account that the t e m p e r a t u r e  r i s e  AT r at the zone boundary is  equa l  to ATe~ .and omitt ing the 
s u p e r s c r i p t  on ATtr)  r e f e r r i n g  to an a r b i t r a r y  value of r we r ewr i t e  Eq.  (4) in the f o r m  

ATr ](o ~ 
- -  ( 5 )  

AT o ]<o r) ' 
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F i g . 4 .  T e m p e r a t u r e  d is t r ibut ion  (1) and c u r -  
rent  densi ty  (2). The sol id cu rves  a r e  con-  
s t ruc ted  by using Eqs .  (6) and (1). The points  
a r e  values  of the re la t ive  t e m p e r a t u r e  drop 
at a d is tance r f rom the cen te r  ca lcula ted  
f r o m  the expe r imen ta l  r e s u l t s :  a) by a s suming  
that AT 0 va r i e s  l i nea r ly  with j 0; b) by taking 
account of the deviat ion f rom l inea r i ty  d e t e r -  
mined by Eq.  (3). ATr /AT0  and Jr/J0 a r e  d i -  
mens ion le s s  r a t ios ;  r ,  # .  

The lef t -hand side of this  express ion  r e p r e s e n t s  
the requ i red  t e m p e r a t u r e  dis tr ibut ion under the a s -  
sumption that the re la t ion  T O = f(J0) is l inear .  By de-  
t e rmin ing  the b read th  of the melt ing zone of the meta l  
it is poss ib le  to find the dis tance r f rom the cen te r  at 
which the t e m p e r a t u r e  r i s e  of the i r r ad ia t ed  object is 
jt~ r) t imes  s m a l l e r  than the t e m p e r a t u r e  r i s e  at the 
cen te r .  The  cur ren t  density j 1 r) was m e a s u r e d  with a 
F a r a d a y  cup and an e l e c t r o m e t e r  ampl i f i e r ,  and the 
cor responding  value of r was de te rmined  d i rec t ly  by 
da rk - f i e ld  photographs .  

Equation (3) was used to take account of the dev ia -  
t ion of the re la t ion  T o = f(J0) f r o m  l inear i ty .  The  c o r -  
rec t ion  was found by numer i ca l  ca lcula t ions .  F o r  ex -  
ample ,  suppose t in mel t s  at the center  for  a ce r t a in  
cu r r en t  density j~0), i .e . ,  AT0(~ = 215~ F o r  j~r)= 2j~0) 
when tin has mel ted  in a c i rc le  of radius  r ,  the t e m p e r a -  
tu re  r i s e  at the center  should be AT !r) 393~ a s  is 
eas i ly  seen  f r o m  Eq.  (3). This  value is approx ima te ly  
9% s m a l l e r  than the value calcula ted by assuming  a 
l inear  i nc rea se  in t e m p e r a t u r e  with cu r ren t  density,  
and this means  that the ra t io  A T r / A T  0 for  a g ivenva lue  
of r is  cor respondingly  l a r g e r .  

Gale and Hale [9] found an express ion  for  the 
rad ia l  t e m p e r a t u r e  dis t r ibut ion in an object i r r ad i a t ed  
in an e lec t ron  mic roscope  by assuming  that conduction 
is the only mechan i sm of heat loss  f r o m  the object .  
This  express ion  for  the cu r ren t  densi ty dis t r ibut ion,  

given by Eq.  (1) for  R > h, when the e l ec t rons  do not s t r i ke  the meta l  s c r een ,  has the fo rm 

AT,. 21n _RR + Ei (6) 

AT~ 21n R + C 
a 

x 

where  E i ( - r 2 / a  2) is the exponential  in tegra l  E i (-x) = - ,I exp ( - t ) t - ld t  tabulated in [13]; C is E u l e r ' s  constant ,  
C ~ 0.58. o 

A T r / A T  0 as a function of r ,  given by Eq.  (6), is evaluated for  R = 50 # and h = 8 ~ (or a = 4.8 ~) (solid 
curve  of F ig .  4). F igure  4 a l so  shows two se t s  of points obtained f r o m  the expe r imen ta l  r e su l t s  by a s s u m -  
ing a l inear  r e l a t ion  between AT 0 and J0 and using Eq.  (3). These  points m a r k  the upper  and lower l imi t s  of 
the poss ib le  values  of ATr /AT0,  since the t rue  values of the t e m p e r a t u r e  l ie between curves  2 and 3 of Fig.  
2. It is evident f r o m  F ig .4  that  the expe r imen ta l  points l ie c lose  to the theore t i ca l  curve ,  and t he re fo re  the 
t e m p e r a t u r e  dis t r ibut ion in an object can be e s t ima ted  with sufficient a ccu racy  by using Eq.  (6). The e r r o r  
in de te rmin ing  AT r is  no m o r e  than a few percen t  of AT 0. The m e a s u r e m e n t s  were  p e r f o r m e d  in a te rn ,  
p e r a t u r e  range  up to AT 0 ~ 600~ Equation (6) becomes  more  accura te  for  lower t e m p e r a t u r e s  since T o 
= f(j0) approaches  a l inear  re la t ion  as the t e m p e r a t u r e  fa l l s .  

We note that  the t e m p e r a t u r e  f a d s  off f rom the cen te r  to the edge of the beam much m o r e  slowly than 
the cu r r en t  densi ty  does .  Thus for  r = h = 8#, Jr ~ 0.06 J0 and AT r ~ 0.TAT 0. T h e r e f o r e  pa r t s  of the object 
not d i rec t ly  i r r ad i a t ed  may  a lso  exper ience  apprec iab le  heating.  This  fact  can be used  to dist inguish b e -  
tween t h e r m a l  damage  to the object and radia t ion damage produced by the ionizing effect  of e lec t rons  and 
occur r ing  only in the radia t ion zone. 

Gale and Hale [9] cons idered  the use  of Eq.  (6) only for  solid meta l  foils having high t h e r m a l  conduc-  
t iv i t i e s .  We have es tabl i shed that  this re la t ion  can a lso  be used for  thin ca rbon  f i lms  having a t h e r m a l  con-  
ductivi ty e s t ima ted  in [14] to be about two o r de r s  of magnitude s m a l l e r  than those of me ta l s .  It follows f r o m  
[3, 5, 6] that  the t e m p e r a t u r e s  of var ious  d ie lec t r ic  f i lms  (carbon, collodion, quar tz ,  etc.) a re  nea r ly  the 
s a m e  under conditions of constant  i r r ad ia t ion .  T h e r e f o r e  the t e m p e r a t u r e  dis t r ibut ions in them must  be 
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s imi l a r .  Thus the t empera tu re  distr ibutions in various thin f i lms,  including both metals  and d ie l ec t r i c s ,  
can be calculated with sufficient accu racy  by Eq.  (6), at least  for  t em p e ra tu r e s  T o ~< 900~ 

NOTATION 

R 
r 

T R 
TO 
T r  
AT o 
AT r 
a 

h 
A, B 

C 

is the radius of a hole in the s c r een  supporting the object; 
is the distance f rom the center  of the i r r ad ia t ed  port ion;  
is the t empera tu re  of the sc reen ;  
~s the t empera tu re  at the center  of the i r r ad ia t ed  port ion;  
~s the t empera tu re  at a distance r f rom the center  of the i r r ad ia ted  port ion;  
is the r i s e  in t empera tu re  of the object at the cen te r  when i r radia ted;  
is the r i s e  in t empera tu re  of the object at a dis tance r f rom the cen te r  when i r rad ia ted ;  
is a p a r a m e t e r  re la ted  to h; 
is the half-width of the cu r ren t  density distr ibution in the object plane; 
a re  fac tors  determining the contributions of conduction and radiat ion to the heat loss f rom the ob- 
ject  (Eq~ (2)); 
is E u l e r ' s  constant .  
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