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We have developed a new technique (utilizing inelastic electron tunneling spectroscopy) for the study of
changes in molecular structure due to 30-keV electron irradiation. Analysis and interpretation of our

experiments is done through the following: (1) an algorithm for fitting observed spectra with a series of
fundamental peaks and thereby quantitatively provides the actual intensity of each peak; (2) a theory that
determines the total (primary and secondary) electron fluence in the vicinity of the molecules and through the
use of theoretical dissociation cross sections provides estimates of effective dissociation cross sections. Thus
contributions of various molecular and geometrical properties to the degradation process can be delineated.
Experimental data for P-D-fructose reveals that CH, CH, bonds are less susceptible to molecular degradation
than the bonds in the COH functional group; also double bonds are formed. The strength and limitation of
this technique are discussed.

I. INTRODUCTION

The deleterious effect of fast electrons on con-
densed molecular films is of great interest in ra-
diation physics and chemistry; in particular, the
atomic resolution of biomolecules in electron mi-
croscopy has not yet been achieved because of the
destructive effect of the incident electrons. In or-
der to minimize this effect, possibly via "tailoring"
of molecules or by devising specimen geometries,
it is necessary to develop a fundamental under-
standing of the degradation process and its depen-
dence on molecular and geometrical parameters.
Studies of changes in the molecular electronic
structure, ""of changes in molecular crystall-
inity, ""' and of changes in mass, ""yield infor-
mation about the electron exposures necessary
for particular changes to occur but cannot inher-
ently yield information about changes in molecular
bonding or structure. However, conventional
(i.e. , non-in situ} infrared spectroscopy of ir-
radiated (bulk) films of polymers" ~' and nucleic
acid bases' "does provide information about
changes in molecular bonding and structure. In-
elastic electron tunneling spectra. /spectroscopy
(IETS} shows great promise in explicitly providing
in situ changes in bonding and structure of mono-
layers of adsorbed molecules.

IETS reveals"" the vibrational modes of organic
compounds included in the insulating layer of a
metal-insulator-metal tunneling junction. The ef-
fect of sandwiching the molecules between the
metal electrodes apparently does not deform the
physical structure of the molecules, since the
vibrational frequencies from IETS correspond

quite well to those from infrared and Raman spec-
tra. Typically, a spectrum with a resolution of
16 cm ' at a junction temperature of 4.2 K over a
spectral range of 300-4000 cm ' can be obtained.

This study presents preliminary data and analy-
sis that reveals the strengths and weaknesses of
IETS as a tool for radiation physicists. The ex-
periments we describe below are of the simplest
possible type; electron irradiation"" of the mole-
cular film is done in the presence (or through) the
metallic overlayer (Fig. 1). The overlayer serves
as a screen against nucleating organic contaminants
in the va, cuum (10 '-10 ' Torr} of our commercial
scanning electron microscope. More sophistica-
ted experiments could involve irradiation in the
absence of the overlayer; this would, however, re-
quire sample preparation and irradiation in the
same ultra-high-vacuum system. Interpretation of
our experiments, involving irradiation through the
overlayer, suffers from the following two compli-
cations: (1) The electron energy distribution and
fluence" ' in the vicinity of the molecular film is
quite different from that in the primary beam.
This can, however, be accounted for quite easily
(Sec. III). (2) The overlayer leads to trapping of
otherwise volatile fragments, thus possibly lead-
ing to the initiation of chemical reactions among
fragments and metallic atoms. It is difficult to
assess the magnitude of this effect from our exper-
iments; however, more sophisticated in situ ex-
periments should provide answers.

In order to analyze and interpret our experimen-
tal data, we have developed the following: (1) An
algorithm and a computer program that fit a series
of fundamental peaks to each spectrum (Sec. II A).
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FIG. 1. Schematic diagram illustrating the geometry
of the Al-AI20&-organic-Pb junction on a glass substrate.
The incident electrons generate forward-scattered (f),
backscattered (b), and secondary (s) electrons, as shown

schematically.

Thus true contributions from individual peaks are
obtained for quantitative analysis. (2) A simple
theory that determines the total [primary forward-
and backward-scattered, as well as secondaries
from both metals (see Fig. 1)] electron fluence in

the vicinity of the molecules (Sec. III A) and through

the use of theoretical dissociation cross sections
provides estimates of effective degradation cross
sections (Sec. IIIB). This theory seems particu-
larly useful in elucidating the contributions from
various molecular and geometrical properties.

mechanical contacts between the strips and the
sample holder. A slightly defocused beam was
scanned over an area slightly larger than the
junction area, thereby ensuring an even exposure
of the entire junction. The irradiated area was
determined by separately scanning a 200-mesh
copper grid; the beam current was determined by
scanning the beam within a Faraday cup. In most
cases, all of the junctions on each substrate were
given different electron fluences, except one which

was left unexposed. Typical irradiation parame-
ters were as follows: electron beam voltage, 30
keV; beam current, 0.2 —60 nA; exposure time,
2-10 min (with a scan rate of 1 scan/sec); and

pressure 10 '-10 ' Torr.
After irradiation, the junctions were removed

from the microscope and immersed in liquid He.
The tunneling spectra [obtained as d'V/dI' vs V]
were measured using a second-harmonic detection
technique that employed a 2-mV ac modulation at
1120 Hz and a second-harmonic voltage detection
with a lock-in amplifier. Some results from our
experiments with p-D-fructose are shown in Fig.
2 ~ Two other experiments were performed to de-
termine if the observed changes in the spectra
were (1) dependent on the fluence rate or (2) due to
heating of the junction by the electron beam. Fig-
ure 3 shows that the spectra depend on the total

II. EXPERIMENTS AND DATA ANALYSIS

IETS study of molecular structural changes in-
duced by energetic electrons was done in three
parts: (1) junction fabrication, (2) electron irra. —

diation, and (3) spectrum measurement. Crossed
film tunnel junctions, containing the molecules
under study, were fabricated as follows"": Al
strips (0.1-0.2 mm wide, 2000 A thick) were
evaporated onto a glass slide in a clean, oil-free,
high-vacuum evaporator. After removal from the
vacuum system, the Al strips were allowed to
oxidize in dust-free air briefly. The oxidized
strips were then uniformly doped by spinning on a
freshly made solution of P-D-fructose in water
(0.5 mg/ml). Next the slide was returned to a
high-vacuum evaporator, where four Pb strips
(0.1-0.2 mm wide, 2000 A thick) were evaporated
across the doped, oxidized Al strips. Thus we
obtain groups of four or five closely spaced
(0.2—1.0 mm apart) junctions, on the same Al

strip, with nearly the same characteristics.
Electron irradiation of the junctions (and thus

the sandwiched molecules) were carried out in a
scanning electron microscope (ETEC Autoscan).
'The junctions were electrically grounded by means of
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FIG. 2. IETS spectra of junctions containing P-D-fruc-
tose irradiated by 30-keV electrons for different inci-
dent electron exposures in a scanning electron micro-
scope. Curves are labeled by a unit of exposure Eo- 14 mC/cm2. Each curve was traced in approximately
100 min with a lock-in sensitivity of 2' pV (full scale)
and a time constant of 3 sec. Wave numbers: k, 1100;
V, 1260; V, 1460; 6, 2900; and ~, 3580 cm . See text
for further description.
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FIG. 3. Spectra showing exposure-rate independence
of the degradation of p-D-fructose by 30-keV electrons.

electron fluence and not on the fluence rate; thus
varying the electron beam current i and the ex-
posure duration & while keeping the total electron
fluence (P= is) constant produces the same spec-
trum. Figure 4 shows the results of a heating ex-
periment. Samples identical to those used in the
irradiation experiments were heated by holding a
60-W 400 C soldering iron close to one end of a
series of junctions. At the other end a heat sink
was applied, so that a gradient of temperatures
was obtained across the Al strip. The tempera-
tures of the junctions were measured with tem-
perature-sensitive paint applied directly over the
junction area; in this way temperatures as high
as 150'C were maintained for -1 min. While some
junctions increased in resistance (and became
electrically noisy) and others had melted lead
strips, we never obtained degradation similar

FIG. 4. Spectra showing no degradation in P-0-fructose
by heating the junction to 110 C for 45 sec; the control
junction stayed below 70'C.

to that observed in the irradiation experiments.
Simple calculations lead to estimates of maximum
temperature rise of less than 50'C under our ex-
perimental conditions.

The structure of P-D-fructose and the assign-
ments of its vibrational bands are shown in Table
I. The exact identification of the modes displayed
by the IETS of fructose is somewhat questionable
without' isotopic shift studies and a better under-
standing of the exact species comprising the fruc-
tose molecular film in the tunneling junction. We
have been using the nomenclature P-D-fructose
without regard to possible changes of the mor-
phology of this molecule adsorbed on the alumina
substrate. D(-)levulose shows the same spectrum
as P-D-fructose. Fructose is known to exist in
three forms: (1) keto-D-fructose (chain configu-
ration with carbon-oxygen double bond), (2) P D-
fructopyranose (six-member ring with a cyclic
C-0-C g»up), and(3) p-D-fructofuranose (five-

TABLE I. Structure and vibrational assignments of P-D -fructose.

Assigned
modes

Symbol
in Fig. 2

Bands in Bands in
Reference tunneling spectra ir spectra

number (cm (cm ')

v~OH)

v(CH, CH&)

v(CH& scissor)
P ~OH)/P ~CH, ~

~

P(OH)
v(CO), v(C-0-C)
Symmetric ring structure
Ring mode
Ring breathing

3580
2920
1460
1380
1260

1070, 1145
930

850, 870
780 ~

3450, 3550
2860, 2940

1460
1370, 1400

1265
1080, 1150
923, 928
822, 872

784
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member ring with a cyclic C-0-C group). 7i'~ The
true geometry of our molecular film of fructose is
complicated by chemical or physical adsorption
changes that could occur upon doping the alumina
substrate. (For instance, benzaldehyde, upon

doping on alumina, becomes a benzoate ion, losing
the carbon-oxygen double bond. "") Since our IETS
of fructose shows no CO double-bond stretching
mode and no asymmetric carboxylate stretching
mode, we assume our fructose to be in a ring con-

formationon.

The CQH functional groups in the fructose mole-
cule can be expected to have three strong vibra-
tional bands at positions close to those found' for
this functional group in primary and tertiary al-
cohols. These are a CO stretching vibration in the
range 1050—1150 cm ', an OH bending vibration in

the range 1260-1300 cm ', and an OH stretching
vibration around 3600 cm '. Figure 2 shows that
there are three strongbands at these wave numbers.
The mode at 1100cm ' is actually comprised of
two modes, one at 1070 and another at 1145 cm ',
probably corresponding to v(C —0-C) and v(C-OH).
The large broad peak at 2900 cm ' can be unam-
biguously associated' with CH and CH, vibrational
modes. The peak at 1460 cm ' can be associated'
with the scissorlike vibration of CH, . The peak
at 1380 cm ' can probably be assigned" to an OH

and/or CH bending modes); however, this is un-
certain at present. Infrared study" ' of 2-keto
sugars has made it possible to assign a mode at
925 cm ' to a ring stretching vibration; other
modes dependent on molecular configuration are
observed at 872, 822, and 781 cm '. In this region
a tunneling spectrum of a junction with an Al,Q,
insulator has' a prominent broad mode at 920 cm '.
Even though the exact location of the ring modes
are masked by this broad peak, one can associate
the shoulder at 880 cm ' with a ring mode.

A. Data analysis

The quantitative analysis of changes in the IETS
due to changes in the molecular structure must in-
volve the determination of the true contribution of
each band. This can be done through a nonlinear
least-squares fit of the data with a function con-
sisting of a series of fundamental peak shapes and
a background. The background contribution is due
primarily to elastic tunneling; the elastic tunneling
current I, can be approximated' for small values
of Vby

I, = o.'(V+ yV').

Thus the inelastic tunneling characteristic d'I, ,/
d V', which is the difference between the measured
(total) tunneling characteristic d'I/dV' and the

elastic tunneling characteristic d2I, /dV', can be
written

d Ii, d I
dV2 dV2 (2)

Theoretically a peak in the inelastic tunneling
characteristic d'I„/dV' can be written' as a con-
volution product of three functions:

dI '; =n, (k&oo)[D~y~g]. (3)

The number of molecules participating in a partic-
ular vibrational mode (k&o,) is no(N&oo); D(huo) is
the spectral weight function""~' of that vibrational
mode; Q is the instrumental modulation function'
given by

, [(eV„)'—E']' ', for ~E~&eV„,

where V„ is the modulation voltage applied to the
junction in a second-harmonic measurement of
IETS; y is the thermal function"" given by

1 e"[(x—2)e"+ x+ 2]
kT (e' —1)' (5)

where x= ~E —eV~ and V is the bias voltage across
the junction. In principle, the shape of a funda-
mental peak can be obtained by performing the
convolutions in Eq. (3); however, the form of the
spectral weight function D(kur, ) is not known. Fig-
ure 5 shows the result obtained on convoluting the
thermal and instrumental functions [Eqs. (4) and

(5)] for typical values of eV„/kT Anonlinear.
least-squares program has been used to fit the
peaks shown in Fig. 5 with a Lorentzian or a Gaus-
sian with adjustable widths and heights. While
neither the Lorentzians nor the Gaussians pro-
vide a perfect fit to these peaks, the Gaussians
do show a much better fit to the "tail" of the func-
tion. Thus the Gaussian approximation for the
peak shapes is expected to yield smaller errors
in the fitting of several overlapping peaks, as in
the case of IETS.

A computer program has been developed to sim-
ultaneously fit a series of Gaussians to the IETS.
The purpose of such a fit is to be able to deter-
mine the area and position of individual peaks in
IETS. The following algorithm has been used to
fit all of the data:

(1) The background due to elastic tunneling is
determined by fitting a straight line to the data
between 1800 and 2600 cm '. The slope of the
background (which varies less than 10% between
junctions) is used to normalize intensity of in-
dividual peaks; this makes comparison of peak
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curves) to numerically calculated peak shapes obtained

by convolving the instrumental and thermal functions.
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FIG. 6. Nonlinear least-squares fit of spectrum
(dashed curve) of undamaged P-D-fructose to a series
of Gaussians (solid curves) with adjustable parameters.
The background is determined by a linear least-squares
fit of data in the region included by the two arrows.

intensities between junctions quantitative.
(2) As indicated in Eq. (2), the background is

subtracted from the data to yield the purely in-
elastic characteristic d'I„/dV'.

(3) For the data between 300 and 1900 cm ', 12
fundamental peaks (nine indicated in Table I and
peaks at 280, 650, and 1800 cm ') are used as
initial guesses in the fitting program. The pro-
gram determines peak positions, areas, and
widths (full width at half-maximum) in the least-
squares sense. Typical fits with variances of 0.02
are obtained, requiring a computing time of 0.3
min on the IBM 370/168.

(4) For the data between 2700 and 4000 cm ',
only two peaks, at 2920 and 3580 cm ', are used
as initial guesses.

Along with the elastic tunneling background, the
spectrum of the "clean" (undoped} junction has to
be considered. Formal subtraction of the "clean"
junction spectrum for our spectra of p-D-fruc-
tose is not possible at present; thus we cannot
quantify the intensities of the following: (1) The
3580 cm ' peak, which contains contributions from
v(OH} in fructose as well as the aluminum hydrate
stretch in the oxide; (2) the peaks below 1000 cm ',
in particular the aluminum hydrate OH bending
mode at 920 cm '; since various ring modes of
fructose lie in this region, we cannot at present
quantify these peaks without formal "subtraction"
of the 920-cm ' peak.

A typical fit is shown in Fig. 6; the behavior
of the intensities (or areas) of individual peaks as
a function of incident electron expo.=.;}re is shown

t .0~--:—v~
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CH, CH)
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Vj
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OO3 l .. L
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FIG. 7. Peak intensity (denoted by symbols) variation
of various modes in P-D-fructose as a function of inci-
dent electron exposure (in units of Ep) ~ Dashed curves
merely illustrate trend and are not fits to data. Data
points have an accumulated error of - 10—15%, due to
errors in spectrum measurement and fitting.

in Fig. 7. Notice that the modes belonging to the
CH, and CH, bonds decrease at a considerably
slower rate with respect to incident electron ex-
posure than the modes belonging to the COH func-
tional group. Also, while the CH and CH, modes
have an approximately exponential dependence on
E (especially the mode at 3580 cm '}, the COH
modes have a distinctly nonexponential dependence.
A possible explanation for this is discussed in
Sec. GIB. Finally, note that while no modes ex-
isted at -1600 cm ' in the nonirradiated p-D-
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fructose spectrum (Fig. 2), a strong mode develops
(and persists) with increasing irradiation. This
mode is attributable' to v(C = C) and possibly to
v(C =0). Thus one can conclude at present that
the effect of irradiation is to disrupt bonds in the
CH, CH„and COH functional groups while form-
ing C =C and possibly C =Obonds.

III. MOLECULAR DEGRADATION AND ELECTRON

EXPOSURE

In this section we develop a relationship between
the number of damaged molecules and the incident
electron exposure. The aim of this analysis is as
follows: (I) To delineate the effect of the overlay-
er and of the substrate on the measured degrada-
tion, in particular, the effect of the primary and
secondary electrons on the sandwiched molecules,
and (2) to attempt to answer questions such as: Is
it possible to deduce degradation cross sections of
molecules from the measured spectra? Converse-
ly, can the changes in spectra (or molecular struc-
ture) be predicted if the free molecule's dissocia-
tion cross sections are known? To achieve this
aim, the total electron fluence in the neighborhood
of the sandwiched molecules is determined and is
then convolved with molecular dissociation cross
sections. This formulation can be directly related
to intensity changes in the IETS, because the num-
ber of molecules participating in a particular mo-
lecular vibration is proportioned to the intensity
of the corresponding band in the IETS.

The decrease in the number of undamaged mo-
lecules, n, due to incident electron exposure dE
is given by

The energy distribution of Primary electrons at the
molecular film D~(T, T,) has been calculated by a
Monte Carlo simulation" of electron trajectories.
The Monte Carlo model used" is particularly suit-
able for our calculations, since it explicitly con-
siders energy loss as a probabilistic process"
rather than through the "continuous-slowing-down"
approximation. The sandwiched structure is mod-
eled simply as a film of amorphous lead on an in-
finitely thick amorphous aluminum substrate. The
calculations were performed with at least 10000
incident electrons, so that a statistical accuracy
of better than lfo is obtained. For the case of a
2000-A lead film on aluminum (which corresponds
to experimental arrangement), Fig. 8 shows the
calculated primary electron distribution D~(T, T,),
as well as the contributions from the forward- and
backward-scattered primary electrons. Note that
we have plotted the dimensionless quantity
m6TQ~(T, T,); this is merely the number of elec-
trons traversing the interface with energy in the
interval (T+ ~6T„T——,6T,). Also, we calculate
the quantities &, and ~„, which are, respectively,
the average number of crossings of the interface
by a primary electron and the probability of an
electron between T, and T, crossing the interface.
As Fig. 8 indicates, for every ten (incident) elec-
trons, on the average 13 electrons cross the in-
terface. Of these - nine travel in the forward di-
rection (with 0.73 probability of energy between

20000
I I I I I I I I

dn = —n Pgdf&', (6)

A. Electron fluence

where df,' is the fraction of molecules damaged via
several possible processes (j) that were initiated
by primary or secondary electron fluences (i). The
fractional damage dfj' can be written in terms of
gj(T), the cross section for molecular dissociation
occurring via process j, and in terms of
D;(T, To) dE, the distribution of electron fluence of
type i

df=f i(T1D(T,.'1dEde, . , (7)

Here dE is the incident exposure [in electrons/
(unit area)] of electrons of energy To and D;(T, To)
is the energy distribution of electrons in the vicin-
ity of the molecules (i.e. , at the interface of lead
and aluminum).

O
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The electron fluence at the molecular film is due
to both primary (forward- and backward-scattered)
electrons as well as secondary electrons (Fig. I).

FIG. 8. Energy distribution of total (solid), forward-
(dashed), and backward- (dotted) scattered electrons at
the interface of a 2000-A lead film and aluminum sub-
strate due to 30-keV incident electrons.
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0.9T, and To), while four electrons are scattered
backwards from the aluminum substrate (with 0.57
probability of having energy between 0.3T, and
0.8T,). The skewness of this distribution will lead
to major simplifications in the calculation of Eq.
(6).

The distribution of secondary electrons is ob-
tained by convolving the primary electron distribu-
tion at the interface D~(T, T,) with a secondary
electron distribution function dN, /dT The .use of
D~(T, T,) is justified on consideration that all sec-
ondary electrons that appear at the interface were
generated within a distance ~ 200 A from the in-
ter face. Thus

D, (T, T,) = ' (T, T')Dq(T', T,) dT'
p

(8)

The secondary electron distribution dN, /dT is ob-
tained from a simple theory" and recent experi-
mental data. " We obtain

'(T, T') =65,(T')4 '
(T+C)'' (9)

B. Molecular degradation

The influence of the primary and secondary elec-
trons on the molecules can now be discussed by
considering the various processes for molecular

where 6,(T') is the secondary electron coefficient
for the emission of secondary electrons initiated by
an incident electron of energy T' from a material
with work function C; Fig. 9 shows a typical dN, /
dT. The approximations and assumptions involved
in the derivation of Eq. (9) are discussed else-
where"; here it suffices to note that this simple
expression provides a maximum at T = 34 and

agrees well with experimental data. " Since sec-
ondary electrons are generated by both aluminum
and lead, Eq. (8) contains an implicit summation
over the two metals.

dissociation. The significant processes are dis-
sociative ionization (DI) and dissociative attach-
ment (DA):

AB+e -A'+B+2e (DI),

AB +e -A +B (DA).
(10)

Here A and B are fragments of a molecule AB.
The "knock-on" process (i.e. , atomic displace-
ment of atomic nuclei via direct momentum trans-
fer) is ignored, since it has" a very small cross
section (& 10" cm') for incident electron energies
-30 keV.

While the magnitude of the cross sections for
each of the processes in Eq. (10) for a given mole-
cule may be unknown, the general form of the
cross sections are known. For DI, the threshold
behavior is" not too different from the 1.0-1.127
power law" for ionization thresholds. Thus we
write

on, (T) = (k/T) ln(T/B),

where

(12)

and B is a parameter that depends on the proper-
ties of the molecule. The DA cross sections are
well known" to have the form

CDA (T —7DA) -p(r)an„(T) =
T/

exp —
(F ),

oDI(T) Qng(T —TDI) for T& rug,

where w» is the threshold energy for DI and P is a
parameter of the model. For simplicity, we
assume (Fig. 9) a linear threshold (P = I) behavior
of o». The behavior of o~, for large incident elec-
tron energies is similar"" to the behavior of ion-
ization cross sections"; i.e. ,

CD
CL

b

bo

z/»

pA Tpv

where vo„——,'A~ is the electron energy at the peak
of cr~„, —,'ke is the zero-point energy, I'&+ is the
experimentally determined full width, and p(T) is
the survival probability of the negative molecular
ion.

The fractional damage induced by primary and
secondary electrons by the processes of DI and DA
can now be estimated. The estimation is particu-
larly simplified by the highly skewed distribution
D~(T, To) of electrons at the interface. For DI in-
duced by primary electrons, Eqs. (7) and (12)
yield

T(AR8. UNITS)

FIG. 9. Schematic diagram il.lustrating typical. be-
havior of secondary electron energy distributiond N~ /d T,
and dissociative ionization and attachment cross sections
(OM and 0~„) as a function of incident electron energy T.

dfn, =ttun, (T,)n, dE, (14)

where x depends very weakly onB (Fig. 10}. Thus

df~, can be estimated without concern for the ex-
act form of p», but with the knowledge of only
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uD, (To) and 6o. For degradation induced by sec-
ondary electrons, Eq. (7)-(9) yield

df;=ddfd, (1') , ' (d;T,)dd'dd,

where 5,(T') has been assumed"'" to have a
(1/T') lnT' dependence. As before, (1' depends on
8 (Fig. 10). Evaluation of the integral over T in

(15) requires the knowledge of (r, (T) for T~ 100 eV.
In the case of DI induced by slow electrons, Eq.
(15) and (11) yield

FIG. 11. Behavior of the parameter gD„as a function
of TDA/~ ~

other two sets of terms are due to DI and DA,
respectively, with individual contributions from
Al and Pb explicitly indicated. Note that since K

depends weakly on 8, we have assumed for sim-
plicity in Eq. (18) that «-)1'.

Integration of Eq. (18) yields a purely exponential
dependence for the survival of molecules as a
function of incident electron exposure. Thus

&fDl = «'5o(To)+o &Dlgn1('rD 1 & @)()E ' n(&) =n, e D, (19)

where

gD, (rD„C )=C '(3rno, + rD, C +2C ')/(rD, +C)'.

In the case of DA induced by slow electrons, Eqs.
(15) and (13) yield

dfD'A =&'.(T.)&.CDA&DA(&DA I'DA ~) dE

where gDA is obtained via a numerical integration;
Fig. 11 shows the behavior of IDA as a function of
1 D~ and v DA-

It is now possible to make estimates regarding
the contributions of the various processes to the
degradation of molecules included between the
2000-A lead film and the aluminum substrate.
Combining Eqs. (14), (16), and (17) we can write

+o ~oDK(To) ++oil(6ognt)A1 +(5ognl)Pb]

+CDAI(5ogDA)Al +( orDA4dld (»)

The first term on the right-hand side is due ex-
plicitly to the action of primary electrons, where
DI is considered to be the primary process. The

where n, is the initial concentration of undamaged
molecules (exhibiting the vibrational mode under
consideration) and gD is the net degradation cross
section given by the product of K~, and the term
in curly brackets on the right-hand side of Eq. (18).
In general the formalism of Eq. (18) has to be
extended to include intermolecular interactions.
Somewhat simplistically one can include the effects
of dissociation and recombination (or healing) in-
duced by intermolecular interactions and write

d pg = -ngrdF —A.qn dE +A.~n d &, (20)

where A.„and A.„are intermolecular coupling
parameters that characterize dissociation and
healing, respectively. Integration of (20) yields

(Z)

(
A. ,

)~0 — &D &u-

where A. =A~ —A.„ is the effective coupling constant.
%hen intermolecular healing dominates inter-
molecular dissociation, A, is negative and a
shoulder in the In(n/no) vs E curves (survival
cllrves) ls obta111ed.

The above analysis allows us to make the follow-
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ing observations about the degradation of P -D-
fructose: (1) The approximately exponential de-
pendence of the CH and CH, modes (Fig. 7) sug-
gests that the degradation process for these modes
involves little intermolecular coupling. The cr D

for the disruption of these bonds is -0.02-0.03 A'.
(2) The shoulders in the survival curves for the
modes belonging to the COH functional group seem
to imply that some intermolecular or interaction
with the substrate/overlayer atoms has occurred.
For these COH bonds, the g ~ is -0.10-0.15 A',
while an effective intermolecular coupling con-
stant is obtained from An, /ao, which is -0.95.

In order to assess the effect of the overlayer/
substrate on the degradation of the sandwiched
molecules, the magnitude of the DI and DA cross
sections are needed; while for fructose these are
unavailable, for two model molecules (CH, and

C,H, Br) these are available. ""Table II shows
the calculated effective DI and DA cross sections.
The effective DI cross section is greater than the
ef fee tive DA cross section, in agreement with
analogous free molecular cross sections. How-
ever, DI induced by fast (30 keV) electrons [given
by the first term on the right-hand side of (18)] is
also quite likely, since" on, (30 keV)-0. 1
&&or(30 keV)-6X10 "cm'. Thus for a molecule
like CH, both secondary and primary DI processes
play important roles. In the case of a molecule
like C,H,Br, large DA cross sections lead to large
secondary-electron-initiated effective DA cross
sections; in such molecules, degradation would
occur almost exclusively via DA. These calcula-
tions lead to some generalizations: (1) The con-
tribution of the Pb overlayer to the effective DI
and DA cross sections is only -1.5 times that of
the Al substrate, in spite of the large difference

TABLE II. Effective DI and DA cross sections (in
units of cm2) .

Al

6p =0.087
4 =4.18 eV

Pb
4p = 0.130
4 =3.83 eV

CH4"

C6H5Br

jeff~DI

eff
~DA

eff
+Dl

eff0 DA

1.0x 10 "
1.1x 10-"

3.0 x 10

1.6 x 1p

].5x10 "
1.6 x 10-"

4.2x 10

2.8x 10

+Dl +pl (~pED[) j, 0 p'A =—ADA (BpGDA)], i studs for Al
or Pb.

Parameters for CH4.. e D,
- 3.5 x 10 ' cm /eV; Tpl- 25 eV; cpA =9.0 x 10 cm; TD„=10 eV; I'DA - 2.6 eV.

Parameters for C6HSBr: apl 10 cm /eV'- 25 eV ("worst-case" estimates); cDA =9.5 x 10 cm;
TpA =0.85 eV; I' DA- 0.92 eV.

in Z between Al and Pb. (2) The effective DI cross
section is determined so strongly by the form of
dN, /dT that it seems to be essentially independent
of the molecular species and is generally of the
order of 10 'o cm'. (3) The effective DA cross
section is generally about 60-100 times smaller
than the maximum of the free molecular DA cross
section; this is partly due to the magnitude of 5,
being of the order of -0.1. Finally, note that while
our formulation (Eq. 7) required the knowledge of
molecular dissociation cross sections, we also
need the probability that a molecule will remain
fragmented after dissociation. Depending on the
environment, fragments can either react with
other fragments or metal atoms from the sub-
strate/overlayer or they can recombine. Proba-
bilities for these processes are unknown. Only
detailed experiments involving irradiation of the
molecules both through a thin overlayer and in
the absence of an overlayer can answer some of
the questions about magnitude of fragment trap-
ping/reacting with the overlayer.

IV. CONCLUSION

The simplest of all possible experiments involv-
ing the application of IETS to energetic electron
induced molecular degradation has shown the fol-
lowing: (1) Some bonds are more resistant to
degradation than others. New double bonds are
formed. In particular, the degradation of fructose
produces a decrease in saturated (CH, CH, ) bonds,
creates new conjugated bonds (C=C and C=o), and
disrupts bonds in the COH functional group more
readily than other bonds. (2) Data can be quanti-
fied by means of a nonlinear least-squares fit to a
series of fundamental peaks to -9% accuracy. (3)
The shape of the survival curves indicates that
some intermolecular effects may be occurring.

Interpretation of the degradation is possible on
consideration of the total (primary and secondary)
electron fluences and typical degradation cross
sections. In particular, the highly skewed energy
distribution of electrons at the interface allows
for major simplification in D~(T, T,), i.e. , D~(T, T,)
-b, ,v6(T —T,). (Here 6 is the Dirac 6 function. )
Simple models for secondary electron fluence from
the substrate and the overlayer (with parameters
5, and 4) and for dissociation cross sections result
in simple expressions for effective degradation
cross sections. The utility of this analysis is that
contributions to total degradation due to substrate/
overlayer geometry and properties as well as
molecular properties (via DI or DA cross sections)
can be easily delineated. In summary, we believe
that considering the encouraging results obtained
from our preliminary analysis of our simple ex-
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periments, more sophisticated (in situ) experi-
ments and more detailed analysis is warranted.
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