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Abstract: The thicknesses of Cl0-Cl8 alkylsi loxane monolayers on si l icon-si l icon dioxide substrates have been measured
with el l ipsometry and low-angle X-ray ref lect ion. Although, for any given sample, thicknesses measured by the two methods
agree to within experimental error, ellipsometric measurements are systematically larger bv approximately' 2 A. ttris difference
may result from variat ions in the sensit ivi ty of the two techniques to the structurc of rhe interface between si l icon dioxide
and the alkylsi loxane monolayer. The X-ray ref lect ivi ty measurements provide cvidcnce that these organic monolayers do
not bui ld up as island structures and demonstrate that the approximate area projected bl each alkyl group in the plane of
the monolayer is - 2l *, 3 A2. Preliminary studies indicate that this technique can be used to follow the changes in the siructure
of a monolayer which result from chemical transformations. The inf luence of damase that is induced bv X-rav radiat ion on
these measurements is discussed.

This paper describes the use of ellipsometry and low-angle X-ray
reflect ivi ty to characterize monolayers prepared by reaction of
alkyltr ichlorosi lanes with the surface si lanol groups of si l icon
bearing a hydrated native oxide. Our primary objective was to
compare estimates of the thicknesses of these f i lms obtained by
us ing these two tcchniques.  E l l ipsometry  has been employed
extensively for the measurement of the thicknesses of thin organic
f i lms. r -s  X-ray '  re  f lec t iv i t r  is  jus t  beg inn ing to  be used for  th is
pu rpose .6  r l  Ag rccmen t  be t$een  e l l i pso . i t r r  and  X - ra r  r e -
f lec t iv i ty  would  he lp  to  va l idare both techniques.  A secondarr
ob ject ive was to  examine the s t ructura l  order  o f  these se l f -as-
sembled alkylsi loxane monolayers. As part of this work, we have
attempted to generate monolayers that have a variation in electron
density along the normal to the substrate surface. The intensity
of the X-rays reflected from such samples is sensitive to this type
of change in electron density.6'12 The determination of the electron
distribution in films ostensibly having variations in electron density
along the z axis would provide one direct measure of order in these
systems.

Previous studies have attempted to veri fy the accuracy of el-
l ipsometry in determining the thicknesses of organic monolayers.
For Langmuir-Blodgett monolayers, est imates of thickness by
el l ipsometry, isotopic label ing,l3' la and surface pressuresl5 are in
agreement. These experiments depended, however, on comparisons
of complete and part ial  monolayers and demonstrated only that
the thickness of a monolayer as measured by el l ipsometry cor-
relates with the number of molecules per unit  area in that mon-
olayer and their length. We have reached a similar conclusion
when correlat ing the el l ipsometric thicknesses of monolayers
prepared from a homologous series of alkyltrichlorosilanes with
the relat ive intensit ies of carbon and si l icon observed in X-ray
photoelectron spectroscopy (XPS).t6 This conclusion has also
been reached in related experiments that ut i l ized monolayers of
alkyl thiols adsorbed on gold f i lms.rT

Against the background of these earl ier studies, we had two
reasons to conduct a comparison of results from ellipsometry and
X-ray ref lect ion. First,  these previous studies did not direct ly
measure the thickness of the monolayers. Second, they examined
Langmuir-Blodgett,  rather than self-assembled, monolayers.

The self-assembled monolayers used in this work were prepared
by placing a silicon-ilicon dioxide (Si/SiO2) substrate in a solution
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containing an alkyltr ichlorosi lane (RSiCl3). '8 The Si-Cl bonds
react with si lanol groupsle and adsorbed water2O present on the
surface of the silicon dioxide and form a network of Si-O-Si bonds
of undefined structure.2l The result ing monolayers are bound
covalent l r  to  thc  subst r i t te  and are s tab le .  XPS reveals  that  no
chlor inc  rcnru in '  in  thcnt  rn  The dens i ty  o f  sur face s i lano l  groups
on  thc  na t i \ c  ( ) \ r dc  r :  on l r  - -  I  pe r  10  12 .22 ,23  Th i s  dens i t y  i s
epp rox in . l r r t c i \  c . que l  t t r  t he  su r face  dens in  o f  R  g roups  w i t h i n
thc  n ton t r l r i _ \ c r  ( \ cc  bc lo r r  ) .  Thc  rema in ing  S i -C l  bonds  o f  t he
RSiCl r  group5 apparcnt l )  react  w i th  water2a and form Si -O-Si
rundT  o r  S i -OH n ro re t i es .

E l l ipsometr r  and low-angle  X-ray re f lec t ion are both opt ica l
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tcchniques based on the re f lec t ion o f  l ight  f rom in ter faces.  A l -
though thcsc tw i t  techniques are descr ibed us ing the same theo-
re t ica l  t reatment-Fresnel 's  equat ions for  the rc f lec t ion o f
l ight2s- they measure d i f ferent  proper t ies  o f  the l ight  re f lec ted
from an interface. In addit ion, the wavelengths of the l ight used
here in  e l l ipsometry  ( t r  =  6328 A)  and X-ray re f lec t ion ( t r  ==
l - i - 1 .7  A ;  d i f f e red  by  more  t han  a  f ac to r  o f  103 .  The  two
techniques are a lso sens i t ive  to  d i f ferent  facets  o f  in ter fac ia l
s t  ruc tu  re .

Results

Preparation of Monolayers. We prepared alkylsi loxane mon-
olayers on si l icon-si l icon dioxide (Si/SiO2) substrates bv reacrion
* i th  a lky l t r ich loros i lanes us ing techniques s imi lar  to  those de-
scr ibed prev ious ly . l6 '18 '26 Because the measurement  o f  X- ra l '
ref lect ion requires large, f lat samples, the si l icon substrates for
these s tud ies were s ign i f icant ly  larger  (2 .5  x  7 .5  cm) and.  in
genera l ,  th icker  (0 .125 in . )  than those used prev ious ly .27 Some
samples were, however, prepared on thin (0.01,5 in.) substrates.2s
We examined monolayers  prepared f rom saturatcd a lkv l t r i -
c h l o r o s i l a n e s  ( C l 3 S i ( C H 2 ) , C H r ,  n  =  9 .  l l ,  1 4 .  1 5 .  l 7 ) .  f r o m
I  6-  heptadeceny l t r ich loros i lane (  HTS,  C l ls i  (  C l - l  2  ) , ,C H:C t { .  r .
and  f r om a  f l uo r i na t cd  s i l ane  (C l lS i (CHr ) t (CF . ) ,CF , ) .

E l l ipsometry .  The theorr  o f  e l l ipsomctr r  has bee n d iscussed
in  de ta i l  by  o the rs . l ' 2e  He re  u ,e  summar i ze  ce r ta i n  i n rpo r tan t
dcta i ls  and assumpt ions of  the method.

Ellipsometry analyzes the reflection of elliptically polarized light
from an interface separating two media with dif ferent indices of
refract ion. This el l ipt ical ly polarized l ight can be represented as
thc sum of  two components .  one in  the p lane of  inc idence of  the
l ight  (p  po lar izat ion) ,  the o ther  perpendicu lar  to  th is  p lane (s
polarization), Upon ref lect ion, the ampli tude and phase of each
of these components is altered, result ing in a change in the overal l
po lar izat ion and ampl i tude of  the l ight  wave.  These changcs in
ampl i tude and phase are represented by ' '  the Frcsnc l  rc f lcc t ion
coef f ic icnts  for  the p  and s  po lar izat ions.  ro  and r . .  F- l l ipsonrc t r r
mcasu res  t he  ra t i o  o f  t hese  coe f f i c i cn t s .  p .  Thc  : t unda rd  r c l l -
t ionsh ips between p and the measured anal rzer  (  -1)  and Frr ler izcr
(P)  angles are summar ized in  eq l - -1  l :e  Thc anglc . , /  rcpre,cnr :

S t  =  r " f  r ,  =  t i t n ' J  c r p t  i J t  r l r

I  = . ' \  t l )

I  =  2 P  *  n /  2  ( 3 )

the rat io of the changes in ampli tude for the s and p polarizations
of l ight upon ref lect ion from an interface. The angle A is the
difference in the phase shif ts that are experienced by each po-
larization upon ref lect ion.

In order to use el l ipsometry to determine the thickness of a
monolayer supported on a substrate, one must compare data
obtained from the monolayer-substrate system with those from
the uncoated subst ra te .30 This  compar ison is  s t ra ight forward.
but differences between the substrate in coated and uncoated form
may skew the e l l ipsometr ic  resu l ts .  C lean s i l icon-s i l icon d iox ide
has a high surface free energy'and, therefore, a high aff ini t ;- '  for
both water  and organic  contaminants .  Organic  monolayers  ter -
minating in methyl and viny' l  groups have low interfacial free

(25) Born,  M.;  Wol f ,  E.  Pr incip les of  Opt ics.6th ed. ;  Pergamon Press:
Oxford,  1980; Chapter 1.
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S. R. ;  Whi tesides,  G. M. Phys.  Reu. B Submit ted for  publ icat ion.
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the axis normal  to the plane of  the monolayer.
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J.  Res.  Nat l .  Bur.  Stand. ,  Sect .  A 1963, 67,363-3- l '7 ,

(30) The refract ive index of  the Si /SiO2 substrare var ied s l ight ly  f rom
sample to sample.  The observed range of  refract ive indices was 3.84-3.89.
The thicknesses of monolayers reported here were determined with the re-
fractive index of the substrate on which that monolayer was prepared.
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Figure l .  Tu'o- laycr model  used for  e l l ipsometrv.  The : i l icon :ub: l r r i tc
has  re f rac t i ve  i nde r  n r ,  t he  mono laye r  has  re f rac t i , ' ' c  i ndc - r  n . . rnd  thc
anrb ien t  l i r  has  re f rac t i ve  i ndex  ns .  The  in te r faces  be t *ecn  c - rch  l . r r c r
are assumed to be perfect l i ,  sharp.  For the alky ls i loxanc nt(rn(r l . r \  cr \  on
s i l i con ,  n2  i s  -3 .8 .  n ,  i s  - -  1 .4 -5 ,  and  ns  i s  assumed to  be  L  Thc  :nc idcn t
ang le  o f  the  lase r  l i gh t ,  rpn .  i s  70 " .  The  ang les  o f  r c f rac t i on .  , - ' ,  J0o
a n d  @ 2  =  l 5 o .  a r c  g i v e n  b l  S n e l l ' s  l a w  ( r ,  s i n  @ ,  =  n .  \ r n , . ' , - l

ene rg ies  and  res i s t  con tamina t ion . l l  l f  con tamina t ion  o t '  rhc  ba re
S i /S iO .  subs t ra tc  w 'e re  s ign i f i can t ,  we  u 'ou ld  expcc r  rhu r  rhe
th rcknesscs  o f ' t hc  n rono lave rs  as  measured  b l  e l l i psomct r \  uou ld

be  too  smu l l  \ \  c  have  found  tha t  the  th i cknesscs  t r t '  r hc :c  n -
t r l k r l s i l o r a n c  l n o n ( ) l a \ e r s  c o r r e s p o n d  v e r y  c l o s e l i  t r )  t h t r : c  * h i c h
\ \  c  cxpcc t  | o r  ' . t  I  runs -ex tended  cha in  o r ien ted  pe rpcnd icu l . r r  t o
t h c  s u r f ' u c e  n  t h a t  i s ,  t o  t h e  l a r g e s t  p l a u s i b i c  t h i ' i i n e . : .  . ^ \
t rans -e  x tcnc lcd  e  ha in  i s  i n  ag reement  w i th  i n f ra red  n rce \u rcn rcn ts
o[  chain geonretrr . ] :  We conclude,  on the basis of  thesc nr  i r  l ines
o f  ev idence ,  tha t  con tamina t ion  does  no t  appc i l r  t o  a i f - c . c r  rhe
e l l i psomet r i c  resu l t s  i n  these  sy ,s tems . r l

The convent ional  interpretat ion of  thc e l l ipsonterr ic  drre i :  ba:ed
o n  a  m o d e l  c o n s i s t i n g  o f  p a r a l l e l  i n t e r f a c c s  s c p a r a t i n g  r i r r .  t h e
a l k - ' , " l s i l o x a n c  m o n o l u r c r .  r r n d  t h e  s u b s t r a t e  ( F i g u r e  I  t  T h e
c l ' c c t i r c l r  i n t - i n r t e l r  t h i e  k . L r b : t n r t e  h a s  a  r e f r a c t i r c  i n d c r  1 . .  r h e
I I ( l n ( ) l . i \ c r  h , t '  r r  u n r t , r r n . t  r c l n r c t i V e  i n d e r  n , .  a n d  t h c . r n t b i c n t
. i l l n t r ' p i l g 1 - c  i r , r .  r i ' l r l r c t i r c  i n d c r  n ,  ( r r h i c h  i s  a s s u n r c d  t t r  b c  l ) .
\ i n e e  t ' l t c . l l l . , , '  r 1 . r . r . 1 1 - . 1 1 . ' .  l . r r e  . l  n . 1 1 i r c  ' u r f - l i c c  t r r i d c  I l t r c r . r ' 1  - r 5

. l  l i . : t c - t . r . , e ' : l ' , ' . l r '  : '  : i : : . : t .  i : , ; t ( r p , . . l : , , i t d c . i  I ] l ( r i ' c . t c c u r a t e
r C n r c \ c n l . : l i , r :  , i  l t t .  . l : u ! : U r c  r r l ' t h C  n t o n L ) l J \ C r .  I n  p r a C t t C C .  $ C
t . r v c  u . e d . l  1 r r , r - i . r r , c r  n t r r l c l  a n d  h a r e  m c a s u r e d  a  s i n g l c  c f f c c t i r e
l - c1 - r . i e  t l \  c  tnL le  \  l ( ) r  t hc  :ubs t ra te  tha t  comb ines  con t r i bu t ions  f rom
t h c  b u l k : r l i e r r n  u n d  t h c  s u r f a c e  o x i d e . 1 6  A l t h o u g h  \ \ ' e  a s s u m e
thu t  thc  n ro  rn tc r f ' accs .  mono lay 'e r -subs t ra te  and  a i r -mono la re r .
arc per l 'ect l )  smooth.  theoret ical  and exper imental  studies suggest
that ,  for  e l l ipsometry.  roughness has l i t t le  ef fect  on the measured
thickness of  the monolayer.3T-3e

Ellipsometry can, in principle, determine both the thickness and
the refract ive index c i f  a monolayer.  For the very th in (<50 A)
fi lms examined here. it is not, however, possible to determine both
of  these quant i t ies s imul tancously.{  We must,  therefore,  assume
a va lue  fo r  one  o f ' t hcn r  be fo re  ca lcu la t i ns  the  o the r .  We have

(  l  l  )  Thc  c ( )n tac t  . rng les  o f  water  and hexadecane on  the  bare  subs t ra te
\\crc tJH:() (Jo 4rr l)  0o The contact angles for monolayers prepared from
o c t a d e c r l t r r c h l , r r o s i l a n e  t O T S )  w e r e  d f ; z o - =  l l 2 o :  d f D  J  q 2 " ' .

( . l l )  ln f ' ra red  \peet roscop\  us ing  po la r ized  rad ia t ion  suggests  tha t  these
nrono larc rs  a rc  oncntcd  near ly  perpend icu la r  to  the  sur face  ( t i l t  ang le  =  l4
*  l 3 o  ) .  S c c  r c f '  l 8  a n d  2 6 .

( . .1  - l )  Our  c rpcr r rnen la l  p ro toco l  (see  the  Exper imenta l  Sec t ion)  measured
t h e  e l l i p s o m c t r r c  c ( ) n \ l i l n l s  o l ' t h e  s u b s t r a t e  w i t h i n  5  m i n  o f  r e m o v a l  o f  t h e
s i l i con  watc r  i ro r r  rhc  wutc r  in  wh ich  i t  had been s to red .  Us ing  the  X- ray
rc f lec t ion  techn iquc .  r re  h r r , ,e  observed the  s low (20-25 A in  Z+- t r ;  bu i ldup
of  a  contarn in r r t ing  l r r r  e r  ( )n  i r  bare  S i /S iO2 subs t ra te .

( 3 4 )  C a r i m .  \  t l  .  D o v e k .  M .  M . ;  Q u a t e ,  C .  F . ;  S i n c l a i r ,  R . ;  V o r s t ,  C .
Sc ience 1987.  - ' - l  j .  6 -10-6 l :

( 3 5 )  C a r i m .  , \  t i  .  S i n c l a i r ,  R .  M a t e r .  L e t t . 1 9 8 7 ,  J , 9 4 - 9 8 .
(36)  A  demonst ra t ion  o f  the  va l id i ty  o f  the  use  o f  an  e f fec t i ve  index  o f

re f rac t ion  fo r  thc  subs t ra tc  i s  found in  re f  l ,  pp  332-340.
(37) Fenstcrmaker. (- \  :  McCrackin, F. L. Surface Sci. 1969, /J, 85-96.
(38)  Smi th ,  T  .  . \u r lace  .Scr .  1976,  56 ,  252-27 l .
(39) The substratcs used in this study had a surface roughness on the order

o f  3 -4  A .  See re  i  17
(40)  The s imu i taneous de terminat ion  o f  the  re f rac t i ve  index  and length  o f

the monolaver depends on the precision of the el l ipsometric measurement. For
thc  f i lms  s tud ied  here  a l l  re f rac t i ve  ind ices  be tween 1 .0  and 2 .5  a re  ooss ib le
fo r  the  indcx  o f  the  mono laver .  See re f  29 .
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chosen to  model  the monolayer  as a  t ransparent  medium wi th  a
refract ive index of l .45.at other invesrigatori  have used a refracrivc
index of 1.50 for organic monolayers.s Our value is approximately
that  o f  pure l iqu id  and crysta l l ine paraf f ins  ( l  .12-1.41\42 but  is
lower than that of high-density polyethylenes ( 1.49-1.55).4r While
our  cho ice o f  re f ract ive index is  somewhat  arb i t rar l ' .  thc  X-ray
ref lec t iv i ty  measurements  (see be low)  suggest  that  the e lect ron
density in these monolayers is similar to that of bulk paraff ins.#+7
For  the monola.v- 'ers  examined here.  an increase o i  ( ) .0 i  in  thc
assumed va lue of  the index of  re f ract ion o f  the monolarcr  wouid
decrease i ts  ca lcu la ted th ickness by -0 .8-1.3  A { i

For  e l l ipsometr )  we used a he l ium-neon laser  ( \  =  6- l l8  A)
as the l ight  source.  Other  wavelengths wi th in  thc  ' , is ib le  reg lon
would prov idc s imi lar  resu l ts .s  The method has an accurac\ ,or t
the order  o f  + l  . \ .

Low-Angle X-ra1 Reflect ivi ty ' .  The ref lect ir tn of X-nrrs from
sur faces6 has bccn uscd to  character ize the s t rucrur r r l  pr , lpcr t ic ,
o f  severa l  s ) 's tems.  inc lud ing l iqu id5+o-s t  and l iqu id  cn sra is .  j2 -5 '

We and othcrs  have a l readl  dcscr ibed the theorr  o f  th is  rccn-
n ique5s and i ts  use for  the charactcr izat ion o f  t t te  s t ruc l .urc  o f
monolayers prepared from alkyltr ichlorosi lane".s'27 We wil l  onl l '
summarize certain features of the method.

Low-angle  X-ray re f lec t iv i ty  measures the in tens i ty ,  R.  o f
X-rays that are reflected from a surface as a functicn of thc angle
0 bctween the incoming X-ray beam and the sample. In general,
the var ia t ion o f  th is  in tens i t i r  w i th  d  is  g iven bv Fresnel 's  laws.
The intensity also varies as a result of the change in the dif fcrencc
in  phase  be tween  X - ra rs  re f l c c ted  f r on r  t hc  e i r - n rono l r r r , i r  r i n t i
mono laye r - subs t ra te  i n t c r l aces .  R  i :  r c l r r r cd  t t r  t J ; ,  , . 1 - i  . ' '  r i  i
ave rage  de r i va t i ve  o f  t he  e l cc t ron  dcns in  a l ong  t i r e  n r r rn r r r l  ( - -  r
ax i s  o f  t he  subs t ra t c .  b i  cq  . 1 .  l l e re  l l rT -  l eq  -< )  r :  t hc  , - i t . r r r , - c  i n

R  =  R r l r - '  f - , d 1 , . . / d - - ,  c \ p ( r q - : )  d : l :  ( - 1 )'  
J - ,

? .  =  - l n \ - r  s i n  f i  ( 5 )

(41  )  A  t ransparenr  medrum does no t  absorb  l igh t  and has  a  rea l  rc f rac t i ve
i  n d e  r .

(42)  CRC Handbr_ tc tk  o f  Chent is ty  and Phys ics ,56 th  ed . ;  Weast ,  R .  C. ,
E d . :  C R C  P r e s s :  C l e v e l a n d .  O H ,  1 9 7 5 .

(43) Polymer Handbook; Brandrup, J.,  Immergut, E. H., Ed.;John Wiley:
N e w  Y o r k ,  1 9 7 5 :  V -  l  3 - V - 2 2 .

(44) Ny,burg, S C ; Li i th, H. Acta Crystal logr. 1972, B28,2992-2995.
( 4 5 )  C r i s s m a n ,  J .  M . ;  P a s s a g l i a ,  E . ;  E b y ,  R . K . ;  C o l s o n .  J . p .  J .  A p p t .

Crystal logr. 1970, J, 194-1 95.
(46)  The average e lec t ron  dens i ty  in  these mono layers  was -0 .30  A-1 .

Th is  va lue  is  s l igh t ly  less  than tha t  o f  c rys ta l l ine  n-para f f ins  t0 . :Z  A- r ) .  the
latter value was calculated from the crystal structures of octadecane (( ixHr*)
and e icosane (CzoHrz)  g iven  in  re f  44  and 45 ,

( 4 7 )  w e  c a n  o b t a i n  a n  a p p r o x i m a t e ' a i u e  i o r  t h c  r e f r a c r r r e  i n d e r  , r l ' r h c
mono laye- r  us ing  the  e lec t ron  dens i t r  o f  the  mono la \e r .  pc r .  de te  rminc 'd  o r  thc
X - r a y  r e f l e c t i v i t y  m e a s u r e m e n t s .  i h i ,  e l e c t r o n  d e n s r r r  c a n  b c  c o n \ c r r c d  r ( )
a mass-density, pr. An alternate form of e9 7 (:ee dr:ct-rr.rrrn on thc pro. lected
a r e a  o f  a l k y l s i l o x a n e  g r o u p s )  i s  g i v e n  b 1  e q  i ,  w ' h e r e  I , ' i s  t h e  r o l u m e  o i e a c h

V =  .  d  =  . \ ' , /  p , t

hydrocarbon ta i l  in  the  mono larer .  S ince  the  mass  o f  each ta i l .  n .  i s  s imp ly
the  sum o f  the  masses  o i  eac i r  a rom in  the  ta i l .  the  mass  dens i ty  o f  ihe
mono layer  can be  ca lcu la ted .  The re f rac t i ve  index  o f  a  subs tance is  re la ted
to  i t s  mo lar  re f rac t i v i t v .  R ,  mass  dens i ty ,  and molecu la r  we igh t ,  }7 ,  by  eq  i i .

( n 2  -  l ) / ( n 2  +  2 )  =  R p ^ / w (  i i )

R is found by summing the refractivities of each methylene and methyl group
in the hydrocarbon ta i l  (Vogel ,  A.  I . . / .  Chem. Soc.  1 i48,  1833-1855).-This
calculat ion y ie lds an approximate refract ive index of  1.50 + 0.07.

(48) The change in thickness of the monolayer as a function of its assumed
refractive index is a linear function of the lengih of the monolayer: rhe longer
the monolayer,  the greater  the change in the calculated th ic icness.

(49 )  B ras lau ,  A . ;  Deu tsch ,  M. ;  Pe rshan ,  P .S . ;  We iss ,  A .  H . ;A ls -N ie l sen .
J . ;  Bohr ,  J .  Phys .  Reu .  Le t t .1985 ,  54 ,  I  14 - l  17 .

(50) Bosio, L.; Oumezine, M. J. Chem. phys. 1984,80, 959-960.
(51 )  S lu i s ,  D . ;  R ice ,  S .  A .  " r .  Chem.  Phys .1983 ,79 ,5658-5672 .
(52) Ocko,  B.  M.;  Braslau,  A. ;  Pershan, p.  S. ;  Als-Nielsen.  J. :  Deursch.

M. Phys.  Reu. Let t .1986, JZ,  94-97.
(53) Ocko, B. M.; Pershan, P. S.;Safinya, C. R.; ChianC, L. y. ph.t,s. Reu.

A 1987. . tJ .  1868-t  872.
(54 )  Pershan ,  P .S . ;B ras lau ,  A . ;  We iss ,  A .  H . ;A ls -N ie l sen ,  J .  phvs .  Re t t .

A 1987. J5.  4800-4813.
(55) Als-Nielsen, J. Physica 1986, 140A, 3l.6-38"t.
(56) pa is the volume density of electrons: that is, the number of electrons

present in a unit volume.
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F igure 2.  Intcnr in.  R.  i ' l  X-nrrs re f lected f rom alkyls i lorane monolavers
on  s i l i con . . ' s i l i c t rn  d r t , r rdc  \ubs t ra tcs  as  a  func t ion  o l  q , .  t he  mr lmen tum
change  o l ' t he  pho l r rn  upon  re f l ec t i on .  The  mono lave rs  were  p repared
f rom a lky l t r i ch lo r r r s i l anc : .  C l r s i (CHz) "CH: .  The  top  spec r rum i s  fo r
bare Si /Si02.  F.rch spectrum is of fset  by l0r  f rom the one above i t .  The
sol id l inc is  the calculatcd Fresnel  ref lect iv i ty ,  Rp,  for  a perfect ly  smooth
si l icon substratc.

Z --------+

F i g u r e . 1 .  \ 1 , r r l i i . .  r , \ i  1 , .  t h c  c l c c t r t r n  d c n s i t l .  a n d  d p r l f  d : .  t h e  c h a n g e
t n  c l e e l r i ) l r  ( l . n \ t i \  . : , , n g  l i r !  n , i r n t i t l  p e r p C n d t C U l l r r  t O  t h e  p l a n e  O f  t h e
r t t ( ) r t ( ) l l t \ c r .  t l \ c ( l  ! i )  . , r t  l l \ ze  the  n rc . r . t r r cd  \ - r l r t  r c f l eC t i v i t f '  o f  a l ky , l -
s i l o r a n e  n t r ) n ( ) i i r \ c r \  o n  S r  S r O .  : u b s t r i l t c \  T h c  a i r  - n t o n o l a v e r  a n d
mono lavc r -subs t r l r t c  rn tc r l Jec \  J rc  r cp rcscn tcd  rn  d ,1 , . ,  d - -  b r  Gauss ian
lunc t ions .  A ,  e rp \ : )12o ,21  and  12  c rp ( ( :  d1 )  1 )o2 ) ) .  The  pa ramete r
d.  the separat ion between the centers of ' these funct ions.  represents the
distance between the air-monolayer and monolayer-substra'Le interfaces.' fh is 

d istance is  the th ickness of  the monolayer.  At ,  Az,  a1,  and o2 ztr -
the heights and widths of  the Gaussian funct ions.  The parameters 6p,
and 6p2 are the changes in refract ive index across each inter face and are
proport ional  to .4,o1 and A2o2. The electron densi ty decreases f rom
substrate to monolayer to a i r .  The index of  refract ion for  X-rays is  a
l inear funct ion of  the electron densi tv.

momentum experienced by the X-ray photons during the reflection
p rocess ,5T  wh i le  p -  i s  the  e lec t ron  dens i t y  o f  t he  bu lk  subs t ra te .
Re is the Frcsnel reflectivity, the intensity of X-rays reflected from
a bare  subs t ra te  whose  boundary  w i th  a  vacuum i s  sha rp  and
perfectly smooth. lf thc refractive index of the substrate is known,
the form of  RF is determined sole l l '  by the Fresnel  ref lect ion
coefficients. This index of refraction is calculated from the crit ical
angle, d., for total reflection of the X-rays.ss The refractive index
in  the  X- ray  reg ion  i s  a  l i nea r  func t ion  o f  the  e lec t ron  dens i t y .

1 0

1 . 00 .80 6O Ja 2

t
dpu,

d z

I

(57) The momentum, p,  of  a photon is  p = 1,  15.  Since l r  is  a constant ,
momentum can be represented bv t r -1.  which has uni ts of  A-1.
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t , . r .5s  The change in  e lect ron dens i ty  dp"1f  dz  is  thcrc l i r rc  a  d i rcc l
r l casu re  o f  dn ld ; .

[ .quat ion 4  dcscr ibes thc pat tern o f  in ter fercncc that  rcsu l ts
1 ' ronr  the rc f lcc t ion o l 'X- rays f rom an arb i t rar l '  e lec t ron d is t r i -
but ion.  / r . i ( : ) .  In  the case of  two sharp in ter faces separated bv
sornc distance, eq 4 reduces to the famil iar intcrfercncc condit ion
ior  rc f lcc t ion f rom para l lc l  sur faccs.se '60 Sincc the measured
interfercncc pattern depends on the actual distance separating the
tu o  in tcr { 'a rccs in  our  monolayer  sy 's tenr ,  th is  method.  un l ike c l -
l ipsometr l , .  d i rec t l ,v -  measures the th ickncss of  thc  r .nont , lur  c r .

Ou r  expe r imen ts  u t i l i zed  two  monoch ron ta t r / . - r . l  ' t r 11 i ' g ( r  r ) l
\ - r a r s :  a  r o t a t i n g  a n o d c  ( } .  =  1 . 5 4  A ) r r n d  t h , :  \ . , ' , ' " ' r ' \ \ n -
chrot ron l - - ight  Source (NSLS.  X = l .7 i  A;  n 'e  prc :ent  thc  dr r r . r
obta ined f rom these two sources as a  funct ion o f  I  i - .eearr 'c  thc
interference pattern is invariant in q-, regardlcss of '  l  hc r i . tr  cicr igi; '
o f  r ad ia t i on  used .  We  w i l l  a l so  usua l l v  p resen t  o r , r  d . , i . L  I  i i  ,
fo rm R/Rp.  S ince for  a  s ing le ,  sharp in tcr f 'acc R = Rr . "  R R,
= I  for  a l l  q r .  Any d ivergence of  p .1  f rom that  ehr r r r le lc r , / r !  . r
s ing le ,  idea l  in ter fzrce is ,  therefore,  read i l r  apn i r rcn i  . rs  r rc , . ,  i ' . r , ) i .
in  R/Re f rom a hor izonta l  l ine.

The in terpreta t ion o f  the observed in tcr fc rcncc l r r i te  r r  r  I  igLr ic
2  shows  t yp i ca l  da ta )  r equ i res  f i t t r ng  i t  t o  a  s t ruc lu r . i l  n ' r , r dc . , , '
t he  mono laye r  t ha t  i nco rpo ra t cs  changes  i n  t hc  c l ce i r , r n  dcn \ r r \
a l ong  t he  su r face  no rma l  ( dp .1 r ' d :1  \ \ ' c  ha rc  l n . r l r zcd  ou r  du t . i
us ing a t reatment  descr ibed in  dctu i l  c lsorhcrcn;  tnd \untmi rnzcd
g raph i ca l l y  i n  F igu rc  3 .  Th i s  t r r o - l a r c r  n t t r dc l  i :  t hc  : i n rp l cs t
plausible model for thc dcscript ion of thc alkr lsi loxane nronolarers.
but  i t  is  not  an exact  representat ion o f  the monolaver-subst ra te
s\stem. The presence of the surface oxide on the si l icon substrate
might  suggest  the use of  a  thrce- layer  modcl ,  The e lect ron
dcnsit ies of amorphous si l icas and bulk si l icon are, however, ver) '
sirr i lar.62 To the X-rays. the si l icon and si l icon dioxide thereforc
appcar ,  to  a  f i rs t  approx imat ion,  as a  s ing le  mater ia l  w i th  nr r
separat ing in ter face.6 l  In  th is  paper  we wi l l  use thc two- lar r r
model to determine the thicknesses of the alkylsi loxanc mon()larcrs.
In  a  separate  papcr2T rvc  d iscuss the uncer ta in t ics  r rssoc i : r ted u i l i t
t h i s  mode l  and  demons t ra te  ho l v  t he  t h i ckncss  o l  t hc  n r ( )n ( ) l i l \ e r
depends  s l i gh t l y  r l n  t hc  rnodc l  uscd .

Our  rnode I  descr ibc :  dr , -  'd - -  i -or  e  ae h in tcr f ' . ie  c  r r '
f unc t i r t n .  - l  e  r p ( - - l  1 , r l  r  i hc  n r r r t l c l  C r r f l t . i i n .  t ' r r  c
t h c  t h i c k n c : s  . . r l  t h c  n r \ ) n ( ) l . r \ c - r .  , /  t . r c t u l r l , r  t | t c  d l ' l
t h c  e c - n ' . e r .  r r i ' 1 i l c : u t r r ' .  l - . 1  i e  : l l , , n ! \ ] . 1  \ a l - , : : . C j ,  : t ' . , , l - , ,
l c r l . : r ' c . , .  : h e  : e  : g i - ' .  ' i l  i . r s l  ( i . 1  u . . , . 1 1 .  1  . : 1 , , 1  1 . .  . : f - . u  l t . c  . * : J : :  . .

'  . l n d  r :  r i  T l ' . e  '  l . t r i i m e t e r \  r r - p r r ' \ c n t  l h c  r ' r u S h : . r : c .  . : - . 1
in t r i ns rc  u  td ths  o i  h l th  i n te r iaccs .  The  changes  tn  c l cc l r t rn  dcn . r t r
a c r o s s  c a c h  i n t e r f a c e . 6 p l  a n d  6 p r .  a r c  p r o p o r t i o n a l  t o . - 1 1 o ,  a n d
. . -12o. .  respect iv 'e ly.  The posi t ions of  the minima in the X-ra1'prof i lc
a re  de te rm ined  a lmos t  en t i re l y  by  d .  The  th i ckness  o f  the  mon-
olayer can therefore be determined to an accuracy of - I A. The,
amp l i t udes  o f  the  m in ima ,  as  we l l  as  the  genera i  sh i rpe  o f  the
prof i le of  the scat tered X-rays.  ref lect  the combined ef fects o l  A, ,
.42,  ot ,  and o2.  Because these parameters are coupled.  obtain ing

(58) The index of  refract ion toward X-rays,  n,  is  g iven b1 eq rr r .  This

n =  |  - ( 2 r ) - t ) , 2 p , 1 r 0  r o =  2 . 8 1 8  x  l 0 - s A  t i i r t

relation is derived from the classical theory of dispersion for frequencies much
higher than the resonance frequencies of the electrons in the sample. See rel
25,  Chapter 2.

(59) See the appendix in the supplementary mater ia l .
(60) Hal l iday,  D. :  Resnick,  R.  Pf tys ics.  3rd ed. ,  Part2 John Wi le-v- :  New

York,  1978: Sect ion 45-5.
(61) Descr ipt ions of  th is model  and more sophist icated models for  thc

structure of  a lky ls i loxane monolayers are found in ref  27 .
(62) From the mass densi t ies of  s i l icon and quartz we calculate e lectron

densi t ies of  0.70 and 0,80 A-3,  respect ively.  Several  mineral  forms of  s i l icr .
inc luding opal  and cr is tobal i te,  have densi t ies I  5% less than that  o l  quartz
See ref  42.

(63) Inclusion of  a th i rd layer for  the s i l icon dioxide on the substrate
improves the overall agreement between the observed reflectivity and that
predicted by the model, but it does not have a significant effect on the mea-
sured thickness ol the monolayer. The presence of this layer in the modc'l
a l ters the calculated th ickness by no more than 0.5 A.  See ref  2 ' i

(6a) We refer to 01 dnd o2 as the roughnesses of the two interi 'aces rn our
model .  They actual ly  provide a measure of  the distances over which the
refractive index changes from n6 (or n1) to n1 (or n2).

: '  , . . 1  , t  "  , . , r  r ! , i  r . l t r . c t l  b r  C \ p ( ) s u r e  t 0  X - f a y s  f r O m  a  s ; - n -

- ' r -  " . : , \ '  . , ' l r ' .  - r : - ,  \ i \ r ' ! r i . ,  r i c l t t r n d  h i g h  r c s o l u t i o n  s p e c t r a  o f  t h e
(  . ' i : . '  "  ! " '  \  . , .  l i r t . , l g g  r ) l  l h c  s ; t t r t n l c  t h a t  h a d  n o t  b e e n

r ' \ i r ,  \ : 1 1  \  I  " ' l t l  r l t : '  ,  t t  i l r t .  r C U i r , n  * l l s  l / l l l O  =  1 1 2 o .

l , t i . .  i r .  -  t \ ,  1 ' : . i r : . , . . - :  I : 1 . t . . : : . . 1  \ \ c r c i n d i s t i n g U f s h a b l e

. :  -  l i  . : l  t  . . 1 1  : 1 ,  I  ' - r c e  n  c t  p o s c d  t o  a n \  X - r a y  r a -

\ : 1 ,  j ! \ .  : ' r ,  , C '  . r . : .  . : i . .  , , 1  i i r e  \ . r n r p i c  t h a t  h a d  b e e n  e x p o s e d  t o  t h e  g r e a t e s t
' : 1 1  1  r - r l  \ ' : . r ' , .  I : t c  c { } n l i l e l  a n g l e  i n  t h i s  r e g i o n  w a s  g f ; : o  =  8 2 " .  T h e

h i g h - r c s r r l L r r i , r n  (  l \  s p c c t r u m  e x h i b i t s  a  t a i l  t o  h i g h e r  b i n d i n g  e n e r g ) ' ,

r n c i r e a t r n g  t h e  p r c s e n c c  o i  o r i d i z e d  c a r b o n  s p e c i e s .

re l iab lc  va lues f 'o r  thcm is  technica l ly  complcr . r '
X-ray ref lect ivi ty does not ut i l ize comparisons betueen the bare

subst ra te  and thc coa led sample to  measure the th ickness of  the
monolaver. DiI ' lc 'rcnccs in susceptibi l i tv to contanrinati()n between
thc subst r r i lc  r r r r t l  thc  monolayer  would  therc fore hare no ef fec t
on thc ntca\rrrc( l  length of the monolayer. Adsorption of impurit ies
( ) l t  thc  l l r ( ) r r ( ) l l r rc r  $r tu ld .  however .  cause an increase in  i ts  apparent
ihr r 'knr ' . .  J )ur  rn ! r  t i re  .c rc i ' r r l  hours  requi red for  the accur t tu la t ion
, r 1  l l e  \ - '  , .  , i . ' 1 . :  \ \ t '  i r , r r t ' r r b s e r v c d  t h c  b u i l d u p  o f  a  c o n t a m i n a n t
l l I t ' l  , , i  i ] r ,  i r  ! : r r ' i  u r r r ' i r r  S i  ' S i O r  s u r f a c c . t t  \ \ ' c  h e r e  n o t  d e -
l c f l . ' i l  . r . . r l '  .  , ' " . r ' l  , , , i , ' , , ,  r r h c n  i t  m o n o l a \ e r  i s  p r c s e n t .

\ - r u r  I ) r r n r a g t ' .  \ \ : '  e  r i l r p s o m e t r l  i s  a  n o n d c s t r u c t i v e  t e c h -

t  - . , i .  ! \ ' a .  \  . ' -  ' - , l . r n t r ,  n t o n o l a v e r  t o  s l n c h r o t r o n  r a d i a t i o n- . , i .  . \ ' a .  \  . ' -  ' - , l . r n r r ,  n t o n o l a Y e r  t O  s l n c h r o t r o n  r a d i a t i O n
r , .  t .  r  . ,  :  .  : - i r : r t  r l r r r n  r r l  t h c  s a m p l e .  T h e  e x p e r i m e n t s

- i ' i . , - ' ,  :  . - -  " . : : . ' t e d  u n d c r  a i r  r a t h e r  t h a n  i n  v a c u u m
.  \ \  i  l r , u n t l  t h r r t .  u p t t n  r e m o v a l  f r o m  t h e
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i , l ( ) n ( ) i : r \ c r  p r c p a r e d  i r o m  C l 3 5 i ( C H 2 ) l t C H l

i  \ r ; , . 1g1 -  r rn  r l  f l c th \ ' l - t e rm ina ted
i l r '  l i p 1 . ; 1  , / f l : ( )  =  I  l ] o  t t t  p I t O

\ -  
" - ' ' - , '  

' : , , '  : -  : l ! . .  i ' , r ; ' .

l i o l t t  ' l f l : ( )  =  I  l ] o  t t l  0 j
-  - :  \ t :  ^  

l  : . r .  . r : : i d  - ,  r  i . : . :  . r : r g i c  . t n n c i r r c d  r r n l r  o n  t h e

c c n t r i . l l  p t ) r ' i  l r ) r l  , r l  l h c . . 1  n t p l c  t h . r l  t . .  l h c . r r c . r  t h e t  h a d  b e e n

c r p o s c d  t o  t h c  ! r c a t c : t  t l u r  t l t ' . \ - r a r ' .  T h c  c d g c  o i  t h i s  s a m p l e ,
which had had l i t t l c  or  no e xDosure to  X-rars .  c rh ib i ted unchansed
we t tab i l i t i  (H r r : t t  =  I  l l o  ) .  F - l l i p som. t r y  f r i t . . t  t . r  d i r ec rn  i n r
s ign i f icant  d i f ferencc betw'een the damaged and pr is t ine reg ion\ .

F igure 4  represents  XPS spect ra  o f  the C ls  peaks f rom the
center and cdge regions of a monolayer prepared from dodecyl-
t r i ch lo ros i l ane  (C l r s i (CHz ) "CH: ) .  The  damaged  a rea ,  wh i ch
had / /H,o -  8 :o .  shows a ta i l ing to  h igher  b ind ing energy that  is
not prescnt rn thc areas unexposed to the radiat ion. We suspect
that  thcsc chr rngcs in  lJ t { :o  and the XPS spect ra  re f lec t  ox idat ion
t r l  the nr ( )n( ) l i t \  c r  to  po lar .  oxvgen-conta in ing funct iona l i t ies
(  . r  lcoht r is .  kc toncs.  cu rboxy l ic  ac ids,  hydroperox ides,  and/or
trthcrs) 6' '  \ \ 'c couid nt l t  detect these new oxygen signals direct ly
br  \ l ' }S i tg i r rn \ t  the large background s ignal  f rom the oxygen
.rtr) lr \  in t i rc .url .rec si l icon oxide. This type of damage apparently
fe !ur ic :  c \p( )surc  to  rn tense X-rays.  Samples that  had on ly  been
c\fnsctl  to rudirrt ion fronr a rotat ing anode source, whose f lux was
rrppro\r inirtcl i  0 l ' i  of that of the synchrotron, exhibited no change
r f l  l / l i - o  o r  i n  \  l ' S  spec t ra .6T

(6 - i )  Two rarnp lcs  were  ana lyzed under  a  he l ium a tmosphere .  S imi la r
darnage was t.rbserv'ed for these samples as for those analyzed under air.  The
charnber  ho ld rng  the  samples  was no t ,  however ,  a i r  t igh t .

(66) I  he bindrng energies, relat ive to CHr, for oxidized carbon atoms are:
C H 2 o l l .  + 1 . 5  e V ; C O ,  + 3 . 0  e V ; C O z H ,  * 4 . 5  e V .  G e l i u s ,  U . ;  H e d e n .  P .  F  :

H e d m o n .  J . ;  t - i n d b e r g ,  B .  J . ;  M a n n e ,  R . ;  N o r d b e r g ,  R . ;  N o r d l i n g .  C . ;  S i c g
b a h n .  K .  P h l s .  S c r . 1 9 7 0 . 2 . 7 0 - 8 0 .
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Thickness (A) by X-ray Reflect ivi ty

F igu re  5 .  Compar i son  o f  thc  th i cknesses  o f  a l ky l s i l oxane  mono la \e  r :  a :
n reasurcd  b r  e l l i psomet r r  and  X- ray  re l l ec t i v i t y .  The  so l i d  c t r c l cs  (O)
a re  the  th i cknesscs  o f  comp lc tc  mono laye rs ;  the  open  c i r c les  (O)  a re  the
th i ckncsscs  o l  pa r t i a l  mono laye rs .  The  so l i d  l i ne  i s  tha t  expec ted  i f  t hc
two techniques l ie ld the same th ickness.  The dot ted l ine is  of fset  bv 1. .1
A  and  i s  tha t  expec ted  i f  on l y  e l l i psomet ry  i nc ludes  the  s i l i con  a rom o l
thc  a l ky l s i l ane  in  the  measured  th i ckness  (see  thc  t cx t ) .

Al though the damage to the monolaver was c lear ly measurable.
we do not ,  for  two reasons.  bel ievc that  i t  had a s igni f icant  ef fect
o n  t h e  v a l u e  o f  t h e  l h i c k n c s :  n r e . r s u r e d  f o r  t h c  l l r ( ) n r ) l i l \ e  r  I . i . ' 1
sa rnp les  examincd  on  b t l t h  l he  ro t r r t rng  i l n (x l c  . t n t ' l  1 i r t  . . , , t i

cxhib i ted s imi lar  re f lec t i r i t i c -s .  Sccond.  ihc  in l ' , rnr r . r r : , ' i '  , l  : ' :  : r r . : - .
i m p o r t a n c e  i n  d e t e r r n i n i n c  t h c  t h i c k n e r . , r l '  i h c  n t r , l ,  . : \ J : ' . r . i : . !
t he  two - l a1c r  mode l  t he  pos i t i on  i r i  t hc  l ' :  r . :  l t l r l : . 1 \  : l : : l l - - t u r - - l
in  the re f lec ted X-rar  \ - \ \  a \  dcr i r  c t j  . i l l c r  re iJ t i \  c l r  br r r f '  c \n  ) \Lr r
t o  t he  X - r l l r  s , 6n

'fhickness 
of { lkr lsi lorane \Ionolarers on Si l icon. \ \  e .rppl ied

bo th  \ - r a r  r e f l c c t r r  i t r  ; i nd  e l l i psome t r \  t o  a  se t  o f  a l k r  l s i l o rane
r r i ono l i i r e r .  rF i su rc  5  |  Fo r  l - i  samp les  and  s i r  cha in  l en -q ths .
the acrccmcnt  bct \ \een the t * r t  techniques is  good.  The maximum
der ia t ion bet r reen the th ickness est imated us ing the two methods
rr  -1  L4. .  the arerase d i f ference is  2 .2  A ( rms) .  Th is  accuracy
t s  equ i ra l en t  t o  an  e r ro r  o f  - 10%,  i n  t he  measu remen t  o f  t he
th i ckncss  o i  a  C1 i  mono laye r .

E l l ipsometr \  svstemat ica l ly  g ives larger  va lues of  th ickness.
This dif ference could result from the use of too low a value for
the refractive index of the monolayer. We would. however, require
n = 1.55 in order to obtain values for the width of the monolayers
f rom e l l ipsometry  commensurate wi rh  thosc f rom the X-ray
measurements .  Whi le  such a h igh re f ract ive index is  found for
crystalline polyeth,vlene.a3 it seems unreasonable for a hydrocarbon
mono laye r  t ha t - con ta ins  me th r  I  g roups .

We believe that the discrepancv between the thicknesses inferred
f rom e l l i psome t r i c  and  X - ra r  measu remen ts  i s ,  a t  l eas t  i n  pa r t ,
t he  resu l t  o f  a  sub t l e  d i f f e r cnce  i n  t he  two  me thods .  The  e l l i p -
sometr ic  th icknesses are based on d i f ferences in  measurements
o f  t he  ba re  subs t ra te  and  t he  subs t ra te  w i t h  an  a t t ached  a l ky l -
s i l oxane  mono la re r  The  re f rac t i ve  i ndex  o f  S iO2  i s  1 .466e  and
the cont r ibut ion o f  an O. ,S iCH2 moiet l  to  the index of  re f ract ion
of  the monolarer  is  probabl r  verv  c lose to  that  o f  the a lky l  cha in
R.  Thus.  the th ickncss measured bv e l l insometrv  inc ludes the
s i l i con  a tom o f  t he  a l k r  l s i l oxane  g roup  I n  t he  X - ray  expe r imcn r
the measured th ickness corrcsponds to  the d is tance separar inp
in ter faces betu 'een mcdia o i  d i f ie rent  e lect ron dens i t ies .  S incc
the  e lec t ron  dens i t r  o f  t he  s i l i con  a rom in  t he  RS iO3  g roup  t h l r
a t taches the monola\  er  to  the subst ra te  is  e f fec t ive lv  ind is t in-

(67)  We were  ab le  to  cause damage to  these mono layers  w i th  a  r t r ra r ing
anode by  p lac ing  a  mono larer  in  rhe  d i rec t  beam o f  thc  anode fo r  24  h .  The
f lux  o f  th is  beam was - r , . ,0  tha t  o f  the  monochromat ized  rad ia t ion  f rom the
synchrotron. While the contact angle in the irradiated region decreased (d"H:o
^-  80" ) ,  XPS fa i led  to  f ind  a  s ign i f i can t  sur face  concent ra t ion  o f  ox id izcd
carbon a toms.

(68)  Sample  de ter io ra t ion  w i l l  bc  impor tan t .  however ,  in  more  de ta i led
s tud ies  o f  how mono layer  s t ruc tu re  changes under  var ious  cond i t ions .

( 6 9 )  T a i t ,  E .  A .  " / .  E l e c t r o c h e m .  S o c .  1 9 7 8 .  1 1 t . 9 6 8 - 9 7 1 .
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F i g u r e  6 .  M t l d c i t  1 ' r '  ' i r r ' s l l - r r s i i . l r c  r ) l  l n ! \ r l l l p l c t e  n l o n o l a y e r s .  A  c o m -
p l e t c  m o n t t l i l \ i ' r '  i r . : .  . .  t i r t I i r c . ' , .  i r .  ] r r 1 ! l  . r n  r n d c x  o f  r c i r a c t i , r n .  n ,  I n  t h e

u n i t ' o r n r  m o d e i  l t : e  i ' . r r i r . i r  ; r ' , r n o i a r e r  h a s  a  i e n g t h  l e s s  t h a n  r /  a n d  a n
i n d e x  o f  r c f ' r a e t r . , I l  . 1 l n r ( ) \ t n l r r t c l r  c q u a l  t o  n 1 .  I n  t h e  i s l a n d  m o d e l  t h e
i n c o m p l c t e  m ( ) n ( ) i : r \ c r  h l r s  ; r  t h i c k n e s s .  d .  b u t  t h e  i n d e x  o f  r e f r a c t i o n  i s
l e s s  t h a n  r r , .

guishable frorr thlt  of thc oxide layer on the substrate. the si l icon
atom o l  the a lk l ls i lane group appears  to  the X-rays to  bc par t
o f  thc  subst ra te .  not  o f  the hvdrocarbon monolayer .  In  shor t .
c l l ipsonre t r !  r r r l rsUrcs th t '  th ickness of  r r  S i tCH, ; ,CFl ,  monola l 'e r ;
\ - r - , r r r  n t t ' j r \ i l i ' f  l h  ' 1  i , r  . l  ( (  I l . ) - (  I l  n t ( l n ( ) l : l v c r  T h t s  c r n l r r n a t i O n

.  : 1 . . r l l : ' i r r  . i t l t r l d  h C  -  1 . . 1

\  - -  . : - ' , .  \ - r t ' .  : : f  i ' t t \ l l \  f h c s c
- ' . r - , ' i  : .  : - -  t . : t l  , - . r , 1  t h c , r l t r c r r c d d i l t ' c r c n c e
' - , , ' ' . ' . e . ' r  . ' -  . .  . . : -  .  : . r , - r i r , i r - .  1 :  T l r c  r c n r . l i n r n l :  d r f f ' e r c n c c

-  
\  : ' :  . . :  -  r -  - , : ,  r , . r r r  :  t l e  i , . r e  f r , , r f  .  r n  t h c  n t r l d e l s  u s g d

. : l  . 1  : l , i t r  z l l . - f  : : l i  - ' ,  : 1 .  , l l  . e  l i : u  . : l d  \ - f  . t r  d . t t l t .

P r o j e c t e d  \ r c a  o f  \ l k r l s i l o r a n e  ( , r o u p s  i n  t h e  P l a n e  o f  t h e
\ l o n o l a r  e r .  I  h c  d r r t r r  f ' r ( ) n r  l o $  - a n g l e  X - r a r  i c a t t c r i n g  p r o r  i d e s
a  s e  n r i q u a n t i t a t i r  c  e s t n l l a t e  o f  t h e  i n - p l a n e  a r c a  o l '  c r r e  h  . r i k r  l -
s i l oxane  g ro r lp  i n  thcse  n rono lave rs .  The  c r i t i ca l  ang lc  l ' t ) r  t o ta l
r -e f l ec i i on  l - r t l r r i  t hc  subs t ra tc .0 . .  i s  re la ted  to  the  e lec t ron  dcns r t , r
o f  t he  s i l i con  subs t r r t c  p . r , ,  ( cq  6 ) . "  The  observed  c r i t r ca l  ang ic .

0 . ) =  t r ) ; t , 1 r n / r  r , 1 = 2 . 8 1 8  x  l 0 - 5 4  ( 6 )

0 ,  =  0 .225  +  0 .007o  l i . r r  X - ravs  hav ing  wave leng th  X  =  l  . 54  A ,71
cor responds  to  an  c lec t ron  dens i t y  o f  0 .72  *  0 .05  A  3 .  The  ex -
pec ted  va luc  fo r  s i l i r : on .  ( )  70 ,4  3 .  i s  i n  good  ag reement  w i th  th i s
number.  The f i t t rng oi  lhr  prof i le of  scat tcred X-ra1's to the model
o f  ( d p " 1 i d : )  f ' t l r  t h c  r " o r  c r c d  s t t h s t n t t c  g t v c s  i t n  e s l i m a t c  c - t f  t h e
e I e c t r o n  d e n s r l \  ( ) l  i i r ( '  : r ] i u r , r l . i \ c r .  / / -  . .  .  r - e  i a t i v e  t t t  t h a t  t l f  t h e
s u b s t r a t e .  F t r r  t h c  r r ' , r I k , t 1 1 . . '  1 1 i , r 1 , r i . l r c ' i ' :  s t u d i c d  h c r c . ' , i c  e : i i m a t e .
u s i n g  a  t h r e e - i a r c r  l n ( ) d c .  i i t r i l  r , . . . , . ,  1 , . - t r  =  0  - 1  r  +  0 . ( ) - s . : - r l  T h e
a r e a  p e r  a l k l l s i l t r r r r r i c  f  r r  r : f ' .  l . , - . : n  t i t c n  b c  c a i c u l a t e d  f r o r n  t h i s
e s l i m a t c  o t '  t i r c  c l c r t r - o n  ,  j c ' t . t l r  t r l  t h c  n t o n o l a r  e r .  t h e  t h i c k n e s s
o f  t h e  m o n o l ; t \ r r .  , . i .  . r n L i  l i r t  n u p r b c r  r t f ' c l e c t r o n s ,  A ' . ,  i n  t h e  a l k y l
g roup  o l  e t t ch  , r l L r  l . r l , r \ , r r r  i 1 ( r i c t \  ( cq  71 .7 r  Our  ca lcu la ted  va lue

|  = . \ ' , /  dp,1 (7)

l i r r  I  rs  - l l  + I  \ r  pcr  RSi group.Ta An al ternat ive analysis,  based

r  - r ) r  
l  hc  \ r1 t :  \ ) l  lhc  s i l i con  a tom is  taken as  ha l i the  sum o f  the  pro iec t ions

, '  : i r i .  \ r  t  )  r  i  { . 1  A t  a n d  S i - C  ( 1 . 5 1  . \ ;  h o n d s  o n t ( )  l h e  :  a x i s .  T h e s e

I ) r i ) t cc l lons  werc  ca lcu la ted  f rom s tandard  bond lengths  assuming a  bond ang le
, r '  l 1 ) 9  { o

t - l  )  T h i s  v a l u c  f b r  t h e  c r i t i c a l  a n g l e  i s  s l i g h t l r  h i g h e r  t h a n  t h e  v a l u e  d "  =
r )  l l l  p r e d i c t e d  b y  t h e  e l e c t r o n  d e n s i t v  t r l - c r r s t a l l i n e  s i l i c o n  ( 0 . 7 0  A - 3 ) .  W e
, r t t n b u t e  t h i s  d i s c r e p a n c v  t o  c u r v a t u r e  i n  t h e  r a m p l e .  S e e  r e f  2 7 .

( 7 2 )  T h e  e l c c t r o n  d e n s i t v  o f  t h e  n r o n o l a y e r ,  0 . 3 0  +  0 . 0 3  A - 1 ,  c a l c u l a t e d
u i th  the  theore t ica l  cn t ica l  anq lc  fo r  s i l i con  ( re f  7 l  ) ,  cor responds to  a  mass
d e n s i t l ' o i  0  8 7  +  ( l  l 0  g , ' c m t  T h t :  d e n s i t v  i s  c a l c u l a t e d  a s s u m i n g  t h a t  t h e
nrono laver  consrs ls  so le lv  c i  me lh . , , lene  groups .

(73)  l ' hc  number  o f  e lec t rons  in  each cons t i tuent  mo lecu le  o f  the  mono-
iavcr  was iound b l  add ing  thc  nunrber  o fe lec t rons  cont r ibu ted  by  each a tom
in  the  ta i l  o l  thc  s i lane .  s ix  fo r  each carbon a tom and one fo r  each hydrogen.

t74)  The major  source  o f  uncer ta in ty  in  th is  es t imate  is  the  uncer ta in ty
i n  t h e  e l e c t r r i n  d e n s i t r  o f  t h e  m o n o l a v e r .
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Figure 7. Comparison of the X-rav ref lect ivi tv, R/Re, of part ial  and
eonrp lc te  nronolayers  prepared i rom Cl3Si (CH2)rCH3:  (A)  n  = l7  and
rB)  a  = l l .  The re f lec t iv i t ies  o f  the complete  monolayers  are o f fset  by
r r  fac tor  o i  100.

( )n  monolAVers that  hr id  been prepared f rom dodecy l -  and octa-
dccr l tr ichlorosi lane, yields an area of 22.5 + 2.5 4.27 Thcsc areas
. i rc  s imi lar  to  that  found for  c lose-packed Langmuir -B lodget r
rnonol r l \ 'e rs  o f  long-chain  a lcohols  (20.5-22 A?f  s  and to  thr :
c ros5 -sec t i ona l  a r ca  pe r  mo lecu le  w i t h i n  c r vs ta l s  o f  l t t ns - chu r i t
paraf f ins  (20. -5  A2) .4a,as Orhcr  s tud ics  have conc ludcd th i t  rhc ,c
sc l f -asscntb led s t ructures i l re  themsel l 'es  a t  ( ) r  nc i l r  I  e l ( ) \c -p i lckcd
i i r r angemen t . l s  Ou r  r csu l t s  a re  cons i s t cn t  \ \  i t h  t h i :  r , r r r . r c l t r : r t t n

Structure of Incompleteh, Formed \Ionolaiers. \ \  c u, 'L,, ld l ik.
t o  b e  a b l c  t ( )  i r \ \ e \ \  t h e  p r t t c c s s  b r  r r  h i e  h  . r l k r  l t r i e  h r r ) - r r r  

' . r i . - .

, t d s r r r b  l r n d  b r : d  1 , ,  I  . i l i , r r n  s u b r t r : r t c -  \ \  i t . , c  . r c  t . . r t i t , , i .  , r  t l
O u r  e  U r r L ' n t  l C r c l  , r l  l e e  h n r e . t i  : i r n h l r l t s . t l t r r n .  d : r c e  l : \  . t l . 1 l r  z r  i i t  r
: r , ) L i l \ \ .  \ \ j  i . : :  d c t c - : t t : : c  c ' : r : . i : n  l c , l : u t c . . , : : : l c  \ : : t . . : . . : J  :
. nc ( rn r l l e  ' . c l r  l ' r t r n ted  |  1 .1  r l l J i )  m r )no la \  L . r \  Thc  . t n . i 11 .15  , r ;  l i i g . g
: i f uC tu rc \  n l a \ .  i n  t u rn .  r hcd  l r gh t  ( ) n  ho \ \  comp lc t c  n l on ( ) i l t \ L ' r \
l i rc  forn tcd.

\ \ 'e  generated par t ia l  monolayers  bv removing thc subst ra tes
lrom the solut ions containing the alkyltr ichlorosi lanes before the
monolayers had formed completely. We hypothesized two extreme
possibi l i t ies for the structure of such monolayers (Figure 6). A
complete monolayer is characterized by a length, d, and a re-
f ract ive index,  n , .  In  one poss ib le  s t ructure for  an incomplete
monolayer. the alkyl chains would be uniformly distr ibuted over
the subst ra te  but  would  be d isordered and have a l iqu id l ike
st ructure.  In  th is  "un i form" case,  the monolayer  would  have a
ref ract ive index s imi lar  to  that  o f  the complete  monolaver ,  but
i ts thickness would be less. In the second structure, the monolayer
would cons is t  o f  is lands of '  a lk l ls i loxane groups hav ing loca l
s t ructure s imi lar  to  that  o f  the complete  monolay, .er .  In  th is
" i s l and "  mode l ,  t he  t h i ckness  wou ld  be  rhe  same  as  t ha t  o f  t he
complete  monolayer ,  but  the average re f racr ive index of  the
monolayer  would  be lower .  We cannot .  us ing e l l ipsometr r ,  d is -
t ingu ish betwecn these poss ib i l i t ies ,  s ince rvc  rnusr  assume the
ref ract ive index of  the monolayer  in  o i -dcr  to  dctermine i ts
th ickness.  X-ray re f lec t ion can,  however .  d i f ferent ia tc  be r rveen
these two models. For a structure containing island:. thc ptrsit ions
of  the min ima in  thc  X-ray prof i le  would  be the samc as thosc
of  the complete  monolayer  s ince the d is tances betw'cen thc a i r -
monolayer and monolayer-substrate interfaces would be the samc.
The intensities of these minima would change because the averase

(75) Gaines,  G. L. .  Jr .  Insoluble
Interscience:  New York.  1966 and

Monolayers at Liquid-Gas I nterface.s.
references cited therein.

q ,  ( A - 1 )

rn r  thc  c l cc t ron  dens i t y  o f  t he  a l ky l s i l oxane
.  , , r  r c l l ce ted  X- rays ,  R /Rp :  (A )  S i /S iO2
. : '  r - cd  t ' r r rn r  C ' l ,S i (CH2)2 (CF2)7CF3,  and  (C)

:r r  (  i l  -  t " (  I  l ,  \  und B are of fset  by fac-

c l c c t r t l n  d c r t . t t , ,  ' , r  i l i . t  r t  i l t e  ; ' j . 1 1 1 1 1  - g , r 1 l i . i i n t n g  \ t r U C t U r e  w O U l d  b e
Io rvc r  than  th . r t  i i  r t h rn  thc  e ,  )n ln l c l c  n t ' rn r ) l u \  c t -  F -o r  the  "un i fo rm"
s t ruc tu re  the  d rs t l rnec  \ cp i t r i i t l ns  l hc  rn tc r l i t cc \  \ \ t t u ld  be  less  than
t h a t  o f  t h c  c o n r p i c t c  r . n t t n o i a r c r .  T h c r c t ' t t r c .  t h c  l o c a t i o n s  o f  t h e
m i n i m a  w ' o u i d  d i f - f c r  f r t t n t  t h o s c  o l '  l h c  c t r n t p l c t c  m o n o l a v e r .

F i g u r c  7  s h o w s  t h c  i n t c n s i t l  o f  X - r a \ \  r c f l c c t c d  f r o m  t w o
m o n o l a y ' e r s  p r e p a r e d  f r o m  o c t a d e c v l t r i c h l o r o s i l a n c  ( C l 3 5 i -
( C U r l r ? C H r .  O T S ) .  T h c  c o m p l c t c  m o n o l a \ c r  \ \ i - r \  p r c p a r e d  b y
i n r n t e r s i n g  t h c  s i l i c o n  s u b s r r a t e  i n  a  s o l u t i t l n  c o n t a i n i n g  O T S  f o r
I  h .  l t  h . r d . r  t i r r e k n c \ \ .  b \  e l l i p s o r n c t r r .  o t - l t ' . \ .  T h e  s e c o n d
\J r . ) )p l c  r r .1 ' ,  p l , i g1 ' r i  ' r t  t hc : r rn rc  s t ) l u t i on  l i t r  -10  s .  B r  e l l i psomet ry
i t r  l i r . k ' r ,  ' .  ,  .  r  \  i r n r ( r r i n t l r t e  l r  6 0 ' l  o f ' t h a t  o f  t h e  c o m p l e t e
\ l r u ! l i t i ' -  [ '  .  -  r . . . ' 1  . , i . . t , , 1 r :  s h i l ' t  l n  t h e  p o s i t i o n  o f  t h e  p r i m a r y
r l : r : r r  , i i  : ,  ' r  . '  .  : ' , i . . - : i '  . i n d  p l l r t i a l  m o n o l a y e r s .  T h i s  s h i f t

t ,  i r J . i ' , . r . , , :  : : J : J : r . t , r i  . {  i n  t h i c k n e s s .  w h i c h  i s  w e l l
' r C , , , : t . : : - _  , \ , : . . :  : . -  - . - - , r -  r , l  t l i e  C \ p e f i n f C n t .

I  - . - .  
-  

,  .  : ' - . - - '  '  . ' l l . . : :  t j . l i l r  l i r r  l $ 0  n t o n o l l r c r s  f o r m e d
: " . .  (  , : r r (  t l - r  ( l l , r  \ \ h i l e t h i s s e t

- i - - i -  , ' l : . . , 1  i , ' :  t h c  n t t r n o l a r e r s  p r e p a f e d
. ' t  

'

, : r l  , .  : t l . : r e  r :  \ \  h i l c  i n  t h i s  l a t t e r  S V S t e m
i i l C  l i ' . g , , r t ' : ' u : ! ' - i \ \  :  : i . i ' J . l t . : . e i  f : U \ c n t c d  u s  f r O r n  O b t a i n i n g
r c l r l r b i c  r . ,  l [ r e  .  i ' \ l -  ' . h c  c ] c e  l r ' , n  d e  n \ ; ' . \  , t l '  t h c  n t t t n o l a l e r ,  t h e
s r n r i i a r i t r  t n  t h c . t r n p l t t u d c s  t i l  l h c  r n r n l n t . i  \ u g g c s t s  t h a t  t h e
c lec t ron  dens r t r  o l ' t hc  i ncon tp le t c  n tono la r c r  \ \ as  s i n t i l a r  t o  t ha t
o f  t he  comp lc t c  s t r uc tu r c .

We conc ludc that  the s t ructure o f  these par t ia l  monolavers  is
best  descr ibed b, " -  thc  "un i form" model  (F igure 6) .76 This  con-
clusion di i fers from that of Sagiv.77 which is based on an infrared
study of part ial  (-60%,) and complete monolayers prepared from
OTS on a luminum by procedures s imi lar  to  those used here.

Variat ion of the Electron Density of the Monolayer. The in-
tensity of ref lectcd X-ravs at the interference minima in the X-ray
profi le is smallest u,hen the intensit ies of l ight ref lected from the
substrate-monolal'cr and monolayer-air interfaces are equal. This
condi t ion is  nrc t  when the e lect ron dens i ty  o f  the monolayer  is
approx inratc l r  ha l fua l '  between that  o f  the s i l i con subst ra te  and
ai r .  l f ' thc  e lcet ron dens i t r  o f  the organic  layer  is  too c lose to  that
o l ' t he  subs t r r r t c  { ) r  ( ) f  a i r .  t he  i ncom ing  X - rays  see  on l y  one  i n -
te  r face :  t l ru t  hr l  ing r t  s ign i f icant  change in  e lect ron dens i ty .

W'c  h l rc  r lc r .nonst ra ted th is  e f fec t  by  compar ing the X-ray
profi lcs l ' . .rr  nr () I l l ()n() lalers formed from alkyltr ichlorosi lanes

( 7 6 )  \ \ e  ( l ( )  I r r ) l  g c n e r a l t z e  t h i s  r c s u l t  t o  o t h e r  m o n o l a y e r  s y s t e m s .  T h e
a l k r  l t r r c h l o r ( ) s r i ; l n c \  l r r r 1 1 1  ,  m o n o l a y e r  t h r o u g h  t h e  c r e a t i o n  o f  c o v a l e n t  s i l i -
c o n  o x \ g c n  b r , n d s  b c t r r e e n  r h e  s i l a n e  a n d  t h e  s u b s t r a t e .  O n c e  b o u n d  t o  t h e
\ubs t r i i t c  the  n t r r lecu lcs  cannot  move a long the  sur face .  For  sys tems such as
th io ls  on  go ld .  *here  thc  mono layer  i s  he ld  on  the  subs t ra te  by  weaker  in -
tcr i ict ions. i t  rnar bc possible lbr the monolayer consti tuents to dif fuse lateral ly
r rc ross  the  sur l 'ace

t 7 7 )  C o h e n .  S
r 0 5 . 1  1 0 5 6

Naaman, R.;  Sagiv,  J.  J .  Phys.  Chem. 1986, 90,
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Figure 10. XPS spectra of alkylsi loxane monolayers terminated with
CHBTCH2BT (and  re l a ted  b rom ina ted  spec ies ,  i nd i ca ted  by
*CHBrCH2Br") and CO2H groups after exposure to X-ray radiat ion
from a synchrotron source: survey spectra ( left) and high-resolut ion
spectra of the C ls region (r ight):  (A) edge of monolayer that had not
been exposed to any synchrotron X-ray radiat ion and (B) central area
that had been irradiated with the greatest f lux of X-rays.

to  - l l0o.  XPS \pect ra  conf i rn ted the incorporat ion o f  bromine
n r l t r  t hc  l l ( ) n ( ) l i r \ c r  [ : i l i p r r r n te t r \  \ uggcs t cd  t ha t  t he  mono lay ' e r
h . , . i  . e  r r g l : t e  " e  , l  l ' '  - -  I  \  

- '

i  rSu rc  ' )  f  r J . e  : r l .  \  r . r r  r c l l c , , l r r  i t r  d r t t l i  f i t r  t hc  b rom ina t i on
r l l '  . r  ln t rnr r i . i \  c f  f . r ;sp.11ed.  1r ' , t t . t  t  ITS Re t lce t i r  i t i cs  u  crc  n leasured
t ' r t r n r  l r . i ng l c  n t ( ) n \ ) i . r l c r  bc l ' o r c  and . r f t c r  cxposu rc  t o  a  so lu t i on
o l '  c l e  n r cn ta l  b r , r n r rnc  rn  C  H .C l . .  . ' \ l - t c r  r cac t i on .  t he  p r ima ry
m in imum sh i f t cd  t o  l o r r c r  q :  ( 1 r1 , -  =  0 .011A- r ) .  S incc  t he  b ro -
minat ion e f fec t ivc ly  lengthcns the monolayer  by one atomic
center ,80 th is  change is  expected and is  cons is tent  wi th  the e l l ip -
sometric data. The addit ion of one methylene unit to a saturated
alkyl chain containing l7 carbon atoms would shif t  q, by 0.0063
A-1.8r  The in tens i t ies  o f  the min ima a lso changed upon bro-
minat ion;  the pr imary min imum deepened whi le  the second de-
creased in  ampl i tude.

If the bromine were localized in the position of the double bond
in a trans-extendcd conformation for the organic chain, we would
cxpect  to  in l -c r  f ' ronr  the X-ray rc f lec t iv i t l 'a  layer  approx imate ly
-1 -A  t h i ek  u i t h  r r n  c l ce t ron  dcns i t r  sev ' c ra l  t i n t es  t ha t  o f  t he  hy -
d r ( )e r r rb ( )n  l r t t r n r  i hc  l n t cns l t \  da ta  t o  a  t h rec - l ave r  mode l  d i d

( 1 8 )  B c c a u s c  o t ' t h e  h r g h  d e n s i t y  o f  v i n r l  g r o u p s  a t  t h e  a i r - m o n o l a y e r
rn te  r face .  b rominat ion  o f  these groups  cou ld  conce ivab ly  induce some po lym-

er iza t ion  o f  the  type  presented  in  eq  iv .

_CH:CHZ +  CH' :611_ JA _CHBTCH2CH2CHBT_ ( iV)

(79) In using el l ipsometry to fol low reactions, we continued to use a re-
fract ive index of 1.4-5. This approach is clearly arbitrary, but we have found

that even using the refract ive index of elemental bromine ( L66) to describe
the new layer on the surface alters our est imate of the change in thickness by
o n l y  - 9 . 4  4 .

(SO)  fh .  van  der  Waals  rad ius  o f  b romine (1 .95  A)  i s  s l igh t ly  less  than

the  sum o l the  cova len t  rad i io f  carbon (0 .77  A)  and hydrogen (0 .371 A)  and

the  van der  Waals  rad ius  o f  hydrogen (1 .2  A) .  The vo lume occup ied  by  a

bromine atom is therefore similar to that of a methyl group. Lange's
Handbook o f  Chemis t ry ,  l  l th  ed . ;  Dean.  J ,  A . .  Ed . :  McGraw-Hi l l :  New
Y o r k . 1 9 7 3 .

(81)  We have ca lcu la ted  the  expec ted  change in  q ,  us ing  the  assumpt ion
that the monolayer-air and monolayer-substrate interfaces are perfectly sharp.
In  the  append ix  (see the  supp lementary  mater ia l )  we show tha t  th is  as-
sumption yields the usual condit ion for destructive interference (eq J). For
the primary minimum in R, r in equations H, I ,  and J is zero. Rearrangement

of equation H with n = 0 results in equation v for the location of the primary

Q , o =  r / d  ( v )

minimum, Qzn, ds a function oi d, the distance between the two interfaces.
Values for d were calculated using standard bond lengths and a bond angle
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Figure 9. Change in the intensity of ref lected X-rays that results from
chemical transformations of vinyl-terminated alkylsi loxane monolaycrs
prepared f rom Cl35 i (CH2)1.CH:CHr (HTS):  (A)  addi t ion o f  e le-
menta l  bromine (2%. v ' . t ' .  in  CHlCl l )  to  form CHBrCH,Br  or  rc la ted
b rom ina ted  s t ruc tu res  and  (B )  o r i da t i on  b r  K \1nO. ,  t 0  5  n r \ l )  \ e lO . ,
( 1 9 . 5  m M ) / K 2 C O .  ( 1 . 8  m M .  p H  7 . 5 ) t o  C O l H  F o r  b o t h  \ . r n d  B  t h r '
upper  X-ray prof i le .  o f fset  b1 a fac tor  o f  100.  is  that  o t ' the or rgrn. r i
monolayer ;  the lower  is  that  a f ter  the t ransformat ion o i  thc  ta i l  g roup
of the monolayer.

conta in ing l0  carbon atoms:  Cl3Si (CH2)sCH:  and Cl3Si (C-
H2)2(CF2)?CF3 (Figure 8). The fluorinated silane should generate
a monolayer whose electron density is close to that of the si l icon
substrate. The ampli tude of the minimum is much lower for the
fluorinated alkylsiloxane than for the hydrocarbon. (The positions
of the minima are dif ferent since the f luorinated si lane has two
electron densitv regimes along the normal axis, one for the layer
containing thc two CH2 groups and one for the layer containing
the eight-carbon perf luorinated chain. The alkylsi loxane mono-
layer  conta in ing the (CH2)eCH3 group has a un i form e lect ron
density throughout the monolayer.)

Monolayers composed of hydrocarbon have electron densit ies
midway between that  o f  s i l i con and a i r  and are ver r  umcnablc
to  invest igat ion by X-ray re f lec t ion.  For  o thcr  s \s tcms.  such a:
t he  f l uo r i na ted  mono la l ' e r  on  s i l i con  shoun  i n  F igu re  f i  t r r  h r -
drocarbon monolarers  on t rans i t ion meta l  subst ra tes or  on \ \a ter .
the acquis i t ion o f  usefu l  resu l ts  f rom X-ray re f lec t iv in  u i l l  gen-
e ra l l y  r equ i re  de ta i l ed  ana l r  s i s .

Characterization of Chemical Reactions Inrolving a !lonolayer.
We have begun to  erp lore the use of  X- ra l  re f lec t iv i tv  to  s tudy
changes in  the s t ructur r 's  o f  monola l 'e rs  when chemica l  react ions
a l ter  the i r  composi t ion \ \ 'e  had nvo in terests  in  these s tud ies.
F i rs t ,  we u ' ished to  determine i f  X- rav re f lec t iv i ty  had the sen-
sit ivi ty to pro', ' ide a ne\\ analrt ical technique with which to fol low
react ions invo lv ing monola\ers .  We were espec ia l ly  in terested
in  i ts  ab i l i t l  to  detect  smal l  changes in  e lect ron dens i ty  ( for
example that  accompanving ox idat ion o f  a  CH:CH2 group to
a CO2H group; .  \ \ 'e  r rere a lso concerned wi th  i ts  potent ia l  to
damage thc sample dur ing analys is .  Second,  we wished to  see
if the structures ol the alkl lsi loxane monolayers were suff iciently
r igid and well-ordered that we could incorporate into them layers
hav ing large va lues of  (dp.1/dz)  ( for  example,  by  adding Br2 to
a CH:CHr group to  y ie ld  a  CHBTCH2BT moiety) .

We have previously studied the addit ion of bromine to a
monolayer  prepared f rom Cl3Si (CHz)15CH:CH2 (HTS). '6  The
contact angle of water on this vinyl-terminated monolayer was
lf; 'o = 100o. Reaction with elemental bromine generated what
we hypothesized to be the corresponding I,2-dibromide (and other
related brominated species)78 and resulted in a decrease in dfzo

c o 2 t t  
/ \ ,
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lrnd a local ized lay'er of high electron density. The best f i t  to the
data.  however ,  suggested a ra ther  broad layer  (6  A ( f *hm) in
thrckness) whose electron density corresponded to approximatel;-
60'7 ef that expected for complete bromination of the vinvl groups
in  the monolayer

These resu l ts  do not  ind icate  a  wel l -ordered,  lavered s t ructure
t 'or  the brominated monolayer  der ived f rom HTS.82 Thei r  in -
terpreta t ion is ,  however ,  compl icated by X-ray,  damage to  the
brominated sample dur ing the re f lec t ion measurcnrcnts .  bv  un-
e cr ta in t l '  concern ing thc s t ructures formcd on brominat ion.  rurd
br  darnage to  the sample dur ing thc re f lcc t iv i tv  measurcmcnts
beJore react ion wi th  bromine.  Af ter  measurement  o f ' thc  X-rar
ref lect ivi ty of the vinyl-terminated monolaver prior to brominutron.
t he  cen t ra l  r eg ion  o f  t he  samp le  had  a  con tac t  ans l c  r i i r h  r r u l c r
approx imate ly  30o lower  than the edges of  thc  santp ie-  r i t i i r  \ \c rc
outs ide of  the X-ray beam. Af ter  brominat ion.  the ccnrn l r  r t i ' c .L
o f  t h i s  samp le  had -a  con tac t  ang le  o i  d f ; zo  =  6Jo .  I  l o  l c s r  r h r rn
tha t  o f  t he  edge  (d f ; zu  =  73o , .  F i gu re  l 0  p resen ts  XpS  :pcc r r . r
io r  the brominated monolayer .  The survev spect ra  ind icarc  thar
there was on ly  one- th i rd  as much bromine in  the reg ion exposed
[o the X-rays as in the section not exposed to the radiat ion. The
C ls spectra were also quali tat ively dif ferent in these regions: the
exposed area showed several dif ferent carbon environments with
b ind ing energ ies a t  least  3  eV h igher  than that  o f  CHr.  S ince
thc contact angles on the surface of the vinyl-terminated monolayer
rnd icated some degrec of  rad ia t ion damage pr ior  to  the bromi-
nat ion o f  the monolayer ,  the reduced conccnt ra t ion o f  bromine
that rre observed probably ref lects a combination of two effects:
i i rs t .  the rad ia t ion dest royed somc f ract ion o f  the in i t ia l  v iny l
-qr ( )ups.  and second.  the sr  nchrot r ( )n  rad ia t ion removed some of
t h c  b r o n r i n e  t h r i t  h l d  a d d c d  t o  t h e  r c n r a i n i n g  r i n r  I  g r o u p s . s r  s {

F igu rc  9  p r cscn t s  ana l ( )g r )u \  r e  l l c c t r r  i t r  d i r t l r  t ' , i r  i r l r t e  r i u i s
' . r b t . i r ncd  b r  . . t r r d l t r on  *  i r h  K  \ 1nO.  and  \ l  I ( ) 1  r r l  n t ( ) n ( ) l i 1 \  c r \
p repa red  i r om HTS The  e rpcc t cd  p roduc t  o f  t h r .  r c i i L t t i ) n  r \  . i
ca rbox r  l i c  ac id . ! 5  . \ s  f o r  t he  b ron t i na t i on .  \ \ c  n t c i r \ u r c - c i  r he
reflect i ' in from a singlc monolarer before and after reaction Thc
X- ray  da ta  i nd i ca t cd  a  s l i gh t  i nc reasc  i n  t he  t h i ckness  o f  t hc
monolayer  on ox idat ion,  a l though th is  change in  th ickness was
not  as large (Aq,  =  0 .008 A- l )  as  that  observed on brominat ion.
The second min imum was a lso reduced in  ampl i tude af ter  the
ox idat ion.  S ince th is  react ion rep laces a carbon atom wi th  two
oxygen atoms,  but  does not  add to  the end- to-cnd length o f  the
chain .  we do not  expect  the change in  the th ickness of  the rnon-
olaler to be as large in this reaction as in the bromination reactron.
,Attempts to model the observed data suggested that thcre was
a h igh-dens i ty  reg ion at  the a i r -monolayer  in ter face.  The
agreement between the model and the data was, however, poor.

Contact-angle measurements on the vinyl-terminated nronolayer
after the determination of i ts X-ray ref lect ivi ty rcvei i lcd t lpicar
rad ia t ion damage.  Af ter  the re f lec t iv i ty  measurcntcnt \  on rhe
oxidized monolayer there was. however, no observablc di l ' f 'crcncc
in  the contact  ang les o f  water  Qf ; ro  .=  40o)  betu,ecn thc rcprun
of  the sample which had been erposed to  X-ravs and the rc ! r ( )n \
wh i ch  had  no t .  The  XPS spec t ra  (F igu re  l 0 )  a l so  sho r i  n , r  d i l -
f e rence  be tween  the  i r r ad ia ted  and  un i r r ad ia ted  reg ion r .  Th r .
appa ren t  un i f o rm in  i n  t he  su r face  and  t he  resu l t i ng  i n rp l i ca r ron
that  X-ray damage is  not  impor tant  in  thc  these X-rar  rc l lccr r r  r r r
exper iments  is  reasonable  but  possrb l r  mrs lcad ing Bt r r l  11- r .
KMnoa /Na loo  ox ida t i on  and  t he  s rnch ro t ron  rad iu r i t r n  * r r u i t j
be  expec ted  t o  gene ra te  ox id i zed  rp . . , . r  r n  t hc  rnono l . r r c r . . r nd
i t  might  not  be poss ib le  for  us  to  detect  rad i . r r ion danr ; . rsc  rn  rhr :
ox id ized system.

(82) whi le angle-resolved xPS studies might  shed some l ishr  r rn rhc dr ' -
t r ibut ion of  bromine wi th in the monolay.r .  * i  huu.  had dr i i ic--u ln obrarnrnp
reproducible results from brominated monolayers which had nor b.cn er|r',.cd
to synchrotron radiat ion.  See ref  16.

(83) we have observed a decrease in the intensi ty 'of  the brominc s ignal
dur ing the accumulat ion of  the XPS spectra.  whi le the f lur  of  X-rars in thc
spectrometer is unknown, it is certainly less than that of thc X-rar beim irom
the synchrotron.

_-  (84)-The binding energy of  the bromine in the damaged region (Br .1d.  2,
70.5 eV) was ident ical  wi th that  in the areas unexDosed to rhe X-rars.

(85 )  Lemieux ,  R ,  U , : von  Rud lo f f .  E .  Can .  J .  Ch im. l95S.  JJ .  l 70 t  t709
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Discussion
This  work  mi rkcs i t  poss ib le  to  compare measure n tcnt .  r r l -  rhe

th i ckness  o f  a l k r  l s i l o \ ; r ne  mono lave rs  on  s i l i con  us inc  t u  o  t cch -
niques: optical e l l ipsontetr l  and low-angle X-ra.v. '  ref lect ir irr  Thc
fo rmc r  t cchn iquc  i s  morc  conven ien t  t han  t he  l a t t e r .  bu t  i t .  u r c
requires certain assumptions whose correctness is difficult to chcck
The good agrcenrcnt  betu 'een rcsu l ts  f rom these independcnt
techniques stronglr \upp()rts thc uccuracv of the thicknesses from
cl l ipsomctr l ' . ' l - l re  : rnr r l  i  \ \  s ternu t ic  d i f ferences observed between
these sets  o f  rcsLr l ts  crnpha-srzes thc in tpor tance of  deta i led con-
sideration ol ' t l ic \ tructurc and propert ies of the interfaces involved
in rcf lcctrng I isht in the optical and X-ray regions of the spectrum.

i  l l in r ; r tc l r  rhe cor rectness of  e l l ipsometrv  re l ies  on the proper
.1 r , , ' ' . '  t , l '  l l i c  i r . . ' l ' r ' , r r - 1 r ' . r  i ndcx  t r f  t he  mono laye r .  Wh i l e  t he
.1L : . e  e  ' , ' , ' 1 r '  i ' r q  . \ , q '  I  i ' . . :  \  l - i r \  i r nd  e l l i psome t r i c  r esu l t s  i s  no t
. L t ; l t r t j | '  t , r  ( i e  l c r n i l n c  t h r s  i n d e x  a c c u r a t e l y ,  w e  n o t e  t h a t  t h e
c l ce  t r , r n  dcn : r r  r  o l  1 [g  n rono lave r  i s  appa ren t l y  i ndependen t  o f
b t r t l  15.  dcgre. . '  ) l  . ( ) r i rn le tcness of  the monolayer  and the length
, r l ' t hc  u l k r i  g r , , un  i n  t i r c  \ l i i l ne  .  L . s i ng  t he  same  re f rac t i ve  i ndex
Ior  r r l l  sunrp lc . .  r r  l rc rhcr  p . r r t i l l  o r  fu l l l ' fo rmed.  therefore appears
lus t i f i cd  Th l ' . 1 r1g lgs1o11  t i i f ' f ' e r s  l r 6m tha t  r cached  fo r  pa r t i a l ,
"ske le t izcd"  l l ln t r  preprr rcd br  thc  c- rch ing of  [ .angmuir -B lodget t
rnu l t i la rcrs .  r ; r the- r  th . rn  thc  d i rcc t  dcpos i t ion o f  par t ia l ly  formed
mono lavc rs . s t ' * -  I t  i s  p l au r rb l c  t h l t  t h r s  n  pc  r i f  man ipu la t i on
might  f  ic ld  an is l r rnd \ t ruc ture ra thcr  rhan thc : rpparent ly '  un i form
par t i a l  mono l r re  r s  s tud ied  he  re .

The in lorn ta t ion ava i lab lc  f rorn  X-ra i , '  rc f lec t iv i t1 , ,  concern ing
organic monolaver f i lms is complementary to that avai lable from
other  tcchniqucs.  X- ra1 rc f lcc t iv i ty  requi res no a pr ior i  as-
sumpt ions about  thc  s t ructure ( index of  re f ract ion,  roughness,
t h i ckncss )  o l - t hc  sun tp l c  I t  has  a  scns i t i v i t l ,  t o  a tom ic -sca le
\ l : ' u ! l r ; r e  t h ; r l  c r r n r f :  u i 1 [ 1  i h c  s h , ) r l  \ \ l t v d l e n g t h  t t f  X - r a y  l i g h t .
J r  . , r l t l  ' 1 , ' i  , -  " , , : t ' .  , r  \ - r r l :  t r )  [ r r n ! l r a t c  s o l i d s  m a k e s  i t
, ; ' ; ' , : t : ; ' .  .  " i r ' ' l  - t . .  e \ c n  r l  t h c  t x ' c r l r i n g  i i l m  i s  n o t

1 1 . : l 1 . l . 1 l c l , l  : l  i i ' . ' i 1 1 . . 1 .  . ; r c L l r u l l l .

\ - r r r r  r c l ' l ce  t i r  r l \  . i l : r ,  h . r :  soc ra l  l i n t i t a t i ons .  F i r s t ,  i t  requ i res
r r  su i t r i b l r  l l u t  : ub ' tn r re .  \ t  p resen t ,  h igh ly  po l i shed  g lass ,  f l oa t

- s lass .  and  ' i l i c , rn . i r c  thc  on l r  so l i ds  tha t  have  been  shown to  have
s a t i s f a c t ( ) r r  l l . r l n e  . r . "  ' ' '  u l t h o u g h  a  n u m b e r  o f  l i q u i d s 4 e - s l  a n d
l iquid cry 'sta ls ' r  "  h; . rvc bccn cxar i ined u ' i th th is technique.  Recent
p rog ress  in  the  ep i tax ia l  g rowth  o f  me ta l  su r facese0  and  the
prcparat ion of  u l t rasntooth surfacesel  suggests that  the extension
of  th is technique to other substrates wi l l  soon be possib le.  Second,
the  e lec t ron  dens i t y  o f  t he  mono la l c r  n tus t  be  d i f f c re  n r  i ro rn  tha t
o f  bo th  thc  subs t ra te  i t nd  u i r :  t t x r  c l t r sc  n t r r i ch rng  r r i t h  c i t hc r  r csu l t s
i n  a n  i l l - d c f i n e d  r n t e r t ' , i t c  { l h : r t  r ' . . r  \ r n i i l l  r l l u c  o l ' r d p . 1 1 d : 2  a t
t h c  i n t c r l ' a c e  )  l t  n t j  , r  t i c t t r , r \ r '  t n  \ e  r i \ t t t \  i t r  u n d  r c s o l u t i o n .  T h i r d ,
o r g a n i e  s . t t n p l c .  : r r r , ,  l r t '  r 1 , :  i l . i s e  d  D \  e  \ p o s u r e  t o  h i g h - i n t e n s i t y
\ - r l r - r t  I r r l r t j i , l :  \  :  r : j  1 i r c . c  n r t r n t l l a r c r s  i n  t h e  p r e s e n c e  o f  d i -
. r \ \ S C n  . t i . l ) e . : - i ' r l  i , ,  r - e  \ r . l i  1 n  t r r 1 f l 1 1 1 1 O n .  E x p O s u f e  O f  m O n O l a y e f s
L  ) , r t . r r n r : . 1  (  [ ] '  ' ' ,  r t t l .  : . \ u l i \  i n  a  l o s s  o f  b r o m i n e .  T h i s  t y p e
r r i  1 . : :  : . . : l : , , ,  l : i ' i , , c d  d u r i n i :  X P S  a n a l y s i s  u n d e r  c o n d i t i o n s  t h a t
t i  , n , , l  , i . r : - ' , . , ! i  : l c l h r l -  r r r  r i n r l - t c r m i n a t e d  m o n o l a y e r s . l 6  H o w
: l  l ,  i ' . . : t l  : l . - . e  . i . : ; j ] . r ! u  n r o c e s s c s  a r e  i n  c a u s i n g  a r t i f a c t s  i n  t h e

' i . , t . :  . r r  t t  l t , , *  r i l c u t r r c l r  t h e y  c a n  b e  s u p p r e s s e d  b y  c h a n g i n g
e  \ , i ' \ c : tn rcn l . r l  eondr t i ons  ( fo r  examp le ,  by  us ing  ine r t  a tmospheres
r , l  \ . i \ - u r . t n t .  l ( ) \ \  t c n l p c r a t u r e s ,  o r  s h o r t  e x p o s u r e  t i m e s )  r e m a i n s
t()  i , ! -  c \ t . rb l t 'hcd \ \ 'c  bel ieve that  bct tcr  ct tntro l  over the condi t ions
r. : r t jc-r  r rhrch X-nr, r  rcf ' lect i r i t l  measurements are made wi l l  permit
l i r c  usc  o l ' t h i s  t cchnrquc  fo r  the  de ta i l ed  ana lys i s  o f  t he  s t ruc tu re
, r l -  n r r r n o l a l c r  s \  s t c m s .

Exper imental  Sect ion
\ later ia ls.  Decyl- ,  dodecyl- ,  retradecvl- .  hexadecvl- ,  and octadecyl-

t r rchlonrs i iane were obtained f rom Petrarch Systems and dist i l led pr ior

(86 )  B lodge t t ,  K .  B . :  Langmu i r .  l .  Ph t , . r .  Rc r ' .  1937 .  51 ,964-982 .
(87 )  Tomar ,  M.  S .  J .  Phy ' s .  ( ' hem.  1974 .  78 ,  947-950 .
(8 t i )  Cow ley .  R .  A . :  Ryan .  T .  W.  J .  Phys .  D  1987 ,20 ,61 -68 .
(89) Materials such as cleaved mica or graphite may have suitable flatness

for  the appl icat ion of  the X-ray ref lect ion technique,  but  they have not  yet
been developed for this prupose.

(90 )  Ha l lmark ,  V .  M. :  Chrang ,  S . :  Rabo l t .  J .  F . ;  Swa len ,  J .  D . ;  W i l son .
R. J. Ph,r's. Rec. Lett. 1987. .t9. 28'/9-2882.

( 9 1 )  B r o w n ,  N . . 1 . . 4 n n u .  R e r .  M a t e r .  S c i .  1 9 8 6 .  / 6 . 3 7 1 - 3 8 8 .
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to  use ,  The  conrpound  - r , -1 . { . { . - i . - i . 0 .o .7 .7 . t J .8 .9 ,9 ,10 .10 ,10 -hep tadeca-
f l  uo rodeo  l t r i ch lo ros i l anc  r  C  i rS r (  C  H ,  ) : (  C  F2) iC  F j )  was  ob ta ined  f rom
Pet ra rch  and  used  as  rece rved .  The  s l ' n thes is  o f  l 6 -hep tadeceny l t r i -
ch lo ros i l ane  (HTS)  has  been  desc r ibed  p rev ious ly . r6  Hexadecane  and
b icyc loher r l  r r c re  r )b ta incd  f rom A id r i ch  and  pu r i f i ed  b ,v - .  pe rco la t i ng
tw ice  th rough  ne  u t r r i l .  c r rdc  l .  uc r i ra ted  (as  pu rchased)  a lumina  (F i sh -
er) .  The pur i l rcd solr  ent :  pa:sed the Bigelow test  for  polar  impur i t ies.e2
S i l i con  (  100)  *  as  ob ta ined  in  3 - in .  d iamete r  wa fe rs  f rom Semiconduc to r
Processing Corp tBoston.  \1{)  (n- ty,pe.  laser grade) in three th icknesses,
0 . 0 8 0 .  0 . 1 1 5 .  u n d  0 1 0 0  r n . .  a n d  f r o m  M o n s a n t o  ( p - t y p e .  0  0 1 5  i n . ) .
Wate r  \ \ a5  passcd  th r t rugh  an  ion  exchanger  (Co le -Parmer )  and  d i s t i l l ed
i n  a  ( - o r n r n g  \ l o d c l  \ ( i - l b  g l a s s  d i s t i l l a t i o n  a p p a r a t u s .

Prepara t ion  o f  \ l ono la re rs .  The  s i l i con  wa fe rs  were  cu t  i n t t l  s t r i ps
l - r n  u i d c  T h c r c  . t r r p s  u e r c  c l e a n e d  b y  h e a t i n g  i n  a  s o l u t i o n  o l  c o n -
cen t ra tcd  t { .SO.1  r i nd  -10?  H2O2 (70 :30  v f  v )  a t  90  oC io r  30  m in .e3
(CAt.TIO\ 'p i ranho- solut ion reacts t i t t lent ly  wi th many organi t
materral \  ut td . th, tu ld he hundled w, i th great  care.)  The substrates were
r inscd  tho r . .ugh l r  * i t h  d i s t i l l ed  wa te r  and  s to red  under  wa te r  un t i l  use .

Thc  c i caned  : r l i con  \ t r i p \  ue re  removed  f rom wa te r  us ing  Te f lon -
coa ted  fo rceps  (Pe lco ) .  A l l  v i s ib le  t races  o f  wa te r  were  e l im ina ted  by
exposrng the samplc to a stream of  argon (minimum pur i ty  99.995%) ior
- -10  s  The  s i l i con  r . ras  then  p laced  in  a  -0 .5Vc  w /w  so lu t i on  o f  the
a lk r  l t r i ch lo ros i l ane  in  hexadecane  o r  b i cyc lohexy ' l .  The  con ta ine rs  f t t r
t he  so lu t ron  were  cus tom-made  f rom rec tangu la r  g lass  tub ing  th l t  had
one end sealed.  Pr ior  to use and dur ing the format ion of  the alkr lsr lorane
mono la le rs .  t he  con ta ine rs  were  kep t  e i the r  under  I  d r r  n i t r , rucn  a l rn , r -
sphere  o r  i n  a  des icca to r  con ta in ing  PzOs  (Baker ,  *g ranus ic ' ) .  \ f ' t c r  l
h (desiccator \  or  24 h (n i t rogcn atmospherc) .  the substr l te \ \  a\  re nrr) \  c( l
f rom so lu t i on  and  p laced  in  100  mL o f  CHCI r  fo r  l 5  n r in  r ( \  r cn r ( ) \ c . rn \
m ic roscop ic  con taminan ts  tha t  m igh t  havc  edsorbcd  r )n t r )  t hc  .u r l - . r ce  , , '
t h e  m o n o l a y c r .  T h c  s a n t p l c  w a s  t h e n  i n t r n e  r s e d  i n  l ( ) ( )  n t l  i r l  c i i r . r n , , l
f o r  30  s  and  r i nsed  * i t h  c thano l  d i spcnsed  f r , t n r  i r  l - rn I  d r ' p , r : . rb le  p rpc i
Thc  mono la \e r  \ \ as  d r ied  under  a  5 t ream ( ) l ' a rg ( )n  r rnd  n tc . i , u rcn tcn l \  ( ) l
con tac t  ang le  and  c l l i pson te t r r  ue re  made  immed ia tc i r

Contact  Angles.  Advancing contact  angles uere detcrrnrned on scssi lc
drops wi th a Rame-Hart  Model  100 contact  angle goniometer equipped
w i th  a  con t ro l l ed -env i ronment  chamber .  The  re la t i ve  humid i t y  i n  the
chamber  was  ma in ta incd  a t  >80% by  f i l l i ng  the  we l l s  o f  t he  samp le
chamber wi th water.  The temperature was not  contro l led and var ied
from 20 to 2-5 oC. The volume of  the drop used was 3 pL:  i ts  pH was
-5.6.  Al l  reported values are the average of  at  least  four measurements
on  the  f i lm  su r face  and  have  a  max imum range  o f  *3o .

El l ipsometry.  El l ipsornetr ic  rncasuremcnts \4 'ere made ui th r t  Rr idrr lph
Research  Mode  I  4160 .1 - :00F  th in - f i l n r  c l l i ns t rn te rc r  l ' hc  l r r rh t  \ \ ) r i r re  \ \ . i \
a  H e  \ c  l l r s c r  { I  -  h l l \  \ l  T h c . r n t l c , , t  l n L t d L : n \ ' e  \ \ , 1 r  - r l r r :  r r c ] . r l l \ c
t o  t h e  n o r r n a l  o l ' t h e  p l . r n c  o i  t h e  r . i n t p l c t  . i n d  t h c  ! r ) n t l c n \ r t \ ) i -  \ \ . i \  \ c l
a t  - . 1 5 , 0 o .  T h c  r t t c i . t \ u r c r l t c n l \  n c L c \ \ r r \  l o r  t h c  c a i c u l r t l r ) n  r r l ' t h e  i r  l n t
t h i c k n c s s  c o n s i : t c d  r , r f ' t h e  d e t c r n t r n a t i o n  o i  t h c  p o l a n z c r ; . r n d  a n a l r z e r
ang les  io r  the  : r l i e t rn  5ubs t ra te  and  the  co r respond ing  sc t  o l  ang lcs  l o r
the  subs t ra te  co l red  *  i t h  a  rnono laye  r  f i lm .

Each  se t  o f  ana i r ze r  and  po la r i ze r  read ings .  n teasured  in  zones  I  and
3,ea were the l r rer . rse of  at  least  four measurcments taken at  d i f ferent
loca t ions  (separa tcd  b r  a t  l eas t  I  cm)  on  the  samp le .  The  ang les  tha t
compr i sed  th i s  a re rase  had  a  max imum sca t te r  o f  *0 .  l 5o .  These  mea-
su rements  uc re  de lc rm ined  in  a i r  f o r  the  ba re  subs t ra te  w i th in  5  m in  o f
i t s  remova l  f ron r  *e tc r  Thc  subs t ra te  was  p laced  in  the  so lu t i on  o f
a l ky l tnch lo ros i  l anc  rmmcd ia te l l  a f te r  these  measurements .  Measure -
men ts  fo r  thc  rub : t r l t e - rnono la te r  sys tems  were  taken  no  more  than  5
min  a f te r  thc  r . i n rp ies  had  been  u 'ashed  w i th  e thano l .

The refractrrc rnder trf the substrate was calculated from the analyzer
and  po la r i ze r  ang les  io r  rhe  uncoa ted  s i l i con .  Th is  va lue  was  then  used
to  de te rm ine  thc  th rckness  o f  the  mono laye r  acco rd ing  to  the  a lgo r i t hm
of  McCrack in :e  The  leng ths  were  ca lcu la ted  assuming  tha t  the  mono-
layer had a refractrve index of  1.45.  The algor i thm calculated two values
for  the length of  the monolaver.  both of  which were complex.  Since the
leng th  o l  t he  mono l i t \ e r  mus t  be  rea l ,  we  chose  the  rea l  pa r t  o f  t hc
comp lex  numbcr  * i t h  the  sma l le r  imag ina ry  componen t  as  the  th i ckncss
o f  the  mono la r  e r  tThe  o the r  cho ice  was  inheren t l y  un reasonab le  s ine  c
i t  was  g rea te r  than  l t l 00  A . t  Th icknesses  de te rm ined  in  th i s  wa \  a re
accurate to +:  .1,

X-ray Photoelectron Spectroscopy.  The XPS spectra were obtained
using a Surface Science Laborator ies Model  SSX-100 spectrometcr
(monochromat ized Al  Kc-r  X-ray source;  l0-8-10-e Torr)  referenced to
Au 4f112 at  84.0 eV. Samples were washed wi th ethanol ,  dr ied under a

(92) Bigelow. W. C.;  Picket t .  D.  L. ;  Z isman, W. A.  J.  Col lo id.  Sci .  1946,
1 ,  5  r  3 - 5 3 8 .

(93) Pintchovski ,  F. ;  Pr ice,  J.  B. ;  Tobin,  P.  J. ;  Peavey,  J. ;  Kobold,  K.  " I .
Electrochem. Soc. 1979, I 26, 1428-1430.

(9a) See ref 29 for the definitions of the angular zones used in ell ipsometry.
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s t ream of  argon.  and introduced into the spectrometer.  For each sample
a survev spectrum (resolut ion l . l  eV, spot  s ize 1000 i rm, one scan) and
h igh - reso lu t i on  spec t ra  o f the  peaks  fo r  C  l s ,  O  l s .  B r  3d ,  and  S i  2p
(resolut ion 0.16 cV. spc' r t  s ize 300 pm, l0-30 scans) were col lected.
A tomic  compos i t i ons  were  de te rm ined  w i th  s tandard  mu l t i p lex  f i t t i ng
r o u t i n e s  a n d  t h c  f o l l o w i n g  s e n s i t i v i t y  f a c t o r s :  C  l s ,  1 . 0 0 ; O  1 s , 2 . 4 9 ; S i
l p .  0 . 9 0 :  B r  l d .  1  l s S  

' r '

X-ray' Reflection Measurements. X-ray sources were a Rigaku ro-
t a t i n g - a n o d e  ( R A )  X - r ; n  g e n e r a t o r  ( C u  K a 1  r a d i a t i o n .  ) ,  =  1 . 5 4  4 . 9 0
m A . 4 5  k c \ ' )  u n d  t h c  \ . r t i o n a l  S r n c h r o t r o n  L i g h t  S o u r c e  ( N S L S )  a t
B r o o k h a v c n  \ i r t i o n r r l  [ . l b t i r a t o r ]  ( b e a m  l i n e  X - 2 2 8 ,  \  =  l . 7 l  A ) .
Monochrornl t rc radiutr t )n \ \as obtained bv ref lect ion f rom a monochro-
mato r  (RA.  t r rp l c -bounce  gc rman iun r  ( l  I  l ) :  NSLS,  s ing le -bounce  ge r -
man ium ( l l l ) ) .  Thc  bcam s i ze  r . r ' as  0 .  I  X  5  mm fo r  i nc iden t  ang les  less
than lo and 0.5 X 5 mm for  inc ident  anglcs greater  than lo.  X-rays were
moni tored wi th tu 'o scrnt i l l i r t ion detectors:  one for  the incoming beam,
the other for  the radiat ion ref lected f rom the sample.  The intensi t ies of
the  rc l - l ec ted  X- ravs  u 'e re  no rma l i zed  to  the  in tens i t y  o f  t he  incoming
beam.

Since thc background radiat ion was a funct ion of  the angle of  the
incoming beam. point  b l  point  background subtract ion was performed.
The  background  was  dc te rm ined  by  pu rpose ly  m isa l i gn ing  the  de tec to r
b r  * 0 . J o  e t  c l r c h  i n c i d e n t  a n g l c  H

S l t r r t i ' l c s  \ \ c r c  l t t ( ) i l n l c t i  r n  l t  b r l r s s  c c l l  * r t h  K a p t o n  ( D u  P o n t )  u i n -
t l r r u r  l  h c  . i r . i n l ) r ' r  ( ' \ r ' i r i ( i c d  \ - r - . r t \  J l  a n g l e s  g r e a t e r  t h a n  7 o  T h e
l i l i | { r \ n h c r -  ' r  ' r , r ' . i t . r l t , b c r  \ \ : i \  c r t h c r  l t r r  t t r  h c l i u m .

i  r ' e  r , r r '  '  '  l i r r ' r l ' r ' .  l l . i t  u r r r r l r i  b e  d c t c c t c d  u a s  l 0 b  u i t h  t h e  r o -
1 . 1 1 , : r ! . 1 y ' , , , . i q  I  r , 1  r t ' , r 1  \ \ l  \  \  t r p i c r t l  r c l l c c t i o n  s c a n  r e q u i r e d  l 5  h
' , r  : i : i ' '  , : . : :  , r r  r ' r " r - i . . l r t j  i  h  . r t  \ S I  S  T h c  d a t a  t h a t  w a s  o b t a i n e d  a t
\ : l  \  ! , , \  i ' i ' , :  ' . r ' , - t  t l r c  r , l l ! t c  r n  q -  i i \  t h t r t  f r o n t  t h e  r o t a t i n g  a n o d e .

l l rom ina t ion .  T i re  \ - r . l  re l l cc t i r i t r  f u r  a  mono laye r  p repared  f rom
l l  T  S  " . r \  n t ( i i \ ' , i r . d  . r \  i r b ( ) \ ' e ,  Th is  mono la ) ,e r  was  then  p laced  in  a  2Vo
(  b r  rL r lun re )  : r r l u t r r rn  o f  e lemen ta l  b romine  in  CH2CI ,  fo r  7  h .  The  wa fe r
r ras  thcn  r rnscd  rn  C l l2C12  and  in  e thano l .  The  re f l ec t i v i t y  was  then
mcasurcd  aga in .

Oxidation. As for the bromination. the reflectivities before and after
oxidation wcre measured as described above. Stock solutions of KMnOa
( - 5  m M ) .  N a l O a  ( 1 9 5  m M ) ,  a n d  K 2 C O 3  ( 1 8  m M )  i n  w a t e r  w e r e  p r e -
pa red .  Immed ia te l v  p r io r  to  the  ox ida t ion ,  l 0  mL  o f  each  o f  these
so lu t i ons  was  combrned  w i th  70  mt .  o f  d i s t i l l ed  wa te r  to  c rea te  the  ox -
r d i z i n g  s o l u t i o n  { K \ { n O . , . 0  5  m \ ' l : \ u l O a .  l 9  5  m M :  K " C O 1 .  1 . 8  m M .
p l f  -  i t  I  h e  r r , ) n { ) l , r \ r r  n r e p a r c ( l  l r o n t  t l - I S  * r r s  p l a c e d  i n  t h i s  s o l u t i o n
' , r r  I  ] r  r l  

- '  r  l l ' e  .  i : i ' n l r ' \ \ . i \  r c l - n ( ) \ ' c d  f  r o n t  t h e  o x i d a n t  a n d  r i n s e d
'  . ' r r r r '  l  . . , . t r  , , !  \ . , 1 1 \ O ,  r t t  I  \ 1  ) .  w a t c r . 0  i  \  H C l .  w . a t e r .  a n d

. i l ' , ] . ' . i l r r l

Pentadeo l t r ichlorosi lane.  Dihldrogcn hexachloroplat inate(  I I )  (Al fa,
- i  - l  n r I  o l  r i  ( )  0 ]  \ l  so lu t i on  in  THF,0 .053  mmol ) ,  t r i ch lo ros i l ane  (Pe-
t r a r c h . 8 . 6  n r L - . 8 , 5  m m o l ) .  a n d  l - p e n t a d e c e n e  ( A l d r i c h ,  1 5 . 0 1  g , 7 l
mmol)  werc placed under argon in a dry,  heavy-wal led glass tube (d i -
amete r  2 .5  cm,  l eng th  2 l  cm)  equ ipped  w i th  a  s idearm and  a  0 -10  mm
PTFE stopcock.  The solut ion was degassed ( f reeze-pump-thaw, three
cycles)  and the tube was sealed under vacuum at  -  I  95 oC. The tube was
then warmcd to room temperature,  af ter  which i t  was heated in an oi l
bath (99 "C,43 h) .  The tube was then cooled to room temperature.  The
react ion solut ion was t ransferred to a 100-mL round-bot tomed f lask
equipped wi th a vacuum adapter.  A l iquid n i t rogen cooled t rap was
a t tached  and  the  excess  t r i ch lo ros i l ane  and  THF were  removed  by  a
t rap - to - t rap  d i s t i l l a t i on  

- fhc  
r cma in ing  l i qu id  was  d i s t i l l ed  i n  a  d ry

Kuge l roh r  d i s t i l l a t i r rn  ; rppunr tus  The  p roduc t  (  15 .3  g ,  44  mmol ,62Vc)
w a s  t h c  f r a c t i t r n  e , r l l c e t c d  t ' r o m  9 5 ' C  ( 0 . 0 1 3  T o r r )  t o  1 0 5 ' C  ( 0 . 0 1 0
Tor r  ) .

' H  \ \ , t R  i (  I ) (  i , r  , i  l  i - 1 . 2  ( m , 2 8 ) , 0 . 9  ( t ,  3 ) .  ' 3 C  N M R  ( C D C I 3 ) :
1 t  1 . 1 .  r t  o t .  r 0  0 0 .  t 9  9 4 ,  2 9 . 9 9 ,  2 9 . 6 8 , 2 9 . 2 5 , 2 4 . 5 0 , 2 2 . 9 9 , 2 2 . 5 1 ,

1 4 l q  . \ n l l  (  l l c d  f o r  C r 5 H 3 r C l 3 S i :  C ,  5 2 . 0 8 1  H ,  9 . 0 5 ;  C l ,  3 0 . 7 5 .
l r o u n d  ( ' .  5 I  r 9 :  I { .  9 . 1 2 :  C l .  3 0 . 9 5 .
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Supplementary Material Available: An appendix outlining the
intensity of ref lected X-rays for certain electron-density prof i les
(4 pages). Ordering information is given on any current masthead
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