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X-ray Damage to CF3co2-Terminated Organic
Monolayers on Si/Au: Princip"l Effect of Electrons

Pnur E. Latsrxts, RoeEnr L. Gnnsnu, F{,txs A. BtnnuycK,
Gsoncr, M. Wurttstngs*

The relative importance of x-rays alone and of x-ray-generated primary and secondary
electrons in damaging organic materials was explored by use of self-assembled
monolayers (SAMs) on multilayer thin-film supports. The substrates were prepared bv
the deposit of thin films of silicon (0, 50, 100, and 200 angstroms) on thick lave rs of
gold (2000 angstroms). These systems were supported on chromium-primed silicon
wafers. Trifluoroacetoxy-terminated SAMs were assembled on these substrates, and
the samples were irradiated with common fluxes of monochromatic aluminum K-
x-rays. The fluxes and energy distributions of the electrons generated by interactions of
the x-rays with the various substrates, however, differed. The substrates that emitted

a lower flux of electrons exhibited a slower loss of fluorine from the SAMs. This

observation indicated that the electrons-and not the x-rays themselves-were largely
responsible for the damage to the organic monolayer.

\  T 
-RAYS DAMAGL, ORGANIC MATL,RIA],S

X (1). This damage can eithcr l i rnir
-( \ their ut i l in '  or provide the basis for
useful technologi.r r.r.h as x-rav lithographv
(2, 3) or radiation cross-linking of polvnrcrs
(J). Understanding the mechanisms of rhc
damagc accompanving erposurc t() r-r lvs is
helpful in designing materials and cnviron-
ments in which this exposure vields the
desired results. A basic tenet of arcas of
technologv involving x-rav processing has
been that x-ra\.s do not interact stronglv
with matter (4) and sl-rould effect little dam-
age to materials. The photogenerated pri-
mary and secondary electrons interact more
stronglv and har.e been postulatcd to be the
damaging species (5).

We and others (6) have recentlv begun
to cxplore the mechanisms of x-rar '- in-
duced damage to organic materials bv us-
ing SAMs on metal substrates (.7-91 as
samples. SAMs are wcl l  suited fbr this
studv because thev allow a varicty of or-
ganic functionalities to be incorporated
into monomolecular films that have well-
defined stmctures. SAMs can be casilv gen-
crated that have dimensions of interest l l0
to 40 A; the characterist ic escape depth
(10) for electrons ir-r thc encrgv range en-
countered-<1.5 kcV- is  20 ro  40 A] .
Various substrates can be derivatized w'ith
different types of SAMs: two that we used
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hcre arc alkancthiolatcs ()n Atr ( I  t  .rnd
a l kv l - s i k r xencs  ( )n  S iO ,  t 9 ,  10 t .  \ \ ' c  ch t t se
thc  t r i f l uo r ( ) r r ce t ( ) xv  g r ( )up  r ( .F . ( . ( ) .  . r \
.r  probc t irr  a nutt-rbcr ot '  rctsons. i  t  l t \
surf rrce conce ntr i . l t ior-r is cesi lv nte .rstrrcr l  t ' ' r
x - rav photoe lcc t ron spcct roscop\ '  IXPS r
(11) ;  ( i i1  i t  decomposes rap id lv  u 'hcn r r r r r -
d ia ted wi th  x- ravs (6) ;  ( i i i l  i t  i s  cas i lv
introduced into SAMs (7, 8); and ( ir ' ;  i t  is
localized at the monolayer-air ir-rterface s()
that analvsis of the concentrat ion of F in
thc SAM is not complicatcd bv thc pres-
ence or ge ne rat i<;n of othcr signals.

In this re portt \\'e outline a studv of
the rate of damage to CF.3C)O2 groups
attached through an undeo'l tethcr
(CF3CO2-(CHr), ,  -  )  to thc surface of t l -r in
(50 to 200 A) Si films sr-rpportcd on Au. We
examined the relative rates of damagc to thc
organic components of the svstem, the

CF..COr-terminated SAM, as a fr.rnction of

intensities of x-ray photons and of electrons.
The results provide dircct expcrinre nt.rl con-
firmation that, under conditions rele\';lnt to
technologies such as x-rav photol i thogra-
pht,, electrons are responsiblc for niost of
thc damagc irt  one representativc org.trt ic
svstem. Thc clectrons measured in this snrclv
include priman (photo- and Auger) and
secondan'electrons; w,e ref-er to thcse collec-
tiveh' as electrons.

To van. thc numbcr of electrons generat-
cd bv interaction of the x-ravs u'ith the
support, we prepared composite substratcs
(Fig. l)  comprising materials, Au and Si.
characterized bv vcry different clcctron

viclds Llpon x-rav irradiation. Au produces a
h igher  e lect ron v ie ld  than Si  (1 / ) .  To gen-
errlrc a rrlnge of intensitics of electrons at the
(l l-r( lO, group. u'c coated thick f i lms of
Au l-2000 At n' i th vi lr ious t l ' r ickr-rcsses of
cvi lporirted Si t50. 100. .rnrl  200 A as deter-
mincd in situ u' i th a qLl irrtz cn'st;r l  microbal-
;rncc; each *I0%). X-ravs arc not signif i-
ca.nth' attenuated bv thesc thicknesses of Si
(4), and the number of x-rav photons in the
Ar-r lilms-and thus the nunrber of x-rav-
inducec-l photoelcctrons fiorn thc Au-is
sirni lar irr  al l  of thesc samples. The electrons
gcnerated in tl-rc Au arc. how'ever, strongh'
sc.rt tcrcel bv rhc Si.

\ \ 'c confirrrred the str lrcturc of thc sub-
\trrrcs n i th Rurhcrtorci b.rckscattcr ing spec-
t r ( ) s r ( ) p \ '  (RBSt  i 1J1 .  us i r t g  3 -McV  Hc2*
f irr indcpcncle nt ch.rr.rctcr iz;rt ion of the
thickness of ' thc Si ovcrl .rvcr. Figurc 2 shows
rcprcsentative spcctra; thc signals associated
with Si ( inset) u'crc analvzccl 113; and thick-
ncsscs of '50.  105.  and l t is  A t r ' . r lucs cs t i -
mated to be -r- l0 A) \\'erc infi'rrcd firr the
thrcc samples. The rvidth of thc pcak asso-
ciated witl'r Au suggests the rc;rroducibilin,
of thc thicknesses of the nrult i laver sub-
strates u'e fhbricatc (- + l0% ). 

-I'he 
spe ctra

confirm that ncither Cr nor bulk Si arc
localized at the substratc-\'ilcuunr rnterfhce.
The RBS lackcd thc scnsit ivin' to determinc
u,hcthcr Au or Si was prese nt at the surface.
Thc films coated with Si exhibited no peaks

Fig.  1.  Schemat ic i l lustra-
tion of the structures used in
these srudies. The lines dc-
noting interfaces berween
matenals are not meant t()
indicatc that the interfhces
are atomicallv flat; u'e har.'c
not mcasurcd their flatncss.
The kru,est layers of Si rerr-
r c s e n t  S i ( 1 0 0 j  n r f c r s  1 - O . S
mm thick; on u'hich the as-
scmbiies were supported;
the other la"'crs of Si u'crc
preparecl bv evaporatlon

r = CFcCOz-
-i[ l,
,,TA

t
zo6o A

Si/CrlAu/Si(nA)

and are probablv amorphous. The evaporated fih-ns of Si contain a lat,er of SiOr (not shorl'n1 of
undetermined thickness (but orobablr'-15 Al. Cr u'as uscd as an adhesion layer beru'een the Si wafer
and Au.
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due to Au by X?S (only peaks attributable
to Si, C, and O) and were unreactive to
alkanethiols Qa). These observations sug-
gest that the Si lavers are essentially free of
pinholes.

The surfaces were derivatized by the self-
assemblv technique (7-9). SAMs were
formed on the substrates exposing SiO, bv
reaction with CHr=6g1CH2)esicl3 in
hexadecane; the resulting olefin surfaces
were transformed into trifluoroacetate sur-
faces through a two-step procedure in which
BH3-H2O, and trifluoroacetic anhvdride
(TFAA) were used (8). SAMs were formed
on Au by reaction with HS(CH'),,OH in
deoxygenated absolute ethanol; the alcohol
surface was converted to the trifluoroacetate
by 30-s exposure to 5o/o TFAA-hexanes.

The XPS spectra of representative deriva-
tized substrates (Fig. 3) show that the elec-
tron flux through the SAMs decreased as the
thickness of the Si overlaver increased. Al-
though peaks directlv attributable to Au
were not obsen'ed rvhen the Si ol,erlaver
was >50 A, *. believe that the photoeiec-
trons emitted from Au were. after inelastic

collisions, largelv responsible for the in-
creased baseline (relative to pure Si) for the
samples containing an overlaver of Si. A
200-4 overlaver of Si virnrallv maskcd the
presencc of the underlving Au: the spectra
of this svstem and that having onlv Si as
substrate are ven' similar. The intensin' of
the F(ls) peak from the CF.CO2 groups of
the SAMs on the various substrates wcrc
approximatelv equal (Fig. 3): the dill-crcnt
methods of forming SAMs generated ap-
proximatelv equal numbers of CF.CO,
groups per unit area of surface (15).

The samples were exposed to a constant
flu of monochromatized Al K., x-ravs
(1486.6 eV, anode po\ver :  200 W) in a
Surlace Science X-100 XPS spectrometer
(operating pressure : l0 e torr); the spot
size was -l mm2. Electrons emitted fiom
the F(ls) werc detected with a concentric
hemispherical analvzer (pass enerel' : 100
eV)

Figure 4 summarizes the relative intensin'
of the F(ls) peak on cxposure of the

Au(41)

400 600 800 1000 1200 1400

Kinetic energy (eV)

Fig.  3.  XPS spcctr i l  of  ( iF. ,COr-rerminatcd

monolavers on Si,'C)r,'Au'Si substratcs. Thc spectrir
'nl 'crc obtaincd on sprots that had been prcviouslv
unexposed to x-ravs and rcquired - 15 min of
exposure to thc beam; the amount of damagc to
the SAM during this exposure is small (<5o/o).
E,ach spectrum has been offlset horizontallv bv
- l0 e V fiom the one below it f irr clarin': thc
spectra have not been ollset verticallr'. Therc is ncr
risidual Au signal even in the thinncst Si ti lm (50
A). and thus, we believe, no pinholes. This con-
clusion is reinforced bv other experiments report-
ed in the text. Thc hvdroboration orocedure
incorporated a contaminant, Ca (KE : i t OCt .tt1,
that is present in <lo/o bt' atom. As w'e compare
the ratc of damage to photoelectron vield. prcs-
ence of an impurin.of Ca is not important. (Inset)
The "universai"  cun'e (11).  The inelast ic  mean
fiee path, ),, is defined as the distance at u'hich the
probabilin' an electron tranversing ir medium
without significant ener€l' loss is l/e. l/tr is direct-
lv related to the probabiliw of an electron intcr-
acting inelasticallv with a medium. 

'fhe 
substratcs

(l-5) are defined in the legend to Fig. 2.

CF.COT-terminated monolayers on the
various substrates to Al Ko x-rays. The
intensiw of the peak was measured during
sequential 4-min intervals. With continued
exposure to x-rays, the intensiW of the F(ls)
peak decreased. Thc amount of loss of' F
fiom the various substrates exposed to com-
mon numbers of photons is different 1Fig.
4A t: the loss of F is faster on the substrates
that exhibit greater intensities of electrons
upon irradiat ion with x-rays (Fig. 3). The
different amounts of damage that occur
up()n cxposing identical monolavers on sub-
strates with different electron vields to a
common intensin' of x-ravs demonstrate
that electrons arc, at some level, important
in causing x-rav-induced damagc.

The relativc importance clf photclns and
electrons ir-r causing damage to the SAMs

2  4  6  I  1 0 1 2
Number of photons (au)

0 4 8 1 2 1 6 2 0 2 4

Number of electrons (au)

Fig. 4. X-rav induced damage to CF.rCOr-termi-
nated monolavers on Si/Cr/Au/Si substrates as a
function of (A) the number of photons and (B)
phot<rclectrons to which thc CF-rCO2 group were
exposed. The intensrn' of the F(l-s) signal was
determined fiom scquential scans (-4 min each).
We estimated the numbcr of electrons from thesc
samples bv integrating (16, 17) the XPS spectra in
Fig. 3. In (B), the substrates require different
lengths of exposure tcl the x-rav beam to -vicld
similar numbers of electrons. The different rates
of loss evidenced in the upper panel and the
similarin' of the profiles in (B) suggest that the
damage to the SAMs results primarilv from the
clcctrons and not from the photons themselves.
au. arbitran' units.
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Fig.2. RBS spectra of Si/Cr/Au/Si substratcs firr
different thicknesses of the Si overlaver usins
3-MeV He2*. The substrates \\ 'ere prepared bi
the sequential evaporation onto the surfhce of a Si
wafer [Si(100) with -15 A of native oxide ] of
200  A  o fCr ,2000  A  o fAu ,  and  n  A  (n  :  0 ,  50 ,
I00, or 200) of Si. The nominal thicknesses rvere
determined with a cuartz cn'stal microbalance
rQCM ) in thc .u.p.r.rt.r. chambcr. Quantitation
of the signals associated rvith the Si laver (insct)
vielded values of its thickness (error estimated t<-r
be -r l0o/o) :  

QQM (RBS) 50 A (50 A);  100 A
(105 A);  200 A (185 A).  The spectrum of  Si  is
provided fbr comparison. The markers illustrate
thc krcation of a particular element relative tcl the
air interface ; fbr ixample, Cr is located -2000 A
beneath the surfacc. The assignment of signals is
Au,2.4 to 2.8 eV; Cr,  I .9 ro 2.0 eV; Si ,  l  7 eV,
and the plateaus for energl, E < 1.7 eV. The
spectra are displaced venicallv fbr clariw. l, Si/Si
(200 +); 2, Si/Cr/Au/Si (200 A); 3, Si/CrlAu/Si
(100 A);  4,  Si /Cr lAu/Si  (50 A);  and 5,  Si /Cr lAu.
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can be estimated from the data in Fig. 3. The

flux of electrons fiom thc various substrates
under a common flux of photons is different.
We have estimated the relative intensities of

electrons from the substrates bv integrating
(16, 17) the X-PS spectra in Fig. 3 ovcr the

kinetic energv (KE) range from 387 to 1487

eV. We are limited bv the electrostatic ana-

hzer on the XPS to quantitation of electrons
of KE > 400 eV, and there mav be system-
atic errors in estimating thc relative intensi-
ties of electrons in the range of energies that

are most damaging (-50 eV) from thc

observed yield of electrons of energies >400

eY (17, 18). ln Fig. 48, we plot the intcnsin'
of F(ls) from the various substrates versus

the number of electrons to which the SAM
was exposed. In order to generate similar
doses of electrons, we exposed thc samples
containing thickcr overlavers of Si to the
x-ray beam longer than thosc having thinner
overlayers. The profiles ir-r Fig. 48 arc re-
markabl-v similar (espcciallv given that thc
substrates had different lengths of exposure

to the x-ray beam) and suggest that the

primarv and secondarv electrons are much
more important in the damage process than

are the x-rav photons. We belier.,e the devi-
ations present are primarilv due to diliicul-
ties in maintaining a constant photon fltx.

Although the data do not dctermine
whether electrons are solelv responsible fbr

causing damage, thev are, however, consis-

tent with the finding that primary and sec-

ondary electrons are responsiblc fbr most
(and maybe all) of the damagc to a reprc-
sentative organic svstem upon irrldiatiort

with x-ravs.
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