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ABSTRACT 
.A general mcdel for the e-beam induced dec,mp@siti@n of cavalent and 

ionkc inorganic solids 1s outlined. The primary electron beam produces 
energetic electron/h@le pairs; these decay ta  the band edges, and either 
recombine or participate in the chemical decomposition of the solid. The 
kinetics and mechanism of several systems ts discussed, including CdCI1, 
and PbI , .  The importance rf temperature in dcc~srnpositic7n is remarked 
and it is suggested that induced 'demmpasition t ~ s t l y  starts at 0.6 
melting paint (K). The usefulness  of vari~us i n ~ r g a n i c  systems, as 
resists,  for x-ray masks, for local indiffusiun sources and for metal 
inter-connects is noted. 

1 .  INTRODUCTIOW 
We ' have, over t h e  Last rirteen years, been studying the photon and 

electron induced decomposition of various inorganic saUds ( 1 - 1 1 )  i n  
t h i n  f i l m  farm. The purppse of thls w@rk has been to measure the 
Rinet i cs , and deduce t h e  mechanism of the decornpas i t i ~ n  pr~cesaes: also 
t o  demonsf rate the  potential  usefulness of these decarnp~s i ti on processes 
in various solid state mi cro-1 i thographf c procedures. 

' ' I t  is the intention in t h i s  paper to present a summary of our work 
with thin film inorganic materials, noting some of t h e  unifying features 
of such systems,. to compare and contrast some aspects of crganic and 
inorganic systems, and to speculate about various processing 
applications. 

' 2. FUNDAMWTAL CONCEPTS 
Our concern is with pclycrystalline Chin films ranging In thickness 

frm about 0.04 to 1 urn. These materials are non-metallic, having band 
gaps from ca. ' 2  t o  8eV, and are variously described as covalent or ionic 
solids. In a l l  cases the first thing, which is required For 
decmpositiwn. is the  creation of electr@n/hole pairs by the inducing 
radiation. , Thus fcr phat~lysis we need l i g h t  of energy equal, to or - -  - 
greater than the  band gap energy. For radiclysis by e-beam,  the 
general t.enden'cy is-C@ work .with 'e.lectrans In the 1-50 KeV. energy range; 
the prihry  , high: energy electro;, creates a shower of electron/h&e 
pairs Along its path, these latter usually have energies about three 
times that of the band gap (12). The energetic electron/hole pairs 
created near the  peaks Ln the density of states w i l l  r a p i d l y  lose energy 
t o  the -lattice, falling, t o  band gap energy. We are next concerned with 
the fate of these excess electren/hole pairs which are energetically at  
the band edges, and spatially distributed thro.ughout the grain in which 
they were created, 
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The excess eleclron/hole pairs may recombine, and/or. may part Lei p a t e  
.in t h e  chemical decomo~8ifian of the solid. Recombination mfnht occur - - - -  - - -  , - 
:in the bulk a gr.ain at various slngularities, at  the grqin boundary, 
or ac the free boundary cf :the f i l m .  Ghmiwl decmposfti@n will Qecur 
by reactions such as: 

,MY' + ye- + M (metaJli,c,efement) 

yX- + yh+ + yX (non-metallic element) 

for substances like MXy. 

There "ill  be the -usual sequence of chemical s t e p s ,  one being  r a t e  
determining. The site of the reactions may be i n  t h e  bulk or a t  the 
3urf'ace. There may well be a ra te  determining transport step and the 
build-up of reaction products  w i l l  cause vast difficulties i n  
interpretatian. 

3 .  EXAMPLES OF INDUCED DECOMPOSITION 
The canclusions of a number of studies of induced deccmpositi~n are 

given below, and It Is suggested that  these may focm the beginnings of a 
useful  classificatisn. 
3.1 Cadmium Chloride, CdCL, (7 .8 ) .  This material is readi ly  evapcrated 
in a vacuum system to give polycrystalline thin films whese mean grain 
size is about equal to che film thickness. The vapour pressure cf CdCL, 
is such that at 467R ( t 9 4 ° C )  the evaporation rate of a depcsited film 
w@uld be I O-'nrns-' , while the r a t e  is absut hundred times higher a t  523K 
( 250°C) ;  this means that CdCE, can be used as an e-beam resist material 
up C@ about 4 7 3 K  (200°C) w i t h ~ u t  ser i~us  loss by evaporatian. Electron 
beam irradiation results in t h e  reaction, 

CdCIL, e-beam Cd + 2CE 

(The chlorine atoms rncstly cambine t o  desorb as CR, molecules). Above 
about 363U C904C) cadmium (as  well as t h e  CR,) is volatile, so the  
physical result  of e-beam irradiation is progressive thinning of t h e  
exposed area. The total  removal of reactisn products makes mechanist1 c 
analysis very considerably easier. 

It has been found in a l l  t h e  chemical systems we have s t u d i e d  that  
the rate  of decomposition a t  f i x e d  flux increases with temperature, 
typical af an activated process. We have, in additicn Co temperature, 
investigated the effect on reaction ra te  of electron energy, beam 
current: dens,it;y, film t h i c k n e s s ,  f i lm doping and mean grain size. A 
typ ica l  deompOsition rate curve is shown in Figure I .  

, .The mechanism propos@d f o r  CdCa, decomposition is: holes are trapped 
at  .surface chloride ions which have becpme special  sites because of sme 
local s p a t i a l  singularity, the chloride ion p l u s  trapped hole moves to a 
new surface s i t e  - t h i s  La the r a t e  determining step - from whit% 
chlerine either desorbs directly or combines with another (mobile) 
surf'ace chlorine atom and then desorbs. The cadmium Lon, which is made 
singular by the chlQrf de . iqn removal ,. rapidly traps t h e  necessary two 
electrons'ancf, t h e  system being warm enough, the atam deaorbs into the 
vacuum. 
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FIGURE 1 .  Chlorine ewlutian rate versus time fcr e-beam irradiated 
CdCL, (PbCR, decompssiti~n is showh as the Cashed line) 

' The curve shewn In FLgure 1 is explained, in a manner consistent with 
the propcsed mechanism, by suggesting that the initial rfsing p o r t i ~ n  is 
a result of increasing the surface concent;ratian of chloride ion 
singularities ,as the decgmrpositir~n o'f the f i l m  prbgresses. The decaying 
pbrtion of the curve results Prbm a decreasing concentration uf 

. electron/hale paLrs per wit area because the  film is thinner than the 
CPW range {see l a t e r ) ,  FlnalLy the e'icponentfal tail must carrespend to 
the P f  lrn beqomlng discontinuow. Tho chlorine ev~lutlorr rate may be 
writterl 

J = LC El - P expI tR-L)/Ro)l 

The i n i t i a l ,  f i l m  thickness i s  I; Ehe film thickness a t  any time is t and 
11, is a constant proportional t o  t h e  initial rate of increase i n  t h e  
density of specLal surface chloride ion sites. The constant C is 
p r ~ p ~ r t i ~ n ~ l  te the reaction ra te  constant and t h e  flux density, and p 
is related to the factor  by uhich the i n i t i a l  density ~f special sites 
increases over the f u l l  course of t h e  decemposi t i en .  

The above t y p e  of decmpusitrcn should be classified as, surface 
deccmpositiun system, ni t h  on ly  one sol i d  phase-. 

Lead chloride (10). and iodide (1-3): Lead is not  volatile, so that 
the d e c a m ~ a i t l o n  of these lead halfdes results in the ev~lut' lon of 
halogen and ghe formation of lead clusters throughout the lead @Aide 
m a t r i x .  -Study of' the iniLlal stagqs or photo-decapasiticn of PbI, a t  
low d e w m p s i t  Ion rates ( 1 1 showed that rate  was -pr@port ional t o  the  
area mncentratton OF excess eJectron/hole pairs. Analysis of a l l  the 
variables, plus a cauparison with the electrical transport properties or 
the PbI,, . l e d  to the  broposal that the ra te  limiting step was the 
transport of negative ion .vacancies - generatd by halide ion discharge 
- from the free surface to  the  interior, where they .were anitlbilated 
together ui th posit ive ion vacancies. ' 

E-beam decomposition kinetics or P~c&, (10) Ls not the same as that 
for PbI,, it is closer in apparent behaviour to CdCE, while retaining 
some essential differences. The dashed l i n e  on Figure 1 is the 
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normalized ( t o  peek maximum) r a t e  of PbC&, (10) decompcls i t i~n  far 2KeV 
electrons; Flux 1 40 vAcrn-z, fi lm 90 nm t h i c k ,  temperature 483K ,F 21 OeC) .  
The mechanism has 'not been worked .out as yet,  but It seems that the 
gr@Hth of lead , clusters p l a y s  a role In reducing the . chemical 
decmposi t Lon rati, p o s s i b l y  by decreasing the diffusion length of the 
excess carrie~a. ; 

The a b w e  dec~mpositi@n should, for PbI,,, be classified as: bulk 
transport, two s o . l l d  phases, while fer IPbCE,/CdCR, ) solid solution i t 
should be surf ace* dec~rnpoai tiqn: two solid phases, and for PbE$, we do 
not y e t  k t l ~ w  the rnechani3m. but i t  i s  two a e l l d  phases. 

3-2 MiscellaneQus Systems; Snl, (4-6), A I l ,  ( 9 ) ,  Gal, (91 and AsX, ( 9 )  
a l l  completely photo-dac~mpese, and should readily be d e c ~ m p c s d  by 
energetic e-beams. The d i s a d v a n t a g e  cf the tri-iedides cf AL, Ga and As 
are that they ad@ highly volatile I t h e  induced decompositicn was carried 
out a t  250K). 

Q. A ROUGH GUIDE TO STIMULATED DECOMPOSITION 
We wish t o  be able t o  know under what conditions a s~lf d might be 

photo- or e-beam dec@rnp@sed. It is obviaus that w e  need t o  produce free 
carriers at t h e  band edges. Lt is also  ohvi~us that we need t2 make t h e  
chemical pathway as faveurable as possible as c~mpared u i t h  t h e  phys i ca l  
(recmbiqatinn) pathway. Clear ly  this can be achieved by increasing the 
temperature, which has l i t t l e  effect an recmbinatLan, but which 
exponentiaXly Increases chemical reaction rates .  There w,?uld~seem to be 
a correlation between chemical ra te  and the b inding  energy 2r the s o l i d ,  
and it: is therefore prop@sed that there should a lso  be a cqrrelati~n 
uith melting p o i n t ,  for example apprcximatel y 5% usage ef' electr~nlhole'  
pai rs  a t  0.6 x melting point ( K ) ;  this fits our data fa i r ly  well. 

The a6s~rptiun @f radiaticn is stra ightfomard with p h ~ t o n s ,  but 
there is a .greater lack of precisicn where electtans are mncerned. A 
useful guide  for electron ahsorption is to use the Grun range, R, which 
is d e f i n e d  a s  the value cf  x cbtained upon extrapolaticn to  zero of the 
s t r a i g h t  l i n e  part of the dE/dx vs x curve: dEJdx is the energy loss 

. w i t h  distance and x is  the distance into t h e  sclid. An empirical 
exprcssi~n I131 which applies uell i n  the  1 to 50 KeU energy range, in 
nm, is 

where p is t h e  density o f  t h ~  thin f i l m ,  in g/cc; and E Is the primary 
electron energy in KeV.  

X t  would seem that mean grain s i ze  does not have a noticeable effect 
upan'reembinatlan r a t e ,  i.e. in terna l  grain hundaries do not @ f f e ~  
ef f i ci a t  raecombi natlon ,centres. However, . mean grain s ize  is important 
In .determining resolution when these inorganic materials are used- as 
resists, slnce the electron/hole pairs prcduced by t h e  radiation pervade 
the &rain and are not a c loud along the partlcle t r a c k ,  as might be 
nearer the case for organic resists. One final point  about grain 
boundaries,. is teat  we take it that electron/hole pairs do not diffuse 
from grain-to-grain, 'because the grain boundary is a barrier 
(double-Schottky] to carrier transport. 

5. APPLICATIQNS 
A p'artial liating of potential applications is given bslou, together 

with a w e  comments. 
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5.1 Resists: Inorganic resigts are significantly different i n  behaviour 
and usage Frm organic resists. They are thin films ( -  5bnm thick)  and 
so might well function wlthclu6:heed for 'planat-ization. Resolution is 
determined by mean grain s ize ,  and is not sensitive to development 
procedures. Inorganic resists do not suffer significantly from the 
prcximi ty effects that  organic res'ists have to endure. Since inorganic 
resists are evaporated, it i,s possible to deposit over a limited area 
(using mechanical masking), so making local processing possible. Removal 
of r e s l s t  is usually a matter of aqueous solutf~n wash at roc- 
-temperature. 

Organic res is ts  are very much more sensitive than inerganic resists 
(5 U C C ~ ' - *  compared with 2m~trn- ' ) ,  There are possible in@rganic aver 
layer schemes which might be  employed i n  order to improve s e n s i t i v i t y ,  
but  these have yet t o  be tested. 

Inorganic resists would appear to be considerably mcre chemically 
resistant i n  reactive ion (or plasma) etching, giving the probability of 
selectivities of 50 and msre. 

5.2 Metal masks and patterns: men substances such as PbCI1, are 
dec~mposed the lead left. behind tends to  be globular i n  texture. The 
texture can be made continuous and less globular when a sol i d  s~luti2n 
~7f 0.8 fbCldp: 0 . 2  CdCEz is decomposed. Such a system should be useful  
in t h e  fabrication of X-ray m a s k s  for VLSI. 

T h e  possibility exists t o  deposit t h i n  films of metal cmpound and t a  
decmpose these using an e-beam system. Such a precegure might be 
useful in making m e t a l  inter-connects. Thus MOO, ( m - p t .  1068K) might be 
a candidate fop Ma inter-connects (decompsi tfcm temperature estimated 
to be 640K) .  

S.3 Local sources: Another possibility Inherent in e-beam decmposition 
of inorganic t h i n  films is the production of local indiffusion scurces. 
Thus e-g., the decurnpcsition of zinc iodide on GaAs to give a local 
indiffuoicn zinc source exists.  It may, of course, be the case that the 
local source material is too volatile at: the indiffusicn temperature, i n  
which case it would be necessary to coat t h e  sources in a chemically 
i n e r t ,  removable, low-volatility material. 

6 .  CONCLUSIONS 
The e-beam decmposition of SemicOnductors and insulators follows 

along much the  same lines as photolysis, namely the production or 
eleetr@n/hole pairs  by the stimulating radiatton f ~ l l c w e d  by the use L?T 
a PraeCfon of these excess carriers in the decomposition process. 

E-beam stimuLateddeemposition of va'riaus Inorganic selfds can be 
,used in a variety of solid state  fabrication precesses. 
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