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INTRODUCTION

Although Compton demonstrated the phenomena of
small-angle x-ray specular reflectivity by 1922,' we are
not aware of any serious attempts to use the technique to
characterize material surfaces before Parratt's measure-
ments on copper surfaces in 1954.2 Unfortunately his
work was seriously l imited by both the low bril l iance [i.e.,
photons,/(sec mm2 mrad2 O.lVo L), /)")l of the x-ray
beams that were available at that t ime as well as by the
diff iculty in obtaining a sufficiently smooth surface.2 Im-
proved surface preparation techniques and modern exper-
imental methods have permitted study of a broad range
of surfaces using conventional or rotating anode x-ray
sources. Examples include studies of mercury and
liquid-metal surfaces,r 6 of both coated and uncoated
solid substrates,T e and of surfactant monolayers on the
surface of water.l0 The use of high-bril l iance synchrot-
ron radiation by Als-Nielsen, Christensen, and Pershan
to study specular reflectivity from the surface of the
nematic l iquid-crystal 4-cyano-4'-n-octyloxybiphenol
(8OCB) greatly enhanced the uti l i ty of x-ray specular
reflection as a probe of interface and surface structure by
increasing the range of accessible scattering angles.l l
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Since then, a number of studies on surface of liquid crys-
tals,l2- l6 microemulsions,lT simple l iquids,l8' le insoluble
monolayers on water,20-22 and metallic single crys-
tals23'24 have followed. In most cases the methods by
which the reflectivity was analyzed to obtain structural
information were relatively simple. While these pro-
cedures are adequate for many surfaces, they were not
adequate for the more complex surfaces to be discussed
here.

In this paper we wil l describe measurements of x-ray
reflectivity from sil icon wafers coated with various alkyl-
s i loxanes ( i .e. ,  a lkyls i lanes, R(CH2)nSiO3, covalent ly
bonded to the sil icon wafer surface by oxygen-sil icon
bonds at the head of the chain with R being one of sever-
val moeities) using the technique of self-assembly.
Specular reflectivity from the air-hydrocarbon,
hydrocarbon-sil icon-oxide, and the sil icon-oxide-
crystall ine-sil icon interfaces interferes to produce a com-
bined reflectivity that is strongly dependent on the angle
of incidence and the surface structure. By comparing
calculated reflectivit ies from different models and by
comparing the models with Patterson functions calculat-
ed directly from the data, we believe that we have been
able to establish both the uniqueness and the confidence
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X-ray specular reflectivity has been used to characterize the structure of silicon-silicon-oxide

surfaces coated with chemisorbed hydrocarbon monolayer films (alkylsiloxanes). Using synchrotron

radiation the reflectivity was followed over 9 ordersof magnitude, from grazing incidence to an in-

c ident  angle  o f  5x6.5 ' ,  or  q- - (4nf i ;s in( / ) :0 .8  A-r ,  a l lowing a spat ia l  reso lu t ion o f  featuresap-

proximately n/0.9=4.0 A along the surface normal. Analysis was performed by f i t t ing the data to

reflectivities calculated from models of the surface electron density and by calculating Patterson

functions directly from the data. Although the measured reflectivities could be equally well de-

scribed by different sets of model parameters, the electron densities calculated from these different

parameters were remarkably alike. Inspection of the electron densities allowed identification of a

layer of SiO2 (=17-A thick), a layer of head-group region where the alkylsi loxane adsorbs to the

SiO2, and the hydrocarbon layer. Fitting the data also required that the various interfaces have

different widths. The fact that the same local hydrocarbon density of 0.85 g/cm3 was observed for

both fully formed and partially formed monolayers with alkane chains of varying length excluded a

model in which the partially formed monolayer was made up of separated islands of well-formed

monolayers. Measurements before and after chemical reaction of a monolayer in which the alkyl

chain was terminated by an olefinic group demonstrated the ability to use x-ray reflectivity to

characterize chemical changes. The effects of radiation damage on these types of measurements are

described.
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limits for a number of features of monolayers at the sur-
face of sil icon. These include the thicknesses of the hy-
drocarbon layer and the layer of sil icon oxide between
the hydrocarbon and the single crystal substrate, the
widths of the interfaces between the various layers and
the electron densities within each layer.

Alkylsiloxane coated surfaces

Most synthesis of organic monolayer fi lms follows one
of two different approaches. The first high-quality mono-
layer fi lms, produced by Blodgett and Langmuir, were
made by dipping a substrate into a trough of water coat-
ed with a monolayer organic film on the surface.25 Each
pass of the substrate through the surface of the water ap-
plies a coat of either one or two monolayers, depending
on the specific structure of the monolayer. A second
technique, forming generally more rugged monolayers,
makes use of certain molecules which, in solution, spon-
taneously assemble to form uniform monolayer coatings
on solid surfaces. A full review of the production, char-
acterrzatron, and technological value of these and other
types of organic thin fi lms, together with extensive refer-
ences to the l iterature, is given in the review by Srvalen
e t  a \ . 2 6

The present studies are concerned with monolayers
that form spontaneouslv on the surface of
sil icon-sil icon-oxide substrates on immersion of the sam-
ple in dilute anhydrous solutions of alkyltrichlorosilanes
of the form Cl3Si-(CH2),-R, with n varying from 9 to
17. In the s implest  case, R is the methyl  group (-CHr),
but rve have also studied molecules in which the terminal
groups were -CH - CH, and -CHBr-CH2Br.
We also measured the reflectivity of a monolayer
prepared from a fluorocarbon of the structure
Cl3Si-(CH2 )2-(CF2 )7-CFr. Litt le experimental data
exist on the formation of the alkylsiloxane fi1m.27 On im-
mersion of the sil icon wafer into the trichlorosilane solu-
tion, the sil icon-chlorine bonds of the head group on the
molecule react with the surface hydroxyl groups of the
sil icon-oxide surface and with adsorbed water. This reac-
tion results in a network of covalent Si-O-Si l inkages
that anchor the alkylsilyl moeity to the surface and to
other alkylsilyls. The hydrocarbon fi lm is therefore
chemisorbed to the surface, in contrast to Langmuir-
Blodgett f i lms which are generally bound to the substrate
through much weaker hydrogen bonds and van der
Waals interactions (physisorption). As a result, alkylsi-
loxane monolayers are much more rugged and resistant
to chemical attack than are Langmuir-Blodgett f i lms.

Studies on alkylsiloxane monolayers, of the form
-Si-(CH2)n-CHj with n :12-20, that have been re-
ported by Sagiv in a series of papers over the last de-
.u6.8'28-32 confirm their high stabil ity and general resis-
tance to chemical attack. The high contact angles that
have been measured for all of these surfaces with water
(110"-115')  and hexadecane (38"-45')  indicate that  they
have low surface energies and are not prone to contam-
ination through physisorption of airborne hydrocarbons
or water.33 For comparison, clean silicon oxide surfaces
which are wet by water have relatively high surface ener-
gy and readily adsorb airborne contaminants.

Ell ipsometric measurements of well-formed mono-
layers are consistent with relatively dense packing of the
alkyl groups and a mean thickness that equals (within ex-
perimental uncertainty)3a the theoretical length of the ful-
ly extended alkane chain. This thickness could, however,
also be consistent with a molecular t i l t away from the
surface normal by as much as 15". Contact angle studies
also support the interpretation of relatively dense well-
formed monolayers.-10 Both the chemical stabil ity and
the high surface uniformity make alkylsiloxane mono-
layers ideal for study.

The limited bril l iance from the rotating anode x-ray
source used in the previous study of the x-ray reflectivity
from alkylsiloxane monolayerso restricted the range over
which measurements could be taken to incident ansles
below 3" (corresponding to about 0.4 A-t) .  As a . . ru l t ,
only the overall thickness of the adsorbed monolayer
could be obtained with any confidence. The length mea-
sured was about 13% less than the length of  a fu l ly  ex-
tended layer.  This was explained in terms of  an average
area per molecule of  20 A- and an associated t i l t  of  each
molecu le  o f  about  30"  [e .g . ,  r ]os  '10 .87  t=  30" ] .  An
unusual l l '  smal l  width of  0.25 A was inferred for the
alkyl-air  and the si l icon-oxide-alkyl  interfaces, both be-
ing assigned the same width.  Since these data were taken
for a smal l  range of  incident angles,  determinat ion of  nar-
rorv interface width is very' diff icult, and rve believe this
est imate to be signi f icant ly too smal l .  In the studl '  re-
ported here,  the use of  svnchrotron radiat ion made i t
possible to measure the ref lect iv i ty out to incident angles
of the order of  7",  a l lowing a more accurate determina-
tion of the interface rvidths.

REFLECTIVITY THEORY

Even though the wavelength L is comparable to atomic
dimensions, and consequent ly comparable to the rough-
ness of the surface, specular reflection of x rays can be de-
scr ibed by the Fresnel  laws of  c lassical  opt ics. le rs The
insert to Fig. I shows the kinematics for specular
reflection of monochromatic x rays from the surface of a
solid. The refractive index of matter for x rays of wave-
length / ,  is  g iven by n :  I  -6+iB where $=p), ! rs/2rr ,  p
is the effective electron density, ro the classical electron
radius or the Thompson scattering length, and B=),/4npt
where p is the x-ray absorption length. For the x-ray
wavelengths of interest, both 6 and B are much less than
1. The effective electron density p for low-Z materials is
just the total electron density of the material p7. For ma-
terials where some fraction / of the electrons has binding
energies that are greater than the incident x-ray energy
p=p7( l - f ) .  Def in ing  a  c r i t i ca l  ang le  Q,= /26--L/ pro/n and using the classical Maxwell 's equations
yield the expression for the Fresnel reflectivity (from a
sharp interface) at small angles /,36

R  p ( $ )  =
o-  @t  -  a |+  i  B ) t  t zl',O+ (62 -  O' ,  + iB)t  rz

with / defined as in the inset of Fig. 1 and a crit ical angle

Qr:0.222" for  a s i l icon substrate and l" :1.5405 A radia-

( 1 )
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tron density of a simple surface
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The average normal derivative is given by the
form
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FIG. L Normalized ref lect ivi ty data from several samples.
Successive data sets are displaced by 100 t imes and error bars
omitted for clari ty. (  -  )  Theoretical ref lect ivi ty from an
ideal step interface with bulk si l icon density. (c ) Uncoated si l-
icon sample in hel ium; the "pair ing" of points occurs for two
scans taken 60 min apart and is probably due to the bui ld up of
contaminants on the surface. (A) 10-carbon chain alkylsi lox-
ane.  (V)  12-carbon chain  a lky ls i loxane.  ( ! )  l8 -carbon chain
alkylsi loxane. The inset shows a schematic diagram of the
scattering vectors for the specular ref lect ivi ty condit ion, where
2 ( 6 ) : 2 0 .

t ion. Equation ( l  )  can be reexpressed in terms of the
scat ter ing vector  q  : (4n / ) " )s in(d)  (F ig .  1)  as

R o ( q ) :
q  - ( q ' - q ? * 2 i  / p . ) t / 2

l', e)
q  * ( q ' - q ? * 2 i  / p ) 1 / 2

where Qr=(4r/) ' )s in( / .  )  is  the "cr i t ical  wave vector"  in
air  and is independent of  the wavelength Q,:0.0316 A-t
for sil icon. This form for the reflectivity, shown for sil-
icon as the solid l ine in Fig. 1, includes a slight rounding
near the crit ical wave vector due to the small absorption
factor. Away from Q =Q, absorption effects are negligi-
ble. For q 1q, the radical is almost pure imaginary and
the reflectivity is essentially l00Vo (i.e., total external
reflection). Well above the critical angle the reflectivity is
g iven by  R p(q)=(q ,  /2q)4 .

For real surfaces the reflectivity can be expressed in
terms of  the average electron densi ty l2 ' te ' l r

R  ( q ) : R r ( q ) l o (  q ) l '  ,

oQ):  I

where (ap/az ) is the derivative of the electron-density
profile averaged over the in-plane coherence length of the
x rays and p- is the electron density of the semi-infinite
bulk. This form is valid for angles greater than approxi-
mately twice the critical angle, where refraction effects
are negligible (i.e., when the Born approximation for the
scattering is valid).

It is convenient to model the in-plane averaged elec-

where o, the root-mean-square average of the surface
width, results from both the intrinsic width of the inter-
face and the mean-square average of the roughness of the
surface.le The Fourier transform described by Eq. @)
yields

R ( d : R r ' (  q ) e  
- o ' Q '  

,  ( 7 )

an expression reminiscent of the Debye-Waller factor for
solids. For q : 0.4 A I the deviations between the mea-
sured reflectivity for the "bare sil icon-sil icon-oxide"
wafer and the Fresnel reflection law in Fig. I are well de-
scribed by a model surface of the forry of Eq. (5) with an
interface width of approximately 2.8 A. This model does
not explain.either the reflectivity of the uncoated sil icon
for q >0.4 A- 'nor the ref lect iv i ty f rom the alkyls i loxane
coated samples that are also shown in Fig. 1. As implied
above, since the reflectivity predicted by this model falls
off with increasing incident angles as the product of a
Gaussian and the | /q" term, the intensity becomes the
limiting factor in measuring the reflectivity at larger an-
gles.

The simplest physically reasonable model for the sur-
face of the siloxane coated surface consists of a silicon
substrate with electron density pst that is covered uni-
formly with a hydrocarbon layer of length L and electron
density psH. If the sil icon-alkane and alkane-air inter-
faces have widths o, and o 2, respectively, the normal
derivative is of the form

l d p \ _ ,  ,  1  - ' 2 t z o l

\  dt  /  
:  (Psi  -  

Pcu )  
enorty 

e

*Pcu- - f *  e - (z -L)2 /2o)' '  
l z r o ' r ) t / z  

-  ( 8 )

Application of Eqs. (3) and (4) to Eq. (8) generates

##:to( dtz:
( p s i - p c g )  - q 2 o l t z

Psi

,  P c H  -  Q 2 o ?  ' '  i -
- u ' - - r  r " 2 ' " e - , n t l .  ( 9 )

For smal l  angles,  such that qor.z11l ,  th is expression
simplifies to the form

R ( q )  [ P r , - P c "  l '
r lq)= [  ^ J*

*(#l,q'dz,

(3)

@)

* ,  I  Ps i -pcH- t  
Ps i
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Since (psi-pcu)/psi=pcu/psi ,  th is model predicts the
observed minimum in the reflectivity (Fig. l) when
q :(4r/X)sin(d):rr /L,  where l ,  is  approximately equal
to the thickness of hydrocarbon fi lm. On the other hand,
this model does ngt ,explain the structure in the
re f lec t i v i t y  a t  ( t  >0 .3  A- '  tha t  can  be  seen in  F ig .  1 .

A more general model, with .n/ separate layers, has the
form

^  \  I  t z  D , , t / 2 , r i , ,- P i  ' t t - : ; _ -  : t 7 t e  ,
\ / . T r O i ,  t l

u1)

where fr ,  corresponds to the electron densi ty '  r r f  the sub-
s t ra te  [p ,  o f  Eq.  (5 ) ] ,  wh ich  in  the  presenr  exarnp le  i s
c rvs ta l l ine  s i l i cc - rn ,  p . r  ,  l=0  is  the  dens i ty  in  a i r ,  1 . ,  i s  the
t h i c k n e s s  o f  t h e  i t h  l a v c r  e n d  D , : > . i  , 1 ,  i s  t h e  d i s t a n c c
from the cr l 's ta l l ine s i l icc ln surface to the interface bc-
l w e e n  t h e  i t h  a n d  t h e  ( i  - f  1 ) s t  l a y e r s  ( i . e . ,  D , , : 0 i .  T h e
Fourier t ransform for th is form vrelds

R ( q )  -  . ,
^  ,  , :  Q I Q ) -
^ F \ q l

and some of the synchrotron data were taken on the thin
substrates,  most of  the data reported were carr iecl  out  on
the 0.125-in waf'ers.

The si l icon rvafers were c leaned by.  immersing thenr in
an H2O.,*sul f t r r ic  acic l  mixture (70 vol .  7o concentrated
H,SO1, 30 vol. qo L1,.,(). at g0"C for "10 min). This strong-
ly oxidiz ing conrbinat ion removes al l  organic contarn-
inants on the surface, but does not c i is t r . i rb t i re nat ive s i l -
icon oxide laver.  

' fhr :  * ,vafers were then r inseci  anci  stored
under dist i l led u 'atcr  t refrrre use. Pt ' ior  to prepar ing t i ic
monolat 'crs,  lhe u 'at i : rs \ \ 'ere rentoved fr-orn the wat:r  a l : r i
b lc-rwn drv under a strc ln" l  of  argon.

I)ecr ' l - ,  undecyl- ,  dodeci  ! - ,  tetradecyi- ,  i rexadecyl- ,  anci
octadec,vl t  r ic  l r  I r i rosi iant- '  [ i .e. .  C' l .Si-- . - i  C l { ,  r , ,  - (JH.,  w. i th
t t  :9 ,10"  1  f  .  i i .  t  5 ,  i  7 .  respec t i \ , ' e i3 ' l  u ,c t ' : j  r . t s rd  t< l  f r r rm t lLu
nlkane rn()r l r ) l ; rvL: 's Each rvafcr  \ \ ' i ls  : r i i rn. 'd to re:rct
n ' i th  a  ro lL r f ion  c f  a lk l ' l  t r i i - -h lo ros i lanr :  . ,0 . - ' i  t t .  %.  i r ,
hexadccatre) f  or  up to lJ l r  hefore br: i : ; i i .  i 'cnr.)rr ; f l  f iorn
the  so lu t ion  and r inse l l  l v i t i i  hexar re  ane i  r : r i r ; r r i c i .  Thesc
Operat i t lnS r ts ls perf t - r r t t lcc l  upder a dr i ,  incrf  atrr t 'sphere
when cond i l ionq  o f  h ig l i  a r r rb ien t  hurn id i t l ,  e . r i s te i l .  The
samples rvere autopht;bic t r )  sc, lL l t io l l  ot i  l -emorai  f r"orn thc
so lu t ion  o f  a lk l  I  t r i ch l< r r t ' s i lane .

The fol lo lv ing procecl i l re \ \ 'us t i r l lorved tro minimize sur-
face  c r . rn ta rn ina t ic tn .  F . l l i psonre t r i c  n teasurements  o f  the
mono layer  th ickness t ' s  were  rnadc '  n ' i th l l t  5  min  o f  remo-
va l  o f  the  samplc  l ron t  \ ra t r ' r ' . ' r  C t r ; r tcd  u  r r l c rs  were  lvp i -
cal ly then stc i red in i i i r  for  per iods as long 3s one u,eek tre-
fore x-ray measurements r , rcre rnade. No charrge \ \as not-
ed in the x-rav data between nteasurernents of  f resh sant-
ples and of  samples stored for up to on.. j  nronth af tcr '
p repara t ion .  lmmedia te ly  p r io r  to  tak lng  the  x - rav  da ta .
sanr i"r lc 's were r insed with dry ethanol  to rernove organie
contanr inat ion,  b lown dr)  w' i th dry ni t rogen, and i rn-
rnediatel l  t ransf-erred to the x-ray spectrometer.  X-ray
photoelectron spectroscopy (XPS) data for  the samples
were taken some t ime (general lv about two months) af ter
the x-ray measurement.

Part ia l ly  complete monolayers were formed by remov-
ing the sample f ront the solut ion in a t ime shorter than
that required for a full f i lrn to form.aO Ell ipsometric mea-
surements were used to obtain one est imate c l f  the degree
of coverage.sa The alkene terminatecl f i lm rvas made by
the same method as for  the alkane f i lms, but start ing wi th
a trichlorosilane with the appropriate alkene tail, namely
Cl3Si-(CH2 ) rs-CH 

- CHr. The brominated sample
was made from one of the alkene terminated samples,
after the init ial x-ray reflection measurement was comp-
leted, by immersing the sample in a 27o by volume solu-
tion of elemental bromirre in methylene chloride. The
fluorocarbon sample was formed in a similar manner to
the alkylsiloxane monolayers, again using the relevant
precursor (ClrSi-(CH2)2-(CF2)7-CFr).  The use of  th is
form was necessitated by chemical restrictions which
make the much simpler f luorosilane molecule Clrsi-
(CF2 )e-CF-j diff icult to synthesize. Further details of the
sample preparations are given in other papers.ra'a('

X-ray technique

Most of the data reported here were taken on beam
line X-228 at the National Svnchrotron Lieht Source

(f):*,0,

-  i S
i L t

0

l l
P i - P i + t  |  

- i q o  q ) , , ) . , / :
e

D , ,  I
I

where po:psi  is  the densi ty of  crystal l ine s i l icon. We rv i l l
shorv below that the data for the alkylsiloxane coated sil-
icon wafers shown in Fig. I are well described by a model
in which , \  _--3.

The coherence length for  the x rays is a funct ion of  the
spectrometer resolut ion,  th is being a funct ion of  the s l i t
rv idths and x-ray path lengths.  Typical ly the coherence
length in the plane of the surJace is also a function of the
inverse incident angle. At th^e rotating anode, this length
is of  the order of  4X 101 A at  the cr i t ical  angle and
3 X 10r A at  3".  The corresponding lengths at  the syn-
chrotron are about 105 and 8 X 10r A.

Surfaces that are inhomogeneous in the plane of the
surface give rise to nonspecular surface diffuse scattering
(SDS).  Al though SDS has been observed by us and oth-
ers, le ' r r i ' ' re for  the s i l icon substrates used in th is study the
surface diffuse scattering integrated over the spectrome-
ter resolut ion at  Q =0.04 A'  t  was less than = 10-2 of  the
intensity of the specular reflection, and we have not car-
ried out systematic measurements of surface diffuse
scattering from these samples.

EXPERIMENTAL DETAILS

Preparation of samples (Ref. 34)

Sample substrates were made from highly polished sil-
icon (100) wafers obtained from Semiconductor Process-
ing Corporation of Boston, Massachusetts. Each sample
consisted of a l-in strip cut from a 3-in-diam wafer that
was ei ther 0.08, 0.125, or 0.200 in th ick.  The thinnest
0.08-in wafers were found to be warped with typical sur-
face normal variations of about 0.05' over the central 5
cm of the wafer, compared to 0.005" for the correspond-
ing region of the thicker wafers. Although early studies



4 l

(NSLS) facil i ty at Brookhaven National Laboratory.
Some of the low-angle data were taken on the rotat ing
anode x-rav generator of  the Harvard Mater ia ls Research
Laborator5t in order to locate the position of the lclwest-
order destruct ive interference rninimum and to make pre-
lirninarv judgements of sarnprle quality.

The rot i r t ing anocle measurements were made using the
corr f igurat ion shorvn in Fig.  2(a).  The monochromator
wzrs  e i ther  a  s ing le -  < l r  t r ip le -bounce gern lan ium (111)
crystal  [Ge( I  I  1 i ]  sel  to accept copper K o,  radiat ion
irvavelength l . -s405 A ) .  At  smal l  incident angles d,  the
intersect ion of  a col l imated beam of width u) covers a
length  - r r ' . / s in ( { )>> i1 ' ,  u ' i th  the  s ize  o f  the  beam in -
cident on the sample being def ined by s l i t  S.  and some
prei inr inary col l imat ion provided by.  s l i t  S, .  For angles
below' = i "  the dimensions of  S,  were approximately 100

1lm hor izontal  width by'  6 mm, and 500 pm X 6 mm for
largcr angles,  wi th s imi lar  d imensions for 5,  .  These sl i t
d imensions were chosen to sat isfy the condi t ions of  (1)  a l l
the beam being incident on the central  50 mm of the sam-
ple,  (2)  avoiding detector saturat ion,  and (3) maximizing
the incident f lux at  large incident angles.  The pr incipal
purpose of  s l i t  S-q was to reduce the background scatter-
ing b-v- t r i rnming the tai ls of  the s l i t  scatter ing f rom Sr.
S, u as c losed symmetr ical ly to the point  that  i t  had a
measurable ef fect  on the count rate and was then opened
sl ight ly,  So was opened to dimensions of  approximately

X 10 rnm' assuring that all the beam reflected off the

t a )
-}l30 <-

<- ):il--><- 630 -r | ?0 -!-{- 260----ff1i0-}+ ZOON I

i l "1

1 1 1 5

sample was detected. The monitor and detector were
NaI(Tl)  scint i l lat ion counters,  the monitor being placed
at 90" to the beam with a smal l  p iece of  p last ic scatter ing
approximately' 0"03%, of the beam into the detectclr. A
ref lect ion intensi ty dynamic range of  about 107 was
achieved for a typical  ser ies of  scans last ing approximatc-
l y  1 2  h .

At the synchrotron a wavelength of  1.7096 A was used
the exper imental  conf igurat ion being shorvn in Fig.  2(b).
A  s ing le  bounce Ge( l1 l )  c rys ta l  rvas  used.  S l i t  S ,  ac tua l -
ly consisted of two slits about 50 mm apart: the first was
a triangular slit used to coarsely define the useful part of
the beam in the hor izontal  d i rect ion,  the second sl i t
def in ing the vert ical  def in i t ion of  the beanr.  Al though
these sl i ts were crudely set ,  they s igni f icant ly reduced the
background scatter ing inside the exper imental  hutch. S.,
was the beam def in ing s l i t ,  wi th s l i t  S-,  t r imming the tai ls
of  the s l i t  scatter ing but not af fect ing the counts in the
main t ream. The sl i t  widths were s imi lar  to those used at
Harvard except that ,  at  the largest angles,  a beam width
of I  mm rvas used. Because of  the very intense bearn at
very smal l  angles (beloiv l ' ) ,  the detector was placed at
90'  to the beam with a smal l  sheet of  p last ic scatter ing
about O.O3Vo of  the beam into the detector.  The detector
was switched to a direct  posi t ion at  about 0.8 ' .  51 was
opened to I  mm at an angle of  about 3".  Sl i t  So was set to
cut down the direct  scatter ing f rom sources other than
the sample,  and S. rvas set wide enough to accept al l  the
specular beam reflected from the sample. All data were
normal ized to the counts recorded in a beam monitor lo-
cated between the beam defining slit Sr and the trimming
sl i t  S, .  I t  consisted of  a second plast ic sheet that  scat-
tered about 0.02V(' of the direct beam into a second scin-
ti l lation detector at 90' to the direct beam. A reflected
intensi ty dynamic range of  10u was obtained over the
per iod of  about 4 h necessary to record a typical  set  of
scans for one sample.

For both exper imental  conf igurat ions samples were
al igned by using the di f f ractometer in a nondispersive
three-crystal  mode in rvhich a s ingle- or t r ip le-bounce
Ge(ll l) analyzer crystal was placed between the last slit
and the detector. With the sample removed the analyzer
was in a dispersive orientation; nevertheless, a good mea-
sure of the incident angle for the direct beam was ob-
tained by rotating the analyzer crystal to maximize the
signal in the detector. In order to obtain an approximate
alignment, the sample was then translated into the beam
and, by an iterative process in which d was rotated and
the sample translated, the sample was aligned parallel to
and obscuring half of the beam. Next the sample was ro-
tated to an angle just below the crit ical angle (typically
0.15")  and the detector was scanned through the specular
reflection (i.e., a 20 scan) in order to check the alignment
and figure error of the sample. Since the init ial alignment
procedure was prone to errors arising from macroscopic
substrate warping (typically from the edges from which
no scattering is measured), the final sample alignment
was obtained by setting 6 equal to half of 20. The
analyzer crystal was then removed and the detector cen-
tered on the specularly reflected beam passing through
slit Sr. Finally, the sample was translated through the
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M o n i t o r

FIG. 2. (a) Schematic of the rotat ing anode configuration. S,
was the beam-defining sl i t ;  the monochromator was either
tr iple-bounce or single-bounce germanium. A11 lengths are ln
mi l l imeters ,  w i th  typ ica l  s l i t  d imensions g iven in  the text .  (b)
Schematic of the synchrotron configuration (beamline X-228 at
NSLS). S1 defined the coarse horizontal and vert ical beam, f ine
beam definit ion being obtained from sl i t  52;the monochromator
was a single-bounce germanium crystal.
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FIG. 3. Three typical beam profi les obtained by scanning 20
at f ixed 6 for the spectrometer shown in Fig. 2(b). The tra-
pezoidal shape is a function of the resolution of the .S* slit and
the beam profi le, the former being much larger to ensure all of
the reflected beam enters the detector. The lines give the best f it
for the amplitude of a trapezoid whose shape was fixed and
determined by the incoming beam dimensions and the detector
slit width. For all specular scans the detector was positioned in
the center of the trapezoid.

beam parallel to the surface normal in order to ensure
that the incident beam was correctly centered on the
sample.

Although the angular dependence of the specular
reflectivity was rneasured by a series of "d -20" scans in
which / is equal to half of 20, the alignment was fre-
quently checked by performing 29 scans at f ixed l. This
procedure ensured accurate sample alignment to within
0.01" and was also a check that the figure error of a sarn-
ple was acceptable. Since the nonspecular diffuse scatter-
ing depended on the incident angle 6, "backgrouncl
scatter ing" was subtracted from the signal  I (6,20)t , : ,
observed in the specular condi t ion,  i .e. ,  specular
reflection

R (d )  :  I  ( 0 ,26 ) -  +U  @,20-  0 .3 " )+1  (0 ,2 (b+0 .  3 " ) l  .

The background for three different angles of incidence
are i l lustrated for data taken at NS[,S in Fig. 3 by d scans
at f ixed 20. The signal reported as the specular
reflectivity is obtained by subtracting the background
count rate frorn the peak count rate, as described.

Although the experiments were carried out with the
samples contained in a sealed cell that was filled with air
or helium, the results discussed below demonstrated that
airborne organic materials were not fully eliminated from
the helium-filled cell. The x rays were incident through
Kapton windows, with an angular access of up to 7' and
approximately 7 57o transmissivity.

RESULTS

Alkylsiloxanes with ClO,Cl2, and C18 alkyl chains

Data and simple interpretations

Figure I shows the results of synchrotron measure-
ments of the reflectivity R ( q) (after background subtrac-
tion) for alkylsiloxane monolayers of differing length and
for the uncoated sil icon. This figure also shows the
Fresnel reflectivity for an ideal step surface of a material
with the bulk density of sil icon. Without any sophisticat-
ed analysis, there are a number of prominent features
that can be immediately interpreted. The ref lect iv i ty of
all of the alkylsiloxane-covered samples exhibit structure,
most notably a sharp minjmum at a scattering vector of
between 0.1 and 0.25 A- ' ,  and other minima and maxi-
ma at larger q.

The most obvious interpretation is that the first
minimum is the result of destructive interference between
reflections from the front and back surfaces of the alkane
layer of thickness L For thin enough fi lms, or for f i lms
in which the electron densi ty is not too high, the posi t ion
of the minimum in th is interpretat ion is given by the con-
di t ion that qL :n or @:sin 

I ( l /qf) .  For ei ther th icker
or denser fi lms, refraction effects are, however, irnportant
and the destructive interference occurs for q'L
:L (q t -q ! ' ) t ' 2 :n .  For  a  fu l l y  fo rmed hydrocarbon lay-
er  o f  the  type  o f  in te res t  here ,  Q,=0.021 A I  wou ld  be
the cr i t ical  rvave vector of  a semi- inf in i te sample wi th the
san'le electron density as the hydrocarbon layer. The po-
si t ions of  the minima for the C]10, C12, and C18 corre-
s p o n d  I o  q : 0 . 2 1  a n d  0 . 1 9 ,  a n d  0 . 1 3  A -  l ,  . e s p e . t i v e l y .
Taking the refracton correct ion into account,  the
thicknesses of  the Cl0,  C12, and C18 alkane layers,  for
th is interpretat ion of  the posi t ion of  minima, correspond
to 14.4, ,  16.3,  and 23.6 A, respect ively.  These values for
the thickness I  of  the alkane layers should be compared
wi th  the  pub l ished express io  n  L  == 1 .265n +  l .  5  A ,  wh ich
gives 14.2,  16.7,  and 24.3 L for  the maximum extension
of  an  a l iphat ic  cha in  - - (CH. , ) , ,  rCH,  w i th  n :10 ,  12 ,
and l8  respec t  i ve ly .+ l

A sini i iar i tv of  the ref lect iv i t ies f rom these three sanl-
ples is that  they al l  fa l l  t re low the Fresnel  curve. This in-
dicates that t l ie ref lect ing interfaces are not ideal ly sharp,
but have some associated widths.  The deep nature of  the
lninirna (cancel lat ion of  between l0 

-2 
and i0 3) indicates

that at  the angle of  the minimum, the ampl i tude of  the
wave reflected from the top and bottom interfaces of the
hydrocarbon chain are of  a lmost equal  magnitude. Since
the known rat io of  the electron densi ty of  bulk hydrocar-
bon to that  of  s i l icon is approximately 0.38, the expected
rat io of  minima to maxima wor,r ld be approximately
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1,1r.2) X 0. 38l2 = 0.06 if interfacial widths were neglected.
The fact that this prediction is approximately an order of
magnitude larger than the observed ratio implies that the
different interfaces have different widths. Closer exam-
ination of the reflectivity also reveals that minima at
larger angles do not occur at positions that are integral
multiples of the positions of the smallest-angle minimum.
All of these features can be understood in terms of a
more complex three-layer model that wil l be described in
detail below.

Uncoated silicon sample

Evidence of an experimental problem with surface con-
tamination of the uncoated sil icon sample during the x-
ray measurements can be seen in the data in Fig. 1. At
large scattering vectors, alternate points were measured
in scans taken approximately 60 min apart and, as can be
seen, the points from the two different scans are offset
from one another. We believe this is due to the continu-
ous build up of a contamination layer on the sample. At
the time of the measurement this layer was probably
about 5 A thick; however, the progressive shift ing of the
minimum to lower angles in data taken a few hours later
confirmed the build up of contaminants on the surface.
Some of the contamination is probably caused by the
presence of organic materials or water in the helium flow-
ing through the sample cell during the experiment since
there was a significantly slower build up on samples left
exposed to air for a similar length of t ime. No such prob-
lem was observed with the lower-energy alkylsiloxane-
coated surfaces.

Detailed analysis

Detailed analysis of the alkylsiloxane surface electron
density was carried out by least-squares fitt ing of the data
to a version of the y'{-layer model for <D(q) that was
corrected for the effects of refraction. The correction in-
volved replacing the IqD,J in the factor

,  - i q D ,  - q 2 o l  . , / 2 ,
I e  

' e  
I

o f  Eq.  (12)  by

1 0 0

1  0 - 1

1 O - 2

1 0- '

1  0 -4
(

1  0- '

1 0  "

1  0 -7
_ q

1 C  "

1  0-s

1 0 - 1 0

tttT

( 1 4 )

o-
t!

v

(t

V

QDi (  l 3 )

where Qj:(q ' -q l i ) t /2 and Qrj  rs the cr i t ical  rvave vector
fo r  the  7 th  layer .  in  p r inc ip le ,  a  s imi la r  cor rec t ion  is  re -
quired for the Gaussian term. The corrections are, how-
ever, small and were neglected.

C18 alkyl chain monolayer

Figure 4 shows the data for  the Cl8-coated si l icon
wafer in the form of R (q)/Rp.(q).  The sol id l ines display
a set of f its for models with 1 , 2, and 3 layers, respective-
ly ,  i .e . ,  l y ' :1 ,2 ,  and 3  in  Eq.  (12) .  The parameters  o f
these fits are given in the columns labeled try': I , 2, and
3'-' in Table I. The 1/ : 1 and 2 models are obviously
inadequate. In addition, for the l/:2 model the fitt ing
algorithm was unable to fix either the width of the

0 . 3  0 . 6  0 . 9
q  (A- ' )

FIG. 4. Reflect ivi ty and analysis of an alkylsi loxane mono-
layer containing an 18-carbon chain using one-, two-, and
three-layer models. The data are shown after normalization to
the si l icon Fresnel ref lect ivi ty, and hence the y axis represents

lOl ' .  (a) shows the one-layer model f i t  to the data at low q.
This model accurately f i t t ing only the f irst minimum; the two-
layer f i t  (b) is quite accurate out to about 0.45 A 

- '  
and quali ta-

t ively predicts the peak and dip posit ions at larger angles. The
three-layer model (c) reasonably f i ts the data over the entire
range. The best f i t  parameters for the dif ferent models are given
in  Tab le  I  i n  t he  r : 1 .  2 .  and  3 '  ' '  co l umns .

si l icon-si l icon-oxide interface (o61) or the th ickness of
the s i l icon oxide layer ( l , l ) .  The values of  these parame-
ters appear ing in Table I  for  l { :2 were chosen such that
the maxima and minima in the model were at  approxi-
mately the same posi t ions as in the data,  and the depth of
the second minimum was also approximately correct.
Given the obvious inadequacies, confidence limits for the
parameters of these models are not particularly meaning-
ful.

The motivation for the layer I, comes from the well-
known fact that on exposure to 02, crlstall ine sil icon
forms a relatively stable oxide layer that is about 10-20
A thick.a2 In addi t ion,  i t  is  d i f f icul t  to see how a hydro-
carbon layer on its own could give rise to the nonintegral
posi t ions of  the high-angle minima. A more compel l ing
case specific to the present data are the results for the
Patterson funct ion (Fie.  5)

: i  Q iL i  ,
j  - 1

Z (  s \ :  l  [  
'  

dq lo r  q \  :g  ia '
Z T T  -  - a

:;/--(+?l\*E l"
ca lcu la ted  f rom the  da ta  fo r  R(q) /RF(q) : l0 (q ) |2  in
Fig.  4.  The sol id l ine in Fig.  5 was calculated direct ly
from the data by correcting the crit ical angle to cor-

(.)
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TABLE I. Parameters for f i ts ofthe N:1,2, and I layer model described by Eq. 112) to the data lor the Cl8 alkylsi loxane-coated
si l icon wafer. The results calculated from the columns I{:  l ,  2, and 3' '  '  arc shorvn in Fig. 4. Thc model ref lect ivi t ies for parameters
l '  * 

,  l '*r ' ,  3'r  r ' ,  and 3 are i l lustrated in Figs. ?(a), 7(b), 7(c), end 7(d), respectirel l ' .  and the real-space densit ies are i l lustrated in
F i g . 8 . T h e n o t a t i o n 3 ' ' ' d i s t i n g u i s h e s b e t w e e n m o d e l s i n w h i c h p . ( ? ) p u . T h c N : 1 , 2 , 3 ' ' , a n d 3  c o l u m n s  a r e  b e s t  f i t s ,  u  h i l e  t h e
r\r : ] i  

+l 
and 3L 

+lr 
columns indicate the boundaries ofacceptabie f i ts i tr := 1 . '51r minimunr). The sixth l ine gives the lengths as me;r-

sured by the graphica l  technique descr ibed in  the text .
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respond to that  inside the bulk,  assumir lg
i O ( q )  2 :  i O (  - q ) l '  a n d  u s i n g  a  s m o o t h  G a u s s i a n - t o  e x -
trapolate f rom the last  measured point  at  q = 0.8 A '  tn
the  van ish ing  o f  Q(q) t  u r  q :  r  8  A  I  (u ,e l l  be1 'ond the
measured range, where the ref lect iv i ty is essent ia l ly  zero).
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FIG. 5. Patterson function calculated from the data in Fig. 4
fbr the 18-carbon chain alkylsi loxane monolayer. The sol id
curve was calculated direct ly from the Fourier transform of the
data; the dashed curve was obtained by mult iplying the
reflect ivi ty data by a Gaussian of the form exp( - q2 /\o)p),
where ap:0.3  A r ,  pr ior  to  tak ing the Four ier  t ransformat ion.
This is equivalent to convolut ing the Patterson function with a
Gaussian of the form - expl - ( ,2 - z ') :o1,, /2].  The fact that the
peak at about 40 A survives the convolut ion process indicates
that i t  is a real feature of the data and not an art i fact of the data
termination.

For  the  C l : i  r l ky is i loxane th is  Gauss ian  cor responded to
a surf 'ace harrr ig l  .1.b-A interfacial  rv idth.  The pea.k at
. r  =40 , {  in  f  ig .  , s  ind ica tes  tha t ,  in  add i t ion^ to  the  nra i r l
hydro i i , i  l ro r r  lavcr  o f  approx imate ly  ?0  A th ickness ,
there is a second lay 'er .  a iso of  about 20 A thickness, rv i th
an in te r lace  tha t_ is  e i ther  20  A above the  a lkane-a i r  in -
te r facc  and 40  A above the  s i l i con-ox idc-a lkane in te r -
f-ace, or ?O L below the sil icon-oxide-alkane interface
and 40 A below the alkane-air  interface. Whi le the
former suggest ion is unphysical ,  the lat ter  could corre-
spond to the nat ive s i l icon oxide layer,  the
si l icon -s i l icon-oxide interface convoluted with the
hydrocarbon-air  interface being responsible for  the peak
at about 40 A. The values of the parameters in Table I
fo r  the  N:2  mode l  w i th  the  e lec t ron  dens i ty  p1 :0 .968
a n d  a  l a y e r  t h i c k n e s s  L r : 1 1 . 4  A  a r e  c o n s i s r e n t  w i t h  t h e
presence of a sil icon oxide layer.

The most important uncertainty associated with the
Patterson function is whether or not the structure could
be an artifact associated with the way the data are extra-
polated past the last measured point.a3 The dashed line
indicates the result that is obtained from multiplying the
data  by  a  Gauss ian  w i th  o , r :0 .3  A- 'such tha t  the  da ta
for q greater than 0.8 A ' make no important contribu-
t i o n  t o  t h e  i n t e g r a l ,  i . e . ,  e x p l - ( 0 . 8 / 0 .  3 ) 2  / 2 ] =  3  X  1 0 -  4 .

The Patterson function calculated is equivalent to view-
ing the autocorrelat ion funct ion through a "real-space
Gaussian f i l ter"  which reduces the ampl i tudes of  the
peaks and increases their  widths,  e.g. ,

I  o -  - , , ) / ) , -

Z r , ( s ) -  = L  f  
-  

d q  Q ( q l l e - q - / t o - P e - i q \v  2 r r J  x

:  f  
'  

Z ( s +  s ' ) - - - f  * e t  
( s ' ) 2 o 2 " ' l d r '

r  ,  ( Z t o . p \ ,  , , 0 5 )
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procedure as used to obtain
Since the structure at  s=+O A is st i l l  preseni  (a lbei t
smeared out)  i t  cannot be at t r ibuted to a " t runcAt ion ar-
t i fact ."

The lV :3 '  *  )  model that  was used to c.nst* tct  the
sol id l ine in Fig.  4(c)  is obtainecl  by adding a th i : -d layer
( interface in Table I )  in the immccl iate v ic in i t l  of  the
si l icon-oxide--hydrocarbon inter l 'ace. Thc reducecl  y l  for
t t r i s  f i t ,  us ing  the  95  c la ta  po in ts  above 0 .1  A  , , , - . . ,ppro" -

imately 80 rvhen * 'c ighted by poisson stat ist ics,  ; ls  com-
parrrd to a y l  of  approximately 800 ior  the t rv.- iayc-r  f i t
anci  2000 for the one- layer f i t  for  the same poirr ts.  In
vieu'  of  the l 'acts that  ( i )  the measured ref lect i ' i ty  spans
eight c i r  n ine orders of  rnagni tude, ancr ( i i )  in sor le cases
the  s ta t i s t i ca l  we igh t  due to  Po isson s ta t i s t i cs  i s  less  than
0.1%' r 'a lues of  yr  . f  the r l rder of  E0 coulc l  ar ist :  f rom
smal l  sy 'stemat ic errors in ei ther the measurccl  s ignal  or
the  rnode l .  In  any  e 'ven t ,  the  r  _ -3 '  + )  mode l  c loes  ac-
count fcrr  a l l  of  the main features of  the data qr i i te wel l .
The main di f ferences between t t re electron densi t ies of  the
\-  -  -1, '  *  I  model and the hi  - -2 moclel  occur at  the
si l icon-oxide-hydrocarbon interface. rv i th the propert ies
of the other interfaces remaining essent ia i l ,v '  unchanged.
Hon'ever,  the width of  the s i l icon-si l icon-oxic ic interface
could st i l l  not  be determined from the exist ing data set .
the minimun-r value of  X2 being obtainel  for  an
inf in i tesimal ly smal l  value for the rv idth of  th is interface.
The fits \\ 'ere carried out with o,,, arbitrari ly set equal to
1 A, the other parameters being relat ively independent of
the precise value. Simi lar ly,  s ince the data were taken
c ln ly  to  q  <0 .8  A ' ,  the  resu l ts  fo r  the  f ine  s t ruc tu re  o f
the s i l icon-oxide-alkane interface are not unique. The
s o l i d  l i n e  i n  F i g . 4 ( c )  i s  t h e  b e s t  f i t  f o r  t h e  A . : 3 ,  t , m o d e l

n 'hen p: .> pr.  The conf idence l imi ts l is ted in Table I  for
these parameters,  as wel l  as the possible var iat ions in the
model ( i .e. ,  uniqueness) for  the s i l icon-oxide-arkane in-
ter face, rv i l l  be discussed below. Figures 6(a)-6(c) display
the electron densi ty as a funct ion of  cr istance from the
surface for the lf : I , 2, and 3' 

t '  models used to calcu_
la te  the  R(q) /Rr (q)  inF ig .4 .  F igure  6(d)  i l l us t ra tes  tha t
there are only small quantitative differences between the
electron densi t ies for  the three models by superposing the
three of fset  curves in Figs.  6(a)-6(c).

In order to assess the conf idence l imi ts for  the /y-  :3 i+ )
parameters, a set of f its was carried out in which the elec-
tron density associated with the interface p, was con_
strained to different values and all other parameters in
the model, except for the width of the sil icon-sil icon-
oxide interface os1, w€re allowed to vary. Since most of
the parameters are tightly coupled, this procedure is
necessary to estimate the range of the density p, allowed
by the data with this model. Figures 7(b) and 7(c) display
the results for what we subjectively consider to be values
of pz surrounding the local  minimum rn X2 at  pt=1.25
that yield borderline acceptable reflectivity f its. These
correspond to values of y2 that are appro ximately 25vo
larger than the minimum. The iy ' :3(+) f i t  that  senerat-
ed the minimum X2,Frg.4(c),  is  shown again for  Jompar-
ison in Fig. 7(a). The parameters obtained from these fits
are  l i s ted  in  Tab le  I  as  r /  :3 ' * r )  and 3(+2) .  S imi la r ly ,  the
confidence limits in Table I are arbitrari ly set at the
values that incre ase y2 by approximately z5vo, the fits be-

ing completed by the same
Figs .  7 (b)  and 7(c ) .

In order to i l lusfrate the s igni f icance of  these var ia-
t ions,  the rezr l -space electrc ln c lensi ty for  a l l  the three
'v :3 i  

' 'moc le is  
a re  c l i sp layecr  in  F igs .  g (a) *g(c )  w i th  a i l

o i '  the i . ter f 'ace wicl ths set  to be zero) and i r  Figs.
8 (e) -8 (g)  n ' r th  thc  appropr ia te  in te r face  iv ic i ths .  Note
that thc verv high peak densi ty that  appears for  the
second layer  in  thc  J  

- l  
co lumn is  mis leac i ing  s ince  th is

layer is also rery th i r r .  The rv ic l th of  the two interfaces
for th is laycr are s i ' r i lar ,  resul t i 'g in two srneared steps
n' t  dp/dz,  ct f  .pposi te s igns,  which almost exact ly cancel
to give the prof i l r  shown in Fig.  S(f l .  Also,  the sharp
fea ture  in  F ig .8 (g)  c61116 be  smeared ou t  w i th  no  appre-
c iah le  change to  rhc  f i t  qLra l i t y .
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FIG. 6. Real-space profi les of the model surface electron den-
s i ty  f rom the parameters  used to  obta in  f i ts  in  F ig .4 .  (a) - (c)
s h o w t h e m o d e l p r o f i l e s f o r t h e l y ' : l ( .  .  .  . ) , N : Z ( -  -  - ) ,
and tr/  :3 ( -  )  f i ts. (d) shows the three profi les overlapping
for comparison. The hydrocarbon-air interface and hydrocar-
bon density and length are similar in al l  the f i ts, the only region
with signif icant variat ion being the si l icon-oxide-hydrocarbon
reg ion.  The const ruct ions shown in  the three top f igures i l lus-
trate a graphical technique, which is discussed in the text, for
determining the thickness of the hydrocarbon region from these
measured densit ies. The lengths shown as the sol id arrows in
(a) - (c)  are  g iven in  Table  I .  The dashed r ine in  (d)  shows the
length of 23.6 A measured direct ly from the posit ion of the f irst
min imum in  the data shown in  F is .4 .

q

a-

a-

6s
a_

6
a*

k-



tt20

In addition to the fit shown in Fig. 7(a), there ls a
second local minimum surrounding the value of pz=0.82.
The best fit parameters for this minimum are listed in
Table I in the column 3'- '  and the results for the
R(q)/Rp(q\  are i l lustrated in Fig.  8(d).  In th is case, the
minimum value of X'is about 78 when calculated using
the same data as previously.

Although some of the .l{ :3(+) and 3( ) parameters
are quite different, the real-space densities, as illustrated
in Figs. 8(e) and 8(h), and superposed in Fig. 8(i), have
only small quantitative differences only in the region of
the SiO2,/alkane interface. In fact, for all of the models
described in Table I [ i.e., as shown in Figs. 6(d) and 8],
the small quantitative differences between the electron
densities are much less significant than would appear
from the parameters in the table.

That dffirent sets of parameters giue rise lo similar
electron-density profiles suggests that the parameters them-
selues are not the most meanindul way to interpret the
reflectiuity data. In the present case, the l{ :3 models
were introduced because the reflectivity data clearly indi-
cated that the SiOr/hydrocarbon interface had some
structure. However, since the various model electron
densities resultant from these different sets of parameters
are similar, the procedure used does allow a relatively
unambiguous determination of the electron density re-
sponsible for the observed specular reflection. If the in-
terfacial widths were small, the thickness of the hydro-
carbon layer could be determined graphically from the
distance between sharp breaks in the slope of the curve
for r(z) .  The sol id l ines in Fig.6 i l lustrate one possible
way to estimate the corresponding positions when the in-
terlaces have finite width.

We expect that the dominant effect giving rise to the
observed interfacial widths is the roughness of the outer
SiO, surface. Assuming that the substrate roughness is

t  o- '

1oo

0 . i  0 .6  0 .9  0  0 .J  0 .6  i . 3
q  ( r  ' )  q  ( A - ' )

FlG. 7. Comparisons of dif ferent f i ts for the Ci8 sirmple
whose pararneters are shown iu Table i .  (a) corresponds to
co lumn 3 ' t  ' ,  {b)  to  co lumn 3{  ,  (c )  to  co lumn 3 '  '  " ,  and (d)  to
co lumn 3r" f  l i .  The parameters  are shorvn in  Table  I .

coated by a fixed thickness of hydrocarbon, the solid con-
struction lines in Fig. 6 illustrate a graphical procedure
for determining the average thickness. The results ob-
tained on applying this technique to the models in Figs. 6
and 9 are l isted in Table I in the row -(CH2)-graph.
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FIG.  8 .  Real -space dens i t ies  cor responding to  the f i ts  o f  the
re l lec t iv i ty  scans shown in  F igs.  7(a) -7(d) .  (a) - (d)  show the
dens i t ies  wi th  sharp in ter faces.  (e)  and ( f l  a re  the cor responding
re:r l-space profi les including the widths of the dif ferent inter-
faces.  The sharp f 'eature in  (g)  rs  wel l  beyond the reso lu t ion l im-
it  and a f i t  thrt is almost as good would have a profi le more
s i rn i l a r  t o  { c )  and  { l - 1 .  { i )  sho r , r s  a  compar i son  o l ' t he  3  and  3
density prof i les on the sanle axes (the two best f i ts).  Although
the pararrreters corresponding to these three curves are quite
dif ferent, the only'  srgnif icant dif ferences in the real-space densi-
t ies are in the unresolved structure of the resion where the
si loxane bonds to the si l icon oxide.

La
a-

a-

1 0 0

a
a-

q

a
a_

.{n  ̂ - 1
T

e:

T I U

&:

r  n - - l
q

(Y
- i  

,  ̂ -2
5 U

d



(o )

4 l X.RAY SPECULAR REFLECTION STUDIES OF SILICON
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obtained by consideration of the fits shown in Figs. 9(a)
and 9(b), for the C10 and ClZ coated wafers. Since the
reflectivity fg. the C10 sample was measured only for
q=0.65 A- ' ,  i t  was not possible to determine ei ther the
parameters appropriate to the SiO, layer or the hydrocar-
bon electron density from this data set. The fit was thus
carried out by assuming that the SiO2 layer for this sam-
ple was the same as those of all of the other samples stud-
ied. The best parameters for both the C10 and C12 fits
are l isted in Table II and the real-space densities are
shown in Fig. 10. The confidence limits for the parame-
ters listed in Table II were set in the same manner as used
for the fits for the C 18 sample.

The real-space densities for the i{ :3(+) models that
provide the "best f it" for the C10, Cl2, and C18 coated
wafers are displayed superposed on one another in Fig.
l0(d). The graphs shown in Fig. 10 suggest that the SiO,
region for the C10 and C12 samples might be -1 A
shorter than that of the C I 8 wafer. However. since the
data for  q-0.5 A- '  u. .  of  much lower qual i ty for  the
C10 and Cl2 than for the Cl8 sample, we do not believe

1 0 0

1  0 -1

1 0-2

?

1 0- '

1 0-4
0  0 . 3  0 . 6  0 . 9

q  ( A - )

FIG. 9. (a) Three-layer fit and Fresnel normalized reflectivity
for a l0-carbon chain alkylsiloxane monolayer. The fit was car-
r ied out using 62 data points between 0.18 A t  aqS0.65 A- '
and, with four adjustable parameters, the Xr was 9.4. The fit pa-
rameters are given in Table II. (b) Three-layer fit and Fresnel
normalized reflectivity for a l?-carbon chain alkylsiloxane
monolayer. ^The fit was carried out using 96 data points in the
range 0.15 A 'Sq a0.8 A I  and, wi th s ix adjustable parame-
ters, the y2 was 13. The fit parameters are given in Table II.

Al though there is some var iat ion between the tr{ :1,2,
and 3 models, the results for the various .l/ :3 models
are, within errors, identical. While this technique is
somewhat arbitraryr we believe it gives a resonable esti-
mate of the length of the hydrocarbon chain excluding
the si l icon head group. The mean value of  2L 3+0.4 A is
shorter than the length obtained from the position of the
cl ip (23.6 A) (dashed urro* in Fig.6) duelo the speci f ic
exclusirrn of the head group from the graphical length
determination.

Sincc thc ,& -  l i  t )  and 3{ '  nrodels give cssent ia lh '  the
sanre structure.  we u' i l l  cotr t inr- ie t i re analysis of  the of  her
.ir i:rplc.r in rerms of the rnodei that gives the best f it fcr"
: l tat  spec: i f ic  sample (holdine sor l te parameters f ;xed i f
,recessarv to ubtirin a physicallv reasonable structLlre.
i-his is riecessarv fol fh ,se paranreters rvith large unoer
taint ies:  t .

C10 and C12 alkyl chain mrtnolayer

Further insight into the physical  s igni f icance of  the
elcctrclri densities obtained irorn the i/ =,3 mociel can be
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FIG.  10.  Real -space prof i les  for  the (a)  C10 ( .  .  .  . ) ,  (b)  C12
(  -  -  - ) ,  and (c)  C lB (  - -  )  samples obta ined f rom the
reflect ivi ty f i ts. (d) shows the same profi les overlapping for com-
parrison. Note that although the iength of the hydrocarbon lay-
er varies signif icantly, the si l icon oxide layer and layer density
are similar for al l  three samples. The dashed arrows show the
length as determined direct ly from the posit ion of the f irst
minimum. The sol id arrows show the construction described in
the text used to obtain thc revised estimate of the hvdrocarbon
thickness.
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this difference is necessarily significant. The graphical
determinations of the thicknesses of the alkane region for
the C10 and Cl2 samples are l isted in Table IL from
these, we obtain a length per carbon atom of 1.3810.2,
1 . 2 3 + 0 . 0 4 ,  a n d  1 .  1 8 f  0 . 0 2  L  f o r  t h e  C 1 0 ,  C 1 2 ,  a n d  C 1 8
monolayer, respectively. These can be compared with
the accepted value for the 1.265 A for the maximum ex-
tension of an aliphatic chain in the all-truns
conf igurat ion.ar Al though the C18 value is s l ight ly short-
er, the three results are identical within the quoted errors"
This length for the C 18 indicates that there could be ei-
ther a smal l  degree of  gauche isomerizat ion or a t i l t  in the
mean axis of the chains with respect to the surface nor-
mal. The result allows the layer thickness to be reduced
by no more than 107o from the expected length of an all-
trons chain oriented normal to the surface.

As a measure of  the packing of  the monolayers,  i t  is  in-
teresting to calculate the area per alkylsiloxane molecule.
Given a length per CH2 group of  L 20+0.05 A for the
Cl2 and C18 monolayers, a sil icon electron density of
7.04X 1023 electrons/cmr,  and a hydrocarbon electron
densi ty of  0.42+0.02 of  that  of  s i l icon, one obtains an
area-alkyls i loxane molecule of  22.5f  2.5 A2. This area
should be compared to an area of 20.5 Al for long-chain
paraffins in bulkaa and between ZO.5 and ZZ.S 

-L) 
for

Langmuir-Blodgett monolayers of long-chain alcohols.a5

Partially formed C18 alkyl chain monolayer

Figure l l shows the reflectivity from an incomplete
C18 alkyls i loxane f i lm that we designate as C18P. The
posi t ion of  the minima at  q =0.2 L I  in comparison with
0.13 A ' for the fully formed C 18 fi lm clearly indicates

' t00

t c-1

r0
0  0 . r  0 6  0 . 9

q  ( A - , )

FIG. 11. Three-- layer f i t  and Fresnel  normal ized ref lect iv i ty
for a partiall l , fcrrmed C18 alkylsiloxiine monolayer. The fit pa-
rameters given in Table II were obtained with a yr of 32 for
po in ts  rv i th  q  >  0 .  15  A

that th is alkyls i loxane f i1m is considerab^lV shorter ( i .e. ,
16.2 A )  than the ful ly formed layc'r  t23.6 A r .  Thc. sample
ref lect iv i ty also fa l ls  of f  much faster than that of  the fu l ly
fo rmed C18,  suggest ing  tha t  the  a lkane-a i r  in te r face  is
considerably more di f fuse for the part ia l ly  formed layer.

Detai led analysis of  the ref lect iv i ty of  the C18P mono-
layer,  using the 1/  :3 '  '  '  model  and the si l icon oxide lay-
er parameters f rom previous f i ts,  obtains the f i t  l is ted in
Table I I .  The previous obserr , 'at ion that the alkane-air
interface of  the C18P monolayer is more di f fuse than that
of  the fu l ly formed C18 is supported by the relat ive
values of  o3a in Tables I  and IL In addi t ion,  s ince the
mean value of  o3o:-1.9+0.9 A for the part ia l ly  formed

:
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TABLE II. Parameters for the /y' :3' ' 
models that obtain the best representations of the reflectivity for samples as discussed in

the text.

c 1 0 cr2 C  I 8 P c l 7 ' - ' g  1 7 t B r  
r t '

CF

si02
Interface
-(cH2 )-
-(cF2 )-

-(CH2)-graph

sio2
Interface
-(cH2)-
-(cF2 )-

si/sio2
SiO2/Inter.
Inter,/(CH2 )
(CH2)/Airo
(CF)/ Air

1 6 . 0 +  l .  5
1 . 3 +  1 . 5

13.0+0.  3

1 3 . 8 + 2 . 0

0.97b
0.301J18
o.4 lb*3  34

1 b

4 . 2 :  [ ( )
l b

3 . 8  1  0 . 3

Layer thickness
16.6+0.  8
0 . 6 + 0 . 6

1 5 . 6 1 0 . 2

1 4 . 8 + 0 . 5

Pi /Po
0.97+0.01

o . l 8 1 J o r 5
o.4r  l [ ]3 i

o , ,  {A)
l b

3 . 3 + 0 . 5
l b

2 . 9 + 6 . 3

L r  ( A )

1 7 . 0 h
o.a  i l !

1 6 . 5 +  1 . 0

17.2+0.4

0 .98  +0.01
1 . 1 3 1 ;  ? .

0.40+0.08

1tr

1 b

3 . 4 +  1 . 5
3 . 9 + 0 . 9

12.7  +2 .5
6 . 1  +  1 . 5

2 0 . 1  +  1 .  5

19.9+0.4

0 .98+0.01
0 . 7 8 + 0 . 1 5
0.41+0.02

1 ' t

2 . 2 ! 1 . 2
3 . 4 + 1 . 2
3 .0+0.2

12.76
6 . l b

23.7+0.2

0.98h
0.79b
0 .41b

l b

2 .2b
3.4b

2 . 1 + 0 . 5

L l

L 2

L 1

L 4

L 1

P r

Pz

Pz

P+

o o t

a t z

az l

O t t

a+s

16 t '

2.0
0 . 1

12.o

l 8  + 2 '

0 . g g b

0 .43b

0.77
0.80

1 u
4.2
2 .8
1 b

2.9

" L u , :  - 4 . 8 + 0 . 6  A ,  o o . :  2 . 4 + 0 . 4  L ,
hParameters kept fixed during fitting.
'Combined length of the fluorocarbon
dFor the f luorocarbon sample CF this

h B,  :  1 .40+0.  15 (  Ap /  ps) .

and hydrocarbon chains.
is the rcH) /(CF2) interface.
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Cl8P monolayer is not iceably larger than o1a--2.9+0.3
A for the fully formed Cl2layer with comparable thick-
ness to the C18P sample,  there is a high probabi l i ty  that
the alkane-air interface is considerably more diffuse for
the partially formed layer than for either of the tLL)o poten-
tially similar systems. The fit for the C18P monolayer is
i l lustrated by the sol id l ine in Fig.  1 1.

' fhat  
the electron densi ty of  the part ia l ly  formed layer

is comparable to the density obtained for the full1' formed
la-ver suggests that  the alkane chains ei ther t i l t ,  or  other-
rv idc bend, to f i l l  space in order to maintain a densi ty
ckrse to the fully form_ed hydrocarbon density of approxi-
mately 0.85 gm/cm'.  I f  the part ia l  monolal ,er  was
comprised of  c lose packed, uni formly t i l ted,  straight C18
chains,  the mean t i l t  rvould be about 45" i f  one uses the
lengths obtained frorn the dip posi t ion or 36" using the
graphical ly determined length.  f 'hese resul ts are not con-
sistent rv i th one previously suggested model of '  part ia l ly
f  ormed f i lms as is lands of  c lose-packed, straight,  fu l ly  ex-
tended molecules that  are or iented normal to the sur-
face.46'47 The avelage electron clensi ty for  th is model
w'ould consist  of  a layer of  the same length but a lower
eiectron densi ty.  Var iat ions of  th is model,  in which the
molecules at  the boundary of  the is lands were part ia l ly
disor ienled, would increase the apparent intc ' r facial  width
o.1*,  but  would not change the thickness.

Figure 12 shorvs the comparison of  the alkylsr loxane
lengths as measured by el l ipsometr l '  anci  f rom 2rr /qn,u,
rvhere 4n, in is the posi t ion of  the f i rst  minimum in the x-
ray rel lect iv i ty.  The el l ipsometr ic measurements rv i l l  be
descr ibed in more detai l  in a separate publ icat ion.ra The
.\-ray' measurements were made using both the rotating
anode and synchrotron sources. Assuming a constant

1 0  1 5  2 0
X-roy Lenqth (A)

FIG. 12. Comparison of the alkylsi loxane length as deter-
mined by x-ray ref lect ivi ty and by el l ipsometry. (o ) are ful ly
formed monolayers, (V) are incompletely formed layers. The
solid l ine corresponds to the expected curve i f  both techniques
gave the same result.  The dashed curve is a f i t  to the ful ly
formed layer  resu l ts  and has the form lc l l ip -1 .02(+0.06)
X Ix rav+  1 .8 (+1 .0 )  A .  The  two  techn iques  appea r  t o  p red i c t
the same length per CH, group, but have dif ferent sensit ivi t ies
to the si l icon oxide-hydrocarbon interface.

lt23

offset, the average difference between the ell ipsometrical-
ly determined length and 2rr /q ̂ in corresponds to
1 .8+1.0  A w i th  the  e l l ipsomet r ic  va lue  be ing  la rger .
Since the graphically determined value for the x-ray
determined th ickness  is  o f  the  order  o f  1 .5+0.6  A shor te r
than 2n /Qmirt  the ei l ipsometr ic values are of  the order of
3.0 A larger than the graphical ly determined values.
This difference is slightly outside of the quot^ed errors of
approx imate l l '  0 .5  A  in  the  x - ray  and *2  A fo r  the  e l -
l ipsometr ical ly measured lengths and may be systemat ic,
having an or ig in in factors such as the ef fects of  the inter-
face on ei t i re r  lechnique, s ize related correct ions to the
index of  re l iact ion for  the e l l ipsometr ic technique, etc.

Other samples

Brominotian of alkene terminated sample

This santple rvas prepared in i t ia l ly  as a r-bond ter-
n r ina ted  s i lox : lne  san ip le  w i th  17  carbon a toms [ i . . . ,
S i - ( C H , ) 1 , - C H : C H : ] .  T h e  d a t a ,  i n  t h e  f o r m  o f
R  ( q ) / R F ( r 7 ) ,  a n d  t h e  c a l c u l a t e d  r e s u l t s  f o r  t h e  1 1  : 3 '  - '

rnodel  are shou n in Fig,  13(a).  The parameters for  the f i t
a re  d isp layed in  Tab lc  I I  in  the  co lumn C17 and the
real-space electron densi ty is i l lustrated by the broken
l ine in Fig.  14.  The ref lect iv i ty data are substant ia l ly  the
same as for the s imple alkane samples except for  a some-
rvhat nlore di f fuse hydrocarbon-air  interface (3.0 A
versus approxirnatelr '  1.5 A for the s imple C18 molecule
of s imi lar  length),  but  aside from this var iat ion,  there are
no systemat ic di f ferences between the real-space electron
densi t ies extracted from this data set  and the one for the

1 0 0

1  0 - 1

1 A - 2

rY
- ' -  

t  n-J
M  I U

1  0 -4
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c
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FIG. 13. (a) Fresnel normalized ref lect ivi ty from the olef in
terminated sample together with (b) the ref lect ivi ty from the
same sample after bromination. The technique used to f i t  the
data is described in the text, with the parameters for the f i ts
given in Table II .  The f i ts for (a) and (b) have y2 values of 33
and 60 for the points above 0.1 A r. The f i l led points at large q
indicate the data taken on a second measurement. The small
systematic dif ferences may be indicative of the radiat ion damage
also observed by the contact angle and XPS measurements.
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. t n
bromine atoms we calculate the addition of 45+10 elec-
trons per alkylsiloxane group. Assuming that bromina-
tion takes place as described above, the fully brominated
layer would have 66 effective electrons per alkylsiloxane
(the two ls electrons per bromine atom are too tightly
bound to contribute to the measured electron density).
This measurement thus implies that only fr, or 68Vo of

the molecules were brominated.
XPS analysis carried out some weeks later than the x-

ray measurement showed that on sections of the sample
which were not in the beam 9O% of the molecules were
brominated, but on radiated sections this figure was only
about 307o. It is clear that the radiation had init iated
some chemical change to the monolayer surface. Dam-
age occurred during the x-ray exposure both before and
after bromination. This damage is visible in the
reflectivity scans shown in Fig. 13 as a systematic shift of
data taken 30 min later at large scattering vectors (shown

as solid symbols). While this implication of x-ray damage
adds uncertainty to the significance of the x-ray deter-
mined structure, it does not alter the basic objective of
demonstrating that specular reflection can be used for
quantitative determination of chemical modifications of
the alkane surface.

Fluorocarbon coated samPle

In order to demonstrate the applicabil ity of the tech-

nique to samples with a radically different layer density

from the hydrocarbon, a wafer was coated with a mono-

layer of -Si-(CH )2-(CF2)7-CFr. The reflectivity

data for  th is sample,  in the form of R (q)/Re(q),  and the

calculated results for an N:4 model are shown in Fig.

15(a). Since the difference in electron density between the

sil icon oxide and the fluorocarbon layers is much less

than that between the sil icon oxide and the alkane layer

in the previous samples, the amplitude of the x rays

reflected from the fluorocarbon-air interface is cor-

respondingly stronger than the net amplitude reflected

from the composite interface between the
fluorocarbon-sil icon-oxide interface. As a consequence'
the depth of the first interference minimum at q =Q.)

A 
- t is much shallower in this sample than the corre-

sponding minimum for the alkane coated samples. On

the other hand, since the amplitude of the signal reflected

from the fluorocarbon-air interface is greater than the

amplitude of the signal from the composite interface, and

since that is yet larger than the amplitude reflected from

the Si/SiO, interface, the interference pattern is dominat-

ed by the two signals from the first two inter{acgs. As a
r e s u l t ,  t h e  t w o  m i n i m a  a t  q : 0 .  1 8  a n d  0 . 5 5  A  ' i n  F i g .

!5(a) correspond to roughly qL :rr  and 3rr  wi th L = 17.8

A. We suggest that this is the distance between the

si l icon-oxide/(CH2)2 and the f luorocarbon-air  interface.

This length should be compared to a length of  the 18.1 A

obtained from the graphical analysis of the four-layer fit.
The one unfortunate consequence to follow from the

fluorocarbon electron density is that the reflectivity is less
sensitive to the SiO2 layer and its two interfaces. The

solid l ine in Fig. 15(a) is calculated from a model in
which l,{ :4, but using values for the parameters describ-

N Q

. -  l l  f i
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FIG. 14. Real-space electron density prof i le of the surface

obtained from the parameters of the f i ts in Fig. 13 for the alkene

sample and the same sample after bromination. Note that the

fi t  to the brominated sample was done by using the parameters

of the unbrominated sample (dashed l ine) for al l  except the

hydrocarbon-air interface. The addition of the peak is due to

the addit ion of one bromine atom to each of the two carbon

atoms at the tai l  of the molecule.

C18 sample.
After the init ial x-ray measurement, the same sample

was brominated and measured again [Fig.  13(b)] .  Brom-
ination results, to a first approximation, in breaking the
terminal a-bond and attaching two bromine atoms to the
two terminal carbon atoms to give the structure
-Si-(CH2)r5-CHBr-CHrBr. Relative to the data in

Fig. 13(a), the overall reflectivity has increased, suggest-
ing the presence of additional electron density at the sur-

face, and the position of the first minimum has shifted to

a lower angle as would occur if the distance between sur-

faces were increased.
More detailed fitt ing was carried out by considering

the addition of a single Gaussian to the real-space elec-

tron density profi le to the ly' :3(*) model that described
the Cn(:) data, to account for the bromine electron den-

sity. The three new adjustable parameters in fitt ing the

Cl7\-)  data were the posi t ion

L i l L s ,  ,

the width osr, dfld the area nu, of the Gaussian. The fit

was carried out by holding fixed most of the other param-

eters at  the values in column C17(:)  of  Table I I  and al-

lowing only |  3,  LB, oJ4, ogr,  &f ld f ry,  to vary.  The

values for the parameters that gave the best f it are l isted
in column glTiBrr  of  Table I I  and in the notes below the

table. The solid l ine in Fig. 14 displays the real-space

electron densi ty for  the C17'B')  sample that gave r ise to

the model reflectivity i l lustrated by the solid l ine in Fig.

13(b). The combination of a larger value of l. j  for the

917{Br)  and the Gaussian (centered sl ight ly below the sur-
face as indicated by a negat ive ls,)  is  shown in Fig.  14 to

place the additional electrons of the Br atoms close to the

end of the alkane chains. The net effect is to extend the

overall thickness of the monolayer.
From the extra area associated with the addition of the

3

D u . =  )
L -  |
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FIG. 15. (a) Normalized ref lect ivi ty and three-layer f i t  for a
f luorocarbon sample. The parameters are shown in Table IL
Because of the l imited range of data and the complicated nature
of the interface, i t  rvas impossible to obtain accurate values for
the parameters, the f i t  being only a physical ly reasonable one.
(b) Real-space electron density prof i le of the surface of the sam-
ple obtair ied from the parameters of (a). Note that the f luoro-
carbon chain has a much higher density than the hydrocarbon
chain  resu l t ing in  the less pronounced f i rs t  min imum. The d ip
in the real-space profi le corresponds to the rocation of the two
methl ' len,- '  (CH2 ) groups in the molecule.

ing the SiO, Iayer, its interfaces and other parameters for
the h1'drocarbon portion of the molecule as determined
f'rorrr the other samples.  ̂ In addition, since the data were
taken . . rn i ; ;  for  q < 0.7 A 1 and since the points near
4 =,0. I  A I  themselves have large error t rars,  the
.:onfidenc,: limits on the fit para',neters are larger than
thcse fr l r  the other f i ts .  In an.v event.  the parameters that
.-rbtainc'J the be:;t f i t and are phy'sically realisi ic, are
displal ,cd in Table I I .  The real-space electron densi t r ,  : . ,
; : :hown i '  i i ig.  15(b)"  l 'he scl id l ine indrcates the 17.8 A
t l iat  i .s  i ;he or is in of  the pr incig, le interference rninima in
i ; ig .  15(a) .

DTSCUSSION

T'he very deep nature of the first interference minirrru'r
ft ir the hydrocarbon sarnples with well formeci f i l lns is a
Cirect  demonstrat ion that organic rronoiayers syrr-
thesized by the self-assembly process are capabtre of pro-

viding microscopically and macroscopically uniform
films. In particular, the first sharp minimum in the
reflectivity allows an approximate determination of the
thickness of the adsorbed film that is in reasonable agree-
ment with the thicknesses predicted by assuming maxi-
mally extended aliphatic chains normal to the surface,
when the size of the sil icon head group is assumed to be
included in the length measured. Comparisons between
x-ray reflectivities calculated from more detailed models,
which included structure in the head region, gave a hy-
drocarbon thickness that also suggests maximally extend-
ed molecules. The principal residual uncertainty of the
hydrocarbon thickness is due to the width of the interfa-
cial region between the SiO, layer and the hydrocarbon
layer. We suspect that the major contribution to this
width is the roughness of the bare SiO, substrate and that
a significant improvement could be obtained by preselec-
tion of f latter substrates.

The highly sensitive dependence of the reflectivity on
details of the monolayer structure is indicated by the
much improved fits of the 1/ :3 model as compared to
the l[:2 model, the differences being only small changes
in the electron-density profi le at the sil icon
oxide-alkylsiloxane interface. The reflectivity is particu-
larly sensitive to the interface width, which must be con-
sidered separately for each of the interfaces if a good fit
to the data is to be obtained. This sensitivity to interfa-
cial structure has been neglected in most other x-ray
studies of similar systems.

Inspection of the various models for the 18 carbon
alkylsiloxane real-space electron density (i.e., Fig. 6) sug-
gests the hypothesis that the real-space density might be
the result of coating the SiO, surface, rvhich has some
roughness, with a fixed thickness of alkane. The varia-
tions in the model parameters for the rvidth of the
SiO2/alkane and alkane-air interfaces leads to some un-
certainty in the th ickness to the alkane layer.  However,
from the graphical inspection of the various models de-
scr ibed ear l ier ,  we bel ieve that th is uncertainty is no more
than f0 .5  A  (1 .0  A  fo r  the  C lO a lky ls i loxane) .  Us ing
the thickness of the hydrocarbon part of the C18 mole-
cule only, the measured ti l t angle is about
c o s  r [ 2 1 . 4  / (  l . z 6 5 x  l 8  ) l : 2 0 " + 4 ' .

In summary, the x-ray data are consistent with uni-
form monolayers whose thicknesses are of the order of
957o of the expected values for maximally extended al-
kane chains normal to the surface. The layer thicknesses
determined directly from the dip minimum in the x-ray
specular reflectivity also agree within 2 A with those
determined by el l ipsometr ic measurement.  Since the
rvidth of the head group affects the position of the
rninimum, rve bel ieve, however,  that  the th ickness of  the
alkane region alnne may be as much as 4 A thinner than
the el l ipsometr ical ly determined values.

The structure near the s i l icon-oxide-hydrocarbon in-
terface is almost cert. l inly due to the sil icon-oxygen net-
work formed by the siloxane head groups to neighboring
atoms and to the s i l icon oxide surface. Since the avai l -
able data are restr icted to a region of  q < C.8 A l ,  we did
not have sufficient resolution to distinguish between a
well-formed head-group layer, at a fixerl distance from
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the SiOr substrate, or one that is more distorted. From
the absence of any chlorine signal in the XPS spectra, we
can. however. be confident that the interface structure is
not due to chlorine atoms remaining from the prepara-

40n o n . -
The electron density of the fully fornred alkylsiloxane

layers was essent ia l ly  independent of  the sample,  having
values between 0.41 and 0.43 of  the s i l icon electron densi-
ty.  This value is equivalent to a mass densi ty of  between
0.83 and 0.87 g/cm' (s i l icon has a mass densi ty of  2.33
g/cm3).  This is somewhat larger than densi t ies of  l iquic l
phases of  a lkanes containing l2-18 carbon atoms (0.75
and 0.78 g/cm3 ) ,  but  i t  is  less than the clensi t ies found for
crystal l ine phases of  the same mater ia ls Q.93 g/c*t) .oo
This is equivalent to the statement that  the area per hy-
drocarbon chain was found to be approximately l0%
larger than that of  crystal l ine alkanes.

The width of  the hydrocarbon-air  interface does varv
considerably between the long and shor-t hydrocarbon
chains,  wi th values of  3.8,  2.9,  and 2.4 A for the ClO,
C12, and C18 alkyls i loxanes, respect ively (see Fig.  10).
This variation may be due to the increased flexibil i ty of
the longer chains which are able to deform more easily
and thereby quench some of the nonuniformity intro-
duced at the sil icon-oxide-hydrocarbon interface.

The most striking feature of the partially formed C18
alkylsiloxane reflectivity data when compared to the fully
formed layer is the change in the position of the first
minimum, unambiguously indicating a reduced thickness
of the incomplete monolayer. Since the average electron
density in the alkane layer is essentially the same as that
for all of the fully formed layers, this result rules out the
previously suggested model of islands of fully extended
molecules.32 Since, for f i lms thinner than approximately
100 A, ell ipsometry is only sensitive to the mean optical
thickness, this technique cannot distinguish between the
island hypothesis and the uniform layer. The reduced
thickness of the partially formed layer could be explained
in terms of a homogeneous coating in which the mean
molecular t i l t was about 45'. However, since the
alkane-air interface for the incompletely formed mono-
layer was also found to be rougher than the same inter-
face for all of the fully formed monolayers, the correct
description of the partially formed monolayer must in-
volve some degree of nonuniformity in the coating.

The present set of measurements cannot distinguish be-
tween a uniform-diffuse interface and one that was micro-
scopically sharp, but rough. In principle, this distinction
could be made by a more systematic study of the l ine
shape as d is tuned off of the specular condition, l ike
those shown in Fig. 3, but using a much finer resolution
such as can be obtained using a crystal analyzer.ta The
data reported here wil l not support a value for the pa-
rameter os1 that describes the Si/SiO, interface that is
greater than 2 A. The fitt ing algorithm always drives it
to zero.

A variation of the technique described here is to study
the way the intensity falls off as the spectrometer is tuned
away from the condition for Bragg reflection rather than
away from the condition for specular reflection. The in-
tensity along the "truncation ro6t"48'4e can be interpret-

ed in terms of the width of the termination of the crystal
lat t ice rather than as we have done in terms of  the densi-
ty profi le at the interface between two regions of differing
average electron density. The data for the surface of
crystal l ine s i l icon indicate that  the s i l icon lat t ice termina-
t ion occurs in a s ingle step, giv ing an atomical ly f lat
s i l icon-si l icon-oxide interface. ' r8 '4e Another study using
transmission electron diffraction on specially prepared
sil icon wafers also found perfect termination of the sil-
icon crystal  lat t ice.s0 A 5-A layer of  ordered si l icon
oxide crystal  was found at  the crystal l ine
si l icon-amorphous si l icon-oxide interface. Our measure-
ments are consistent wi th these resul ts indicat ing a very
narrow si l icon -s i l icon-oxide interface. This interface
and, in part icular,  i ts  width are of  except ional  importance
to the s i l icon-based electronics industry.a2'  5 I

Using other more intense synchrotron beam l ines,  i t
shcluld be straightforward to extend x-ray reflectivity
measurements to values of  q at  least  two or three t i rnes
larger than the maximunr of  0.8 A '  in the present mea-
surements.  Provided that nei ther radiat ion damage nor
di f fuse background radiat ion i t re the l imi t ing features,  the
structure of  the var ious interfaces could be determined to
a spat ia l  resolut ion that could be three t imes f iner than
achieved in the present measurement.  Furthermore, i f
the Si /SiO. sample is protected from airborne contam-
inants,  specular ref lect iv i ty measurement of  the bare
Si/SiO2 substrate is the only method of  w'hich we are
aware that has the potential for fully characterizing the
transition from the crystall ine sil icon region, through the
strained crystall ine Si/SiO, region, into the region of
amorphous SiOr.

In some respects the use of the Si/SiO2 substrate, with
its native oxide layer, complicated the analysis and made
it more diff icult to characterrze the alkane surfaces. On
the other hand, the Si /SiO2 substrates have the decided
advantages of  having a much sharper interface with air
than any other solid surface of comparable dimensions
that we could obtain.  In addi t ion,  s ince the observed
diffuse scattering from the SilSiOr Samples, at all angles
of incidence, is significantly lower than that observed
from highly polished amorphous materials (such as pol-
ished or f loat glass), we believe that the microscopic sur-
face width of the Si/SiO2 surface is also significantly less

than that of other possible substrates.
The data on the olefin-terminated C17 sample, together

with the study on the effect of bromination, i l lustrate a
powerful tool for study of certain types of surface struc-
tures. In this particular example Br, molecules added to
the reactive olefin groups attached to the end of the alkyl
chains. From the x-ray reflectivity, it was possible to ob-
serve the position of the additional electrons and the con-
sequent distribution of the bromine atoms. Although
there were some effects of radiation damage that were
discovered after the x-ray measurements had been com-
pleted, the example suggests that this type of measure-
ment could be carried out using a much larger variety of
react ive species.  In part icular,  i f  the moiety to be at-
tached to the end of the alkane group has some extended
structure, this technique would allow for a relatively de-
tailed mapping of its electron density. Since the specular
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reflection from the substrate provides a reference field,
th is technique has a bui l t - in solut ion to the phase prob-
len'r that plagues most other x-ray techniques for
s t r u c t  u r a l  d e t e r n t i n a t i o t t .

The mclst  ser ious l inr i tat ion on the potent ia l  appl icabi l -
i ty  of  specular ref lect ion for  the study of  organic mono-
lar crs is the problenr of  radiat ion damage. In the present
lvork nrost  of  the samples wi th wel l - forrred alkanes had
contact  ungles wi th r . l 'ater o1- approximateiy 110" before
s-v-nchrotron ref lect iv i t r  rneasurcment and from 75'  to 90"
a f te ruarc ls  depend i r )g  on  the  amount  o f  exposure .  XPS
studies of  the i r radiated region suggested between
5-10 jc  o f  the  a lk1 l  cha ins  hud been ox id ized ,  wh i le  sec-
t ions of  the sanrple that  rverc not i r radiated did r tot  shou'
thc 1-rr tsr 'nce o1- i inr  t i r ic l izecl  spccies. la This c lanr.rge was
111r1 i rbsr.r ' red on slrniples nreasured dr-rr ing c 'xpcr imett ts
tusir tg t l t t '  r ' t - r tat ing anodc- rv i t l i  l i l tered racl iat icn (rr ' l tere to-
1al  r - rar  c\posLlre r i  as rougl t lv  17c, of  th ' - -  s1' t tc l i rc i t ron ex-
p{r:t ire), but rr ' l ts l-c}-rl ivflucetl n'hen a sample tt 'as e xposed
Itr  the polychrornat ic i : r t - 'am for 24 h.  In a ferv cases, there
\ \ 'as some evidence that for  q >-0.7 A '  radiat ion c lamage
rnal '  have been obserr  cd as changes in the ref lect iv i ty of
the order of  30o/c.  Howevcr,  no changes were detected
f o r  q  < 0 . 5  4

Since only about 0.1 photons per alkyl  group fel l  on the
san-rple dur ing the course of  a typical  ser ies of  scans, rv i th
mosi  being transmit ted into the s i l icon bulk,  and given
that the number of  damagecl  molecules exceeds this num-
ber.  the damage cannot be associated rv i th the phott te lec-
tr ic ef fect  act ing direct ly on the alkyls i loxanr-  nrolecules.
One possibi l i ty  is  that  the damage is induced by photo-
electrons generated b) '  x rays in the s i l icon substrate.
These keV energl '  e lectrons interact  strongly wi th other
electrons sparvning man\ more secondary electrons
u'hich could ionize thc carbon atoms in the alkyls i loxane
chain.  The f inal  damage rvould then resul t  when the
highlr  react ive radicals thus formed combine with oxy-
gen in the surrounding air .  Al ternat ivel l ' ,  x-ray induced
ozone in the atmosphere might be the source of  the dam-
age, ol ' there might be free-radical chain reactions medi-
ated by oxygen in the organic monolayers.

There are a number of n'ays that this damage might be
reduced. The first and most obvious wa)' \\ 'ould be to
place the sample in an atmosphere free of O.'. The
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second would be to make the measurements with

signif icantly '  less exposure to radiat ion than was the case

in  these s tud ies.  For  example,  measurements  o f  back-

ground scat ter ing do not  necessar i ly  have to  be taken

w i th  t he  same  s ta t i s t i c s  as  f o r  t he  ma in  da ta .  I n  any

event ,  the backgrounc l  scans can be taken af ter  the

ref lec t iv i ty  datu i rar r  been completed.  S inr :e  the bz ick-

g round  i s  n ra in l l  d i . r c  t o  a i r  and  bu l k  sca t t e r i ng ,  i t  w i l l  be

l i t t le affec:tcc1 l-r i  surf ircr- i iarnage. The exposure can also

be reducec l  bv  r rp t i rn iz ing the number  o f  data po in ts  l ( r

c l im ina te  n r r r c l i  r r l ' t hc  redundanc l ' '  ev i den t  i n  t he  da ta  i r r

F ig .  I  a t  lou '  ans lc 's  In  addi t io t t ,  s ince the samples have

p roven  t o  be  h ig l r l i  u t t i f o rm ,  da ta  po in t s  ca t r  he  t aken  on

the d i f f 'e rent  reg ions o l ' the wafer .

F ina l l y ,  t hc  e  ha r rgcs  i n  t he  re f l ec t i i i t v  r . ' i t h  t ime  tha t

\ \ 'e re  n leasurdc l  < l r i  the uncoated s i l icor r  s i in rp le  are prc lb-

ah lv  c lue fo  thc  hu i lc l  i lp  o l i  the sur face of  u  cont ; rn t i tu t -

i i on  l a1 ' e r  u ' i t h  a  dcns i t l '  l ou ,e r  t ha r :  s i l i con .  The  s t rong

s ignal  f ronr  th is  1 . r r  t ' r  makes i t  d i f f icu l t  to  character ize thc

S iO .  l a - ve r  f r on r  t h t ' , l l i t a  i n  f - ' i g .  1 (a ) ,  and  f u tu re  t l t eas l r r e -

men ts  t l f  t he  uneoa {cc t  S i /S iO .  su r facc  t nus f  be  done  un -

der  nr ( ) rc  r tgo i 'o r ts l - r  cont  t ' r t l led condi t ions that t  wcre

ava i l ab le  f o r  t h i s  r t  r r< l r  .
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