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A B e |  K A c r  

This paper is generally concerned with presenting a broad overview of  the 
capabilities, limitations, and potential uses of  the vacuum ultramicrobalanc¢ for 
surface studies. Determination of  micromass changes of  samples in vacuum and 
controlled ~ e o u s  environments at various temperatures is one of  the powerful 
methods for studying surfaces. The traditional application of  the vacuum micro- 
balance and accompanying theoretical foundation for obtaining surface areas, 
activation energies of  adsorption and desorption, the heat o f  adsorption and the 
initial stamps of  oxidation are reviewed. As with most  physical measurements, the 
simultaneous me-~urement of  mass change and other pa.-~meters ~mreatly i n ~  
the ability to understand physical and chemical processes. Examples of  the combined 
measurement of  residual gases, infrared spectroscopy, and electrical properties as 
well as the mass change are presented. Recent pro maess in developing an automated 
ultramicrobal~nce for operation in a UHV system combined with R G A  and AES is 
discussed. Information about  specific ~ s o l i d  systems is presented to illustrate the 

utility of  the microbalance. _ 

I.NrI-RODUCTION - 

The solid, liquid and £,-a~ phases, non-infinite because of  reality, form boundaries 
that are-fundamentally different. Interface boundaries or  surface phases can exist 
between the sofid-solid, solid-liquid, solid-gas, liquid-liquid and liquid-gas phases. 
Since the widest application of  the vacuum microbalanc¢ has been to study the 
solid-gas and solid-sofid interface 1, this review will be confined to these-subjects. 
Measurements o f  the surface area, kinetics o f  adsorption, absorption, and desorPtion, 
equilibrium, adsorption, thermal desorption, sputtering yields ,-and-mass changes 
during catalytic reactions are of  interest for obtaining an understanding o f  the gas-  
solid interface. The study of  the rate o f  oxidation and reduction can assist in under-  
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s t and ing  t r anspor t  p h e n o m e n a  to and  f rom the  sol id-sol id  interface.  A n  under -  
s t and ing  o f  mechan i sms  a n d / o r  processes related to  catalysis, cor ros ion ,  adhes ion ,  
surface diffusion,  s inter ing and  degrada t ion  react ions  is enhanced  by  mic rograv imet r i c  
studies,  especially when  c o m b i n e d  with o the r  measu remen t s  m a d e  in si tu o r  in paral lel  
studies.  

A realistic view o f  the  boundary at the  so l id-gas  (vacuum)  interface o r  a so l i d -  
solid interface is no t  the ideal ; :omically flat infinite plane.  O n  an  a t o m i c  scale, the  
so l id -gas  b o u n d a r y  includes crystal  faces o f  different or ienta t ion ,  hav ing  imperfec-  
t ions  such as impuri t ies ,  a hole,  an a t o m  on  the  surface,  an  edge,  a crevice, a s tep,  
a c o m e r  o r  dislocat ions.  The  compos i t ion ,  extent  a n d  or ien ta t ion  a t  the  in terface 
m a y  be de te rmined  by the  p re t r ea tmen t  o f  the  solid,  e.D, outgass ing,  chemical  
reduct ion ,  ion  b o m b a r d m e n t ,  annea l ing  o r  thin  f i lm-deposi t ion-parameters .  Thus ,  the  
exper imenta l  effort  for  s tudy ing  the  mani fo ld  and  fascinat ing surface p h e n o m e n a  
requires  u t m o s t  care.  

F o r  years, surface scientists have sough t  answers  to  the  ques t ions :  W h a t  is the  
surface area  o f  a mater ia l?  H o w  deep  is the  surface phase7  W h a t  is the  e lementa l  
c o m p o s i t i o n  o f  the  surface? W h a t  is the  na tu re  o f  the  ~oa~surface in teract ion,  e.g., 
h o w  m u c h  oa~ adsorbs  a n d  h o w  fast, and  h o w  does  the  in teract ion d e p e n d  o n  the  
surface compos i t i on  a n d  s t ruc ture7  W h a t  is the  d is t r ibut ion  o f  adso rp t ion  sites'?_ 

Unt i l  recently-',  the  e lemental  compos i t i on  o f  surfaces cou ld  n o t  be measu red  
directly. Now,  surface probes  such as ISS 3, S I M S  ~, XPS (or  ESCA)  s, and  AES  6 
are  used rout inely  for  this purpose ,  bu t  n o n e  have  been c o m b i n e d  wi th  a micrt>- 
ba lance  except  for  one  a p p a r a t u s  unde r  cons t ruc t ion  7. These  m o d e m  surface probes  
d o  n o t  p rov ide  the  u l t imate  answer  because,  except  for  ISS, they  arc  n o t  un ique ly  
sensitive to  the  surface monolayer .  Chemiso rp t i on  m u s t  o f  necessity occur  a t  the  
o u t e r m o s t  a tomic  plane,  as recently rei terated by Sacht ler  a. Wi th  the  adven t  o f  
surface probes ,  p rocedures  for  ob ta in ing  clean surfaces by ou tgass ing  o r  chemica l  
t r e a t m e n t  have  been  establ ished for  a n u m b e r  o f  less- than-refractory metals .  Since 
the  microba lance  can be used to  carry  o u t  s tudies in si tu a t  pressures well above  
r e r u n s  inaccessible for  s tudy  by electron and  ion  probes ,  careful  microgravimet r ic  
s tudies  m a y  become  fashionable  for  relat ing results ob ta ined  u n d e r  the  "ideal'" 
condi t ions  o f  U H V  to  those  o f  the  " rea l "  cond i t ions  o f  pract ical  env i ronments .  F o r  
example ,  a series o f  s tudies  cou ld  be carr ied o u t  to  de te rmine  the  differences o r  
similarities o f  the  adso rp t ion  o f  a specific oa~ o n  single crystalline, polycrys tan ine  
and  suppor t ed  p l a t i num surfaces f rom U H V  to a tmosphe r i c  procedures .  

T o  keep  this review to  within a manageab le  scope,  the  app l ica t ion  o f  micro-  
weighing appa.--atns to  ob ta in ing  a n  unde r s t and ing  o f  the  ~a~--surface in terac t ion  
will be  considered.  T h e  reader  is dh-ected to  _rece__nt a n d  excellent  review articles o n  
ox ida t ion  react ions  9, c a t a l . ~ c  react ions  ~ o spu t t e r ing  p h e n o m e n a  ~ ~ a n d  deg rada t ion  
reactions '-"  in which  micro~m-avimetric m e t h o d s  a n d  p rocedures  axe connec ted  wi th  
app rop r i a t e  theory  o r  models .  Cor ros ion .  catalysis and ,  f requent ly,  deg rada t ion  
react ions  are of ten  cont ro l led  o r  l imited by the  chemiso rp t ion  o f  a gas. Hence., the  
s tudy  o f  adso rp t i on  a n d  deso rp t ion  is f u n d a m e n t a l  to  these  areas  o f  appl ica t ion .  
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E X P ~ ' T A L  

The  vacuum microbalance is limited tO measur ing the change in mass (Am) 

o f  a specimen, usually to a limiting sensibilily o f  O.l to I/zg.  The  mass change occurr ing  
as a funct ion o f  t ime m a y  be influenced by changing  the t empera tu re  T, the pressure P 
o f  an ambien t  gas, a n d / o r  the composi t ion Cg o f  the  ambien t  _gas su r round ing  the  
sample. Thus,  re(t, T, P, Cg) can  be moni to red  with confidence as long as Am is 
actual ly occurr ing  on the sample  and  is no t  an  art i fact  resulting f rom a buoyancy ,  
static charge,  magnet ic ,  convect ion o r  Knudson  force o r  f rom a differential tempera-  

ture  coefficient ~. With appropr ia te  theory,  the  de terminat ion  o f  re(t, T, P a n d / o r  Cg) 
can be an extremely powerful  me thod  for  s tudying the sol id-gas interaction.  

In addi t ion to  the vacuum microbalance,  recorders ,  furnaces,  dewars,  pressure 
gauges_, residual oa~ analyzers,  a n d  a vacuum system v, i t h  sources o f  different gases 

are  needed for  the measurements .  The  s imultaneous m t m u r e m e n t  o f  o ther  physical 
parameters  such as IR transmission, electrical conductance ,  elemental  composi t ion.  
optical reflectance, and  the residual gas composi t ion  obviously requires the appropr ia te  
addit ional  apparatus .  Detailed descriptions o f  microgravimctr ic  systems are  available 
in the l i terature t 3 -  t 5 

Materials chosen for  s tudy need to be vacuum wor thy  but  m a y  be o f  any  size. 
shalx~ o r  form that  is compat ible  with the capaci ty  o f  the balance (0.2-20g) a n d  the 
design limitations o f  the vacuum enclosure.  The  solid form m a y  be a single crystal,  
thin film, foil, slab, cylinder,  o r  a powder ,  ei ther  on  a suppor t  o r  in a container .  F o r  a 
chemisorbed layer, the  a m o u n t  o f  mass that  can be gained by a specimen is directly 
relat_~_ to the surface area_ Combin ing  this with the limiting sensibility and  caFo_city 

o f  the  balance provides  an  interest ing l imi ta t ion to s tudies  with a p p a r a t u s  cur rent ly  
available. I f  each surface a t o m  occupies !0 A 2 o f  surface area,  1015 a toms  cm - 2  are  
exposed  o n  a solid surface.  I f  a t  the  m a x i m u m  coverage  o n e  adsorba te  a t o m  interacts  

,~ i00  

• 8 0  ¢D 

z 

K 
4 

~:) = 2 o  

0 I 0  2 0  30  4.0 :~0 6 0  7 0  

Fig. 1. The amount of m ~  gained at monolayer cov¢~o,- for adso _r~t,~ on adsorbent surfaces 
with ©ffo;i;~¢ ~ t f f a ~  area~ of 7, I0 ~ 14 A"!ad~ltxnt atom. 



348 

with a surface a tom,  then the mass o f a n  adsorbed  mono laye r  (0 = i) will be0.00166M 
/z~ where ,~f is the mass o f  the adsorbate.  The  mass o f  an  adsorbed mono laye r  is 
plotted in Fig. 1 for  Hz, He, CH4, HzO, Ne, Nz, CO, Oz, At ,  C O ,  and  Clz. As is 
__~en. d m  ranges f rom 0.0033 to 0 .112/zg cm -2  for  a monolayer o f  adsorbed gas. 
Thus,  studies o f  s i n~e  crystals with ,-- 4 cm z o f  surface area arc  precluded with 

commercial ly  available microbalanccs and  most  cus tom made  units, where limiting 
sensibilities are  typically 0.1 to 1 pg. Unless a uni t  with a seusibil/ty o f  0_01/zg, such 
as the Rodder  balance 16 is used, studies o f  sinple crystals by ion b o m b a r d m e n t  and  
anneal ing are  not  feasible. However,  m a n y  noble metals  can be cleaned using out-  
~ s s i n g  a n d / o r  che.-ni~! t reatments  where much larger surface areas can be achieved 
by using a large number  o f  wafers, discs, o r  suppor ted  thin films to achieve hundreds  
o f  square  centimeters o f  surface. The  power,  l imitation or  unfeasibiliW o f  using a 
microbalance for  a part icular  ~on_c--solid system depends  on  the informat ion  desired. 
F o r  example_, determinat /on o f  the a m o u n t  adsorbed on a refractory metal  s i n~e  
crystal, cleaned by ion b o m b a r d m e n t  and  anneal ing cycles, or  on  an outL2msscd and /o r  
chemically cleaned metal loaded zeolite with hundreds  o f  square  meters o f  active 
surface per  gram o f  sample present considerably different requirements  for  the 
experimental  apparatus.  

When outgassing and  chemical  oxidat ion a n d / o r  reduct ion methods  o f  surface 
cleaning are  used, it is necessary to establish that  the surface area remains constant ,  
the chemisorpt ion is reproducible,  the cleaned surface is no t  poisoned by diffusion 
f rom the bulk and  that  nei ther  the reactant  or product gases involved in the cleaning 
c~-clc ~qll adsorb  on to  the surface. All t h c ~  criteria can be satisfied, as was demon-  
strated for  the silver oxygen system using CO or  Hz 17. As repeated out~o-a~ing, 
adsorption, outgassing and chemical reduction cycles are carried out on a sample 
( O A O R  cycling), the microbalance can be most  useful for  establishing if  reproducible 
chemisorpt ion behavior  can be at tained.  The  O A O R  cycle is shown schematically in 
Fig. 2 for  several cycles where se~-en parameters  are  moni tored.  These arc  the rate  and  

~'- RERRODUCIBI F 

~ l S O R P l l l E  
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Fig. 2. Effecx of out~,~_~_'ng, adsorption, om_~-~ng and ~ reduction (OAOR) cycling in 
transforndng a surface from irreproducible to reproducible ~ t l v ¢  behavior. 



349 

a m o u n t  o f  adsorpt ion,  dcsorpt ion a n d  reduct ion and  the change  in sample mass. As 
is seen in Fig. 2, the seven parameters  become cons tan t  or  reproducible  in the  lat ter  
stages o f  cycling. 

• The  methods  for  thc  measurement  o f  rn(t) o r  rn(P) a t  different t c m p e r a t u r ~  o f  
adsorpt ion,  desorpt ion,  o u ! ~ i n g  o r  equil ibr ium have been described zs. The  
appropr ia te  quanti tat ive relationship for  obta ining the  surface area.  act ivat ion 
energies for  adsorpt ion and  desorpt ion and  isosteric heat  o f adso rp t ion  will be developed 
in the next sections and  typical results presented. 

SURFACE AREA 

The surface area  o f  a sample can be de termined f rom an adsorpt ion  isotherm 
{re(P); 7", C g  constant ,  as shown in the insert to Fig- 3} by using the  BET theory  fo r  
mult i layer adsorpt ion 19. The  two-paramete r  BET e¢ uat ion is: 

x I ( c -  l )x  
= - -  + (1) 

( l  - -  x)m m . e  m.,c 

where  x = P/Po,  P is the pressure o f  the  adsorbate ,  Po is the adsorba te  vapor  pressure 
at  the isothermal tempera ture  used, m is the masz o f  gas adsorbed at  any  pressure p ,  
m_ is the  mass adsorbed at  monol"ayer coverage and  c is a constant .  The  derivat ion 
o f  eqn (1) and  an excellent discussion o f  the parameters  c and  v . ,  t h e  equivalent  o f  
ram, arc  available 2°. 

A plot  o f x ( l  - -  x)m versus x is linear f rom x o f  abou t  0.05-0.35, as shown in 
Fig. 3, with a slope S and  intercept  I (rcf. 17). When  a l inear plot  is ob ta ined  in this 

re , (on  o f  x ,  considerable care mus t  be exercised because this range o f  x is n o t  valid 
for  all m a t e r i ~ k  21 .  Since S is c - -  l/cm~= and  I is l / c m  m, m m = I [ ( S  - i - / ) .  The  specific 
surface area  SA is ~ v e n  in m z g.- z by SA ---- minK[ms, where n% is the m~_~; o f  the 
adsorbent  a n d  K = A m N / M .  Here,  M is the g ram molecular  weight o f  the adsorbatc,  
N is Avogadro ' s  n u m b e r  and  A_ is the area  occupied by one  adsorbate  molecule.  
F o r  nitrogen ~ i th  A_ = 16.2A 2, SA~_. -~ 3.48 mffi]m s when m .  is in pg  and  m,  is 
in rag. Fo r  the da ta  in Fig. 3, S = 0.0423 p g -  z, I ----- 0.00020 p g -  a, m .  = 23.5 p ~  

16, 'I;~ I ' ' " 

! , ! 
o o . l o  o 2 0  o . 3 o  

x = p i p , ,  

Fig,. 3. B E T  p l o t  o f  n i t r o s e n  a d s o r b e d  o n  s i lver  p o w d e x  a t  78 K .  ~ inset  xhow~ the  Ot~n~! Type H 
i s o t h e r m  o b t a i n e d .  
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m ,  = 741.4 m g  ) ie ld ing  S A s ,  = 0.110 + 0.004 m 2 g -  t o f s i l ve r  p o w d e r  af ter  i ncom-  
plete O A O R  cycling. 

T h e  results o f  s tudies  o f  the  physical  adso rp t ion  i so therms  o n  p o r o u s  a n d  non -  
p o r o u s  solids require  a treatise on  tha t  subject  a lone,  as  is c lear  f r o m  read ing  the  
b o o k  by Gregg  a nd  Sing zz. N u m e r o u s  useful articles also a p p e a r  in the  p r o c e e d i n ~  
o f  the  Conferences on Vacuzan Microbalance Techniques t4" i s ,  especially., s ince 
1971 ~5. F o r  the  surface scientist,  the  m e a s u r e m e n t  o f  surface a rea  answers  one  
essential quest ion:  W h a t  is the  surface a rea?  

ADSORPTION KI~'EYICS AND EQUILIBRIUM 

T h e  i m p o r t a n t  quant i ta t ive  pa ramete r s  for  an  act ivated adso rp t i on  process  a re  
indicated in F i g  4, where  q is the  hea t  o f  adsorp t ion ,  EA is t he  ac t ivat ion energy for  
adsorp t ion ,  ED is the  act ivat ion energy, for  desorp t ion  a n d  r o is the  equi l ib r ium dis- 
p lacement  o f  the  chemisorbed  ~ f rom the  surface.  T h e  potent ia l  e n e r ~  o f  the  gas is 
u~ la l ly  c h o ~ n  to be zero a t  infinite separa t ion  f rom the  solid surface.  M o r e  complex .  
a n d  realistic, potent ia l  energy curves are  shown  in the  inset where  q(0), EA(0), a n d  
ED(O) axe indicated for  two  chemiso rbed  states. N u m e r o u s  accoun t s  o f  the  theoret ical  
basis for  the  potent ia l  energy, d i ag rams  are  available z3 -z6 .  T h e  interest  here  is t o  
indicate  the  utility- o f  micro~ravimetr ic  m e t h o d s  fo r  de t e rmin ing  EA a n d  Eo ,  t he  
potent ia l  barriers to  adsorp t ion  and  q, the  potent ia l  well for  an  adso rbed  state.  T h e  
m e t h o d s  used to  measure  the  kinetics o f  adso rp t ion  app ly  as well to  the  initial a n d  
later stag~es o f  ox ida t ion;  for  in terpret ing ox ida t ion  rates, the  review c h a p t e r  by  
Gu lb ransen  a nd  Bras.sart 9 is an  excellent s tar t ing po in t  for  m e t h o d s ,  techniques ,  
l i terature references and  a perspect ive o f  the  field. 

Adsorption equilibrium 
At  equif ibr ium between a specific ~ a n d  the  solid,  the  mass  m o f  the  o-~ 

adso rbed  per  uni t  mass  (o r  un i t  area)  o f  the  solid is a func t ion  o f  t empe ra tu r e  and  

+ 
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F~g. 4. Important adsorptlon ~ ~ ,  ~ ,  ED and q on a ~ potent~l ¢~crgy profile o f  a 
gas m o ~  at various normal d i ~ ~  from the ~rfa~e. 
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Fig.  5. Adso rp t i on  isotherms a n d  their  use Cmset) to de te rmine  the i ca3~_texm heat  o f  adsorp t ion .  

pressure,  viz., re(P,  7) .  T h e  n ~ r y  cond i t ions  zhat the  surface area  is cons tan t ,  
the  measu red  a m o u n t  o f  adso rp t i on  is the  s ame  a t  any  given P a n d  T, n o  abso rp t ion  
occurs,  and the surface can be cleaned or at least returned to a reference state o f  
cont ro l led  c o n t a m i n a t i o n  app ly  here. A family  o f  curves  can  be ob ta ined  by  ho ld ing  
m,  P o r  T cons tanL  Thus ,  ad so rp t i on  i so therms  (T  cons tan t ) ,  isobars  ( P  cons tanO 
a n d  isostere~ (in cons tan t )  a re  ob ta ined  f r o m  the  de t e rmina t ion  o f  re(P),  re(T) a n d  
P(T) ,  respectively. I so the rms  a n d  isobars  m a y  be  de t e rmined  directly by  micro-  
gravimetxic me thods .  Since any  family o f  curves  m a y  be  t r ans fo rmed  to  a n o t h e r  by  
replot t ing  23, adso rp t ion  isosteres can  be de t e rmined  indirectly.  F r o m  the  d a t a  o f  
adsorp t ion  isotherms,  q m a y  be de t e rmined  a t  any  par t icu la r  mass  o f  gas adso rbed  
f rom the  re la t ionship (d lnP /dT)_  ----- q/RT 2, where  q is the  isosteric hea t  o f  adsorp t ion .  
T h e  s lope o f  a p lo t  o f l n P  versus l /T is  q/R, as suming  q is independent o f T .  T h e  mass  
adso rbed  can  be related to  the  surface coverage  0, f r o m  the  measu red  surface area.  
I f  a spech'ic crystal  p lane  is k n o w n  o r  a s sumed  for  the  solid surface,  t he  surface 
coverage  will d e p e n d  on  the  n u m b e r  o f  chemisod3ed  a t o m s  a ~ g n e d  to  each  surface 
atom.  Since q usually depends  on  0, the plots o f l n P  vs. 1 / T m u s t  be made  at constant  
amoun ts  adsorbed as illustrated in the set o f  isotherms s h o w n  in Fig. 5. Recep~ 
examples  o f  ob ta in ing  q(0) by  micrograv imet r ic  m e t h o d s  have  been  publ i shed  by  
G a n d h i  a nd  Shelef  27 and  C z a n d e r n a  zS. 

Adsorption kinetics 
C h e m i s o r p t i o n  m a y  occu r  a t  significantly different  rates r ang ing  f r o m  mic ro-  

seconds  to  weeks before  the  ra te  becomes  t o o  s low t o  be. detectable.  T h e  ra te  o f  
,.anemisorption u, where  u = dm/dt, o n  a h o m o g e n e o u s  solid surface d e p e n d s  o n  the  
factors  given in eqn  (2), viz., 

u = [P/(2r~mkT)ttz]f(O)cr(O) exp -- EA(O)]RT (2) 

where  P/ (2rrmkT) 1/2 is the  n u m b e r  o f  impacts  m a d e  by the  gas a t o m  o r  molecu le  p e r  
~mlt t ime  pe r  un i t  area ,  m is t he  mass  o f  t he  adso rba t e  species, k a n d R  are  the  Boltz- 
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m a n n  and  ~ constants,  f(0) is the probabil i ty a collision will occur  on  an  unoccupied 
site, and o-(0) is the condensat ion coefficient. Since the exponential  te rm is the fraction 
o f  ffa~ a toms  possessing the  necessary activation energy, o-(0) m a y  be unders tood  as 
the chance  tha t  a species with sufficient activation energy hit t ing an  unoccupied site 
will adsorb  ra ther  than being reflected. Again,  fur ther  detailed informat ion  on  the 
theory_ o f  activated chemisorpt ion is available z z -  z t .  

F o r  the experimental  work,  the unknowns  a(0}, and  f(0) can be el iminated by 
compar ing  u a t  a series o f  cons tant  P T -  llz values. The  slope on a plot  o f  in u versus 
I /T  at  a part icular  0 yields E~/R for  the  surface coverab, e considered.  The  values o f  u 
are  obtained f rom the measurement  o f  the mass ~ain as a funct ion o f  t ime as illustrated 
in Fig. 6; the Arrhenius  type plot obtained f rom the  In u at  various T's,  used to  deduce  
E^,  is shown in the inset. The  two activation enermes correspond to  two different 

potential  barriers to the adsorpt ion process, the lower one  being rate control l ing at  
lower temperature_ 

2 ° / /  

. I 
T I E  ( m ~ )  

Fig. 6. The tirnc dependetm¢ of the adsorp[ion of a gas and its us: on an Arrhenius plot to obtain EA. 

The  necessity for  having reproducible chemisorpt ive behavior  can be easily 
unders tood f rom Fig. 6. Fo r  example., the curve a t  60°C must  be t raced i f  the ~as 
adsorbed is removed.  The  surface cleaning process mus t  re turn the sample to the  same 

mass, so the zero is established and  the rate o f  adsorpt ion  as well as the a m o u n t  mus t  

be reproduced  on  subsequent  adsorpt ion cycles a t  60°C. Variat ions in the  zero will 
shift the  curves, so compar isons  a t  the  same 0 are  no t  possible and  probably  imply the 
surface is no t  reproducibly cleaned. Different  rates and  amoun t s  o f  adsorpt ion on  

repeated a t tempts  probably  result f rom changes in the  distr ibution o r  rea r rangement  
o f  the surface sites on  the cleaned surface. A detailed de te rmina t ion  o f - E  A versus 0 
for  oxygen on  silver, where  the above criteria wereal i  satisfied i • has been published 29. 
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Desorption kinetics 
T h e  deso rp t ion  o f  a wa~ f r o m  a surface is a lways  ac t iva ted  a n d  u s - a l l y  occurs  

a t  rates qui te  different  f r o m  u. F o r  a u n i f o r m  surface  where  the  va r ia t ion  in t he  
deso rp t ion  pa rame te r s  results f r o m  surface interact ions,  the  ra te  o f  d e s o r p t i o n  u" 
( dm/d t )  will occur  f r o m  o c c u p ; ~ l  sites acco rd ing  to  

u" = K(O)f'(O) e x p  - -  [ED(O)IRT] ( 3 )  

where  K(O) is a veloci ty cons tan t ,  f ' (0)  is the  f rac t ion  o f  sites avai lable fo r  d e s o r p t i o n  
a n d  the  exponent ia l  is t he  f rac t ion  o f  the  adso rbed  species wi th  the  necessmT act iva t ion  
energy.  In  principle,  a p lo t  o f  In u" versus l iT at  a c o n s t a n t  a m o u n t  a d s o r b e d  will 
yield a s lope  equal  to  Ev/R. In  practice,  the  mass  a d s o r b e d  m a y  be in two  o r  m o r e  
adso rbed  states a nd  the  rat ios  o f  these a t  any  par t icu la r  mass  adso rbed  is n o t  k n o w n .  
F u r t h e r m o r e ,  when  powders ,  s t acked  foils o r  s tacked films a re  used,  t he  de so rp t i on  
in to  v a c u u m  m a y  pe rmi t  r e -adsorp t ion  i f  the  d _~.orbing s p e c i ~  can  h i t  a different  
po r t i on  o f  the  a d s o r b e n t  surface.  Thus ,  the  de t e rmina t ion  o f  E o depends  o n  u" be ing  
the  ra te  o f  deso rp t ion  f rom the  s a m e  initial coverage  o f  a single s ta te  a n d  a negligible 
re -adsorp t ion  probabi l i ty ,  in add i t i on  to  the  r equ i rement s  fo r  reproduc ib le  chemi-  
sorpt ive  behavior .  F r o m  eqn  (2), t he  re -adsorp t ion  p r o b a b i l i w  is obv ious ly  smal les t  
a t  h igh coverages,  low pressures,  h igh  t empera tu res  a n d  where  ED ~ EA, e . ~ ,  fo r  a 
weakly  b o u n d  state. 

T h e  in te rpre ta t ion  o f  deso rp t ion  is less a m b i g u o u s  i f  o n e  can  a s sume  the  
Wigner-Polanyi  equa t ion ,  e . ~ ,  

d O ,  _ v,0~ s e x p - -  ED/RT (4) 
d t  

where  0, is the  fract ional  coverage  o f  a s i n ~ e  adso rbed  state,  v is the  f requency  
factor ,  n is t he  o r de r  o f  the  ra te  process  a n d  ED is the  ac t iva t ion  energy o f  desorp t ion .  
Th is  equa t i on  has  been appl ied  successfully by C z a n d e r n a  a n d  his co-workers  to  the  
desorp t ion  o f  oxygen  f r o m  silver. I n  ref. 31, t he  man ipu la t i ons  o f  eqn  (4) in to  

\ \  
o.e ~e.z: ,% >e, D ) 

.T4 
Q 

0 - 2  

T. 

~ o 
*"h. TIME (Arbii'n~ry IJn~s) ~ T U F i ~  (T-T,. + ~ O  

Fig. '7. Tl'-,a dc~rpdon of  a gzs from a sofid suffzcc. (a) A t  d~ 'crc~ i s o ~  temperatures; ~,',d 
(b) resulting from a linear ~ m the sample ¢cmzl::,,~r~rc ,,~'iz.lz time and different iz~¢,~l c~v~-'~,~,~'.~_. 
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appropr i a t e  fo rms  are given for  the  analysis o f  i so thermal  desorp t ion  o r  a l inearly 
p r o ~  a m m e d  tempera ture r i se  o f  the  sample  ( the rmal  desorp t ion) .  Typical  d a t a  ob ta ined  
fo r  a series o f  i so thermal  deso rp t ion  curves  a n d  the rma l  deso rp t ion  o f  oxygen f r o m  
silver are  s hown  in F i g  7. Us ing  eqn  (4), Kol len  and  C z a n d e r n a  repor ted  ED = 41.8 
4- 3.5 kcal  m o i -  ~ f rom iso thermal  deso rp t ion  a n d  Er, = 34.5 + 3.5 kcal  t o o l -  ~ for  
the  thermal  desorp t ion  o f  oxygen f rom the  same  silver sample  ~ , Different  ranges  
o f  v were also appl icable  31 

O f  the  three  adso rp t ion  parameters ,  E o  seems to be  d e t e r m i n e d  least  satis- 
factori ly by  micrograv imet r ic  m e t h o d s  except  for  a few well-studied systems.  Bet ter  
sensibilities and  U H V  adap t a t i on  o f  u l t ramicroba lances  m a y  b roaden  cons iderably  
the  solids tha t  can  be s tudied quant i ta t ive ly  in the  future.  

SIMULTANT:OU'S ME.s, S U R E 3 , ~ ' T  OF  .MASS A N D  OTHER PARAMETERS 

The  in terpre ta t ion  o f  d y n a m i c  mic romass  changes  a n d  equi l ibr ium proces_ses 
is enhanced  cons iderably  when  addi t iona l  physical  pa ramete r s  are  measured  s imul-  
taneously.  Ob~,ious possibilities inc lude m e a s u r e m e n t  o f  the  residual  gas c o m p o s i t i o n  
in high a n d  ul t ra-high v a c u u m  TM 33, the  m e a s u r e m e n t  o f  e lec t roma~aet ic  t r n n ~  
mission and  reflection, especially, in the  infrared ~ s. 34. 3 s, masmetic  susceptibi l i ty 36, 
electrical conduct iv i ty  37, and  the  e lemental  c o m p o s i t i o n  o f  the  surface 3s. Since a 
comple t e  review o f  the  appl icable  l i terature  in these areas  is n o w  be ing  p repared  39, 
only  a few examples  will be cited. 

Wolsky  a n d  Z d a n u k  4° c o m b i n e d  an  omega t i on  mass  spec t romete r  wi th  a 
bakeable  u l t ramicroba lance  to  m o n i t o r  the  residual  c0a~es genera ted  d u r i n g  the  
out~ass ing o f  g e r m a n i u m  and  silicon single crystals before  a n d  af ter  ox ida t ion .  La te r  
s tudies ~ ~ by these invest igators  were concerned  with spu t t e r ing  p h e n o m e n a  and  th in  
film studies.  M o r e  recently,  l i n k  and  Merril l  ~ ~ used a q u a d r u p o l e  mass  spec t rome te r  
wi th  a R u d d e r  u l t ramicroba lance  in a s tudy  o f  the  adso rp t ion  o f  c a r b o n  m o n o x i d e  
and  ethylene on  p l a t inum foils. A direct  coup l ing  o f  the  s imu l t aneous  m e a s u r e m e n t  
o f  mass  change  a nd  desorbed  ~mases was m a d e  by Brown et  al. ~3 du r ing  the  ox ida t ion  
o f  ga-aphite in oxygen and  subsequen t  desorp t ion .  A m o r e  qual i ta t ive  c o m b i n a t i o n  o f  
thermom'av imet r ic  and  mass  spec t romet r ic  measu remen t s  o n  the  same  sys tem had  
been repor ted  earl ier  by W e n d l a n d t  and  Sou the rn  4z. T h e  pa th  b reak ing  efforts o f  
comb in ing  a mass  spectrometer with a micro  m'avimetric sys tem has  been fol lowed by 
a s teady increase ~s in us ing this c o m b i n e d  m e t h o d .  

P ioneer ing  efforts to  c o m b i n e  mass  change  wi th  an  infrared spec t romete r  wi th  a 
quar tz  helix microba lance  were carr ied o u t  by Peri 43 a n d  A m b e r g  a n d  Seano r  44. 
T h e  ma in  results o f  these s tudies were conce rned  with the  i somer iza t ion  o f  bu tene  
on  7-AlzO.~ 4a a n d  the  adso rp t ion  o f  c a r b o n  m o n o x i d e  o n  d o p e d  zinc oxide surfaces 4~. 
Angel1:8 carr ied o u t  a detai led invest igat ion o f  the  a d s o r p t i o n  a n d  r e s o r p t i o n  o f  
ca rbon  m o n o x i d e  on  zeolites us ing a beam microba lance  and  infrared spec t rometer .  
M o r e  ~rece__nfly, Jacobs  a n d  Low 35 invest igated the  decompos i t i on  o f  d o l o m i t e  in 
v a c u u m  by  also c o m b i n i n g  I R  t ransmiss ion  m e a s u r e m e n t s  wi th  a commerc ia l ly  
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available microbaIance_ In most studies of this type!, the investigators have used 
high area materials to secure enough IR absorption by the adsorbed materiais from a 
single pass of the beam_ The corresponding mass charts as expected from the plot 
in Fig_ I, have been easy to detect. It is surprising to this reviewer that more combined 

investigations of inbretd and mass change have not been carried out on high area 
catalyst materials. Here, the possibility exists for probing the gas-surface bonding 

during catalytic processes at operating temperatures and pressures, while monitoring 

the mass changes in flowing environments with a microbalance_ The complications of 
interpreting the IR results are appreciated, but the in situ characterization of catal&ytic 
processes would seem to offer advantages over the wide-scale efforts of investigating 
catalytic materials in UHV and then extrapolatin, m the observations to atmospheric 

or higher pressures_ 
The possibility of combining microgravimetric adsorption studies with magnefic 

susceptibility was explored by Czanderua’ for oxy3~e on silver_ A pi _ etic 

species was observed but very low IeveIs of iron impurities with a strong temperatum- 
dependence precluded carrying out a detailed quantitative investigation_ Unfortunately, 
this promising project could not be continued afkr silver samples with low iron 

concentrations had been prepared, 
Considerable changes in ekctriczl conductance occur during the adsorption of 

gases on semiconducting thin films. Measurements of the eiectrical conductivity and 
mass change have been madea but, to this author’s knowledge,_ not simultaneously 

during adsorption or desorption. At this time, contemplated studies of this type 
appear to be iimited to semiconducting oxide films, where relatively Iarge conductance 
changes could accompany the mass change from adsorption and desorption. Breysse 
et ak4’ studied the adsorption of car-bon monoxide and oxygen on thorium dioxide 

using simultaneous mass change and the luminescence of the adsorbentJ5_ Their 

preliminary results indicate interpretation of the data will be challenging 
A combined measurement of mass change and the elemental composition of the 

surface was made by Levenson et al, 46 for phosphorus deposited on silicon using a 
crystai oscillator and Auger spectroscopy. His resuhs demonstra*& siiicon si_sraIs 
could be detected even after 4-5 - IO’ ’ P atoms CXII-~ (N 3-6 atomic layers) were 
deposited_ Furthermore, there was not a linear relationship between the phosphorus 
signal and amount deposited up to one monolayer, as is frrquentiy assumed without 

concommitant mass-change data_ There are we&known restrictions to using crystal 
microbalances -for temperaturedependence studies’_ Thus, the combination of au 
automated beam uhramicrobalance with one or more of the methods for surface 
analysis could have considerable impact for the study of surfaces if sufficient mono- 
Iayer sensibility is available with the balance. 

Czanderna38, working with Ahre and Andrews, has designed a system with the 
capability for combining the measure ment of mass change, elemental composition 
and residua_gas analysis_ The ez~ntial fatures of the design are shown in Fig 8. 

A Rodder u1tramicrobaIance4’ , automated with externally mounted photosensors to a 
sensibility of < 0.01 pg was mounted on a UHV system, A suspended metal foil, 
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Fig 8_ Anangcmcnt for the combined mcasurcmcnt of mass change, ekmmtal composition of a 
metal surface and residual gas composition 

with a mass of up to 150 mg, can be ckaned on both sides by the simuhaneous action 
of two ion guns_ After rotating the sample 90”, a viewport is used to heat the sample 
with a xenon lamp, thus, minimizing heating the chamber walk; temperatures above 

55°C are measured with an infrared detector through the window. The elemental 
composition will be monitored by inserting an Auger spectrometer from the rear port 
of the six-way cross. The linear motion feed-through is used for grounding the sample 
during AES analysis- A residual _9a analyzer is located off the manifold but could 

be easily locate& with an appropriate UHV fittin_e, to have a line-of-sight to the 
sample. The unit described has a maximum capability for detecting 2.5% of a mono- 

layer of oxy_m (as adions) adsorbed onto an IS-mm diam. metal disc, providing the 
area of each surface atom is 7 A’ and the short-range sensibility of 0.005 pg’” of the 
Rodder baIance is adequate for the time of the experiment 

The combination shown in Fig 8 represents a si_&ficant capabiiity for using 

the vacuum uhramierobaIance for adsorption studies on solid surfaces of known 
surface contaminations for the study of the initial stages of oxidation, and for obtaining 
direct retationships between surface cover-ages and AES signal intensities, in situ, 
during desorption studies. 
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