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Chapter 5 

Fi lm Formation 
and Structure 

5.1 . INTRODUCTION 

Interest in thin-film formation processes dates at least to the 1 9 20s. During 
research at the Cavendish Laboratories in England on evaporated thin films, 
the concept of formation of nuclei that grew and coalesced to form the film was 
advanced (Ref. 1). All phase transformations, including thin-film formation, 
involve the processes of nucleation and growth. During the earliest stages of 
film formation, a sufficient number of vapor atoms or molecules condense and 
establish a permanent residence on the substrate. Many such film birth events 
occur in this so-called nucleation stage. Although numerous high-resolution 
transmission electron microscopy investigations have focused on the early 
stages of film formation, it is doubtful that there is a clear demarcation 
between the end of nucleation and the onset of nucleus growth. The sequence 
of nucleation and growth events can be described with reference to the 
micrographs of Fig. 5- 1. Soon after exposure of the substrate to the incident 
vapor, a uniform distribution of small but highly mobile clusters or islands is 
observed. In this stage the prior nuclei incorporate impinging atoms and 
subcritical clusters and grow in size while the island density rapidly saturates. 
The next stage involves merging of the islands by a coalescence phenomenon 

1 95 



1 96 

25 Z 

1----i 
0.2,. 

700 ! 

Film Formation and Structure 
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Figure 5-1 . Nucleation, growth and coalescence of Ag films on ( 1 1 1) NaCl sub­
strates. Corresponding diffraction patterns are shown. (Courtesy of R. W. Vook. 
Reprinted with permission from the Metals Society, from R. W. Vook, Int. Metals 
Rev. 27, 209( 1982). 
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Figure 5-2. Basic modes of thin-film growth . 

that is liquidlike in character especially at high substrate temperatures. Coales­
cence decreases the island density, resulting in local denuding of the substrate 
where further nucleation can then occur. Crystallographic facets and orienta­
tions are frequently preserved on islands and at interfaces between initially 
disoriented, coalesced particles. Coalescence continues until a connected net­
work with unfilled channels in between develops .  With further deposition , the 
channels fill in and shrink, leaving isolated voids behind. Finally , even the 
voids fill in completely ,  and the fi lm is said to be continuous . This collective 
set of events occurs during the early stages of deposition, typically accounting 
for the first few hundred angstroms of film thickness. 

The many observations of film formation have pointed to three basic growth 
modes: ( I )  island (or Volmer-Weber) , (2) layer (or Frank-van der Merwe), 
and (3) Stranski-Krastanov, which are illustrated schematically in Fig. 5-2 . 
Island growth occurs when the smallest stable clusters nucleate on the substrate 
and grow in three dimensions to form islands. This happens when atoms or 
molecules in the deposit are more strongly bound to each other than to the 
substrate . Many systems of metals on insulators, alkali halide crystals, graphite, 
and mica substrates display this mode of growth . 

The opposite characteristics are displayed during layer growth . Here the 
extension of the smallest stable nucleus occurs overwhelmingly in two dimen­
sions resulting in the formation of planar sheets . In this growth mode the atoms 
are more strongly bound to the substrate than to each other. The first complete 
monolayer is then covered with a somewhat less tightly bound second layer. 
Providing the decrease in bonding energy is continuous toward the bulk crystal 
value, the layer growth mode is sustained. The most important example of this 
growth mode involves single-crystal epitaxial growth of semiconductor films, a 
subject treated extensively in Chapter 7 .  
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The layer plus island or Stranski -Krastanov (S.K.) growth mechanism is an 
intermediate combination of the aforementioned modes. In this case, after 
forming one or more monolayers, subsequent layer growth becomes unfavor­
able and islands form. The transition from two- to three-dimensional growth is 
not completely understood, but any factor that disturbs the monotonic decrease 
in binding energy characteristic of layer growth may be the cause. For 
example, due to film-substrate lattice mismatch, strain energy accumulates in 
the growing film. When released, the high energy at the deposit- intermediate­
layer interface may trigger island formation . This growth mode is fai rly 
common and has been observed in metal -metal and metal -semiconductor 
systems. 

Al an extreme far removed from early film formation phenomena is a 
regime of structural effects related to the actual grain morphology of polycrys­
lall inc films and coati ngs. This external grain structure together with the 
internal defect. void. or porosity distributions frequently determines many of 
the engineering properties of fi lms. For example, columnar structures. which 
interestingly develop in amorphous as well as polycrystall ine films, have a 
profound effect on magnetic. optical, electrical, and mechanical properties. In 
th is chapter we discuss how different gra in and deposit morphologies evolve as 
a function of deposi tion variables and how some measure of structural control 
can he exercised. Modification of the film structure through ion bombardment 
or laser processing hoth during and after deposition has heen a subject of 
much resea rch in terest recently and is treated i n  Chapters 3 and 1 3. Subse­
quent topics in th is chapter are: 

5.2 Capillarity Theory 
5.3 Atomistic Nucleation Processes 
5.4 Cluster Coalescence and Depletion 
5 . 5  Experimental Studies of Nucleation and Growth 
5.6 Grain Structure of Films and Coatings 
5.7 Amorphous Thin Films 

References 1 -5 are recommended sources for much of the subject matter in 
this chapter. 

5.2. CAPILLARITY THEORY 

5.2.1 . Thermodynamics 

Capillarity theory possesses the mixed virtue of yielding a conceptually simple 
qualitative model of film nucleat ion, which is, however, quant itatively inaccu-
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rate. The lack of detailed atomisti c assumpti ons gi ves the the ory an at tracti ve 
broad ge ne rality wit h the powe r of cre ati ng use ful conne cti ons be twee n su ch 
vari ables as su bst rate tempe ratu re , dep osi ti on rate, and critical film nu cleus 
si ze . An i nt rodu cti on to  the the rmody namic aspects of homogeneous nu cle ­
ati on was give n on p. 40 and is w orth re viewing.  I n  a similar spi rit, we now 
conside r the heterogeneous nu cleati on of a solid film on a planar su bst rate. 
Film-formi ng atoms or m olecules i n  the vap or p hase are assumed t o  impi nge 
on the su bstrate , cre ati ng aggregates that eithe r te nd to  grow i n  si ze or 
disi ntegrate i nt o  sm alle r e ntities through dissociati on p rocesses . 

The free-e ne rgy change accomp anyi ng the formati on of an aggregate of 
mean dime nsion r is gi ve n  by 

( 5- 1 ) 

The chemical free -e ne rgy change pe r u ni t  volume , t::.G v ,  d ri ves the conde nsa­
ti on re acti on. Accordi ng to Eq. 1-3 9, any le vel of gas -ph ase supe rsatu rati on 
ge ne rates a negati ve t::.G v wi thout whi ch nu cle ati on is imp ossi ble. The re are 
seve ral i nte rfacial te nsions, 'Y, to contend with now, and these are ide nti fied by 
the su bscripts f, s, and v rep rese nti ng film , su bst rate , and vapor, respec­
ti vely . For the cap -shaped nu cleus i n  Fig.  5 -3 ,  the cu rved su rface are a  (a 1 r2 ), 

the p rojected ci rcul ar area  on t he subst rate (a2 r2 ) ,  and the volume ( a1 r 3) are 
i nvolved, and the respecti ve geomet ri c  cons tants are a 1 = 2 ,r(l - cos 0), 
a2 = 1r si n20 ,  a3 = 1r(2 - 3 cos O + cos 30)/3 .  Conside rati on of the me ch ani ­
cal equili brium am ong t he i nte rfaci al tensi ons or forces yields You ng's equ a­
ti on 

(5-2) 

The re fore ,  the contact angle () depe nds only on the su rface p rope rties of the 
i nvolved mate ri als. The three modes of film growth can be dis ti nguished on the 

DEPOSITION 

VAPOR 
DESORPTION 

0 

SUBSTRATE 

Figure 5-3. Schematic of basic atomistic processes on substrate surface during vapor 
deposition. 
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basis of Eq. 5-2 . For island growth, 0 > 0, and therefore 

'Ysv < 'Yts + 'Yvt · (5-3) 

For layer growth the deposit " wets' ' the substrate and 0 = 0. Therefore, 

'Ysv = 'Yfs + 'Yvf • (5- 4) 

A special case of this condition is ideal homo- or autoepitaxy. Because the 
interface between film and substrate essentially vanishes, 'YJs = 0. Lastly, for 
S.K. growth, 

'Ysv > 'Yfs + 'Yvf • (5-5) 
In this case, the strain energy per unit area of film overgrowth is large with 
respect to 'Yvt • permitting nuclei to form above the layers. In contrast, a film 
strain energy that is small compared with 'Yvt is characteristic of layer growth. 

Returning now to Eq. 5- 1 ,  we note that any time a new interface appears 
there is an increase in surface free energy, hence the positive sign for the first 
two surface terms. Similarly, the loss of the circular substrate-vapor interface 
under the cap implies a reduction in system energy and a negative contribution 
to AG. The critical nucleus size r* (i. e., the value of r when d AG/ dr = 0) 
is given by differentiation, namely, 

- 2( Oi'Yvt + 02'Yts - Oz'YsJ r* = ----------- . 
3a3 AG v 

(5-6) 

Correspondingly, AG evaluated at r = r* is 

(5-7) 

Both r* and AG* scale in the manner shown in Fig. 1 - 1 9. An aggregate 
smaller in size than r* disappears by shrinking, lowering AG in the process. 
Critical nuclei grow to supercritical dimensions by further addition of atoms, a 
process that similarly lowers AG. In heterogeneous nucleation the accommo­
dating substrate catalyzes vapor condensation and the energy barrier AG* 
depends on the contact angle. After substitution of the geometric constants, it 
is easily shown that AG* is essentially the product of two factors ; i.e., 

AG* = ( 
l 6 1r-y;1 ) ( 

2 - 3cos 0 + cos30
) . (5_ 8) 

3 AG;, 4 

The first is the value for AG* derived for homogeneous nucleation. It is 
modified by the second term, a wetting factor that has the value of zero for 
0 = 0 and unity for 0 = 1 80°. When the film wets the substrate, there is no 
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b arrie r to nucle at ion . At the othe r ext reme o f  dewett ing , t,,.G* is max imum and 
equ al to that fo r homogeneous nu cle at ion. 

The p re ced ing form al ism p ro vides a gene ral ized framewo rk fo r in clus io n  o f  
othe r ene rgy cont ribut ions. I f, for ex amp le , the film nu cleus is el ast icall y 
st rained th roughout be cause o f  the bond ing m ism atch between film and sub ­
st rate , then a te rm a_, r 3 dG5 , whe re AG5 is the st rain ene rgy pe r un it volume , 
would be app rop riate. In the cal cul at ion for AG*, the denom in ato r o f  Eq. 5-7 
would then be alte red to 2 7a�(AG v + AGJ2 . Be cause the s ign o f  AG v is 
negat ive wh ile AG, is pos it ive ,  the ove rall ene rgy b arrie r  to nu cle at ion 
in cre ases in su ch a case. I f, howe ve r, depos ition o ccu rred o n  an init ial ly 
st rained subst rate - i.e., one w ith eme rgent cle avage steps o r  screw dislo ca­
t ions -then st ress rel ie val du ring nu cleat ion would be m an ifested b y  a redu c­
t io n  o f  '1.G*. Subst rate ch arge and impu rit ies s im il arl y  in fluen ce '1.G* by  
affe ct ing te rms rel ated to e ithe r su rface and volume ele ct rost at ic ,  chem ical , 
et c., ene rgies. 

5.2.2. Nucleation Rate 

The nu cle at ion rate is a con ven ie nt s ynthes is o f  te rms th at des cribes how man y  
nu clei o f  criti cal s ize form on a subst rate pe r un it t ime. Nu clei can grow 
th rough d ire ct imp ingement o f  gas ph ase atoms , but th is is unl ikel y in the 
e arl iest st ages o f  film format ion when nucle i are sp aced far ap art. Rathe r, the 
rate at wh ich crit ical nu cle i grow depends on the rate at whi ch adso rbed 
monome rs (adatoms ) att ach to it. In the model o f  Fig. 5-3 , ene rget ic vapo r 
atoms th at imp inge on the subst rate may immed iate ly deso rb ,  but usu al ly the y 
remain on the su rface for a length o f  t ime Ts given b y  

Edes Ts = -;exp 
k T  

. (5-9) 

The vib ration al fre que ncy of the ad atom o n  the su rface is v (typ ically 1 0 1 2  

se c - 1 ) ,  and Edes is the ene rgy re qu ired to deso rb it b ack into the vapo r. 
Ad atom s, wh ich h ave not ye t the rm all y accommod ated to the subst rate , 
execute random d iffusi ve jumps and ,  in the cou rse o f  thei r m igratio n, may 
fo rm p airs wi th othe r ad atoms , o r  att ach to l arge r atomi c cluste rs o r  nu clei. 
Whe n th is happe ns ,  it is u nl ikely  th at these atoms wil l  retu rn to the vapo r 
ph ase. Ch anges in Edes are p art icul arly e xpe cted at subst rate hete roge ne ities , 
su ch as cle avage steps o r  ledges whe re the b ind ing e ne rgy o f  ad atoms is 
great er relat ive to a pl anar su rface. Th e propo rt io nat ely l arge nu mb er o f  
atom ic bo nds avail able at these accommod at ing s ites le ads to h ighe r £des 

values. Fo r th is re ason , a s ign ificantly h ighe r  de ns ity o f  nu cle i is usu ally 



202 FIim Formation and Structure 

obsen·cd ncar cleavagc steps and othcr substrate imperfrctions. The presence 
of impurities s imilarly alters E,fo in a complex manner. depending on rype and 
distribution of atoms or molecules involved. 

We now exploit some of these microscopic notions in the capillarity theory 
of the nucleation rate N. Reproducing Eq. 1 -4 1, we obtain the expression 
for .N: 

N :::  N* A*w nuclei/cm2-sec. ( 5- IO) 

(The Zeldovich factor, included in other treatments, is omitted here for 
simplicity.) Based on the thermodynamic probability of existence, the equilib­
rium number of nuclei of critical size per unit area of substrate is given by 

N* = n 5exp - t:.G*/kT. (5- 1 1) 

The quantity n s represents the total nucleation site density. A cenain number 
of these sites are occupied by adatoms whose surface density, n a , is given by 
the product of the vapor impingement rate (E q. 2 - 8 ) and the adatom lifetime, 
or 

(5- 1 2) 

Surrounding the cap-shaped nucleus of Fig. 5-3 are adatoms poised to attach to 
the circumferential belt whose area is 

(5- 1 3) 

Quantities r*  and 0 were defined previously, and a0 is an atomic dimension. 
Lastly, the impingement rate onto area A *  requires adatom diffusive jumps 

on the substrate with a frequency given by v exp - Es / kT, where Es is the 
activation energy for surface diffusion. The overall impingement flux is the 
product of the jump frequency and n O , or 

w = 
r5 PNA v exp - Es /kT (cm - 2sec - 1 ) 

J 2 1rMR T  
( 5- 14) 

There is no deanh of adatoms that can diffuse to and be captured by the 
existing nuclei. During their residence time, adatoms are capable of diffusing a 
mean distance X from the site of incidence given by 

X = j 2 Ds T5 • 

The surface diffusion coefficient Ds is essentially 

Ds = ( l / 2) a6v exp - Es / kT 
and therefore 

(5- 15) 

( 5- 1 6) 
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Large values of Edes coupled with small values of Es serve to extend the 
nucleus capture radius .  

Upon substitution of Eqs. 5- 1 1 ,  5- 1 3 ,  and 5- 14 in Eq. 5- 10 ,  we obtain 

. PNA Edes - Es - .1G* 
N == 2 1r r*a0sin () 

J 
nsexp 

2 1rMRT kT (5- 1 7) 

The nucleation rate is a very strong function of the nucleation energetics, 
which are largely contained within the term .1G*. It is left to the reader to 
develop the steep dependence of JV on the vapor supersaturation ratio . As 
noted previously, a high nucleation rate encourages a fine-grained , or even 
amorphous, structure, whereas a coarse-grained deposit develops from a low 
value of N. 

5.2.3. Nucleation Dependence on Substrate Temperature and 

Deposition Rate 

Substrate temperature and deposition rate R (atoms/cm2-sec) are among the 
chief variables affecting deposition processes. Calculating their effect on r* 
and .1G* is both instructive and simple to do. First we define 

kT R 
.1G v = - - In-.-

{} R e 
(5- 1 8) 

by analogy to Eq. 1 -38, where Re is the equilibrium evaporation rate from the 
film nucleus at the substrate temperature T, and fl is the atomic volume. 
Assuming an inert substrate, i.e . ,  Yvf = Yfs , direct differentiation of Eq. 5-6 
yields (Ref. 3) 

Assuming typical values, Yvf == 1000 ergs/cm 2 and BYvJ/ a T  = - 0.5 
erg/cm 2-K. An estimate for a l:lGj aT is the entropy change for vaporization, 
which is roughly 8 X 107 ergs/cm3-K for many metals. If 1 1:lGv l < 1 .6 X 
10 1 1  ergs/cm3, tht:n direct substitution gives 

Similarly ,  by the same assumptions and arguments, 

( o t:.G*/oT) R > 0 .  

(5-20) 

( 5-2 1 )  
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It is also simple to show that 

(5-22) 

Direct chain-rule differentiation using Eqs. 5- 6 and 5- 1 8  yields 

a,* 
( 

a,* 
) (

o iiG v
) ( 

,* 
) (  

kT
) 

aR = o iiG v aR = 
-

iiGv - fl.R • 

Since iiGu is negative, the overall sign is negative. Similarly, it is easily 
shown that 

(5-23) 

The preceding four inequal ities have interesting implications and summarize 
a number of common effects observed during film deposition. From Eq. 5-20 
we note that a higher substrate temperature leads to an increase in the size of 
the critical nucleus. Also a discontinuous island structure is predicted to persist 
to a higher average coverage than at low substrate temperatures. The second 
inequality (Eq. 5-2 1 )  suggests that a nucleation barrier may exist at high 
substrate temperatures, whereas at lower temperatures it is reduced in magni­
tude. Also because of the exponential dependence of N on iiG*, the number 
of supercritical nuclei decreases rapidly with temperature. Thus, a continuous 
film will take longer to develop at higher substrate temperatures. From Eq. 
5-22, it is clear that increasing the deposition rate results in smaller islands. 
Because iiG* is also reduced, nuclei form at a higher rate, suggesting that a 
continuous film is produced at lower average film thickness .  If, for the 
moment, we associate a large r* and AG* with being conducive to large 
crystallites or even monocrystal formation, this is equivalent to high substrate 
temperatures and low deposition rates. Alternatively , low substrate tempera­
tures and high deposition rates yield polycrystalline deposits. These simple 
guidelines summarize much practical deposition experience in a nutshell. A 
plot of these structural zones as a function of deposition rate and substrate 
temperature is shown in Fig. 5- 4 for Cu films deposited on a ( 1 1 1) NaCl 
substrate. Maps of this sort have been graphed for other film-substrate 
combinations .  In semiconductor systems a regime of amorphous film growth is 
additionally observed when R is large and T is low. 

Despite the qualitative utility of capillarity theory, it is far from being 
quantitatively correct. For example, let us estimate the value of r* for a typical 
metal film at 300 K. To simplify matters, the homogeneous nucleation for­
mula, r* = - 2y/AGv,  is used, where AG v = -kT/D In PjP, (Eq. 
1-38). Assuming D, = 20 X l0- 24 cm3/at, 'Y = 1000 ergs/cm 2, Pv = 10 - :i torr, 
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and P, = 1 0- 10 to rr. the n 
- 2 (  1 000) 

r* = --------,--------------,-,-- = 6 x 10- 8 cm. 
- 1.3 8 X 1 0- 1 6 (300/2 0  X 1 0 - 24 ) tn ( 1 0 -- 3 / 1 0 - 1 0 ) 

A nu cleus o f  this si ze co ntai ns just a fe w ato ms ,  a nd it is the re fore dou bt ful 
that co nti nuu m  co ncepts like su rface te ns io n  a nd nu cleus radius ha ve mu ch 
s ignifica nce i n  su ch a case. It is mo re rea listi c to i nte rp ret vapo r co nde nsatio n 
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p hen omen a in ter ms of a theor y of he ter ogene ous nuc le ati on based on an 
atomis tic mode l. This is considered in the nex t secti on . 

5.3. ATOMISTIC NUCLEATION PROCESSES 

5.3.1 . The Walton - Rhodin Theory 

Atomis tic the ories of nuc le ati on describe the r ole of individ ual atoms and 
assoc iations of s mall numbers of atoms d uring the ear lies t s tages of f i lm 
formati on . An i mp ortan t mi les tone in the atomistic appr oac h to nuc le ati on was 
the theory adv anced by W alton et al. (Ref. 6), whic h tre ated c lus ters as 
macr omolecules and app lied c oncep ts of s tatis tical mechan ics in describing 
them .  The y in tr oduced the cri tic al dissociati on energy E;• , defined to be that • 
req uired to disin tegr ate a critical c lus ter con tain ing i atoms in to i sep ar ate 
ad atoms. The cr itic al c oncen trati on of c lus ters per uni t  are a  of si ze i ,  N;. ,  is 
then given by 

( 5 - 2 4 ) 

w hic h expresses the c he mic al equi libri um be tween the c lus te rs and mon omers . 
In Eq . 5 - 2 4 ,  £1• may be viewed as the negative of a c lus ter for mati on energy, 
n0 is the total densi ty of adsorp ti on si tes , and N1 is the monomer densi ty . The 
latter . b y  an alogy to Eq. 5 - 1 2, is given b y  N1 == R rs . Hence, 

• - I N1 = R11 exp Edes / k T .  ( 5- 2 5 ) 

Lastly, the cr itical mon ome r s upp ly r ate is essen ti ally given by the vap or 
i mpingemen t r ate and the area over which ad atoms are capab le of di f fus ing 
be fore desorbing. There fore, thr ough Eq. 5 - 16, 

. . Edes - Es 
RX 2 R 2 = aaexp --k-T-- ( 5 - 2 6 ) 

By comb ining Eqs. 5 - 2 4 - 5- 2 6 ,  we ob tain the cri tical n uc le ati on rate (c m - 2 

sec - 1 ) 

( 5 - 2 7) 

This expressi on for the n uc le ation r ate of s mall c lusters has been cen tr al to 
subseq uen t the ore tic al treatmen ts and in vari an t  forms has also  been used to 
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test much expe rime nta l da ta. It has the adva ntage o f  exp ress ing the nuc leat io n 
rate in te rms o f  measu rable pa ramete rs ra the r than  mac roscop ic quant it ies such 
as t.G*, 'Y,  o r  O, wh ich a re not k now n w ith certa inty, no r a re they eas ily 
est imated in the cap illa rity theory. The u ncerta int ie s a re now in i* a nd E1 • .  

One of the impo rtant app licat ions of th is theo ry has bee n  to the su bject o f  
ep itaxy , whe re the c rysta llograph ic geome try o f  sta ble c luste rs has been re la ted 
to d iffe re nt co nd itions o f  supe rsa tu rat io n and su bst ra te tempe ratu re . In Fig. 
5- 5 ,  expe rime nta l data for Ag on  ( 100) NaCl a re show n togethe r w ith the 

atomist ic mode l o f  evo lut ion  to s ta ble c luste rs upo n attachme nt o f  a s ingle 
adatom. At h igh supe rsa tu rat io ns a nd low tempe ratu res, the nuc leat io n  rate is 
freque nt ly o bse rved to depe nd on the squa re o f  the depos ition rate ; i.e., 
N* oc R 2 , ind icat ing that i* = I. Th is mea ns tha t  a s ingle adatom is, in e ffect, 
the c ritica l nuc leus. At h ighe r  tempe ra tu res ,  two o r  th ree atom nuc le i a re 
c rit ica l. and the stable c luste rs now assume the p la na r  atom ic pat te rn  sugges ­
t ive o f  ( 1 1 1 ) o r  ( I  00) packi ng, respect ive ly. Ep itax ial fi lms wou ld the n evo lve 
ove r mac roscop ic dime ns io ns p rov ided the o rigina l nuc leus o rie ntat io n we re 
p reserved w ith su bseque nt depos it ion a nd c luste r imp ingeme nt. 

A therma lly ac tiva ted nuc leat ion rate whose act ivat io n ene rgy depe nds on  
the s ize o f  the c ritica l nuc leu s is p red ic ted by Eq. 5- 2 7. Th is suggests the 
ex iste nce o f  c rit ica l tempe ratu res whe re the nuc leus s ize a nd o rie ntat ion  
u nde rgo cha nge. Fo r examp le, the tempertu re T1 - 2 at wh ich the re is a 
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Figure 5-5. Nucleation rate of Ag on ( 100) NaCl as a function of temperature. Data 
for three different deposition rates are plotted. Also shown are smallest stable epitaxial 
clusters corresponding to critical nuclei. (From Ref. 6). 
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transition from a one- to two-atom nucleus is given by equating the respect ive 
nucleation rates: 

. . 
Ni• = I = N;. = 2  • 

After substitution and some algebra, we have 

or 

£des + £2 
k ln ( R / vn0 ) 

{5-28a) 

(5-28b) 

Equation 5-28b can be used to analyze the data in Fig. 5-4 . The transition of 
polycrystalline Cu to single-crystal Cu films can be thought of as the onset of 
( 1 1 1 )  epitaxy ( i* = 2) from atomic nuclei (i* = I ) .  The Arrhenius plot of the 
line of demarcation between mono- and polycrystal deposits yields an activa­
tion energy of E,1e, + £2 equal to 1 .48 eV. At a deposition rate of 8 .5 x 10 14  

atoms/cm2-sec or I A/sec, and vn0 == 6.9 x 10 27 atoms/cm2-sec, the epitax­
ial transition temperature can be calculated to be 577 K. Equations similar to 
5-28 can be derived for transitions between i* = I and i* = 3 or i* = 2 and 
i* = 3 ,  etc .  

I t  i s  instructive to compare these estimates of epitaxial growth temperatures 
with ones based on surface-d iffusion considerations . For smooth layer-by-layer 
growth on high-symmetry crystal surfaces, adatoms must reach growth ledges 
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Figure 5-6. Lattice ( D L )  and surface diffusivities ( D5) as a function of TM I T for 
metals. semiconductors. and alkali halides. (From Ref. 7) . 
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by di ffusion al hopping be fore othe r islands n ucleate. Atoms m ust, there fore, 
migrate a dist ance of some 100- 1000 atoms, the typical te rr ace width on 
well -orien ted surfaces during the monol ayer grow th time of 0. 1 - 1 sec. By Eq. 
5 - 1 5 a sur face di ffusi vi ty gre ate r than ~ I o - 8 cm 2 /sec is, the re fore, re qui red 
i rrespec ti ve of the m ate ri al depos ited. This me ans a di fferen t critical epitaxi al 
growth tempe rature (TE), depending on whethe r semicond uctor, me tal, or 
al kali halide films are in vol ved. In the Ar rhen ius plo t of Fig. 5 - 6, Ds val ues 
are gr aphed ve rs us TM / T, whe re TM is the mel ting point. Similar rel ation ­
ships f or l attice, grain -bound ary, and dislocation di ffusi vi ties will be int ro ­
duced in Ch apte r 8. At the c ritic al value of Ds = 10 - 8, Fig. 5- 6 indicates that 
TE - 0.5 TM, ~ 0. 3 TM, and - 0.1 TM for l aye r growth on group I V  semicon ­
d ucto rs, me tals, and al kali h alides, respec ti vely. These temperat ures agree 
qualit ati vely with experimen tal obse rv ations. 

5.3.2. Kinetic Models of Nucleation 

Mo re recen t app ro aches to the modeling of n ucle ation p rocesses h ave st ressed 
the kinetic beh avior o f  atoms and cl usters con taining a sm all number of atoms. 
Rate e quations similar to those desc ribing the kinetics of chem ic al re actions are 
used to exp ress the time r ate of change of cl us te r  densi ties in te rms of the 
processes th at occur on the s ubstr ate s urface. Because these theories and 
models are complex m athematic ally as well as physic ally, the disc ussion wil l 
s tress the results wi tho ut resor ting to ex tensi ve de velopment of deri vations. It 
is app rop ri ate to s tart wi th the fate o f  the mobile monomers. If coalescence is 
neglected, the n 

dN1 . NI 2 � -- = R - - - KI NI - NI � K;N;. 
dt T5 i= 2 

( 5- 29) 

The equation states th at the time r at e  of change of the monomer density is 
gi ven by the i ncidence rate, min us the deso rp tion r ate, min us the rate at which 
two monome rs combine to form a dime r. This l atte r te rm follows second -order 
kinetics with a r ate constant K 1 • The l ast term rep resents the loss in monomer 
pop ul ation d ue to thei r  c apture by l arger clus te rs cont aining two or more 
atoms. The re are simil ar equations desc ribing the pop ul ation o f  dime r, t rime r, 
et c., c lusters as they inte rac t with monome rs. The gene ral form of the r ate 
e quation for cl us te rs of si ze i is 

dN; / di = Ki- I NI N;_ I - K;N1 N;, ( 5- 30) 
where the fir st term on the right expresses their incre ase by attachment of 
monomers to smaller ( i  - 1 )-sized cl us ters, and the second te rm thei r  de cre ase 
when they re act  with monome rs to p roduce l arge r ( i  + 1 )-s ized cluste rs. There 
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are i of these coupled rate equations to contend with, each one of which 
depends on direct impingement from the vapor as well as desorption through 
their link back to Eq. 5- 25. Inclusion of diffusion terms, i.e., d2 N; / dx2 , 

enables change in cluster shape to be accounted for. When cluster mobility and 
coalescence are also taken into account, a fairly complete chronology of 
nucleation events emerges but at the expense of greatly added complexity. 

Transient as well as steady-state (i.e., where dN; / dt = 0) solutions have 
been obtained for the preceding rate equations for a variety of physical 
situations and the results are summarized below starting with the case for 
which i* = 1.  

1.  The nucleation and growth kinetics for the one-atom critical nucleus has 
been treated under simplifying assumptions by Robinson and Robins (Ref. 8). 
They divided the deposition conditions into two categories. At high tempera­
tures and/or low deposition rates, the reevaporation rate from the surface will 
control the adatom density and exceed the rate of diffusive capture into 
growing nuclei. Here the adsorption-desorption equilibrium is rapidly estab­
lished where N1 = krs , and incomplete condensation is said to occur. When 
reevaporation is not important, however, because the energy to desorb adatoms 
( Ede) is large, then we speak of complete condensation. This regime domi­
nates at low tempertures and/or high deposition rates where the monomer 
capture rate by growing nuclei exceeds the rate at which they are lost due to 
reevaporation. These same condensation regimes also refer to situations where 
i* > l. The division between these high- and low-temperature regions is not 
abrupt like T1 _ 2 (Eq. 5- 2 8a). It can be characterized by a dividing tempera­
ture T0 , calculated to be 

( 5-3 1 )  

where C is the number of pair formation sites (C = 4 for a square lattice), and 
a and {3 are dimensionless constants with typical values of - 0.3 and 4, 
respectively. Relatively simple closed-form analytic expressions for the time (t)  dependence of the transient density of stable nuclei N( t) as well as the 
saturation value of N( t = oo) or N8 in terms of measurable quantities were 
obtained at temperatures above or below T0 . For T >  T0 , 

( Cno
) 

1 /2 
• 1 /2 Edes N = -- R exp-- . s 8v 2kT 

(5-3 2) 

(5-33) 
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For T < Tn , 

( C 2
) 

1 /3 E no • t 3 s N5 = -- R I exp --. 
a/311 3kT 

Clearly, as t -+ oo, N( a,) -+ N5 . For al l tem per atures, 

• 2 . CR 2 Edes - Es 
N(O) = -exp ---. n0 11 kT 
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( 5- 3 4 )  

( 5 -3 5 ) 

( 5- 3 6 )  

Only N(0), the initial nuc leation  r ate (i.e., N(0) = dN( t)/dt a t  t = 0) and 
1/ , which is equal to ( n0 / o:)exp ( E5 - Edes / kT), have no t been de fined 
be fore . 

The equa tions predi ct that N( t)  in creases wi th time, eve ntually saturating at  
the val ue N5 . In  prac ti ce , the s table nucleus densi ty is  observed to i ncrease 
app ro ximately linearly wi th dep ositi on time, the n sa tu ra te at v al ues ranging 
from - 109 to 10 12, depe nding on deposi tion ra te and substra te temperature. 
W ith further depos ition , N decreases due to nu cleus coalescen ce. Further ­
mo re, N5 is larger the lowe r the substrate t empe ra ture, a s  shown schemat ical ly 
i n  Fig. 5-7. This is an obvious co nsequence of Eqs. 5-33 and 5-3 5. When the 
tempera ture range spa nned ex ceeds TD, N5 data as a fun ct ion of T directly 
y ie ld Edes /2 on an Arrhe nius plot . Si mil arly , Es /3 ca n b e  e xtrac ted from 
such data when T < TD. In this manner, v alues of Edes and E5 for noble 
me tal -alkali halide sys tems have been obta ined and the results summ ari zed i n  
Table 5 - 1. An experimental veri fic ation  of Eq. 5 -3 6  is show n in Fig. 5 - 8. Tha t 
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Figure 5-7. Schematic dependence of N( t) with time and substrate temperature. 
(T4 > T3 > T2 > T 1 ) From Ref. 4. 
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Table 5-1 . Nucleation Parameter Values for Noble Metal-Alkali Halide Systems 

System 

Au-NaCl 
Au-KCl 
Au-KBr 
Au- NaF 
Ag-NaCl 
Ag-KCI 
Ag-KBr 

From Ref. 5 .  

Ede, (eV) 

0.70 
0.68 
0.83 
0.64 
0.63 
0.48 
0.48 
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Figure 5-8. Plot of N / R2 vs. I /  T (left) and Ts vs. l / T (right) for Au on KCI . 
(From Ref. 5, with permission from IOP Publishing Ltd .) 

/V(O) / R 2 is observed to vary linearly as a function of I /  T is confirmation that 
Au monomers are stable nuclei on KCl substrates. 

2. Venables et al. (Ref. 5) have neatly summarized nucleation behavior for 
cases where i* assumes any integer value. In general , the stable cluster density 
is given by 

( 5-37) 
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Table 5-2. Nucleation Parameters p and E in Eq. 5-37 

Regime 3D Islands 

Extreme incomplete p = (2/3)i* 
E = (2/3)( £;• + ( i* + !) Edes - Es! 

Initially incomplete p = 2 i* /5 
E = (2/5)(E;• + i*Ede,) 

Complete p = i*_/(i* + 2 .5) 

From Ref. 5. 

E;. + i*Es E = -- -­
;* + 2 .5  

2D Islands 

i* 
E;• + ( i"" + ! )Edes - Es 

i* /2 
( I /2)( E;• + i* Edes) 

i* /( i* + 2) 
E;. + i*Es 

i* + 2 
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where A is a calculable dimensionless constant dependent on the substrate 
coverage. Parameters p and E depend on the condensation regime and are 
summarized in Table 5- 2. Three regimes of condensation and two types of 
island nuclei are considered. The complete and extreme incomplete conden­
sation categories parallel those considered previously ,  but intermediate incom­
plete condensation regimes may also be imagined, depending on deposition 
conditions. As a result of such generalized equations, experimental data for N5 
have been tested as a function of the substrate temperature and deposition rate, 
and values for the energies of desorption, diffusion, and cluster binding have 
been extracted from them. The Walton et al. nucleation theory is seen to be a 
special case of the more general rate theory. For extremely incomplete 
condensation of 2-D islands, the p and E parameters are seen to vary in the 
same way as Eq. 5- 27. 

Although the major application of the kinetic model has been to island 
growth, the theory is also capable of describing S.K. growth. 

5.4. CLUSTER COALESCENCE AND DEPLETION 

The results of the kinetic theories of nucleation indicate that in the initial stages 
of growth the density of stable nuclei increases with time up to some maximum 
level before decreasing. In this section, the coalescence processes that are 
operative beyond the cluster saturation regime are examined. Coalescence of 
nuclei is generally characterized by the following features: 

I. A decrease in the total projected area of nuclei on the substrate occurs. 
2. There is an increase in the height of the surviving clusters. 
3. Nuclei with well-defined crystallographic facets sometimes become rounded. 
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4.  The composite island generally reassumes a crystallographic shape with 
time. 

5 .  When two islands of very different orientation coalesce, the final compound 
cluster assumes the crystallographic orientation of the larger island. 

6. The coalescence process frequently appears to be liquidlike in nature with 
islands merging and undergoing shape changes after the fashion of liquid 
droplet motion. 

7 .  Prior to impact and union, clusters have been observed to migrate over the 
substrate surface in a process described as cluster-mobility coalescence. 

Several mass-transport mechanisms have been proposed to account for these 
coalescence phenomena, and these are discussed in turn. 

5.4.1 . Ostwald Ripening (Ref. 2) 

Prior to coalescence there is a collection of islands of varied size, and with 
time the larger ones grow or " ripen" at the expense of the smaller ones. The 
time evolution of the distribution of island sizes has been considered both from 
a macroscopic surface diffusion-interface transfer viewpoint as well as from 
statistical models involving single atom processes . The former is simply driven 
by a desire to minimize the surface free energy of the island structure. To 
understand the process, consider two isolated islands of different size in close 
proximity, as shown in Fig. 5-9a. For simplicity they are assumed to be 
spherical with radii r 1 and r2 . The surface free energy per unit area of a given 
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Figure 5-9. Coalescence of islands due to (a) Ostwald ripening, (b) sintering, (c) 
cluster migration. 
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island is 'Y , so the total energy G'Y = 4 1r r;2,y. The island contains a number of 
atoms n;  given by 41r  r? /3 fl, where fl is the atomic volume. Defining the free 
energy per atom µ; as dG'Y / dn; in this application , we have, after substitu­
tion, 

81r  r;'Y dr; 2 fl-y µ; = 
4 1r r; dr; /fl  

= 
r; 

Making use of Eq. 1- 9 (µ ; = µ0 + kT In a;), we see that the Gibbs-Thomson 
relation 

O; 2 fl-y kT ln - = --
a°" r; 

or 
2 0.-y a - = a exp--

, 00 r.kT I 

( 5-3 8) 

directly follows. This equation states that atoms in an island of radius r; can be 
in equilibrium only with a substrate adatom activity or effective concentration 
a;. The quantity 000 may be interpreted as the adatom concentration in 
equilibrium with a planar island ( r; = oo) or, alternatively, with the vapor 
pressure of island atoms at temperature T. When the island surface is convex 
( r; is positive), atoms have a greater tendency to escape, compared with atoms 
situated on a planar surface, because there are relatively fewer atomic bonds to 
attach to. Therefore, a; > 000 • Conversely, at a concave island surface, r; is 
negative and 000 > a;. These simple ideas have significant implications not 
only with respect to Ostwald ripening but to the sintering mechanisms of 
coalescence that are treated in the next section. 

The establishment of the concentration gradient of adatoms situated between 
the two particles of Fig. 5- 9a can now be understood. Diffusion of individual 
adatoms will proceed from the smaller to larger island until the former 
disappears entirely. A mechanism has thus been established for coalescence 
without the islands having to be in direct contact. In a multi-island array the 
kinetic details are complicated, but ripening serves to establish a quasi-steady­
state island size distribution that changes with time. Ostwald ripening processes 
never reach equilibrium during film growth since the theoretically predicted 
narrow distribution of crystallite sizes is generally not observed. 

5.4.2. Slntering (Ref. 9) 

Sintering is a coalescence mechanism involving islands in contact. It can be 
understood by referring to Fig. 5- 1 0, depicting a time sequence of coalescence 
events between Au particles deposited on molybdenite (MoS2 ) at 4 00  °C and 
photographed within the transmission electron microscope (TEM). Within 
tenths of a second a neck forms between islands and then successively thickens 
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a b C 

d e f 
Figure 5-1 0. Successive electron micrographs of Au deposited on molybdenite at 
400 •c illustrating island coalescence by sintering (a) arbitrary zero time, (b) .06 sec , 
(c) 0. 18 sec, (d) 0.50 sec, (e) 1 .06 sec, (f) 6. 1 8  sec. (From Ref. 10). 

as atoms are transported into the region. The driving force for neck growth is 
simply the natural tendency to reduce the total surface energy (or area) of the 
system. Since atoms on the convex island surfaces have a greater activity than 
atoms situated in the concave neck, an effective concentration gradient between 
these regions develops. This results in the observed mass transport into the 
neck. Variations in island surface curvature also give rise to local concentra­
tion differences that are alleviated by mass flow. Of the several mechanisms 
available for mass transport, the two most likely ones involve self-diffusion 
through the bulk or via the surface of the islands. In the case of sintering or 
coalescence of two equal spheres of radius r (Fig. 9b) , theoretical calculations 
in the metallurgical literature have shown that the sintering kinetics is given by 
xn / rm = A(T)t,  where x is the neck radius, A(T) is a temperature-depen­
dent constant, and n and m are constants. Explicit expressions for the bulk 
and surface diffusion mechanisms are 

x5 1 0,r  DLl'O t 
7£ = kT (5-39) 
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and 
x1 

,3 

21 7 

( 5-40) 

respectively, and DL and Ds are the lattice and surface diffusion coefficients, 
respectively. In principle, experimental determination of m and n and the 
activation energy for diffusion would serve to pinpoint the transport mecha­
nism, but insufficient data have precluded such an analysis. A simple relative 
comparison between the two mechanisms can, however, be made to order to 
predict which dominates. The ratio of the times required to reach a neck radius 
x = 0.1 r, for example, is given by 

= 
IL 2 80 Ds0 1 13 • 

( 5- 4 1) 

In the case of Au at 400 °C, the ratio of DL / Ds can be directly read off Fig. 
5- 6. At the value T,.,,, / T = 1 336/ 6 7 3  = 1.9 9, DL / Ds - 10- 13 / 10- 6 = 
10- 7 _ Substituting 0 1 /3 = 2.5 7 x 10- s cm and r = 10- 5 cm, ts / tL = 4 . 4 
X Io- 7 . Therefore, surface diffusion is expected to control sintering coales­
cence. This is also true for any plausible combination of r and T values in 
films. 

Surface energy and diffusion-controlled mass-transport mechanisms un­
doubtedly influence liquidlike coalescence phenomena involving islands in 
contact, yet other driving forces are probably also operative. For example, 
sintering mechanisms are unable to explain 

I.  Observed liquidlike coalescence of metals on substrates maintained at 7 7  K 
where atomic diffusion is expected to be negligible 

2. Widely varying stabilities of irregularly shaped necks, channels, and islands 
possessing high curvatures at some points 

3. A large range of times required to fill visually similar necks and channels 
4. An observed enhanced coalescence in the presence of an applied electric 

field in the substrate plane 

5.4.3. Cluster Migration (Ref. 2) 

The last mechanism for coalescence considered deals with migration of clusters 
on the substrate surface (Fig. 9-c). Coalescence occurs as a result of collisions 
between separate islandlike crystallites (or droplets) as they execute random 
motion. Evidence provided by the field ion microscope, which has the capabil­
ity of resolving individual atoms, has revealed the migration of dimer and 
trimer clusters. Electron microscopy has shown that crystallites with diameters 
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of up to 50- IO0 A can migrate as distinct ent1t1es, provided the substrate 
temperature is high enough. Interestingly, the mobility of metal particles can 
be significantly altered in different gas ambients. Not only do the clusters 
translate but they have been observed to rotate as well as even jump upon each 
other and sometimes reseparate thereafter! Cluster migration has been directly 
observed in many systems, e.g., Ag and Au on MoS2 , Au and Pd on MgO, 
Ag and Pt on graphite in so-called conservative systems, i.e., where the mass 
of the deposit remains constant because further deposition from the vapor has 
ceased. Observations of coalescence in a conservative system include a de­
creased density of particles, increased mean volume of particles, a particle size 
distribution that increases in breadth, and a decreased coverage of the sub­
strate. 

The surface migration of a cap-shaped cluster with projected radius r is 
characterized by an effective diffusion coefficient D( r) with units of cm2 /sec. 
Presently there exist several formulas for the dependence of D on r based on 
models assumed for cluster migration. The movement of peripheral cluster 
atoms, the fluctuations of areas and surface energies on different faces of 
equilibrium-shaped crystallites, and the glide of crystallite clusters aided by 
dislocation motion are three such models. In each case, D( r) is given by an 
expression of the form (Ref. 1 1) 

B(T) Ee D( r )  == -;;- exp - kT
, (5-42) 

where B( T) is a temperature-dependent constant and s is a number ranging 
from l to 3. It comes as no surprise that cluster migration is thermally 
activated with an energy Ee related to that for surface self-diffusion, and that 
it is more rapid the smaller the cluster. However, there is a lack of relevant 
experimental data that can distinguish among the mechanisms. In fact, it is 
difficult to distinguish cluster mobility coalescence from Ostwald ripening 
based on observed particle size distributions . 

The interesting effect an applied electric field has in enhancing coalescence 
is worthy of brief comment. Chopra (Ref. 1 2) has explained the effect on the 
basis of the interaction of the field with electrically charged islands. The 
assumed island charge is derived from ionized vapor atoms and/or the 
potential at the substrate interface. For a spherical particle of radius r, which 
already possesses a surface free energy, the presence of a charge q contributes 
additional electrostatic energy (i.e., q2 / r) . The increase in total energy is 
accommodated by an increase in surface area. Therefore, the sphere distorts 
into a flattened oblate spheroid, the exact shape being determined by the 
balance of various free energies. The net effect of charging is then to promote 
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further coalescence by ripening, sintering, or cluster mobility processes. 
However, with greater charge or higher fields, the cluster may break up in 
much the same way that a charged droplet of mercury does. 

5.5. EXPERIMENTAL STUDIES OF NUCLEATION AND GROWTH 

A full complement of microscopic and surface analytical techniques has been 
employed to reveal the physical processes of nucleation and test the theories 
used to describe them. In this section we focus on just a few of the more 
important experimental techniques and the results of some studies. 

5.5.1 . Structural Characterization 

The most widely used tool, particularly for island growth studies , is the 
conventional TEM. The technique consists of depositing metals such as Ag and 
Au onto cleaved alkali halide single crystals (e.g., LiF, NaCl, and KCl) in an 
ultrahigh-vacuum system for a given time at fixed R and T .  Then the deposit 
is covered with carbon, and the substrate is dissolved away outside the 
system, leaving a rigid carbon replica that retains the metal clusters in their 
original crystal orientation. To enhance the very early stages of nucleation, the 
technique of decoration is practiced. Existing clusters are decorated with a 
lower-melting-point metal, such as Zn or Cd, that does not condense in the 
absence of prior noble metal deposition. This technique renders visible other­
wise invisible clusters that may contain as few as two atoms, thus making 
possible more precise comparisons with theory. A disadvantage of these 
postmortem step-by-step observations is that much useful information on the 
structure and dynamical behavior of the intermediate stages of nucleation and 
growth is lost. For this reason, in situ techniques within both scanning (SEM) 
and transmission electron microscopes, modified to contain deposition sources 
and heated substrates , have been developed but at the expense of decreased 
resolution. The contamination of substrates from hydrocarbons present in the 
specimen chamber is a general problem in such studies necessitating the use of 
high-vacuum, oil-less pumping methods. In addition to direct imaging of film 
nucleation and growth , the electron-diffraction capability of the TEM provides 
additional information on the crystallography and orientation of deposits. 
Diffraction halos and continuous, as well as spotty , diffraction rings character­
ize stages of growth where clusters, which are initially randomly oriented , 
begin to acquire some preferred orientation as shown in Fig. 5 - 1. When a 
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Figure 5-1 1 .  Schematic Auger signal currents as a function or time for the three 

growth modes: (a) island, (b) planar, (c) S.K. 0 = overlayer, S = substrate. (From 

Ref. 2). 
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continuous epitaxial single-crystal film eventually develops, then individual 
diffraction spots appear. 

5.5.2. Auger Electron Spectroscopy (AES) 

The AES technique is based on the measurement of the energy and intensity of 
the Auger electron signal emitted from atoms located within some 5- 15  A of a 
surface excited by a beam of -incident electrons. The subject of AES will be 
treated in more detail in Chapter 6, but here it is sufficient to note that the 
Auger electron energies are specific to, or characteristic of, the atoms emitting 
them and thus serve to fingerprint them. The magnitude of the AES signal is 
related directly to the abundance of the atoms in question. Consider now the 
deposit substrate combinations corresponding to the three growth modes. If the 
AES signal from the film surface of each is continuously monitored during 
deposition at a constant rate, it will have the coverage or time dependence 
shown schematically in Fig. 5- 1 1 , assuming a sticking coefficient of unity 
(Ref. 1 3). 

In the case of island growth, the signal from the deposit atoms builds slowly 
while that from the substrate atoms correspondingly falls. For S.K.  growth the 
signal is ideally characterized by an initial linear increase up to one monolayer 
or sometimes a few monolayers. Then there is a sharp break, and the Auger 
amplitude rises slowly as islands, covering a relatively small part of the 
substrate, are formed. The interpretation of the AES signal in the case of layer 
growth is more complicated. During growth of the initial monolayer, the 
Auger signal is proportional to the deposition rate and sticking coefficient of 
adatoms as well as to the sensitivity in detecting specific elements. For the 
second and succeeding monolayers, the sticking coefficients change. This gives 
rise to slight deviations in slope of the AES signal each time a complete 
monolayer is deposited, and the overall response is therefore segmented as 
indicated in Fig. 5- 1 1 b. It would be misleading to suggest that all AES data fit 
one of the categories in Fig. 5- 1 1 .  Complications in interpretation arise from 
atomic contamination, diffusion, and alloying between deposit and substrate, 
and transitions between two- and three-dimensional growth processes. 

5.5.3. Some Results for Metal Films 

Studies of the nucleation and growth of metals, especially the noble ones, on 
assorted substrates have long provided a base for understanding epitaxy and 
film formation processes. An appreciation of the scope of past as well as 
present research activity on metal-substrate systems can be gained by referring 
to Table 5-3. Only epitaxial Au film-substrate combinations are entered in this 
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Table 5-3. Substrates on Which Epitaxial Gold Deposits Have Been Observed 

I .  Au-MetaJ HaJides 
CaF2 (2) Kl ( 10) Na! ( 1 )  
Cdl2 ( ! )  LiF (7) PbCJ 2 ( ! )  
KBr ( 10) NaBr (2) RbBr ( 1 )  
KC! (35) NaCl ( 1 3 1 )  Rbl ( ! ) 
KF (2) NaF (2) 

2. Au-MetaJs 
Ag (42) Fe (3) Pt (5) 
Al ( l )  Mo (6) w ( 10) 
Cr (2) Ni (2) Zn ( !) 
Cu ( 1 7) Pb (2) 
Cu3AU ( l )  Pd ( 1 7) 

3. Au-Selected Semiconductors and ChaJcogenides 
C (graphite) (5) MoS2 (20) ZnS ( 1 )  
Ge (2) PbS (6) 
Si ( 1 6) PbSe (3) 
GaSb (3) PbTe (2) 
GaAs (5) SnTe ( ! )  

4 .  Au-Carbonates, Oxides, Mica 
CaC03 (3) MgO (20) Mica (23) 
Al203 (sapphire) (2 ) Si02 (quartz) (4) 
BaTi03 (2) ZnO (2) 

Numbers of references dealing with particular Au-substrate system are in parentheses. From Ref. 14 .  
recent compilation (Ref. 14), and yet they correspond to over 3 00  references to 
the research literature. Other epitaxial metal film-substrate systems have been 
comprehensively tabulated (Ref. 1 5) together with deposition methods and 
variables. The sheer numbers and varieties of metals and substrates involved 
point to the fact that epitaxy is a common phenomenon. In the overwhelming 
number of studies, island growth is involved. Perusal of Table 5-3 reveals that 
epitaxial Au films can be deposited on metallic, covalent, and ionic substrates. 
Although the majority of substrate materials listed have cubic crystal struc­
tures, this is not an essential requirement for epitaxy that occurs, for example, 
on hexagonal close-packed Zn as well as on monoclinic mica. That epitaxy is 
possible between materials of different chemical bonding and crystal structure 
means that its origins are not simple. The long-held belief that a small 
difference in lattice constant between film and substrate is essential for epitaxy 
is mistaken; small lattice mismatch is neither a necessary nor sufficient 
condition for epitaxy. The lattice parameter of the metal can either be larger or 
smaller than that of the substrate. Having said this, it is also true that the defect 
density in these metal film " island" epitaxial systems is very much larger than 
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in the ' ' planar' '  epitaxial semiconductor systems discussed in Chapter 7. Very 
close lattice matching is maintained in the planar epitaxial systems. 

The following specific findings briefly characterize the numerous studies of 
epitaxy of metal films on ionic substrates (Ref. 12). 

1. Substrate. The FCC metals generally grow with parallel orientations on 
( 1 00), ( 1 10) ,  and ( l  I I )  surfaces of NaCl , but with the ( l  1 1) plane parallel to 
the ( 100) mica cleavage plane. Complex relative positioning of atoms due to 
translational , and more frequently rotational movements, appears to be the 
significant variable in epitaxy rather than lattice parameter differences. 

2. Temperature. High substrate temperatures facilitate epitaxy by (a) low­
ering supersaturation levels, (b) stimulating desorption of impurities, (c) 
enhancing surface diffusion of adatoms into equilibrium sites, and (d) promot­
ing island coalescence. The concept of an epitaxial temperature TE has been 
advanced for alkali halide substrates. Temperature TE depends on the nature of 
the substrate as well as the deposition rate. For example, TE for Ag on LiF, 
NaCl, KCI,  and Kl was determined to be 3 40 °C, 150 °C, 1 30 °C and 80 °C, 
respectively. The progressive decrease in TE correlates with increases in lattice 
parameter and enhanced ionic (both positive and negative) polarizabilities. The 
latter facilitate attractive forces between metal and substrate atoms. 

3. Deposition Rate. In general, low deposition rates, R,  foster epitaxy. It 
has been established that epitaxy occurs when R :s const e-E/kTE_ This in­
equality is satisfied physically when the rate at which adatoms settle into 
equilibrium sites exceeds the rate at which adatoms collide with each other. 
Such an interpretation requires that E be a surface diffusion activation energy 
rather than Edes + £2 in Eq. 5- 2 8b. The reader should compare this criterion 
for TE with those proposed earlier. 

4. Contamination. The effect of contamination is a source of controversy. 
It has been reported that epitaxy of FCC metals is more difficult on ultrahigh­
vacuum-cleaved alkali halide substrates than on air-cleaved crystals. Appar­
ently air contamination increases the density of initial nuclei inducing earlier 
coalescence. 

5.6. GRAIN STRUCTURE OF FILMS AND COATINGS 

5.6.1 . Zone Models for Evaporated and Sputtered Coatings 

Until now the chapter has largely focused on the early stages of the formation 
of both polycrystalline and single-crystal films. In this section the leap is made 
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to the regime of the fully developed grain structure of thick polycrystalline 
films and coatings. As we have seen, condensation from the vapor involves 
incident atoms becoming bonded adatoms, which then diffuse over the film 
surface until they desorb or, more commonly, are trapped at low-energy lattice 
sites. Finally, incorporated atoms reach their equilibrium positions in the 
lattice by bulk diffusive motion. This atomic odyssey involves four basic 
processes: shadowing, surface diffusion, bulk diffusion, and desorption. The 
last three are quantified by the characteristic diffusion and sublimation activa-
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Figure 5-1 2. Schematic representation showing the superposition of  physical pro­cesses which establish structural zones. (Reprinted with permission from Ref. 17 ,  © 1977 Annual Reviews Inc .) .  



5.6. Grain Structure of Films and Coatings 225 

tion energies whose magnitudes scale directly with the melting point TM of the 
condensate. Shadowing is a phenomenon arising from the geometric constraint 
imposed by the roughness of the growing film and the line-of-sight impinge­
ment of arriving atoms. The dominance of one or more of these four processes 
as a function of substrate temperature Ts is manifested by different structural 
morphologies. This is the basis of the zone structure models that have been 
developed to characterize film and coating grain structures. 

The earliest of the zone models was proposed by Movchan and Demchishin 
(Ref. 1 6) ,  based on observations of very thick evaporated coatings (0.3 to 2 
mm) of metals (Ti, Ni, W, Fe) and oxides (Zr02 and Al203) at rates ranging 

0 
from 1 2,000 to 1 8, 000 A/min. The structures were identified as belonging to 
one of three zones ( l ,  2, 3). A similar zone scheme was introduced by 
Thornton (Ref. 1 7) for sputtered metal deposits, but with four zones ( I ,  T, 2, 
3). His model is based on structures developed in 20- to 2 50-µm-thick 
magnetron sputtered coatings deposited at rates ranging from 50 to 20, 000 
A/min. The exploded view of Fig. 5- 1 2 illustrates the effect of the individual 
physical processes on structure and how they depend on substrate temperature 

Table 5-4. Zone Structures in Thick Evaporated and Sputtered Coatings 

Zone 

1 (E) 

I (S) 

T (S) 

2 (E) 

2 (S) 
3 (E) 

3 (S) 

Ts/ TM 

< 0.3 

< 0. 1 at 0. 1 5  Pa 
to < 0.5 at 4 Pa 

0. 1 to 0.4 al 
0. 1 5  Pa, - 0.4 to 
0.5 at 4 Pa 

0.3 to 0.5 

0.4 to 0.7 
0.5 - 1 .0 

0.6- 1 .0 

Structural 
Characteristics 

Tapered crystals, dome 
tops, voided boundaries. 
Voided boundaries, 
fibrous grains. Zone I is 
promoted by substrate 
roughness and oblique 
deposition. 
Fibrous grains, dense 
grain boundary arrays. 

Columnar grains, dense 
grain boundaries. 

Large equiaxed grains, 
bright surface. 

Note: (E) refers to evaporated. (S) refers to sputtered. 

Film 
Properties 

High dislocation 
density, hard. 
Hard. 

High dislocation 
density, hard, 
high strength, low 
ductility. 
Hard, low ductility. 

Low dislocation 
density, soft 
recrystallized 
grains. 
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and ine rt spu ttering gas (Ar )  pre ssure. A c omp ar ison be tween zone struc ture s 
and pr opertie s for evap or ated and spu ttered coatings i s  made in Table 5-4. In 
gener al , an alogou s st ructure s e volve at somewh at l ower temper ature s in evap o­
r ated films  than in sput tered films. Zone 1 struc ture s, which appe ar in 
am orph ou s  as well as cry stalline dep osits, are the re sul t of shad owing e ffects 
th at overc ome limited ad at om sur face d if fusi on. In the zone 2 regime , st ruc ­
ture s are the re sult of su rface diffusion-c ontr olled gr owth. L attice diffusion 
d omin ate s at the h ighe st sub str ate temperature s, gi ving ri se t o  the equi axed 
recry stalli zed gr ain s of zone 3. 

In c ontr ast t o  met al s, cer amic m ater ial s  tend to have low hardne ss at low 
values of T5 / TM , ind ic at ing that their strength i s  ad ver se ly affected by lattice 
and grain -boundary impe rfec tion s. Cer am ic s also bec ome harder , n ot softer , in 
zone s 2 and 3. 

5.6.2. Zone Model for Evaporated Metal Films 

In a recent study (Ref. 1 8 ), a zone m odel for thin evap or ated me tal film s  1000 
A thick has been de vel oped. The re sul ts for 10 element al film s  are sh own in 
Fig. 5 - l 3a, where the m aximum and m inimum gr ain si ze vari ati on with Ts i s  
shown . For Ts / TM < 0. 2 ( TM / Ts > 5), the gr ain s are equ iaxed with a 

0 
di ame ter of le ss th an 200 A. Wi th in the r ange 0.2 < Ts / TM < 0.3, some 

0 
gr ain s large r th an 500 A appear surr ounded by smaller gr ain s. C olumn ar 
gr ain s make the ir appe ar ance at Ts / TM > 0. 37 , and still higher temper ature s 
pr om ote l ater al gr owth w ith grain size s larger th an the film thic kne ss as sh own 
schem atic ally in Fig. 5- 1 3b. Alth ough the same zone cl assific ation scheme h as 
been u sed for b oth spu ttered and e vap or ated films ,  the gr ain m orph ology in 
zone s 1 and T d iffer. Zone s l and T (a tr an sit ion zone) p osse ss struc ture s 
produced by c ontinued renuc le ati on of gr ain s during deposi tion and sub sequent 
gr ain growth. The re su lt i s  the b im odal gr ain st ruc ture of zone T. Zone 2 
struc ture s are the re sul t of gr anul ar ep itaxy and grain gr ow th. The var iat ion in 
gr ain structure in zone s 1 ,  T, and 2 pre sum ab ly ar ise s  becau se d ifferent grai n 
b ound arie s become mob ile at d ifferent tem per ature s. In zone I ,  vir tu al ly all 
gr ain bound ar ie s are imm obile , where as in zone 2 they are all m obi le. 
C on sequently , at higher temperature s the p rob abili ty of any b ound ar y  sweep ­
ing acr oss a gr ain and reac ting to form another m obi le bound ary is incre ased. 
C oupled with enhanced su rface d iffusion ,  a decre ase in p or osity re sult s in zone 
3. Bu lk gr ain gr ow th and sur face recry stall izati on occur at the highe st tempera­
ture s wi th the large st ac tivation energie s .  Thi s  i s  eviden t in Fig. 5- l 3a, which 
sh ow s the steep de pendence of grain si ze wi th Ts for TM / Ts < 3. 
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Figure 5-1 3. (a) Plot of maximum and minimum grain size variation with homolo­
gous substrate temperature for 10 different evaporated metals. (b) Zone model for 
evaporated metal films. (From Ref. 18) .  

5.6.3. Columnar Grain Structure 

The columnar grain structure of thin films has been a subject of interest for 
several decades. This microstructure consisting of a network of low-density 
material surrounding an array of parallel rod-shaped columns of higher density 
has been much studied by transmission and scanning electron microscopy . As 
noted, columnar structures are observed when the mobility of deposited atoms 
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is limited, and therefore their occurrence is ubiquitous. For example, columnar 
grains have been observed in high-melting-point materials (Cr, Be, Si ,  and 
Ge) , in compounds of high binding energy (TiC, TiN , CaF2 , and PbS) , and in 
non-noble metals evaporated in the presence of oxygen (Fe and Fe-Ni). 
Amorphous films of Si, Ge, SiO, and rare earth-transition metal alloys (e.g., 
Gd-Co), whose very existence depends on limited adatom mobility, are 
frequently columnar when deposited at sufficiently low temperature. Inasmuch 
as grain boundaries are axiomatically absent in amorphous films, it is more 
correct to speak of columnar morphology in this case. This columnar 
morphology is frequently made visible by transverse fracture of the film 
because of crack propagation along the weak, low-density intercolumnar 
regions. Magnetic, optical, electrical, mechanical, and surface properties of 
films are affected, sometimes strongly, by columnar structures. In particular, 
the magnetic anisotropy of seemingly isotropic amorphous Gd-Co films is 
apparently due to its columnar structure and interspersed voids. A collection 
of assorted electron micrographs of film and coating columnar structures is 
shown in Fig. 5- 1 4. Particularly noteworthy are the structural similarities 
among varied materials deposited by different processes, suggesting common 
nucleation and growth mechanisms. 

An interesting observation (Ref. 20) on the geometry of columnar grains has 
been formulated into the so-called tangent rule expressed by Eq. 5-43. Careful 
measurements on obliquely evaporated Al films reveal that the columns are 
oriented toward the vapor source, as shown in the microfractograph of Fig. 
5- 1 5. The angle /3 between the columns and substrate normal is universally 
observed to be somewhat less than the angle a, formed by the source direction 
and substrate normal. An experimental relation connecting values of a and /3, 
obtained by varying the incident vapor angle over a broad range (0 < a < 90°), 
was found to closely approximate 

tan a = 2 tan {3. ( 5-43) 

The very general occurrence of the columnar morphology impl ies a simple 
nonspecific origin such as geometric shadowing, which affords an understand­
ing of the mai n structural features. 

Recently, a closer look has been taken of the detailed microstructure of 
columnar growth in sputtered amorphous Ge and Si ,  as wel l  as TiBz , W0 1 . 

BN, and SiC thin films (Ref. 2 1  ). Interest ingly , an evolutionary development 
of columnar grains ranging in size from ~ 20 to 4000 A occurs. When 
prepared under low adatom mobil ity conditions ( T5 / T,\1 < 0.5) ,  three general 
structural units are recognized; nano-,  micro-, and macrocolumns together 
with associated nano-, micro- , and macrovoid distributions. A schematic of 
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(a) 
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(c) 
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Figure 5-14. Representative set of cross-sectional transmission electron micrographs 
of thin films illustrating variants of columnar microstructures. (a) acid-plated Cu, (b) 
sputtered Cu, (c) sputtered Co-Cr-Ta alloy, (d) CVD silicon (also Fig. 4- 12), (e) 
sputtered W, D = dislocation, T = twin. (Courtesy of D. A.  Smith, IBM T. J .  Watson 
Research Lab. Reprinted with permission from Trans-Tech Publication, from Ref. 19). 
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Figure 5- 15 .  Electron micrograph of a replica of a ~ 2 µm-thick Al film. Inset shows 
deposition geometry. (From Ref. 20). 

these interrelated, nested columns is shown in Fig. 5 -1 6 . It is very likely that 
the columnar grains of zones 1 and T in the Thornton scheme are composed of 
nano- and microcolumns. 

Computer simulations (Ref. 22) have contributed greatly to our understand­
ing of the origin of columnar grain formation and the role played by shadow­
ing. By serially "evaporating" individual hard spheres (atoms) randomly onto 
a growing film at angle a ,  the structural simulations in Fig. 5 -1 7 were 
obtained. The spheres were allowed to relax following impingement into the 
nearest triangular pocket formed by three previously deposited atoms, thus 
maximizing close atomic packing. The simulation shows that limited atomic 
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mobility during low-temperature deposition reproduces features observed ex­
perimentally. As examples, film density decreases with increasing a ,  high­
density columnlike regions appear at angles for which {3 < a, and film 
densification is enhanced at elevated temperatures. Lastly, the column orienta­
tions agree well with the tangent rule. The evolution of voids occurs if those 
atoms exposed to the vapor beam shield or shadow unoccupied sites from 
direct impingement, and if post-impingement atom migration does not succeed 
in filling the voids. This self-shadowing effect is thus more pronounced the 
lower the atomic mobility and extent of lattice relaxation. 

An important consequence of the columnar-void microstructure is the insta­
bility it engenders in optical coatings exposed to humid atmospheres. Under 
typical evaporation conditions ( ~ 1 0- 6 torr, T5 :;;; 3 0-300 °C and deposition 

0 
rate of 3 00-3000 A/s) dielectric films generally develop a zone 2 structure. 
Water from the ambient is then absorbed throughout the film by capillary 
action. The process is largely irreversible and alters optical properties such as 

Figure 5-1 6. Schematic representation of macro, micro and nano columns for sput­
tered amorphous Ge films. (Courtesy of R. Messier, from Ref. 21). 
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Figure 5-1 7. Computer-simulated microstructure of Ni film during deposition at 
different times for substrate temperatures of (a) 350 K and (b) 420 K .  The angle of 
vapor deposition ex is 45 °. (From Ref. 22). 

i ndex of re fractio n and absorp tion c oefficient. Mois ture -i nduced degr ad atio n 
has p lagued op tical fi lm de ve lopme nt for m any ye ars. A promisi ng remedy for 
this prob lem is ion bomb ardme nt, w hich serves to comp ac t  the film s tr ucture . 
This approach is discussed further i n  Chap ters 3 and 1 1 .  

5.6.4. Film Density 

A red uced film de nsi ty relati ve to the bul k de nsi ty is no t an unexpec ted 
ou tcome of the zo ne struc ture of fi lms and its associated porosi ty. Bec ause of 
the causal s tructure -densi ty and s tructure-proper ty re lationships, de nsi ty is 
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expected to strongly influence film properties. Indeed we have already alluded 
to the deleterious effect of lowered overall film densities on optical and 
mechanical properties . A similar degradation of film adhesion and chemical 
stability as well as electrical and magnetic properties can also be expected. 
Measurement of film density generally requires a simultaneous determination 
of film mass per unit area and thickness . Among the experimental findings 
related to film density are the following (Ref. 23): 

1 . The density of both metal and dielectric films increases with thickness 
and reaches a plateau value that asymptotically approaches that of the bulk 
density . The plateau occurs at different thicknesses , depending on material 
deposition method and conditions. In Al, for example, a density of 2 . 1 g/cm3 

at 250 A rises to 2.58 g/cm3 above 525 °C and then remains fairly constant 
thereafter. As a reference, bulk Al has a density of 2 .70 g/cm3 . The gradient 
in film density is thought to be due to several causes, such as higher crystalline 
disorder, formation of oxides, greater trapping of vacancies and holes, pores 
produced by gas incorporation, and special growth modes that predominate in 
the early stages of film formation. 

2 .  Metal films tend to be denser than dielectric films because of the larger 
void content in the latter. A quantitative measure of the effect of voids on 
density is the packing factor P, defined as 

volume of solid 
P = ----------- . 

total volume of film ( solid + voids) (5-44) 

Typical values of P for metals are greater than 0.95 ,  whereas for fluoride 
films (e.g. , MgF2 , CaF2) P values of approximately 0. 7 are realized. 
However, by raising Ts for the latter, we can increase P to almost unity. 

3. Thin-film condensation is apparently accompanied by the incorporation 
of large nonequilibrium concentrations of vacancies and micropores . Whereas 
bulk metals may perhaps contain a vacancy concentration of 10 •• 3 at the 
melting point, freshly formed thin films can have excess concentrations of 
10- 2 at room temperature . In addition, microporosity on a scale much finer 
than imagined in zones 1 and T has been detected by TEM phase (defocus) 
contrast techniques (Ref. 24) . Voids measuring 10 A in size, present in 
densities of about 10 17 cm - 3 have been revealed in films prepared by 
evaporation as shown in Fig. 5- 1 8 .  The small voids appear as white dots 
surrounded by black rings in the underfocused condition . Microporosity is 
evident both at grain boundaries and in the grain interior of metal films. In 
dielectrics a continuous network of microvoids appears to surround grain 
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Figure 5-1 8. Transmission electron micrograph showing microvoid distribution in 
evaporated Au films. (Courtesy of S. Nakahara, AT&T Bell Laboratories.) 

boundaries. This crack network has also been observed in Si and Ge films, 
where closer examination has revealed that it is composed of interconnecting 
cylindrical voids. Limited surface diffusion, micro-self-shadowing effects, and 
stabilization by adsorbed impurities encourage the formation of microporosity. 
In addition to reducing film density, excess vacancies and microvoids may play 
a role in fostering interdiffusion in thin-film couples where the Kirkendall 
effect has been observed (see Chapter 8). The natural tendency to decrease the 
vacancy concentration through annihilation is manifested by such film changes 
as stress relaxation, surface faceting, adhesion failure, recrystallization and 
grain growth, formation of dislocation loops and stacking faults, and decrease 
in hardness. 

5. 7. AMORPHOUS THIN FILMS 

5.7.1. Systems, Structures, and Transformations 

Amorphous or glassy materials have a structure that exhibits only short-range 
order or regions where a predictable placement of atoms occurs. However, 
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w ithin a very few atom sp ac ings , this or der breaks dow n, and no lo ng-r ange 
correlatio n  in the geometr ic positio ning of atoms is preser ved. Altho ugh b ulk 
amorp ho us mater ials s uc h  as s ilica glasses, s lags, and po lym ers are w ell 
known, amorp ho us metals w er e  or iginally no t thought to exist. An inter es ting 
aspect o f  thin-film depositio n  tec hniq ues is that they fac ilitate the form atio n  of 
amorp ho us metal and sem iconductor str uc tures relative to bulk prep ar atio n 
methods . 

As no ted, productio n  of amorp ho us f ilms r eq uir es very high depositio n r ates 
and low substrate temp er atures . The latter immob ilizes or freezes adatoms o n  
the substr ate where they imp inge and prevents them from diffus ing and seeking 
out eq uilibr ium lattic e s ites . By the m id-l 950s B uc kel (Ref .  2 5) produced 
amorp hous f ilms of p ur e  m etals s uc h  as G a  and B i  by ther mal evapor atio n  o nto 
substrates maintained at liq uid helium tem per atur es . Allo y  m etal fi lms prov ed 
eas ier to depos it in amorp ho us form b ecause each compo nent effec tively 
inhib its the atom ic mob ility of the o ther .  This meant that higher subs tr ate 
tem peratur es ( ~ 77 K) co uld b e  to ler ated and that vapor quenc h r ates did no t 
have to b e  as high as those r eq uir ed to produce  p ur e  amorphous metal f ilms . 
Altho ugh they are vir tually impossib le to measur e, vapor quenc h  r ates in 
e xcess of 10 IO °C /s ec have b een es tim ated. From labor atory cur ios ities, 
amorp hous S i , S e, G dCo, and G eSe  thin f ilms have been exp lo ited for such 
app licatio ns as so lar cells, xerogr ap hy, m agnetic b ubb le memor ies, and high­
reso lutio n op tical litho gr ap hy ,  r espectively. 

Important fruits of the ear ly thin-f ilm wor k were  realized in the later 
r esearc h and development ac tivities surrounding the sy nthes is of bulk amor ­
pho us metals by q uenc hing m elts. Today co ntinuo us ly cast r ibbo n and str ip of 
metallic glasses (M etglas ) ar e comm erc ially produced for s uc h  app lic ations as 
so ft m agnetic tr ans former cores and brazing m ater ials. Coo ling r ates of ~ 106 

° C /sec ar e r equired to prevent apprec iab le r ates of nuc leatio n and grow th of 
crys tals . Heat tr ansfer l im itatio ns r estr ic t  the thickness of these metal glasses to 
less than 0.1 mm. In additio n to achieving the r equir ed q uench r ates, the alloy 
compos itions are cr itical .  Mos t of the pr esently know n glass -form ing b inary 
alloys fall into o ne of four c ategor ies (Ref. 2 6) :  

1. Tr ans ition metals and 10-30 at% sem im etals 
2. Nob le meta ls (Au, Pd, C u) and semim eta ls 
3. Early tr ans itio n m etals (Zr, Nb, Ta, Ti) and late tr ans itio n meta ls (Fe, Ni, 

Co, Pd) 
4. Al loy s co nsisting o f  I I A  metals (Mg, C a, B e) 

In common, many of the ac tual glass compos itio ns corr espo nd to wher e 
"deep " (low -temp er atur e) eutec tics are found on  the phase diagr am. 

Amorp ho us thin fi lms of som e o f  these alloys as w ell as o ther metal allo ys 
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and virtually all elemental and compound semiconductors, semimetals, oxides, 
and chalcogenide (i .e. , S-, Se-, Te-containing) glasses have been prepared by a 
variety of techniques. Amorphous Si films, for example, have been deposited 
by evaporation, sputtering, and chemical vapor deposition techniques. In 
addition, large doses of ion-implanted Ar or Si ions will amorphize surface 
layers of crystalline Si. Even during ion implantation of conventional dopants, 
local amorphous regions are created where the Si matrix is sufficiently 
damaged , much to the detriment of device behavior. Lastly, pulsed laser 
surface melting followed by rapid freezing has produced amorphous films in Si 
as well as other materials (see Chapter 13). 

5.7.2. Au - Co and NI - Zr Amorphous Films 

It is instructive to consider amorphous Co- 30Au films since they have been 
well characterized structurally and through resistivity measurements (Ref. 2 7) .  
The films were prepared by evaporation from independently heated Co and Au 
sources onto substrates maintained at 80 K. Dark-field electron microscope 
images and corresponding diffraction patterns are shown side by side in Fig. 
5- I 9. The as-deposited film is rather featureless with a smooth topography, and 
the broad halos in the diffraction pattern cannot be easily and uniquely assigned 
to the known lattice spacings of the crystalline alloy phases in this system. Both 
pieces of evidence point to the existence of an amorphous phase whose 
structural order does not extend beyond the next-nearest-neighbor distance . 
The question of whether so-called amorphous films are in reality microcrys­
talline is not always easy to resolve. In this case, however, the subsequent 
annealing behavior of these films was quite different from what is expected of 
fine-grained crystalline films. Heating to 4 70 K resulted in the face-centered 
cubic diffraction pattern of a single metastable phase, whereas at 6 50 K, lines 
corresponding to the equilibrium Co and Au phases appeared. Resistivity 
changes accompanying the heating of Co- 38Au (an alloy similar to Co- 30Au) 
revealed a two-step transformation as shown in Fig. 5- 20. Beyond 4 20 K there 
is an irreversible change from the amorphous structure to a metastable FCC 
crystalline phase, which subsequently decomposes into equilibrium phases 
above 5 50 K. The final two-phase structure is clearly seen in Fig. 5- 1 9 .  The 
high resistivity of the amorphous films is due to the enhanced electron 
scattering by the disordered solid solution. Crystallization to the FCC structure 
reduces the resistivity, and phase separation, further still. 

Both the amorphous and metastable phases are stable over a limited tempera­
ture range in which the resistivity of each can be cycled reversibly. Once the 
two-phase structure appears, it, of course, can never revert to less thermody-
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(a) 
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Figure 5-1 9. Electron micrographs and diffraction patterns of Co-30at %Au: (top) as 
deposited at 80 K, wanned to 300 K (amorphous); (middle) film wanned to 470 K 
(single-phase FCC structure); (bottom) film heated to 650 K (two-phase equilibrium). 
(From Ref. 27). 

namically stable forms. This amorphous-crystalline transformation apparently 
proceeds in a manner first suggested by Ostwald in 1 897. According to the 
so-called Ostwald rule, a system undergoing a reaction proceeds from a less 
stable to a final equilibrium state through a succession of intermediate 
metastable states of increasing stability. In this sense, the amorphous phase is 
akin to a quenched liquid phase. Quenched films exhibit other manifestations 
of thermodynamic instability. One is increased atomic solubility in amorphous 
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TEMPERATURE (°K) Figure 5-20. Resistivity of a Co-38at%Au film as a function of annealing tempera­ture. Reversible values of d p / dT in various structural states of the film are shown together with changes in p during phase transformation. (From Ref. 27) . 
or single-phase metastable matrices. For example, the equilibrium phase 
diagram for Ag-Cu is that of a simple eutectic with relatively pure terminal 
phases of Ag and Cu that dissolve less than 0.4 at % Cu and 0.1 at % Ag, 
respectively, at room temperature. These limits can be extended to 35 at % on 
both sides by vapor-quenching the alloy vapor. Similar solubility increases 
have been observed in the Cu-Mg, Au-Co, Cu-Fe, Co-Cu, and Au-Si alloy 
systems. 

Confounding the notion that rapid quenching of liquids or vapors is required 
to produce amorphous alloy films is the startling finding that they can also be 
formed by solid-state reaction. Consider Fig. 5- 2 1 , which shows the result of 
annealing a bilayer couple consisting of pure polycrystalline Ni and Zr films at 
300°C for 4 h. The phase diagram predicts negligible mutual solid solubility 
and extensive intermetallic compound formation; surprisingly, an amorphous 
NiZr alloy film is observed to form. Clearly, equilibrium compound phases 
have been bypassed in favor of amorphous phase nucleation and growth, as 
kinetic considerations dominate the transformation. The effect, also observed 
in Rh-Si, Si-Ti, Au-La, and Co-Zr systems, is not well understood. 
Apparently the initial bilayer film passes to the metastable amorphous state via 
a lower energy barrier than that required to nucleate stable crystalline com­
pounds. However, the driving force for either transformation is similar. Unlike 
other amorphous films, extensive interdiffusion can be tolerated in NiZr 
without triggering crystallization. 
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Figure 5-21. Cross-sectional electron micrograph of an amorphous Ni-Zr alloy film 

formed by annealing a crystalline bilayer film of Ni and Zr at 300 °C for 4 hours. 

(Courtesy of K. N. Tu, IBM Corp. ,  T. J. Watson Research Lab. ,  from Ref. 28). 

5.7 .3. A Model To Simulate Structural Effects In Thin Films 

One of the outcomes of their research on quenched alloy films was an engaging 
mechanical model Mader and Nowick (Ref. 29) developed to better e:llplain the 
experimental results. Many phenomena observed in pure and alloy thin-film 
structures are qualitatively simulated by this model. For this reason, it is 
valuable as a pedogogic tool and worth presenting here. The "atoms" compos­
ing the thin films were acrylic plastic balls of different sizes. They were rolled 
down a pinball-like runway tilted at 1 .5 • to the horizontal to simulate the 
random collision of evaporant atoms. A monolayer of these atoms was then 
"deposited" on either an "amorphous" or "crystalline" substrate. The 
fonner was a flat sheet of plastic, and the latter contained a perfect two-dimen­
sional periodic array of interstices into which atoms could nest. Provision was 
made to alter the alloy composition by varying the ball feed. A magnetic 
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vibrator simulated thermal annealing . To obtain diffraction patterns from the 
arrays, they prepared reduced negatives (with an array size of about 4 mm 
square) . The balls appeared transparent on a dark background with a mean ball 
separation of ~ 0. 1 3  mm. Fraunhofer optical diffraction patterns were gener-
ated by shining light from a He-Ne laser ( A = 6328 A) on the negative 
mounted in contact with a 1 35-mm lens of a 35-mm camera . The resulting 
photographs are reproduced here . 

• . • 

a 

b 

- . . . . . . - . . . . . • . • • 

. .• .,, . • • • 
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• . 
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Figure 5-22. Atomic sphere film structures and corresponding Fraunhofer diffraction 
patterns for (a) perfect array, (b) stacking fault, (c) pure film; low deposition rate, (d) 
pure film; high deposition rate. (Reprinted with permission from the IBM Corp., from 
A. S. Nowick and S. R. Mader, IBM J. Res. Dev. 9, 358, 1965). 



5.7. Amorphous Thin FIims 241 

C 

d 
Figure 5-22. Continued. 

The perfect array of spheres of one size is shown together with the 
corresponding diffraction pattern in Fig. 5-22a. A hexagonal pattern of sharp 
spots, very reminiscent of electron diffraction patterns of single-crystal films, 
is obtained, reflecting the symmetry of the close-packed array. After creation 
of a stacking fault in the structure, the diffraction pattern shows streaks (Fig. 
5-22b). These run perpendicular to the direction of the fault in the structure. 

The effect of deposition rate is shown in Figs. 5-22c and 5-22d. When the 
film is deposited "slowly,"  there are grains, vacancies, and stacking faults 
present in the array. Relative to Fig. 5-22a,  the diffraction spots are broad­
ened, a precurser to ring formation. In Fig. 5-22d, the film is deposited at a 
" high" rate and the grain structure is considerably finer and more disordered 
with numerous point defects, voids, and grain boundaries present. Now, 
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semicontinuous diffraction rings appear, which are very much like the common 
X-ray Debye-Scherer rings characteristic of polycrystals. Interestingly, the 
intensity variation around the ring is indicative of preferred orientation. When 
the rapidly deposited films are annealed through vibration, the array densities, 
vacancies are annihilated, faults are eliminated, and grains reorient, coalesce , 
and grow. The larger grains mean a return to the spotted diffraction pattern. 

a 

b 
Figure 5-23. Atomic sphere film structure for concentrated alloy (50A-50B, 27% 
size difference: (a) as-deposited (amorphous); (b) vibration annealed. (Reprinted with 
permission from the IBM Corp. ,  from A. S. Nowick and S. R. Mader, IBM J. Res. 
Dev. 9, 358, 1965). 
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We now tu m our atte ntio n to alloy films. For "co nce ntr ated"  alloys 
co nt aining equ al num bers o f  l arge and sm all spheres wi th a si ze di ffere nce of  
2 7  % , the as -deposite d structure is amorphous ,  as i ndic ated i n  Fig. 5 - 23 .. The 
diffr act io n  p atte rn co ntai ns bro ad h alos. Upo n  vibr at io n  anneali ng, the fi lm 
de ns ities sl ightly, but the atomic lo gjam c annot be bro ke n  up. There is no 
apprec iable change in its struc ture or diffract io n  p atte rn-i t is still amorphous. 
For less co nce ntr ated alloys ( - 1 7  % ) , however, the as-deposited structure is 
very fi ne gr ained  but app are ntly crystall ine. 

All o f  the foregoi ng results were for films deposited o n  the smoo th sub­
str ate. The "crystalli ne su bstr ate " affor ds the oppor tu ni ty to model ep it axy 
phe nome na. Pure films deposi t i n  almos t per fect alignme nt w ith the su bs tr ate 
whe n depos ited slowly. Imperfect regio ns are re adily elimi nate d  upo n anne al ­
i ng and ne arly perfect si ngle cr ystals are obtai ned. Rapi dly deposi ted films are 
less i nflue nce d by the u nderly ing su bstr ate and remain polycrystalli ne after 
anneali ng. Cle arly epit axi al grow th is favored by low deposi tio n r ates. The 
prese nce o f  alloyi ng eleme nts im pede d epit axy from occurri ng i n  accord with 
experie nce. 

The foregoing represe nts a s ampl ing o f  the simul atio ns o f  the depe nde nce o f  
film structure o n  deposi tio n vari ables. Re aders i ntereste d i n  this as well as 
other mechanic al models o f  planar arr ays o f  atoms, such as the cele br ated 
Br agg bu bble r aft model (Re f. 30), should co nsul t the li ter ature o n  the su bject. 
Much i nsight can be gai ne d from them. 

OF--E-XE_R_C_IS_E_S __ 1i] 
1 .  Under the s ame gas -phase supersatur ation, cu be -shaped nuclei are ob­

ser ve d to form homoge neously i n  the gas and heteroge neously both o n  a 
flat su bstr ate sur face and at r igh t-angle s teps o n  this sur face. For e ach o f  
these three sites c alcul ate the critic al nucleus si ze and e nergy barrier for 
nuc le ation. 

2. A cyli ndr ic al pill-like cluster o f  r adius r nucle ates on  a disloc atio n th at 
emerges f rom the su bstr ate. The free-e nergy change per u ni t  thic kness is 
gi ve n by 

t.G = 1r r2 D.G v + 2 1r-yr + A - B In r ,  
where A - B In r represe nts the disloc at ion e nergy wi thi n the cluster. 

a. Ske tch AG vs. r (note at r = 0, AG = oo). 
b. De termi ne the value o f  r*. 
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c. Show that when flG v B / 1r-y 2 > I /2, 6.G monotonically decreases 
with r, but when 6.G v B/1r-y 2 < 1 /2 there is a turnaround in the 
curve. (The latter case corresponds to a metastable state and associ­
ated energy barrier.) 

3. Cap-shaped nuclei on substrates grow both by direct impingement of 
atoms from the vapor phase as well as by attachment of adatoms diffusing 
across the substrate surface. 

a .  In qualitative terms how will the ratio of the two mass fluxes depend 
on nucleus size , area density of nuclei, and deposition rate. 

b .  Write a quantitative expression for the flux ratio, making any reason­
able assumptions you wish. 

4. Two spherical nuclei with surface energy -y having radii r I and r 2 
coalesce in the gas phase to form one spherical nucleus. If mass is 
conserved, calculate the energy reduction in the process. Suppose two 
spherical caps of different radii coalesce on a planar substrate to form 
one cap-shaped nucleus .  Calculate the energy reduction. 

5. Two spherical nuclei of radii r 1 and r2 are separated by a distance /. I f  
r 1 ;B> r2 • derive an expression for the time it will take for the smaller 
nucleus to disappear by sequential atomic dissolution and diffusion to the 
larger nucleus by Ostwald ripening. Assume the diffusivity of atoms on 
the surface is D5 . Make simplifying assumptions as you see fit. 

6. Assume that the two nuclei in Fig. 5- 1 0  coalesce by a sintering mecha­
nism. 

a .  By carefully measuring the neck width and plotting it as a function of 
time , determine the value of n in the general sintering kinetics 
formula. 

b. From these data. estimate a value for the approximate diffusivity . 
Assume -y = I 000 ergs/ cm 2 • T = 400 ° C .  and n = 1 7  x 1 0  - 24 

cm'/atoin . 

7 .  A film is deposited on a substrate by means of evaporation . In the 
expression for the rate of heterogeneous nucleation (Eq. 5- 17), identify 
which terms are primarily affected by 

a .  raising the temperature of the evaporant source. 
b. changing the substrate material .  
c .  doubling the source-substrate distance. 
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d. raising the substrate temperature. 
e. improving the system vacuum. 
In each case qualitatively describe the nature of the change. 

8.  From data shown in Fig. 5-5 calculate values for Edes , Es , and E1 ,. .  (For 
answers consult Ref. 3, page 8- 2 3.) 

9. Three different methods for estimating the temperature for epitaxial 
growth of films have been discussed in this chapter. 

a. Comment on the similarities and differences in the respective ap­
proaches. 

b. How well do they predict the experimental findings of Fig. 5- 4? 

1 0. Derive expressions for the epitaxial transition temperatures T1 _ 3 and 
T2 - 3  

1 1  . During examination of  the grain structure of a film evaporated from a 
point source onto a large planar substrate, the following observations 
were made as a function of position: 

1 .  There is a film thickness variation. 
2. There is a grain size variation. 
3. There is a variation in the angular tilt of columnar grains. 
Explain the physical reasons for these observations. 

1 2. The formation of three-dimensional crystallites from an amorphous matrix 
undergoing transformation by nucleation and growth processes follows 
the time ( t) dependent kinetics given by 

f( t ) = 1 - exp - --
3
-

/V is the nucleation rate of crystallites (per unit volume) , v is their growth 
velocity, and / is the fractional extent of transformation. 
a. N is small near the critical transformation temperature and at low 

temperature, but larger in between. Why? 
b. v is usually larger for higher temperatures. Why? 
c. Schematically sketch /( t) vs. I (or In I) at a series of temperatures. 

Note that an incubation time dependent on temperature is suggested. 

1 3. a. Atoms on either side of a curved grain boundary (GB) reside on 
surfaces of different curvature, establishing a local chemical potential 
gradient that will drive GB migration. Use the Nernst-Einstein equa­
tion to show that the grain size will tend to grow with parabolic 
kinetics. 
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b. P art (a) is v alid when the f ilm grain s ize is sm aller than the f ilm 
thickness. W hy ?  If the reverse is true, sugges t why p arab olic growth 
kin etics m ay n ot be  observed. 
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hapter 12 

Meta l lu rg ica l and 
Protective Coati ngs 

1 2.1 . INTRODUCTION 

Para lle ling the drama ti c  de ve lopme nt of th in-film tech no logy i n  mi croe lectro n­
ics ha ve bee n  the no less tha n  remarkable adva nces i n  wha t may be co nve ­
niently ca lled me ta llurgi ca l a nd pro tecti ve coati ngs. The unusua l materia ls 
whi ch comp ri se these coati ngs are draw n from se vera l classes o f  so lids a nd 
i nclude io ni c  cerami c oxides (e.g., Al 2O 3 , Zr02 , TiO 2 ),  cova le nt ma teria ls 
(e.g., Si C ,  BC , diamond ) , tra nsi tio n me ta l  co mpounds (e .g., Ti C, Ti N,  W C )  
a nd meta l a l loys (e.g., CoCr AlY , NiAl, Ni Cr BSi ). As a who le they are 
chara cter ized by extreme ly high hard ness , very high me lti ng poi nts ,  a nd 
resistance to chemi ca l  at ta ck , a ttributes that  ha ve earmar ked their use i n  crit ica l  
app li catio ns where o ne or more o f  these pro perties is re quired ; correspo nd ­
i ngly the respe cti ve ca tegories o f  hard , thermal,  a nd prote cti ve coati ngs de note 
the f unctio ns to whi ch they are p ut. Hard coati ngs o f  Ti N a nd Ti C ,  for 
examp le , are used to e xte nd the life o f  cutting too ls , d ies , punches , and in 
app licatio ns such as ba l l  bea rings to m inim ize wear. The co l le ctio n  o f  coa ted 
cutti ng too ls a nd dies show n i n  Fig. 1 2- 1  is represe ntati ve o f  the widespread 
commer cial use o f  this tech no logy i n  ma chi ning and forming opera tions. 
Therma l coa ti ngs find e x.te nsi ve use i n  gas t ur bi ne e ngi nes where they he lp to 

547 
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Figure 1 2·1 . (Left) Assorted cutting and forming tools coated with TiN and multi­
layer coatings. (Courtesy Multi-Arc Scientific Coatings). (Top right) HSS forming and 
sheet metal dies coated with TiN and TiC. (Courtesy Ti Coating Inc.) (Lower right) 
multilayer coated cutting tool inserts. (Courtesy of S. Wertheimer, ISCAR Ltd.) 

improve the performance and extend the life of compressor and turbine 
components. As the name implies, protective coatings are intended to defend 
the underlying materials, usually metals, from harsh gaseous or aqueous 
environments that cause corrosive attack. Such coatings have found applica­
tions in chemical and petroleum industries, coal gasification plants, as well as 
in nuclear reactors. 

Employing coatings represents a significant departure from traditional engi­
neering design and manufacturing practices. Processing components beyond 
the primary manufacturing steps of casting, forging, extrusion, machining and 
grinding, pressing and sintering, etc. , has generally been resisted. This is due 
in part to a reluctance to tamper with the product, and to leave well enough 
alone. A compelling case was not made for the cost effectiveness of additional 
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treatments. However, more recently several important factors have combined 
to finnly establish the practice of modifying the surface properties of engineer­
ing materials and components. 

1. In many critical applications the design specifications call for properties that 
are simply beyond the capabilities of the commonly available and routinely 
processed materials. The new limits of behavior demanded can be met by 
the use of the unusually hard, temperature- and degradation resistant 
materials noted earlier. However, these materials are extremely difficult to 
fabricate in bulk form. 

2. Concerns of limited availability of strategic materials, the thrust toward 
energy efficiency and independence, and an increasingly competitive world 
economy have exerted a strong impetus to considerably tighten engineering 
design, improve performance, and economize on materials utilization. 

3. High-quality coatings possessing fewer surface imperfections than compara­
ble pressed and sintered bulk parts made from powder , can now be 
reproducibly deposited. This is due to the advances made in our basic 
understanding of the deposition processes and the development of improved 
coating and deposition techniques. 

4. The commercial availability of the necessary deposition chambers or reac­
tors, hardware, computer-controlled processing equipment, and high-purity 
sources of precursor gases , powders and sputtering targets has facilitated 
the option of employing coatings. 

Various combinations of the above factors have then resulted in the marriage 
of coatings to the underlying base materials, each with their particular set of 
desirable and complementary properties. For example, many structural materi­
als with adequate high-temperature mechanical properties simply do not have 
the ability to withstand high-temperature oxidation, corrosion, particle erosion, 
and wear. On the other hand, the materials that do possess the environmental 
resistance either do not qualify as structural materials because of low toughness 
or, if they do, are prohibitively expensive to fashion in bulk form. 

Before we turn to the main subjects of the chapter, it is worth noting some of 
the similarities and differences between the present mechanically and environ­
mentally functional coatings, and the thin films of prior book chapters. In 
common, many coatings are deposited by the same type of physical (PVD) and 
chemical (CVD) vapor deposition techniques. Adhesion to the substrate, 
development of desirable structure and properties, and meeting performance 
standards are universal concerns. Among the differences are the following: 

I .  The coatings we will be considering are far thicker than thin films. Whereas 
a couple of microns, at most, is the arbitrary upper limit to what we have 
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called films, coatings typically range from several to tens and even hun­
dreds of microns in thickness. 

2. The maintenance of precise coating thickness and uniformity is not usually 
a major concern. There is generally a broad range of acceptable coating 
thicknesses. This is in contrast to the critical thickness tolerances and 
uniform coverage that must be achieved in optical and microelectronic 
films. 

3. The substrate is frequently an integral part of the coating system. In 
diffusion coatings, for example, metalloid as well as metal elements are 
diffused into the substrate, creating thick, solute-enriched layers beneath the 
surface. 

4 .  For the most part, the substrates employed for hard and protective coatings 
are rather special metals and alloys such as tool, high-speed, and stainless 
steels; iron-, cobalt-, and nickel-base superalloys ; sintered tungsten carbide; 
titanium, etc. The use of the term metallurgical coating is based in part on 
this fact. 

5. There are many methods for producing coatings. In addition to the vapor 
phase atomistic deposition processes (PVD, CVD) for films, coatings are 
also formed by 

a. Deposition of particulates (e.g., by thermal spraying of metal or oxide 
powders either through a hot flame or an even hotter plasma) 

b. Immersion of substrates in molten baths or heated solid packs 
c. Electrolytic processes such as electroplating, fused salt electrolysis, and 

electroless plating 
d. Miscellaneous processes, e.g., welding and enameling 

6. Except for epitaxial semiconductor films, most thin-film depositions are 
carried out at relatively low-substrate temperatures. Metallurgical and 
protective coatings, however, are frequently deposited at elevated tem­
peratures. Certainly this is true of the CVD coatings , and, therefore, 
atomic interdiffusion and reactions generally occur at the interface 
between coating and substrate. Compositional change can either be 
beneficial or detrimental to adhesion and coating properties depending 
on the materials involved. 

The bulk of the chapter will be concerned with hard coatings and issues 
related to them. Somewhat lesser emphasis is placed on thermal and environ­
mental coatings. To limit the treatment to manageable proportions, we deal 
with properties and the phenomena they influence in a fundamental way. The 
more widely used vapor deposition processes will be primarily discussed to 
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maintain a consistency with prior chapters. Electrodeposition , for example, 
will not be mentioned again , since there is already a huge and accessible 
literature on the subject. Case histories and examples are always interesting 
and will be interspersed where appropriate. The specific topical outline of the 
rest of the chapter is 

1 2.2. Hard Coating Materials 
1 2.3. Hardness and Fracture 
1 2.4. Tribology of Films and Coatings 
1 2.5. Diffusional, Protective, and Thermal Coatings 

1 2.2. HARD COATING MATERIALS 

1 2.2.1 . Compounds and Properties 

Hard coating materials can be divided into three categories, depending on the 
nature of the bonding. The first includes the ionic hard oxides of Al , Zr , Ti, 
etc. Next are the covalent hard materials exemplified by the borides, carbides , 
and nitrides of Al, Si, and B, as well as diamond. (See Section 14.2.) Finally , 
there are the metallic hard compounds consisting of the transition metal 
borides , carbides, and nitrides. Typical mechanical and thermal property 
values for important representatives of these three groups of hard materials are 
listed in Table 1 2- 1.  The reader should be aware that these data were gathered 
from many sources (Refs. 1 -6) and that there is wide scatter in virtually all 
reported property values. Differences in processing (e.g., CVD, PYO, and 
sintering of powders), variations in structure (e.g., grain size, porosity , 
density, defects) and composition (e.g. , metal-nonmetal ratio , purity) , to­
gether with statistical error in measurement, contribute to the uncertainties. 
Perusal of this tabulated information leads to the following broad conclusions: 

I. All of these compounds have extremely high hardnesses. This can be 
appreciated by noting that heat-treated tool steel has a hardness of about 
H0 = 850. Hardness is the most often quoted material property of hard 
coatings. Therefore, Section 1 2.3 has been specially reserved for an 
extensive discussion of the concept of hardness, the technique of measure­
ment, and the significance of its magnitude in coatings. 

2. These compounds have very high melting points and decomposition temper­
atures. For example, the decomposition temperatures of TaC, HfC, and 
diamond exceed the melting point for tungsten (MP = 34 1 0  °C). 

3. The modulus of elasticity is lowest for the ionic solids. In comparison, only 



Table 12-1 . Mechanical and Thermal Properties of Coating Materials 

Melting or H = Hoe -aT Thermal 
Decomposition (Eq. 1 2-4) Young's Expansion Thermal Fracture 
Temperature Hardness Ho a Density Modulus Coefficient Conductivity Toughness 

Material (OC) (kg-mm - 2) (kg-mm - 2 )  00- 4 c - ' )  (g-cm - 3 ) (kN-mm 2 ) ( I U  6 K 1 ) (Wm - 1 K 1 ) (MPa-m 1 1 2 ) 

Ionic 
Al2O 3 2047 2 1 00 2300 7.85 3.98 400 6.5 ~ 25 3.5 
TiO 2 1 867 1 1 00 1 250 5.99 4.25 200 9.0 9 
Zr0 2 27 10  1 200 5.76 200 8.0 1 .5 4-12  
SiO 2 1 700 1 1 00 2.27 1 5 1  0.55 2 < 1 
Covalent 
C (Diamond) 3800 ~ 8000 3.52 1 050 1 1 1 00 
B4N 2450 ~ 4000 2.52 660 5 
BN 2730 ~ 5000 3.48 440 
SiC 2760 2600 2800 0.90 3.22 480 5.3 84 3 
Si3N4 1 900 1 700 1 900 2.79 3 . 19  3 10  2.5 1 7  4 
AIN 2250 1 200 3.26 350 5 .7  
Metal 3: Compounds GI 
TiB2 3225 3000 3500 1 8.9 4.5 560 7.8 30 !!. 
TiC 3067 2800 3300 1 8.3 4.9 460 8.3 34 0.46 
TiN 2950 2 1 00 2 1 00 23.5 5.4 590 9.3 30 ca 
HfN 2000 8.57 6.9 1 3  ( 
HfC 3928 2700 3000 1 4.7 1 2.3 460 6.6 .. 
TaC 3985 1 600 1 800 6.75 1 4 .5 560 7 . 1  23 
WC 2776 2300 2350 3.62 1 5 .7 720 4.0 35 "Ill 

Substrate 
Materials GI 

High-Speed 
Steel 1 400 900 7.8 250 1 4  30 50- 1 70 
WC-6%Co 1 500 640 5.4 80 1 1 .4 
Ti 1 667 250 4.5 1 20 1 1  1 3  80 
Ni Superalloys 1 280 7.9 2 1 4  1 2  62 > 100 
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the stiffest metals have modulus values overlapping those of the oxides 
listed. 

4. The linear thermal expansion coefficient generally increases in going from 
the covalent to metallic to ionic hard compounds. Metals tend to have 
thermal expansion coefficients that are higher by approximately a factor of 
two or more than these hard compounds. 

5. The thermal conductivity of the hard metallic and covalent compounds is 
comparable to that of the transition metals and their alloys. Good metallic 
electrical conductors have proportionally higher thermal conductivities. 
Ceramic oxides are the poorest thermal conductors. 

The last two properties have important implications for the properties and 
performance of coatings. An important source of coating residual stress is the 
thermal contribution generated by the difference in expansion between coating 
and substrate. The illustrative problem dealing with TiC on steel (p. 4 1 9) is 
worth reviewing and indicates the magnitude of possible effects. 

The susceptability to cracking of coatings subjected to varying temperature 
histories is an important limitation to the performance of thermal coatings. To 
see how thermal cracking can occur, consider the rapid cooling of a high-tem­
perature component. The surface coating contracts more than the interior, 
which is still relatively hot. As a result, the surface forces the interior into 
compression and is itself stretched in tension. The coatings we have been 
discussing are weak in tension and prone to fracture at incipient crack flaws. A 
measure of this fracture susceptibility is given by the thermal shock parameter 
Sr. This composite quantity is derivable from heat transfer and thermal stress 
considerations that are defined respectively by the equations 

( 1 2- 1 ) 

and 

u = ( E.1 cuiT) /( 1 - v) . ( 1 2- 2) 

In the first equation the heat flux Q is given by the product of the thermal 
conductivity K and the temperature gradient. The second equation was consid­
ered previously (Eq. 9- 17),  where d a  is the difference in thermal expansion 
coefficient between coating and substrate. Elimination of � T yields 

u E .1a 
Si ' = -- = ----Q .1 x  ( 1  - v ) K • 

( 12-3) 

Therefore, for a given thermal flux through a coating of thickness d x, the 
stress that develops is inversely proportional to the thermal shock parameter. 
Ceramic oxides with the lowest Sr values are most prone to fracture by 
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therm al sho ck , and metals w ith the larges t S7 v alues are le as t s us cep tib le. The 
h ard me tal and cov ale nt compo unds are intermediate in th is regard. 

1 2.2.2. Deposition Processes (Ref. 7) 

H ard co atings have now bee n com me rcially depos ited o n  perh ap s  hund reds of 
m illio ns o f  ceme nted tungs te n carb ide cutting too ls by CVD me thods s ince the 
m id - 19 60s. However , adv ances in physical v apor depos itio n  methods in the 
p ast  de cade h ave led to the fru itfu l compe titio n  in m any app licatio ns be twee n 
these two broad depos itio n  pro cesses . I t  is ins tructive to br ie fly rev iew and 
comp are sever al aspe cts o f  these p ro cesses as they re late to h ard co atings. The 
mo re e xtens ive d is cuss io n o f  C VD and P VD in Ch ap ters 3 and 4 prov ide the 
appropr iate b ackground. 

S ince hard co atings are depos ited o n  var ied s ubs tr ates (e.g., carb ides , 
h igh-speed too l  s tee ls , b al l-be ar ing s teels , watch cases , jewelry , e tc.), a r ange 
o f  subs tr ate temper atures is invo lved , ne cessitating d if fere nt depos ition  te ch ­
niq ues and co nd itio ns. For e xamp le , TiN can be depos ited by C VD over a 
bro ad r ange of temper atures us ing the s ame TiC 14 pre cursor. Some typ ical 
re actio ns le ad ing to the attr active , lus trous go lde n TiN depos its are 

I. H igh temper ature : 1 200 °C > T > 8 50 °C 

2TiC 14 + N2 + 4 H 2 -+ 2TiN + 8 H C 1. 

2. Moder ate tem per ature : 8 50 °C > T > 700 °C 

3. Low temperature : 700 °C > T > 300 °C 

2TiC 14 + 2N2 + 7H 2 + Ar plasma -+ 2TiN + 8 H C 1  + 2NH 3 . 
Analago us re actio ns invo lv ing gaseo us carbo n compounds , s uch as C H 4 result 
in TiC depos its. Precursor gases and oper ating temper atures for these as we ll 
as o the r coatings h ave bee n give n prev ious ly in Chap ter 4. 

O ne of the impo rtant adv antages of CVD me thods is the ab ility to b atch-co at 
large num bers o f  sm all too ls at o ne time. The s chematic o f  such a commer cial 
sys tem cap ab le of  ind iv id ual or seq ue ntial TiC, TiN, and Al2 03 depos itio ns is 
show n in Fig. 1 2-2a. Typ ical gas feed propor tio ns for these m ater ials are 

TiC -TiC1 4 ( I -2%);  C H 4 (3- 6 %) ;  H 2 (9 6 -92 %) 

TiN-TiC 14 ( 1 -2%) ;  N2 (22-2 6 %); H 2 (77-72%) 

Al203-AlC 1 3 (0. 1 8 -0.3 %);  CO (0.2-0.5 %) ;  H 2 (99%) 
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Figure 1 2-2. (a) Schematic view of commercial CVD reactor for deposition of TiC , 
TiN and Al 2 O3 on carbide cutting tools. (b) Cathodic-arc process for reactive evapora­
tion of TiN coatings. (Courtesy of A. Gates, Multi-Arc Scientific Coatings Inc . )  
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Temperatures within the range 700- 1 100 °C are maintained to ± 2 °C. As 
many as 10-20,000 WC tool inserts ( 1 /2 in square) can be simultaneously 
given a ~ 6-µm-thick coating during a several-hour treatment cycle. The 
fracture surface morphologies of single-layer CVD TiC, TiN and TiCN as well 
as HtN coatings deposited on cemented carbide substrates are shown in Fig. 
12-3 . Rough transverse fracture surfaces containing columnar-like grains rising 
from a sharply defined substrate interface, typically characterize these coating 
structures. In the coating plane a mountainous relief of jagged crystals is 
evident. 

The three basic PVD coating processes are evaporation, sputtering, and ion 
plating together with reactive variants incorporating chemical reactions (Refs. 

Figure 12-3. Morphology of representative CVD coatings viewed in the SEM. 
Top-Transverse fracture surfaces of TiC and TiCN. Middle-Transverse fracture sur­
faces of TiN and HfN. Bottom-Lateral surface structures of TiN and HfN. Substrate is 
cemented carbide. (Courtesy of D. T. Quinto, Kennametal, Inc., from Ref. 8). 
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8, 9) . An important advantage of PVD is that substrate temperatures in the 
range of 200-600 °C, rather than 800- 1200 °C for CVD, are utilized. This 
leads to somewhat finer coating grain sizes possessing slightly higher hard­
nesses . Because of the high deposition temperatures in CVD, substrate steels 
are sometimes softened, requiring subsequent hardening and tempering treat­
ments. Undesirable part distortion occasionally results from this sequence of 
thermal treatments. In addition, substrate elements such as iron, chromium,  
and carbon diffuse into the coating altering adhesion as well as substrate 
integrity . These difficulties do not arise in the low-temperature PVD coatings. 
An added advantage of commercial PVD processes is the generally higher 
deposition rates of 4-6 µ.m/hour relative to typical CVD rates of 1 -2 
µ.m/hour. Nevertheless, throughput of small parts is substantially greater for 
CVD because substrate coverage is not limited by line-of-sight gas impinge­
ment as in PVD. On the other hand, the hazard of handling toxic and corrosive 
gases is considered a disadvantage of CVD processes. For larger tools such as 
drills and milling cutters , the PVD techniques of reactive evaporation and 
sputtering are widely employed. Commercially, uniform coating of tools and 
dies is accomplished through multiple evaporators arranged to surround the 
work as shown in Fig. 1 2-2b. While single (e .g . ,  TiC), double (e.g . ,  TiC-TiN) 

Figure 1 2-4. Morphology of PVD coatings of TiN prepared by ion plating (IP) and 
arc evaporation (AE) viewed in the SEM . Top-Transverse fracture surfaces . 
Bottom-Lateral surface structures. Substrate is cemented carbide. (Courtesy of D .  T. 
Quinto, Kennametal, Inc . ,  from Ref. 8) . 



558 Metallurgical and Protective Coatings 

and even triple (e.g. ,  TiC-Al2O3 -TiN) hard layers are commonly produced 
by CVD, commercial PVD coatings are largely limited to single TiN layers. 
Transverse fracture and lateral surface morphologies of TiN prepared by two 
different PVD processes are reproduced in Fig. 1 24. The smooth fracture 
surfaces composed of densely packed, fine columnar grains should be com­
pared with the microstructures of CVD TiN (Fig. 1 2- 3). Differences in grain 
morphology can be attributed to varying conditions of deposition temperature 
and energetic bombardment by vapor phase atoms. 

1 2.2.3. Alloy Compounds (Refs. 3, 1 0) 

Just as metallic alloys display properties superior to each of the component 
elements, so there has been considerable interest in improving the properties of 
the transition metal compounds through alloying. Fortunately, this is possible 
because the binary carbides and nitrides tend to be miscible in the solid state . 
For example, at elevated temperature, TiC reacts with VC, ZrC, NbC, HfC, 

5000 

(T 1 .H1)C 

4000 

(/) TiC 
(f) 3000 

a: 
HfC 

a: 
2000 NbC � 

TaC Tac 

1000 
0 20 40 60 80 1 00  

MOL % 
Figure 1 2·5. Microhardness of mixed carbides due to sol id solution and precipitation hardening (From Ref. 3) . 
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and Ta C to prod uce mixed car bide sol id sol ut ions, s uch as (Ti, V )C, (Ti, 
Zr )C, (Ti, N b)C. Since these car bides have the sa me c rys tal str uctures, 
Ti C -MC (M =aa V, Zr , etc.) phase diagra ms rese mble the one for Ge -Si 
shown in Fig. 1 - 1 2 ,  at least at h igh te mpera tures. S imilarly, Ti N can be 
alloyed with VN, Zr N, N bN, and HfN to prod uce solid sol utions of mixed 
nitrides . The increase in hardness for the mixed carbides can be quite exten ­
sive, as shown in Fig. 1 2- 5. S ubst itution on the metal sublattice results in 
maxi mum hardening at specific alloy concentrations . S imilar increases in 
hardness have been o bse rved in the mixed me tal n itr ide solid sol utions as we ll 
as in meta l ca rbonit rides , e.g., Ti(C, N ), H f(C, N ). Property bene fits a lso 
extend to ox ide a lloys. Fo r exa mple, al uminum oxynitr ide has greate r che mica l 
and the rmal stability than Al2O 3 alone and is used to coat tools. 

Quate rnary al loys arising fro m mixtures of car bides and nitrides o f  diffe ren t 
metals (e.g., Ti -V -C - N )  have also been invest igated and appear to provide a 
pro mising bas is fo r the selection o f  yet other new co mpos ite coating materia ls. 
S ubsequent heat treat ment of the al loyed car bides, nitrides, and car bonit rides 
can lead to co mplex low -temperature phase trans for mations and precip itation 
reactions. Dispersions of hard phases s uch as TiB 2 or B 4C in TiC or Ti N 
matr ices have prod uced coatings that show bet ter wear resis tance and adhesion 
as well as higher to ughness than s ingle -phase layers. 

1 2.2.4. Multilayer Coatings (Refs. 3, 1 1 )  

D ist inct fro m  multicomponent single layers is the multilayer concept. 
Several strategies have been adopted in creating co mposite multilayers : 

1. M utually sol uble layers, e.g., Ti C -Ti N or Al 2O 3-Al N, are seq uentia lly 
deposited. Alloys with enhanced propert ies are prod uced this way. 

2 .  Compounds possessing coherent inter faces such as Ti C -Ti B 2 or Ti N -Ti B 2 
are seq uentially deposited. Adhesion between layers is pro moted by low 
ene rgy bonding between co mmon elements. 

3. Separate layers of largely noninteracting co mpounds are seq uentially de ­
posited. Each layer has a spec ific p urpose, such as inter facial adhesion, 
diffusion barrie r, a brasion resistance , etc. 

The last approach is one that has at ta ined cons iderable co mmerc ia l success. 
C ross sec tions of s uch coatings on W C  inserts fo r assorted cutting tools a re 
shown in Fig. 1 2- 6. They con tain so me co mbination of Ti C ,  TiN, and Al2O 3 
laye rs depos ited by C V D  and are typica lly 6-9 µm thic k. The mult ilayer of 
Fig. 1 2 -6a is tough and suita ble for ro ugh, se mi finishing, and interr upted 
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Substrate 

S.E.M. x 5500 

TiC 

·' ---------- Substrate 

S.E.M. x 3500 

Figure 1 2-6. SEM images of CVD multilayer coatings for cutting tool inserts. (a) 
Carbide substrate/TiC/TiCN/TiN (5500 x ) .  (b) Carbide substrate-TiC-Al2O3-TiN 
(3500 x ):  (Courtesy of S. Wertheimer, ISCAR Ltd.)  

machining of plain carbon, alloy, tool , and stainless steels. The multilayer of 
Fig. 12-6b containing A12O3 has many of the same characteristics but is 
capable of cutting at higher speeds without tool failure. Because of its low 
thermal conductivity, Al2O3 shields the cemented carbide substrate and en­
ables the generated heat to be diverted to the chip instead. Among the reasons 
for the use of TiN as the outer coating layer are its high lubricity, chemical 
stability, and the lack of adherence of abrasive oxide particles to it. As 
indicated in Section 12 .4.3 tools coated with rnultilayers suffer considerably 
less wear than tools with only single-layer TiC or TiN coatings. 
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1 2.3. HARDNESS AND FRACTURE 

1 2.3.1 . Hardness 

Hardness is an important material property of concern in films utilized for 
electronic and optical as well as mechanically functional applications. It affects 
wear resistance and plays an important role in  the friction and lubrication of 
surface films in contact. Hardness, a complex property related to the strength 
of interatomic forces, apparently depends on more than one variable. Hard 
materials are generally modeled by a deep potential energy well (Fig. l -8b) 
with steep walls. These characteristics imply a combination of high cohesive 
energy and short bond length. Measures of the cohesive energy are the heat of 
sublimation and enthalpy of compound formation ('1. H298) .  If some account is 
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axis). 
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taken of the bond length by dividing the cohesive energy by the molar volume 
of the material, then the correlations with hardness shown in Fig. 12-7 result. 
It is apparent that the hardest materials are covalently bonded, and that 
increasing the ionic character of the bond leads to reduced hardness. At a 
microscopic level, directional bonds more readily resist distortion and rupture 
by concentrated loads than do ionic bonds. 

The hardness of a material is usually defined as its resistance to local plastic 
deformation. Since the hardness test consists of pressing a hard indenter into 
the surface, it is equivalent to performing a highly localized compression test. 
A correlation between hardness H and yield strength uy is therefore expected. 
Typically H ""'  3 uy in bulk metals ,  but the correlation has not been directly 
verified in films or hard coatings . It is well known that oy for bulk materials 
decreases with temperature, a fact that facilitates hot mechanical forming 
operations. Therefore, it can be anticipated that the hot hardness of coatings 
will be lower than that at ambient temperatures for which values are usually 
quoted. It is these hot hardness values that are important in thermal coatings 
and in applications such as machining. A functional relationship between H 
and T given by 

( I 2 - 4 )  

has been proposed (Ref. 6 ). Values for the constants H0 and a, determined 
from experimental data, are given in Table 1 2 - 1. 

1 2 .3.2. Hardness Testing 

Hardness testing of films and coatings is a relatively simple (though decep­
tively so) measurement to perform. The most frequently employed methods are 
modifications of techniques having long standing in the metallurgical commu­
nity. The Vickers hardness test, also known as the diamond pyramid hardness 
(DPH) test, employs an indenter consisting of a square-based diamond pyramid 
ground to have a face angle of 136°. Hv, the Vickers hardness number, is 
obtained as the ratio of the applied load L to the surface area of the resulting 
indentation. It is given by 

L 1.85 4 L  
Hu = 2 cos 2 2  ° 2 = 2 kg/mm2 , 

'" '" 
( I 2 -5) 

where /" is the indentation diagonal. A related test is the Knoop microhardness 
test, which employs a rhombic-based diamond pyramid indenter where the 
length ratio of the major to minor indentation diagonal is 7 .1 1 ;  furthermore, 
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the minor diagonal is four times the penetration depth. The Knoop hardness is 
given by 

Hk = 1 4  .22 L / I; kg/mm2 ( 12- 6) 

where I k is the length of the major indentation diagonal. Care must be taken in 
distinguishing Hv and Hk values, which are sometimes used interchangeably , 
even though the former are some 1 0- 1 5  % lower than the latter. 

Testing loads applied to the indenter are selected to produce an indent whose 
lateral dimensions are large enough to be measured with an optical microscope 
or SEM, and whose depth is small compared with the film thickness. Caution 
must be exercised so that the plastically deformed zone under the indenter does 
not extend to the substrate where stress interactions may be reflected in 
erroneous hardness readings. Film-thickness-to-indentation-depth ratios rang­
ing from 5 to 10  appear to be safe in most situations. For example, suppose 
that in TiN coatings, a value of 7 has been established as safe. In the Vickers 
test this means that the indent geometry requires that the film thickness must be 
at least larger than /" . For a TiN coating where Hv = 2000 kg/mm2 , a 10-g 
load generates an /" value of - 3 µm. This would be the minimum acceptable 
film thickness for hardness testing in this case. Unusually small indents of less 
than a few microns in size should be avoided because of the difficulty in 
resolving dimensions. In TiN films, for example, the same indent measured by 
the same investigator optically and with an SEM gave values of 32 38 and 2 35 9  
kg/mm2 , respectively (Ref. 12) .  Hardness comparisons should, therefore, only 
be made when testing methods and film thicknesses are maintained approxi­
mately constant. 

Further complications arise in interpreting hardness values in hard materials. 
First, indentation-induced cracking phenomena make it difficult to measure 
indent dimensions precisely. Second, and perhaps more importantly , the 
quoted hardness values are load-dependent. For small loads, it is observed that 
the indentation dimension / varies with load as L = K ,  Im, where K I is a 
constant and l < m :5 2. Elimination of Iv (or lk ) in Eq. 12- 5 (or 12- 6) yields 

dH m - 2 
( 

K 1 )
21111 

dL = 
m 

K2 L ( 12- 7) 

where K2 is either 1 . 8 5 4  or 1 4.22. A drop in hardness with increasing 
indenter load is thus predicted because m - 2 is negative. In polycrystall ine 
SiC, WC-Co cemented carbide, and bearing steels , m equals 1 . 70, 1.8 8, and 
1 .92, respectively (Ref. 1 3). It is this load dependence of hardness that may be 
partially responsible for claims of unusually outstanding hardness values in 
films and coatings . 



564 Metallurgical and Protective Coatings 

I t  is appropri ate to e nd this sectio n w ith brie f me ntio n  o f  nano, r ather th an 
micro , h ard ness i nde ntatio n me asureme nts. The Nanoi nde nter , whi ch w as 
i ntrodu ced pre viously (Sectio n 9.2.4 )  is capable o f  reprodu cib ly m aking inde n­
tatio ns as sh al low as 500 A and as sm al l  as 5000 A across. Unlike the Vickers 
and Knoop tests, the Nano inde nter pr odu ces a tr iangu lar pyr amid al i nde nta­
tio n. Smal l  lo ad r anges o f  0- 20 m N  and 0-0.1 20 m N, m ake i t  possib le to 
sp ace i nde nts - I µm ap art whe n de termi ni ng the h ard ness pro file across a 
coati ng sur face. 

1 2.3.3. Effect of Microstructure on Hardness 

A fund ame ntal co rners to ne o f  m ateri als scie nce is the relatio nship be twee n 
m icros tructure and prope rties. Followi ng S undgre n and He ntzell (Re f. 4 )  
co nne ctio ns be twee n the h ard ness o f  films and coatings and var ious mi crostr uc­
tural ch ar acteris ti cs wi ll be discussed. 

12.3.3. 1. Grain-Size and Grain-Boundary Structure. I n  me tal and alloy 
films the h ard ness correlates we ll wi th the H all -Pe tch re lation (Eq. 9- 4 ) , 
whi ch may be wr itte n  i n  the var iant form 

H = H. + K ,- I 12 
I H g  ' ( 1 2 - 8 )  

where H is the hard ness , H; is the intri nsi c h ard ness o f  a s ingle crystal, /8 i s  
the gr ain si ze ,  and K H is a m ater ial co nstant. I n  re fr actory compou nd 
co ati ngs , howe ver , E q. 1 2- 8  appears to be i nvalid because the h ard ness o f  
fi ne -gr ai ned films is frequently close to the bu lk m ateri al value. 

What does app are ntly affe ct the hard ness and s tre ngth o f  re fractory com ­
pou nds is the per fe ctio n  o f  the gr ai n bou nd ar ies. Poros ity and fine microcr acks 
are very  dele terious to su ch coatings and lower their s tre ngth and h ard ness 
signi ficantly. Me tal films are, howe ver , somewh at more toler ant o f  su ch 
de fe cts , whose i nflue nce can be blu nted by p las ti c de form atio n e ffe cts. I ncreas ­
i ng the subs tr ate temper ature is the s imp les t and mos t common way to redu ce 
the grai n-bou nd ary de fect s tructure and e nh ance the hard ness o f  these com ­
po unds. The e ffe ct can be rather dr am atic. For ex ample ,  an i ncre ase i n  
subs tr ate temper ature from 100 to 600 ° C  r aised the hard ness o f  magne tro n­
spu ttered T iN from 1 300 to 3500 kg/mm 2 (Re f. 1 4 ). Ele vated tempe ratures 
elimi nate void ne twor ks and e vide ntly promo te the s tre ngthe ni ng o f  gr ai n 
bou nd aries. The gr ain si ze i ncreases as does h ard ness , co ntr ary to the 
H al 1-Pe tch predi ctio n. Wi th fur ther gr ai n grow th at s till higher temper atures , 
the hard ness drops and re aches bu lk le vels. Me tal films displ ay a r ather 
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d ifferent character w ith respect to the in fluence of substrate tem perature. 
Rais ing the l at ter increases the rmal st resses and grain s ize, bu t reduces the 
int rins ic stress and h ardness. 

12.3.3.2. Metastable Structures. Me tastable ph ases are frequent ly ob ­
ser ved in re frac to ry compound films. As in the case w ith met astab le me tal 
alloy f ilms, h igh depos it ion r ates and low substr ate tem peratu res are conduc ive 
to the fo rm ation of none qu ilib rium st ruc tures and a fine grain s ize .  M an ifest a­
t ions of the met astab il ity are the inco rpo ration of C and N in inters titial l att ice 
s ites and the gene rat ion o f  supe rsatur ated sol id so lut ions. Th is generally occurs 
dur ing PV D rather t han C V D ,  wh ich is usu ally car ried out unde r cond itions 
c loser to the rmodyn am ic equ ilib rium. The incorpo rated interst itials tend to 
d isto rt the lattice and the subsequen t d if ficu lty in in it iating d islocation mot ion 
is re flec ted in inc reased h ardness. The ef fec t can be qu ite large. Hardnesses o f  
2 500 to 3 500 kg/mm 2 are gene rally found in re act ively spu tte red Hf N films 
comp ared to 1 600 in C V D -grown films. App arently the bomb ardmen t of the 
grow ing H fN  f ilm by the spu tter ing gas forces N in to te trahedr al in ters tit ial 
pos it ions. Th is c re ates a h igh comp ress ive st ress in the pl ane of the fil m and 
thus a h ighe r hardness. 

In gener al , metas table ph ases and s tructures c an be fro zen in up to tempe ra­
tu res of 0.3 TM ( TM is the mel ting po in t). As a consequence , metastable hard 
co at ing syste ms c an be used at tempe ratures up to 5 50- 800 °C (for  TM = 
2 500-3300 °C) (Ref. 10). 

12. 3.3.3. Impurities. S ince h ard PV D coat ings are gene ral ly grown in 
med ium vacuum o r  unde r e ven h ighe r p ressure amb ien ts , the inco rpor ation of 
nob le gases , C ,  N, and O f rom re sidual gases, and impur ities from ch ambe r 
h ardw are and w alls is no t uncommon. The depos it impur ities are located in 
both subst itut ion al, in terst itial as wel l as grain-bound ary s ites at total le vels up 
to a few atom ic pe rcen t. E ven at such low concen trations , the e ffec t on 
h arden ing can be pronounced. The mech an ism of h arden ing due to impur ities 
apparen tly in volves the elec trost at ic attachment of the l atter to charged d isloc a­
tions in ion ic mate rials and to dangl ing d is location bonds in co valen t com ­
pounds. Such in te ract ions l im it d isloc ation mob il ity by p inn ing ef fec ts. 

12.3.3.4. Film Texture. By tex ture we me an the p reponder ance of one (o r 
mo re )  crystallograph ic p lanes or ien ted p aral lel to the f ilm su rface compared 
w ith the case of r andomly or iented planes. In the latter, isotrop ic behavior may 
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be expected. Films grown by PVD and CVD techniques usually display a 
preferred orientation ,  however, with low index planes lying parallel to the 
substrate surface, creating a texture that is strongly dependent on virtually all 
deposition and process variables. Factors of as much as 2 in hardness have 
been observed in cubic coatings (e .g. , TiC, TiN, ZrC) as a function of the 
preferred orientation plane [e.g. ,  ( 1 1 1 ) ,  ( 100) and ( 1 1 0)] ; similar hardness 
anisotropy on basal (0001 )  and prismatic ( 1 1 00) planes of hexagonal materials 
(e.g., WC, SiC) has been reported. 

1 2.3.4. Fracture 

It is a fact of nature that materials that are extremely hard are simultaneously 
brittle and prone to fracture. The phenomenon of fracture is of cardinal 
concern in a great many materials engineering applications; once fracture of a 
component or structure occurs, other issues quickly assume secondary impor­
tance. Films and coatings are no exception. For example, with the exception of 
oxidation wear, all wear mechanisms are based on some sort of crack 
development that creates new surfaces, from which particles can be detached 
by fracture processes. In a similar vein, high-temperature fracture or spalling 
of coatings leaves the underlying substrate unprotected and at the mercy of 
harsh corrosive atmospheres. 

At the outset it is important to distinguish between brittle and ductile 
fracture. The latter occurs after the material has undergone some plastic 
deformation. Metals tend to undergo ductile fracture upon overloading. Brittle 
fracture , on the other hand, occurs rapidly, without warning and in such a way 
that the broken pieces can usually be neatly fitted together. Generally, brittle 
fracture occurs more readily in materials having small tensile strengths com­
pared with their compressive strengths. Thus, glasses, ceramic oxides, and 
covalent, as well as hard metal compounds, to a lesser extent, are particularly 
prone to brittle fracture. 

Two approaches to fracture of coatings will be presented next. The paramount 
assumption is that the materials involved possess an intrinsic collection of 
structural flaws distributed laterally as well as through the coating thickness. 
Voids, porosity, interconnected voids or porosity , voided or grooved grain 
boundaries, local regions of de-adhesion, etc. may be viewed, in a broader 
context, as flaws and even incipient cracks. Under either external or residual 
internal stressing, each flaw will locally concentrate stress and the surrounding 
material will tend to deform. If the stresses are sufficiently large , they can 
ultimately destroy the coating by crack propagation if tensile, and by wrinkling 
or buckling if compressive. 
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1 2.3.5. Statistical Strength of Brittle Materials 

A useful concept for interpreting the strength of brittle solids is that of the 
"weakest link." Under load the worst flaw is assumed to govern the strength 
and useful life of the object. Since the flaw size geometry and distribution 
varies from sample to sample, there will be a distribution in fracture strength. 
The Swedish engineer Weibull suggested a way of handling the statistics of 
strength. He defined the survival probability P( V0) as the fraction of identical 
samples each of volume V0 that survive loading to a tensile strength a, 

P( V0 ) = exp [ - ( a/uf(] , ( 1 2- 9) 

where af and m are constants. When a = 0, then P( V0) = 1 and all samples 
survive. At large stress levels all samples fail and P( V0) -+ 0. When a = af , 
then P( V0) = 1 /  e = 0. 37 and 37% of the samples survive. The constant m,  
known as the Weibull modulus, reflects how rapidly the strength falls as af is 
approached. The greater the m value, the greater is the probability that the 
material will fail at very nearly the same stress level. In a material like steel, 
m = 100 and the reader can show that a plot of P vs. a resembles a step 
function. Thus, for a <  af , P = l and for a >  af , P = 0. This expresses the 
fact that steel has a rather well-defined fracture stress, af. For brittle ceramics, 
however, m may be 5 - 1 0, and there is a much greater variability in strength, 
as evidenced by a statistically large spread in hardness values. These facts are 
displayed in Fig. 12-8 on the Weibull probability axes. If the sample volume 
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( V) is n times larger than V0 , i.e., V = n V0 , the probability of incorporating 
a fatal defect is enhanced leading to a smaller value of P. Under these 
circumstances, P( V)  = [ P( V0)] n and 

( 12- 10} 

Equation I 2- 10  is more strictly valid for bulk solids, but it has been applied to 
the study of macrocrack distributions in TiC coatings 2 - 1 0  µm thick (Ref. 1 5) .  
As expected, more cracks are observed in thicker deposits, a reason for 
restricting coating thickness in practice. To analyze such situations, we can 
substitute film thickness for volume in Eq. 1 2- 1 0. 

1 2.3.6. Griffith Crack Theory and Fracture Toughness 

We now tum to the issue of the stability of a single crack under load. Fracture 
mechanics provides a basis for addressing this situation. The Griffith theory 
considers a thin flat crack of length 2 / and depth d in a plate (coating) that is 
assumed to be elastically isotropic. Tensile stresses act to open the crack, as 
shown in Fig. l2- 9a. As the applied stress increases, more and more elastic 
strain energy E,, is released from the coating. At any stress level this energy 
has a magnitude of (1 /2)ae ( e is the strain) per unit volume and represents 

acri 2
,, 
I 
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Figure 1 2-9. (a) Flat ell iptical crack of length 2 / in a coating loaded uniaxially in 
tension. (b) Crack leading to fracture of coating. (c) Crack leading to delamination of 
coating. 
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the area under the elastic stress-strain curve. By Hooke's law, u = Es and 

E, = a 2 /2 £. ( 1 2- 1 1 )  
The elastic forces are resisted by interatomic bonds that must be broken for 
further crack extension . At any instant the total energy Er associated with 
these opposing tendencies is given by 

u 2 

Er = -
2£ 1rl2d + 4-yld. ( 1 2- 12) 

The elastic strain energy is assumed to be roughly concentrated in a disk of 
volume 1r 12d surrounding the crack. The second term represents the effective 
energy associated with broken bonds, where -y is the surface energy per unit 
area of crack. Rapid extension of the crack occurs when the rate of strain 
energy release exceeds the rate at which energy is absorbed by bonds at the 
crack tip . The instability occurs when dEr / di ::::: 0, and simple differentiation 
then yields a critical stress for crack propagation given by 

( 1 2 - 1 3) 
This important formula connects Design , Processing and Materials; oc 

can be thought of as a design stress, / as the flaw size in the coating, an 
unavoidable consequence of processing (deposition) and -yE as the intrinsic 
material property. It is common to refer to /4-iE as Kc , a material property 
known as the fracture toughness . Fast fracture will then occur when 

( 12- 14) 

As a simple appl ication of Eq. 12 - 14 ,  consider a coating of thickness d with 
a through crack to the substrate. Either fracture (Fig. l 2-9b) or delamination of 
the coating (Fig. l 2-9c) could occur under stress application . The condition for 
the former possibility is acd 1 12 > Kc(c)/ h ,  where Kc(c) is the fracture 
toughness of the coating. Similarly , coating delamination will occur when the 
stress normal to the surface reaches a value such that ocd' 12 > Kc(i)/ /; .  In 
this expression Kc< i) is equal to ,/4-y£, with -y interpreted as an interfacial 
debonding energy . 

In microhardness tests on brittle materials and coatings, cracks usually 
spread out from the indentation crater along low-index cleavage planes. 
Through measurement of the indentation crack dimensions and hardness, 
values of K cC c) and K c( i) have been estimated through complex , semiquanti­
tative relationships (Ref. 1 6) .  Kc has the peculiar units of psi-in 1 12 or MPa­
✓m , and values for several important coating materials and substrates are 
entered in Table 1 2- l .  Metals are typically more than an order of magnitude 
tougher than either ceramic oxides or covalent materials in resisting fracture. 
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As an example , le t u s  e stimate the cri tical stre ss requ ired to pr opaga te 
m icrode fect cra ck s  104 A in size wi thin an Al 2O 3 coa ting. For Al 2O 3 , 

K c( c) :::::: 3 . 5 M Pa - Jm and there fore b y  Eq . 1 2- 1 4, <Jc = 3.5 /  
J1r 104 x 10 - 10 = 1 .97 x 103 M Pa. This value is equivalen t to 200 kg/rnm2 

or 2 x 10 10 d yne s/cm 2 , w hich is an order of magn itude larger than expected 
in ternal stre sses .  There fore, it can be con cluded tha t flaw s of this size are 
subcr itical. The benev olen ce of na ture in generall y pr ov id ing for in terna l 
compre ssive (gr ow th) stre sse s  in br ittle coa tings should be app recia ted . How ­
ever, thr ough-thi ckne ss cra cks in thi cker coa tings are much m ore su scep tible to 
pr opaga tion leading to even tual coa ting fracture, par ticularly in the pre sen ce of 
ten sile stre sse s. The se are comm only genera ted in situa tion s where coa tings are 
stre tched dur ing con tact w ith other mater ial sur face s. We now tu m our 
a tten tion to su ch e ffects. 

1 2.4. TRIBOLOGY OF f ILMS AND COATINGS 

Tr ib ol ogy i s  the stud y of p hen omena a ssocia ted with in teracting sur face s in 
rela tive moti on. Ad he si on, hardne ss, friction, wear, er osi on, and lubr ica tion 
are among some of the scien tific and technol ogical con ce rns of this impor tan t 
subject. Fr om an engineer ing standp oin t  three separa te ca tegor ie s of be hav ior 
can be d istingui shed ba sed on the rela tive magn itude s of fri cti on and wear 
(Re f. 17) :  

1. Friction and wear are b oth low. This is the ca se in bea rings, gear s,  cam s, 
and slideways. 

2. Fr iction is high bu t wear is l ow. This comb ina tion of pr ope rtie s is de sired 
in dev ice s  tha t u se friction to tran smi t p ower, e .g., clu tche s, bel t dr ive s .  
tire s. 

3. Fr iction is l ow and wear of one con ta cting b od y  is high. This is the 
situa ti on tha t preva il s  during material rem ova l pr oce sse s  su ch a s  machin ing , 
cu tting, and gr ind ing. In the se opera tion s plastic de formation i s  inv olved , 
w herea s in the fir st tw o ca tegor ie s the con ta cting b od ie s  are generall y 
ela sti cally stre ssed . 

We n ow exp lore the con cep ts of friction and wea r in more de ta il. 

1 2.4.1 . Friction 

All engineer ing sur face s are r ough and chara cter ized by a den sity of proje c­
tion s  or a speri tie s  w ith some d istribu ti on of heights. Sur face s may be thought 
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Figure 1 2·1 0. Types of contact between rough surfaces (I and 3) through film layer 
(2). (Reprinted with permission from Elsevier Sequoia, S.A., from J. Halling, Thin 
Solid Films 108, 103, 1 983). (a) Film thickness is less than roughness. (b) Film 
thickness is of the same order as roughness. (c) Film thickness is much greater than 
roughness. 

of as prod uci ng co ntac t with e ach othe r at the summi ts of the aspe ri ties. The 
sum of these loc al co nt act are as represe nts the real are a  of co ntact ,  which m ay 
o nly be b ut a fr ac tio n of the app are nt geometric co ntac t are a. In the majo rity of 
co ntac ts s ur face fi lms are prese nt wi th p roperties di f fere nt from the underlyi ng 
bulk mate ri al .  Surface fi lms may be gases , fluids (e .g., oi l), or deposited so lid 
laye rs such as gr aphite, metals, o r  cer amic coati ngs. In Fig. 1 2 - 10 we conside r 
th ree cases o f  co nt act betwee n ro ugh surfaces with an i nter ve ni ng fi lm laye r 
(Ref. 17) .  In the fi rs t, the fi lm thick ness is less th an the ro ugh ness so th at some 
aspe ri ties pie rce the fi lm e nab li ng co ntact be twee n b ulk bodies (i.e., l /3 
co ntact). I n  Fig. 1 2 - l Ob the fi lm ( 2 )  is s ti ll th in b ut o f  the o rde r o f  ro ugh ness 
dime nsio ns. All co ntac ts are now be twee n the upper body and the film (i.e., 
I / 2  co ntact) .  In Fig. 1 2 - l Oc the film is thicker , and al l co ntacts are also of l / 2  
type. S urface ro ugh ness is no t expecte d to p lay a m arked ro le he re .  

If the sub sc rip ts a and b are assoc iated with I /3 and 1 / 2  co nt acts .  
respec ti ve ly , the n  s tandard notio ns of fric tio n yie ld 

( 1 2 - 1 5 )  
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In these definitions f is a nondimensional term representing the ratio of the 
interfacial shear stress T to the applied normal pressure P. The overall 
coefficient of friction f is given by the ratio of the total real shear-to-normal 
forces or 

where note is taken of the total real area A for each type 
Furthermore, if the respective forces borne by each contact are 
and Fb = Pb A b , then 

( ]F + I )  
f = lb F + I 

( 1 2- 1 6) 

of contact . 
Fa = Pa A a 

( 1 2- 1 7) 

where J = fa / fb and F = Fa / Fb . No assumption has been made as to the 
nature of the film and therefore Eq. 1 2- 17 is generally applicable to all types of 
contacts. For example, in the absence of a film, Fb = 0 and f = fa as in the 
simple theory of friction. In the limit of large F, the value of f also tends to 
fa . At the other extreme where Fa -+ 0, f -+ f b and frictional effects are 
governed by the film characteristics. 

The dependence of frictional effects on the film thickness is of considerable 
technological importance. Consider a soft solid film such as lead on steel. As 
the film thickness increases, f decreases from fa (steel-steel) to fb 

(lead-steel), reflecting the changing nature of contact. Beyond this thickness, r 
essentially stays the same but P, which is related to the effective film hardness 
changes. Thin lead films are harder than thicker ones because of the support 
provided by the steel. Therefore, P decreases as the film thickness increases, 
leading to an increase in f b or f. This causes a friction variation in film 
thickness that passes through a minimum. The same effect occurs with thin 
fluid films used to lubricate metal surfaces in contact. The well-known Stribeck 
curve then displays a minimum in the coefficient of friction as a function of 
thickness or equivalent quantity (viscosity • speed/pressure). As the film thick­
ness increases, boundary, quasi-hydrodynamic and hydrodynamic lubrication 
regimes are successively operative. 

An important set of applications involves the dry lubrication of moving parts 
where fluid lubrication is not possible, e.g . ,  at high and low temperatures or 
pressures. Thin, low-friction solid films composed of chalcogenides, oxides , 
fluorides, or carbon are used instead. In particular, MoS2 is a favored 
lubricant and has been deposited by reactively sputtering MoS2 targets in an 
H 2 S ambient. 
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Wear may be defined as the progressive removal of material from surfaces that 
are under load in relative motion. Several different mechanisms have been 
identified to characterize contact wear , and these are briefly described below 
(Ref. 18). 

12.4.2. 1. Adhesive Wear. Adhesive wear occurs when applied tangential 
forces cause fracture between surfaces bonded at asperities. One option is for 
the fracture path to follow the original microwelded interface. Other paths lie 
above or below the interface when the strength of the bonds between asperities 
exceeds the cohesive strength of the bodies in contact. The result is material 
transfer, usually from the softer to harder body. During subsequent surface 
motion cycles, these particles may eventually be removed by fatigue fracture. 
In more severe cases of adhesive wear, smearing, galling, and seizure of 
surfaces may occur. 

12.4.2.2. Abrasive Wear. Abrasive wear is a form of cutting wear where 
the material is removed by hard wear particles, by hard asperities , or by hard 
particles entering the interface from the environment. 

12.4.2.3. Fatigue Wear. Fatigue wear occurs in situations where there is 
repeated loading and unloading of surfaces in contact. Failure may initiate at 
both surface flaws or cracks or at subsurface inhomogeneities. Crack growth 
eventually results in detached wear particles . 

12.4.2.4. Fretting Wear. Fretting wear may be viewed as a type of fatigue 
wear that occurs under conditions of oscillatory movement of small amplitude 
(in the range of l - 2 00  µm), but relatively high frequency. Many sequential 
damage processes occur during fretting, including breakup of protective films, 
adhesion and transfer of material, oxidation of metal wear particles, and 
nucleation of surface cracks. 

12.4.2.5. Delamination Wear. Delarnination wear takes the form of regu­
lar detachments of thin platelike particles from wearing surfaces due to the 
influence of high tangential (friction) forces in the surface contact zone. During 
cyclic loading the cracks that develop propagate parallel to the surface at a 
depth governed by the material properties and coefficient of friction. 
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12.4.2.6. Oxidation Wear. O xidat ion w ear aris es from the co nt inuous ru b­
bing and remo val of sur face fi lms p rodu ced by react io n w ith the environm ent. 
Wear damage is m odest in th is case because oxide r egrows soo n after it is lost. 
However, at h igh t em per atures wher e  chem ical r eact ions are accelerated 
o xidat io n w ear is aggr avated. 

Qu ant ifying the var ious w ear mechanisms is a challenge th at co nt inu es to 
engage the efforts of wor kers in the fi eld. How ever, express io ns for adhes ive 
wear have been develop ed based o n  the probabilit y  that a ju nct io n betw een the 
two sl idi ng su rfaces p ro du ces a w ear p art icle. A commo nly emplo yed ph e­
nomeno logical formul a is 

V = K wFI/H, ( 1 2- 1 8 ) 

where V is the vol um e o f  m at erial remo ved, F is the no rm al force, I is the 
length of t ravel , H is the indent at io n  hardness of the so fter body , and K w is a 
dimens io nless w ear coef ficient. A s im ilar formul a holds for w ear of films 
at tached to su bst rat es. The valu e of Kw dep ends o n  a number of facto rs. Most 
impo rtant is the natur e of the m at er ials in cont act , but the extent and typ e  of 
lu bricat io n, sur face temp er atu re, and nature  of the chem ical enviro nm ent also 
play a s ignificant rol e. In o rder of increas ing wear are the m at er ial p airs :  
no nm etal -m et al, no nm etal - no nm et al , diss im il ar met als , and sim il ar metals. 

1 2 .4.3. Tool Wear 

In the impo rtant app licat ion of hard co at ings for tools , wear u nder cut ting 
co ndit io ns app ears to be gover ned by two p rocesses : abr as ive w ear and 
chem ical dissolut io n .  The l atter p ro cess is impo rtant at tool temp eratu res abo ve 
1000 °C, wh ich ar e typ ical for the h igh-sp eed m ach ining of st eel with coat ed 
W C  tools. D issolut io n of the co at ing atoms in the hot ch ips so ftens the cut ting 
edge and leads to tool degradat io n. Fo r the case of abras ive wear, a simple 
sem iqu ant it at ive mo del to p redict the r el at ive p erform ance of tool co at ings in 
m ach ining metals has been proposed and is wo rth p resent ing here. The results 
should be app licable to m ach ining at low sp eeds o r  at low t emp eratu res. The 
bas ic assumpt ion is that th ree-bo dy abrasion describes abras ive wear. In this 
model the abrasi ve p arti cl es are free to ro ll betw een two so li d  bodi es trans lat­
ing relative to each other. O ne can im agine th at abras ive inclus io ns at the 
(two -body) ch ip -tool interface appro xim at e  th is co ndit io n. 

In th ree-body abras ion Rabinow icz (Ref. 19) has fou nd that the w ear 
behavio r  can be div ided into th ree regio ns. Thes e  dep end o n  the ratio of the 
hardness of the abras ive inclus io ns (e.g., o xides, compou nds , p recip it at es , 
hard phases, et c.) in the wo rkp iece to th at of the su rface being abr aded (i.e., 
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the tool coating). Defining the former by Ha and the latter by H1 , the wear 
volume ( V1) removed from the tool is essentially expressed in each hardness 
regime by 

V =  
K wFI HI --- · - < 0.8 , I 3H1 

' Ha 

K Fl 
( 

H 
)

- 2 5 

V, = 5.;H, H: 

( )
- 6 K wFI H1 

V -
. 

' - 2.4 3 H, H(J ' 

1 .2 5  > 

HI > 
Ho 

( 1 2. 1 9a) 

H, 
> 0.8 ,  ( l 2. 1 9b) 

Ho 

1 .2 5 . ( l 2 .  1 9c) 

When the coating is soft relative to the workpiece inclusions, then Eqs. 1 2- 1 8 
and 1 2- l 9a are basically the same and tool wear is rapid. With harder, more 
wear-resistant coatings, V, decreases dramatically as an inverse power of 
H, / H0 • 

As an example, let us try to predict the relative abrasive wear suffered by 
TiN and high-speed (HSS) tools when machining steel containing hard abrasive 
particles of Fe 3C. Under cutting conditions it is assumed that the tool-work 
interface reaches 200 °C. To apply Eqs. 1 2- 1 9, we need hot hardness values, 
which can be calculated from Eq. I 2-4 and the data in Table 1 2- 1. The 
estimated hardnesses are 

TiN = 1 31 0  kg/mm2 

HSS = 9 00  kg/mm2 

Fe3C = 8 6 5  kg/mm 2 

For TiN , H TiN /H Fe3c = 1 .5 1  (region c) . while for HSS, H Hss / H Fc iC = 1 .04 
(region b). Therefore, substitution in Eq. 1 2- 1 9 yields 

( ) - 2 5 VHSS 2.4 3 J 310 ] .04 • 
-- = -- -- 6 = 7.2 
V TiN 5. 3 9 00  ( I . 5 I )  -

Therefore , TiN-coated tools are predicted to outlast HSS tools by a factor of 
over 7 in this case. 

There have been numerous comparisons between the performance of coated 
vs . uncoated tools . In one study (Ref. 20) the ratio of the number of acceptable 
holes drilled by TiN-coated twist drills vs. uncoated HSS drills, prior to 
regrinding, was determined. The ratios ranged from 3 when drilling plain 
carbon steel to over 5 for both spring steel and gray cast iron. Reactive ion 
plating was used to deposit the TiN coatings in order to minimize drill 
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Figure 1 2-1 1 .  Flank wear of uncoated and coated carbide lathe tools as a function of 
time in machining cast iron. (Courtesy of A. Gates, Multi-Arc Scientific Coatings . )  

distortion . The results of similar benefits derived from single-layer TiC 
coatings relative to uncoated tools are shown in Fig. 1 2- 1 1 .  Comparisons are 
made for lathe tools turning cast iron. Significantly, bilayer TiC-TiN and 
trilayer TiC-Al 2O3 -TiN coatings are considerably longer-l ived for some of 
the reasons noted earlier. Enhanced thermal shock and mechanical impact 
resistance enable these coated tools to maintain high cutting edge strength and 
more effectively cope with tool face, edge, and flank wear. 

1 2 .4.4. Erosion (Ref. 21 )  

Erosion is a type of abrasive wear in which material is lost from a surface that 
is in relative motion with a fluid (gas or liquid) containing solid particles. 
Unlike three-body wear, which was just considered, erosion is a two-body 
wear phenomenon. It occurs in earth-moving and agricultural equipment as 
well as in machinery handling slurries. We will, however, only briefly consider 
erosion and erosion-resistant coatings as they relate to gas-turbine engines 
(Ref. 22) . Ingestion of particulate matter in the front end of the engine results 
in erosion problems downstream. Large particles at the front end typically 
impinge normally and wear down the leading edge of the airfoil. Further 
downstream in the compressor, the particles tend to be smaller and are 
centrifuged toward the rotor periphery . The lower impingement angle affects 
the midchord and even trailing edge of the airfoil. Factors such as particle 



1 2.4 Trlbology of FIims and Coatings 

1 0  
UJ 9 

8 a: 
z 7 

6 
5 LU w 4 > 3 
2 
1 

0 

/ DUCTILE MATERIALS 
JI.' ( IN - 718, Ti - 6 - 4 ) 

BRITTLE MATERI 
( CARBIDES, BOA 

30° so0 

IMPACT ANGLE 

577 

go• 

Figure 1 2-1 2. Erosion behavior of ductile and brittle materials. (From Ref. 22). 
velocity , size, shape, hardness, and concentration all directly affect the magni­tude of erosion . However, it is the angle of impingement of the erodent that appears to have the greatest influence on erosion. Ductile materials exhibit maximum erosion at impingement angles of 1 5 ° to 30 ° and erode less at higher angles. Apparently, low-angle impingement results in a tensile component that stretches the material to fracture, whereas compression and hardening of the surface by peening are the result of normal impact . Conversely , brittle materials exhibit a continuously increasing erosion rate with impingement angle and erode the maximum rate at 90° . These opposing trends are illus­trated in Fig . 12- 12 .  Coatings have been used to counter erosion problems, but the selection of materials that can provide protection over the entire angular range has proven elusive. For example, compressor blade materials such as Ti-6V-4Al or Inconel 7 1 8  are ductile and can withstand high-angle impingement . On the other hand, carbide or boride coatings, which may be perhaps, 10 times more resistant to erosion at low angles, provide little or no protection at high angles. Composite coatings have been proposed as a solution. 

1 2.4.5. Bal l-Bearing Coatings 

One of the most critical applications of hard coatings has been in ball bearings. Used in virtually all precision rotating machinery , the four basic-bearing components are the inner race, the outer race , the balls, and the cage as shown in Fig. 12- 1 3a. The surface quality of the metallic components in rolling and sliding contact is of great importance . In particular, the roughness of the 



578 Metallurgical and Protective Coatings 

a. 
INNER RACE 

�OUTER RACE 

BALL BALL CAGE 

b. 

Figure 1 2-1 3. (a) Ba11-bearing components: inner race or ring; outer race or ring; 
ball ; cage or ball retainer. (b) Schematic representation of unlubricated steel ball-to-steel 
race contact. (c) Schematic representation of lubricated ball-to-race contact. (d) 
Schematic representation of unlubricated TiC coated ball-to-race contact. (Reprinted 
with permission from Elsevier Sequoia, S .A . .  H. J .  Boving and H. E. Hintermann, 
Thin Solid Films 153, 253, 1987). 

raceways and balls strongly influences the effective life of the bearing. When 
the roughness is very low, then the oil film carries the load as desired , and 
minimal metal-to-metal contact occurs. However, when the roughness is high, 
the surface asperities occasionally impinge to cause local contact and micro­
welding. This is shown in Figs. 12-13b and c, representations of the steel 
ball-steel race contact in the absence and presence of oil-grease lubrication. 
Even though the microwelds rupture almost instantaneously, the bearing 
interface roughens. The more rapid deterioration of the bearing when no 
lubricant is present is evident. Many more microwelds form, and their fracture 
releases hard abrasive metal particles. Such a situation arises in bearing 
applications where no lubricant is permitted because of  environmental restric­
tions. For such demands, bearings coated with several microns of hard 
compounds such as TiC and TiN exhibit dramatically improved behavior as 
illustrated in Figure 1 2- 13 d. In this case a TiC-coated ball contacts an uncoated 
race. Longer bearing life, accompanied by lower noise and vibration, occurs 



1 2.4 Trlbology of FIims and Coatings 579 

because of several beneficial effects . When the steel impinges on TiC almost 
no microwelding or adhesion occurs between these dissimilar materials. Upon 
contact , the harder TiC tends to flatten the raceway asperities by plastic 
deformation. This process, accompanied by a smaller temperature increase 
than during microweld fracture, leads to lower wear and slower lubricant 
degradation. 

There are several issues related to bearing coatings that deserve further 
comment. First is the question of what to coat-the races , the balls, or both. 
The 1 000 °C CVD TiC coating process represents a severe thermal treatment 
for high-precision bearing components. Furthermore, final hardening and 
quenching treatments are required. The geometric and size distortions accom­
panying these thermal cycles are decided disadvantages, especially for large 
bearing rings and raceways. Tribology considerations require that only one 
partner of the contact couple be coated . The logical alternative to coated races 
is to use coated balls ,  an increasingly accepted option. Second, there is the 
challenge to high-temperature CVD by low-temperature PVD processes. Even 
so, CVD has significant advantages. Since the coating treatment lasts for 
several hours, a significant amount of diffusion between the substrate and 
coating occurs. This results in bener adhesion, progressively graded mechani­
cal properties across the interface and improved fatigue resistance. Finally , the 
as-deposited TiC coating surface is too rough for use in bearings; however, 
with high-precision lapping and polishing the coated balls become extremely 
smooth with a surface roughness considerably lower than attainable with 
uncoated steel . 

The benefits of coated bearings in specific unusual applications have been 
noted in the literature (Ref. 24) . One example involves the orbiting European 
Meteosat telescope . The positioning mechanism of this telescope contains ball 
bearings with TiC-coated races and steel balls operating under a vacuum of 
7 x 1 0- 9 torr at temperatures between - 80 to 1 20 °C .  The bearings have 
functioned perfectly for several years . In other coated-bearing applications 
involving nuclear reactors and navigation gyroscope motors , performance at 
elevated temperatures (i .e . , 300 °C) and high rotational speeds (i .e . , 24 ,000 
rpm) were respectively evaluated . In both cases TiC-coated bearings consider­
ably outperformed uncoated bearings . 

From these and other testimonials on bearing behavior, it is clear that the 5 
millenia evolution of ways to support and move loads from sliding to rolling 
friction, from single contact wheels to multiple contact rollers has entered a 
modem phase of coating utilization . One might say that it is a whole new 
" ball" game. 
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1 2.5. DIFFUSIONAL, PROTECTIVE, AND THERMAL COATINGS 

1 2.5.1 . Diffusion Coatings 

Diffusion coatings are not coatings in the sense normally meant in this chapter. 
They are produced by a type of CVD reaction in which the element of interest 
(e.g., C, N, B, Si, Al, or Cr) is deposited on and diffused into a metal 
substrate (usually steel) ,  in which it is soluble. The corresponding carburizing, 
nitriding, boronizing, siliciding, aluminizing, and chromizing processes yield 
surfaces that are considerably harder or more resistant to environmental attack 
than the base metal. Doping of semiconductors in which infinitesimal levels of 
solute are involved should be distinguished from diffusional coating processes. 
Through diffusion, the surface layers are frequently enriched beyond the 
matrix solubility limit, and when this happens, compounds (e.g., Fe3C, Fe4 N, 
Fe2 B) or intermediate phases (e.g., iron and nickel aluminides) precipitate, 
usually in a finely dispersed form. Sometimes, however, a continuous subsur­
face compound layer forms. Since these compounds and phases are frequently 
harder than the matrix, they strengthen the surface to a depth determined by 
the diffusional penetration. The lack of a readily identifiable planar interface 
between different materials means that there is no need to be concerned about 
adhesion in such diffused layers. 

Carburization of steel is easily the most well-known and widely used 
diffusional surface treatment. Carbon-rich gases such as methane are made to 
flow over low-to-medium carbon steels (0.1 to 0.4 wt % C) maintained at 
temperatures of - 900 °C. Pyrolysis at the metal surface releases elemental 
carbon that diffuses into austenite or -y-Fe, a high-temperature , face-centered 
cubic phase of Fe capable of dissolving about 1.25 wt% C at 920 °C. After 
sufficient carbon enrichment, -y-Fe can be subsequently transformed to the 
hard tetragonal martensite phase simply by rapidly quenching the hot steel to 
ambient temperature. A hard , wear-resistant case or layer of martensite 
containing roughly I wt % C then surrounds the softer mild steel core. Many 
automotive parts, machine components and tools such as gears, shafts, and 
chisels are carburized. The hard-wearing surface is backed by the softer, but 
tougher matrix that is required to absorb impact loading. 

In order to design practical diffusional coating treatments, we must have 
phase compositions and solubilities , available from phase diagrams , together 
with diffusivity data. For example, the subsurface carbon concentration C(x ,  t)  
during carburization of mild steel of composition C0 is  given by 

X 
C( x , t ) - C0 = ( Cs - C0 )erfc � ,  

2 v Dt 
( 1 2-20) 
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where Cs , the surface carbon concentration, depends on the solubility of 
carbon in the steel at the particular temperature. Other tenns in Eq. 1 2-20 have 
been previously defined (cf. p. 3 5 ) ;  the value for the diffusivity of C in Fe is 
given by D = 0.02 exp[ - (20. 1 kcal/mole)/ R T] cm2 /sec. For typical tem­
peratures ( - 920 °C) and times ( - I h) case depths of the order of 1000 µm 
are produced. Even harder steel surfaces on steel can be produced by nitriding. 
Ammonia pyrolysis at 5 25 °C provides the N, which then penetrates the steel 
with a diffusivity given by D = 0.003 exp[ - ( 18.2 kcal/mole)/ RT] cm2 /sec. 
After two days case layers possessing a hardness of Hv 900- 1200 extending 
about 300 µm deep can be expected. Conventional nitriding should be com­
pared with ion-implantation methods for introducing nitrogen into steels. This 
technology , discussed in Chapter I 3 ,  only modifies layers several thousand 
angstroms deep. 

As a final, but nevertheless important, example of a diffusion-coating 
process we consider aluminizing. Coatings based on Al have been used for 
several decades to enhance the environmental resistance of materials to high­
temperature oxidation, hot corrosion, particle erosion, and wear. Aluminized 
components find use in diverse applications-nuclear reactors, aircraft, and 
chemical processing and coal gasification equipment. 

Metals subjected to aluminizing treatments include Ni-base as well as 
Fe-base superalloys, heat-resistant alloys, and a variety of stainless steels. In 
common these alloys all contain substantial amounts of Ni , which is required 
for reaction with Al. Parts to be coated are packed in a retort containing Al 
salts, activators, and gases capable of reacting and transporting the Al to the 
surface being treated, in a CVD-like process. Upon solid-state diffusion, the 
intermetallic compound NiAI forms on the surface. This layer is hard and lacks 
ductility, but exhibits low wear and friction as well as impressive high-temper­
ature corrosion resistance to both sulfur-containing gases and liquid sodium. 
Beyond the outer NiAI layer is a region containing a fine dispersion of Ni3 AI 
precipitates that serve to strengthen and toughen the matrix. Typically both 
regions combined do not extend deeper than - 100 µm from the surface. 

1 2.5.2. Oxidation and Oxide Films 

The universal response of metal surfaces exposed to oxygen-bearing atmo­
spheres is to oxidize. The oxidation product may be a thin adherent film that 
protects the underlying metal from further attack, or a thicker porous layer that 
may flake off and offer no protection. In this section, discussion is limited to 
oxidation via high-temperature exposure; aqueous corrosion oxidation phenom­
ena are already the subject of a broad and accessible literature . From the 
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Figure 1 2-1 4. Mechanisms of oxidation: (a) oxide growth al oxide- ambient inter­
face. (b) oxide growth at oxide-metal interface. 

standpoint of thermodynamics all of the structural metals exhibit a tendency to 
oxidize. As noted in Chapter I ,  the driving force for oxidation of a given metal 
depends on the free-energy change for oxide formation. What thickness of 
oxide will form and at what rate are questions dependent on complex kinetics 
and microstructural considerations, and not on thermodynamics. As shown in 
Fig. 1 2- 1 4 ,  two simultaneous processes occur during oxidation. At the 
metal -oxide interface neutral metal atoms lose electrons and become ions that 
migrate through the oxide to the oxide-ambient interface. The released elec­
trons also travel through the oxide and serve to reduce oxygen molecules to 
oxygen ions at the surface. If metal cations migrate more rapidly than oxygen 
anions (e.g. , Fe, Cu, Cr, Co) , oxide grows at the oxide-ambient interface. On 
the other hand, oxide forms at the metal-oxide interface when metal ions 
diffuse more slowly than oxygen ions (e.g., Ti, Zr, Si). An important 
implication is that highly insulating oxides, such as Al 203 , Si02 , do not grow 
readily because electron mobility, so central to the process, is low. This is 
what limits their growth and results in ultrathin protective native oxide films. 

The model of growth kinetics developed for oxidation of Si, and Eq. 8-3 4 in 
particular , is applicable to other systems. Both parabolic oxide growth under 
diffusion-controlled conditions, as well as linear oxide growth when interfacial 
reactions limit oxidation, are frequently observed. However, not all oxidation 
processes fit the aforementioned categories, and other growth rate laws have 
been experimentally observed in various temperature and oxygen pressure 
regimes (Ref. 25). Specific formulas for the oxide thickness d0 , with constants 
C 1 , C2 , .. . , C7 , include 

Cubic rate law 

(e.g., Ti- 400 °C) . { 1 2-2 1 ) 
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Logarithmic 

(e . g . ,  Mg- 1 00 °C) . 

Inverse Logarithmic 

(e .g . ,  Al- 1 00 °c) . 
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( 12-22) 

( 12-23) 

In fact, careful plotting of data reveals that many metals and alloys appar­
ently exhibit a number of different rates, depending on temperature . Most 
metals gain weight during oxidation, but, interestingly , metals like Mo and W 
lose weight during oxidation. The reason is that the oxide films that form 
(MoO 3 and WO3) are volatile and evaporate as soon as they form. 

The physical integrity of the oxide coating is the key issue that determines its 
ability to protect the underlying metal . If the oxide that forms is dense and 
thin, then it can generally be tolerated. If it is porous and continues to grow 
and spall off, the exposed underlying metal will undergo further deterioration. 
Whether the oxide formed is dense or porous can frequently be related to the 
ratio of oxide volume produced to the metal consumed. The quotient, known as 
the Pilling-Bedworth ratio, is given by 

Volume of oxide 
Volume of metal 

( 12-24) 

where M and p are the molecular weight and density , respectively, of the 
metal (m) and oxide (o), and x is the number of metal atoms per molecule of 
oxide M�.O. If  the ratio is less than unity , then compatability with the metal 
will create residual tensile stresses in the oxide. This will generally split it, 
much like dried wood, and make it porous ,  affording little protection to the 
underlying metal. If  the ratio is close to or greater than unity, there is a good 
chance the oxide will not be porous;  it may even be protective. On the other 
hand, if the ratio is much larger than unity , the oxide will acquire a residual 
compressive stress . Wrinkling and buckling of the oxide may cause pieces of it 
to spall off. For example, in the case of Al2O3 the Pilling-Bedworth ratio is 
calculated to be 1 . 36, whereas for MgO the ratio is 0.82 .  The lack of a 
protective oxide in the case of Mg has limited its use in structural applications. 

What we have said of oxidation applies as well to the sulfidation of metals in 
SO2 or H 2S ambients. Metal sulfides are particularly deleterious because of 
their low melting temperatures. Liquid sulfide films tend to wet grain bound­
aries and penetrate deeply , causing extension of intergranular cracks. Whether 
the elevated temperature atmosphere is oxidizing or sulfidizing, structural 
metals must be generally shielded by protective or thermal coatings. 
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1 2.5.3. Thermal Coatings (Refs. 26, 27) 

Ever-increasing demands for improved fuel efficiency in both civilian and 
mil itary jet aircraft has continually raised operating temperatures of turbine 
engine components. Among those requiring protection are turbine blades, 
stators, and gas seals. The metals employed for these critical applications are 
Co-, Ni-, and Fe-base superalloys, which possess excellent bulk strength and 
ductility properties at elevated temperatures. A widely used cost-effective way 
to achieve yet higher temperature resistance to degradation in the hot gas 
environment is to employ an additional thermal barrier coating (TBC) system. 
This consists of a metallic bond coat and a top layer composed primarily of 
Zr02 . The bond coating, as the name implies, is the glue layer between the 
base metal and the outer protective oxide. Its function is not unlike that of a 
bond or primer coating used to prepare surfaces for painting. Typical bond 
coatings consist of MCrAlY or MCrAIYb, where M = Ni , Co, Fe. Original 
bond coating compositions such as Ni-26Cr-6AI-0. J5Y (in wt%) have been 
continually modified in an effort to squeeze more performance from them. The 
role of Y or other rare earth substitutes is critical . These elements apparently 
protect the bond coat from oxidation and shift the site of failure from the base 
metal and coat interface to within the outer thermal barrier oxide. Just why is 
not known with certainty ; it appears that these reactive metals easily diffuse 
along the boundaries of the plasma-sprayed particles of the bond coating, 
oxidize there, and limit further oxygen penetration. 

The use of Zr02 is based on a desirable combination of properties: melting 
point = 2 7 10 °C, thermal conductivity = 1.7 W /m-K, and thermal expansion 
coefficient = 9 x 1 o- 6 K - 1 (Ref. 28). However, the crystal structure under­
goes transformation-from monoclinic to tetragonal to cubic-as the tempera­
ture increases, and vice versa, as the temperature decreases. A rapid, diffu­
sionless martensitic transformation of the structure occurs in the temperature 
range of 950- 14 00 ° C accompanied by a volume contraction of 3- 12  % . The 
thermal stresses so generated lead to fatigue cracking, which signifies that 
Zr02 alone is unsuitable as a TBC. The ZrO2 over!ayers are generally 
stabilized with 2- 15 wt% CaO, MgO, and Y2O3 . Through alloying with these 
oxides, a partially stable cubic structure is maintained from 25 °C to 2 000 °C. 
Actually the tetragonal and monoclinic phases coexist together with the cubic 
phase, whose stabilization depends on the amount of added oxide. Cubic phase 
stabilization results in stress-induced transformation toughening, which can be 
understood as follows. If a crack front meets a tetragonal particle, the latter 
will transform to the monoclinic phase a process that results in a volume 
increase. The resultant compressive stresses blunt the advance of cracks, 
toughening the matrix. 
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Both bond and thermal barrier coatings are usually deposited by means of 
plasma spraying. This process is carried out in air and utilizes a plasma torch , 
commonly fashioned in the form of a handheld gun. An arc emanates from the 
gun electrodes and is directed toward the workpiece. Powders of the coating 
material are introduced into the plasma by carrier gases that drive them into the 
arc flame. There they melt and are propelled to the workpiece surface where 
they splat and help to build up the coating thickness . Typical bond and thermal 
barrier coating thicknesses are 200 and 400 µm, respectively. Exposures to 
temperatures of 1 1 00 to 1200 •c, to thermal cycling, and to stresses are 
common in the use of TBC systems . 

Or--E-X-ER_C_I_SE-S--1i] 

1 .  a. If the potential energy of interaction between neighboring atoms in 
hard compounds is 

V( r)  = -A f r "' + Bjr n 

(see problem 1 -5) ,  show that the modulus of elasticity is given by 

E = m ( n - m) A / a;;' + 3 

( a0 is the equilibrium lattice spacing) . 
b. Show that E is proportional to the binding energy density or 

E = - mn V( r = a0) / al .  

c .  How well does this correlation fit the data of Fig. 1 2-7? 

2. Why are epitaxial hard coatings of TiC or TiN not practical or of 
particular interest? 

3. A hardness indenter makes indentations in the shape of a tetrahedron 
whose base is an equilateral triangle that lies in the film plane. 

a. If the side of this triangle has length /1 , what is the depth of 
penetration of the indenter? 

b. What is the hardness value in terms of applied load and /1 ? 

4. Compare the relative abrasive wear of TiC-coated tools vs. HSS tools 
when machining steel containing Fe3C particles. Assume the same wear 
model and machining characteristics as in the il lustrative problem on 
p. 575 . 

5. Molten steel at 1 500 °C can be poured into a quartz crucible resting on a 
block of ice without cracking it. Why? Calculate the stress generated . 
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6. A coat ing has sm all cr acks of s ize / t hat grow by frett ing fat igue. Assume 
t he cr ack exte ns ion r ate is give n  by 

di 
- = A .6 K "' 

dN 
w it h  A K = -1-:;J Li u ,  

where Li a  the r ange of cy clic stress , N is t he nu mber of stres s cycles, 
and A and m are const ants. By inte gr at ing t his equat ion, der ive an 
express ion for t he number of cycles requ ired t o  exte nd a cr ack fr om I; 
t o  If. 

7. Sp ecul ate on some of t he impl icat ions of t he We ibu ll d istr ibut ion for hard 
coat ing m ater ials if 

a. t he volume can be repl aced by the coat ing t hick ness. 
b. t he te ns ile s tre ngt h  is pr op ort ional t o  coating hard ness (this is tr ue for 

s ome met als ). 
c. t he We ibull m odulus is JO. 

8. Ox id at ion r ates are obser ved t o  vary as 
d( d0 ) A 

a . -- = 
dt d0 

d( d0 ) 
b.  � = B ex p - Cd0 

d( d0 ) E 
c. -- = Dexp -

Dt d0 

A .  B, C, D, E are cons tants. Der ive expl icit equ at ions for the ox ide 
t hickness ( d0) vs. t ime ( I) for e ach case. 

9. Contr ast the mater ials and p rocesses used t o  coat s intered tu ngste n 
carb ide lat he t ool inserts and high-speed steel e nd -m ill cutters. 

1 0. By accide nt a ve ry thin discontinuous r at her than continuous film of TiC 
w as dep osited on t he steel r aces of b all be ar ings. H ow d o  you expect this 
t o  affect be ar ing l ife ? 

1 1 .  The Tayl or formul a VtF = c, w idely used in m achining, rel ates t he 
l ifet ime ( 11) of a cutt ing t ool t o  t he cutt ing vel ocity ( V). Const ants n and 
c depe nd on t he nature of t he t ool ,  w ork, and cutt ing cond it ions. A 
T iN--coated cut ting t ool failed in 40 m in w he n  t urning a IO-cm -d iameter 
s teel shaft at 300 rpm. At 2 50 rpm the tool failed after 2 h. What w il l  the 
t ool l ife be at 400 rp m? 
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1 2. Assume that K w for adhesive wear is 1 0- 10 for 5 21 00  steel balls on 
5 2 1 00  steel races and an order of magnitude lower for TiC-coated 
bearings. 

a. Approximately how many revolutions are required to generate a wear 
volume of 1 0- 5 cm3 in an all-steel, 2-cm-diameter bearing if H = 9 00  
kg/mm2 and F = 2 00  kg? 

b. At 1000 rpm how long will it take to produce this amount of wear in 
the coated bearing? 

1 3. A problem arising during the CVD deposition of TiC on cemented 
carbides is the loss of C from the substrate due to reaction with TiCl4 . 
This leads to a brittle decarburized layer (the 'T/ phase) between substrate 
and coating. Assuming that interstitial diffusion of C in W is responsible 
for the effect, sketch the expected C profile in the substrate after a 2-h 
exposure to 1 000 •c, where the diffusivity is 1 0- 9 cm2 /sec. 

1 4. The surface of a HSS drill is exposed to a flux of depositing Ti atoms and 
a N2 plasma during reactive ion plating at 4 50 •c. It is assumed that an 
effective surface concentration of 50 at % N is maintained that can diffuse 
into the substrate. Under typical deposition conditions roughly estimate 
the ratio of layer thicknesses of TiN to Fe4 N formed as a function of 
time. 
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