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a b s t r a c t

Thin films of condensed hexamethyldisiloxane (HMDSO) have been exposed to electron irradiation at
incident energies between 5 and 15 eV and analysed afterwards by thermal desorption spectrometry
(TDS). Formation of products is observed at energies at and above 11 eV and quantified at 15 eV by com-
parison with reference samples of known composition. Gas-phase measurements aiming at detection
of dissociative electron attachment (DEA) were, in addition, performed to obtain more insight into the
dominant electron-induced dissociation channel expected to initiate further reactions in the condensed
phase.

Apart from CH4 which is the most obvious product present in exposed films of HMDSO, tetramethylsi-
issociative electron attachment lane (TMS) and smaller amounts of C2H6 have been detected. The quantity of the products is by one to two
orders of magnitude smaller than the amount of decomposed HMDSO. In addition, signals ascribed to
unquantified amounts of larger siloxanes have been observed. The present results together with previous
gas-phase results from literature suggest that dissociative ionisation leading to Si–C bond rupture and
release of a methyl radical is the most important electron-driven initial reaction step. Possible mechanisms
of the subsequent reactions induced by the fragments of the initial dissociation reaction are reviewed

to th
and discussed in relation

. Introduction

Low-energy electrons offer the prospect of modifying surfaces
r thin films by inducing chemical reactions [1–4]. The outcome
f such reactions can, in principle, be controlled by proper tuning
f the energy of electrons incident onto a molecule or a surface.
fine example demonstrating this selectivity has been provided

y recent in-depth investigations of electron-induced reactions in
aseous thymine [5]. However, to use this selectivity for the con-
rolled modification of materials, one must consider and identify
ny changes in the reaction pathways or reaction rates including
ew reaction channels, which may occur upon transition to the
ondensed phase.

Hexamethyldisiloxane (HMDSO (CH3)3SiOSi(CH3)3) is com-
only used in plasma processes for the deposition of silicon oxide

lms. Diluted with oxygen and a noble gas, it is used as replacement

or the explosive monomer silane (SiH4) [6]. In such plasma pro-
esses, low-energy electrons contribute to the formation of reactive
pecies which then lead to SiO2 film growth at a surface. Therefore,
he reactions of HMDSO in plasmas [6–11] and also under expo-
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sure of the vapour to low-energy electrons [12] have been studied
previously. Also, the dissociative excitation and the optical emis-
sions of HMDSO under electron impact were investigated [13,14].
However, as reported for tetraethylorthosilicate (TEOS, Si(OC2H5)4)
[15] using electron beam techniques, similar reactions may also be
initiated directly at a surface to grow solid films. Similarly, a thin
condensed film of HMDSO or, alternatively, oligo- or polysiloxanes,
may be processed using electron irradiation [16]. Electron-induced
reactions could thus be an interesting new approach for the fabri-
cation of cross-linked or even patterned surfaces based on siloxane
materials.

To understand electron-induced chemical processes in siloxanes
and thus learn to control the chemical modification and properties
of these materials, we have chosen as a model system, to investi-
gate HMDSO condensed onto a surface at low temperature. Using
thermal desorption spectrometry (TDS), it was previously observed
that thin multilayer films of HMDSO show two desorption max-
ima of which the higher temperature one decays more rapidly
under electron exposure [16]. On the other hand, the cross-section

for depletion of HMDSO deduced from these data was surpris-
ingly similar to values obtained in the gas-phase [12]. In order
to analyse the relation between the known gas-phase processes
occurring under single electron collision conditions including sub-
sequent ion-molecule reactions and the reactions observed in the

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:swiderek@uni-bremen.de
dx.doi.org/10.1016/j.ijms.2009.02.020
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ondensed phase under continued exposure to electrons, a more
omprehensive search for reaction products and estimate of their
mount is presented here. This includes a search for dissociative
lectron attachment (DEA) channels in gaseous HMDSO. Besides
issociative ionisation that has been reported in detail [12] DEA is
potential initiating process that may lead to further reactions in

he condensed phase. Such processes are often effective at energies
onsiderably below the ionisation threshold and thus are promising
ith respect to controlling the chemical changes.

The previous results on dissociative ionisation of gaseous
MDSO under electron impact report a threshold of 10 eV and
steadily increasing cross-section up to 70 eV [12]. The present

ondensed phase experiments use incident electron energies (E0)
anging from 5 to 15 eV to examine if the ionisation threshold affects
he reactions in condensed HMDSO in a similar way. In addition,
as-phase experiments aiming at DEA were performed at incident
lectron energies between 0 and 15 eV. This allows us to evalu-
te the significance of ionisation processes as initiating reaction as
ompared to other reactive pathways and, more specifically, DEA
s well as dipolar dissociation (DD). By comparison with the des-
rption temperatures of films of known composition, the products
ormed in the condensed phase are identified and quantified at
0 = 15 eV where the reaction rate is highest. The low temperature
t which electron exposure takes place allows us to trap volatile
pecies such as CH4, C2H6, and tetramethylsilane (TMS). Further-
ore, formation of larger siloxanes is observed and indicates that

ligomerisation reactions take place. Possible mechanisms are dis-
ussed in relation with previously described ion-molecule reactions
n the gas-phase [8,12] and electron-induced reactions in con-
ensed molecular films [17].

. Experimental

Experiments aiming at the detection of negative ions formed by
lectron attachment to HMDSO in the gas phase have been per-
ormed using the crossed electron/molecule beams technique at
omenius University described in detail previously [18]. The appa-
atus is able to detect all negative ions in the mass range from 2 to
000 amu with high sensitivity due to the use of the pulse counting
echnique. The H− ion was thus out of range of the experiment due
o mass range limitation of the mass spectrometer. The experiments
ere performed in the electron energy range from about 0 up to

5 eV. HMDSO used for the gas-phase experiments was purchased
rom Merck with stated purity >99%.

The condensed phase experiments were performed in Bre-
en using an ultrahigh vacuum (UHV) setup described in detail

reviously [17]. It is pumped to a pressure of 10−10 Torr by a tur-
omolecular pump and occasional use of a titanium sublimator.
olecular films were grown on a polycrystalline Au substrate held

t 35 K by means of a closed-cycle He cryostat. The growth as well
s low-energy electron-induced reactions in these samples at the
ame temperature were then monitored by thermal desorption
pectrometry at a heating rate of 1 K/s. For this a Quadrupole Mass
pectrometer (QMS) residual gas analyser (Stanford, 200 amu) with
lectron impact ionisation at 70 eV was used.

A commercial flood gun delivering currents of the order of a few
A/cm2 as measured at the sample was used for electron exposure.
he non-monochromatized electron beam has an estimated reso-
ution of the order of 0.5–1 eV. The energies stated here (E0) are the
ominal values as set by the power supply. At E0 = 15 eV an expo-

ure of 2000 �C was obtained within 2 min. Charging effects that
ay somewhat change the incident energy at the sample are not

aken into account here for reasons explained previously [17].
Hexamethyldisiloxane (HMDSO) and tetramethylsilane (TMS,

i(CH3)4) were purchased from ABCR at stated purities of
s Spectrometry 282 (2009) 133–140

99.9% and 99.9% (NMR grade). Octamethyltrisiloxane (OMTSO
(CH3)3SiOSi(CH3)2OSi(CH3)3) was obtained from Aldrich (98%) and
methane (CH4, 99.995%) from Messer Griesheim. Liquids used
for TDS measurements were degassed prior to use by repeated
freeze–pump–thaw cycles in vacuum; the gas was used as received.
For film deposition, vapours of pure HMDSO or mixtures of vapours
were leaked onto the Au substrate via a gas-handling manifold con-
sisting of precision leak valves and a small calibrated volume where
the absolute pressure is measured with a capacitance manometer.
The pressure drop in the manifold is used to measure the vapour
quantity. The amount of vapour required for monolayer forma-
tion and thus also the average film thickness at higher deposited
amounts of vapour could be estimated roughly from the thickness
dependence of the TDS curves [16]. We conclude that an amount of
vapour of 0.12 mTorr (±50%) produces a monolayer. All measure-
ments presented here concern films with thickness well in the
multilayer regime. Due to the large uncertainty we state in the
figures only the vapour doses. Prior to each deposition, the sub-
strate was cleaned by heating of two thin Ta ribbons spot-welded
to the thicker Au substrate whereby the substrate reached 273 K to
evaporate any material that would contribute to the next TDS scan.

In an exposure experiment, thermal desorption was induced
after an irradiation time corresponding to a specific accumulated
charge by increasing the substrate temperature from 35 up to 270 K
at a typical rate of 1 K/s. TDS curves were recorded for up to four
different masses, each being characteristic of a specific molecule. A
few additional reflection-absorption infrared spectra (RAIRS) were
obtained in situ using a Bruker 66 v/s spectrometer with MCT detec-
tor coupled directly to the UHV system.

3. Results and discussion

3.1. Search for dissociative electron attachment processes in
gaseous HMDSO

The crossed electron/molecule beams experiments aiming at
identifying DEA processes did not reveal any negative ions at
incident electron energies between about 0 and 15 eV. Even mea-
surements of the total ion current did not yield any measurable
signal within the sensitivity of the experiment. This is in accord
with previous results that also pointed towards a lack of negative
ions in discharge and plasma experiments [11,19]. However due to
the mass range limitation of the mass spectrometer, we are not able
to exclude completely the formation of the H− ions, as this ion is
undetectable by the mass spectrometer.

While formation of H− cannot be excluded with certainty from
the present experiments, the results show that DEA leading to any
other negative ion does not play an important role in the electron-
induced reactions of HMDSO in the gas phase. Taking into account
that the cross-section for formation of cationic fragments already
reaches a value of 4.0 × 10−16 cm2 at E0 = 15 eV and the only impor-
tant product at this E0 is [HMDSO–CH3]+ [12], the lack of CH3

− leads
to the conclusion that also dipolar dissociation at the E0 investigated
here cannot be significant in gaseous HMDSO.

3.2. Energy dependence of low-energy electron-induced reactions
in HMDSO films

Fig. 1 shows, for a HMDSO film produced from a vapour dose
of 2 mTorr, TDS curves recorded at 147 amu, i.e., the most abun-

dant fragment of HMDSO, prior to and after electron exposure of
500 �C at various E0. The TDS curves show a characteristic sig-
nal with two maxima, assigned previously to two different solid
phases of HMDSO, with the 149 and 158 K desorption signals cor-
responding to a disordered and a more ordered phase [16]. While
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Fig. 1. Thermal desorption spectra of HMDSO multilayer films recorded at 147 amu
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In a previous work, the cross-section for degradation of HMDSO
in molecular films exposed to electrons at 15 eV was estimated as
6 × 10−16 cm2 for the degradation of the high-temperature peak
and of 1.5 × 10−16 cm2 for the low-temperature peak [16]. In order
[HMDSO–CH3]+, the dominant fragment mass of HMDSO) prior to and after electron
xposure of 500 �C at various incident energies. The HMDSO films were deposited
t 35 K from amounts of vapour corresponding to a pressure drop in the inlet system
f 2.0 mTorr.

he HMDSO signal is somewhat higher at E0 = 5 eV, most likely due
o a variation in film thickness and indicative of the margin of error
nherent in the vapour dosing procedure, the HMDSO signal clearly
tarts to change at E0 = 11 eV. Here, the 158 K maximum is some-
hat reduced after electron exposure of 500 �C. The effect is more

bvious at E0 = 13 eV and becomes so strong at 15 eV that the high-
emperature signal has already disappeared after an exposure of
00 �C as reported in the previous work [16].

The production of CH4 at E0 = 15 eV was demonstrated earlier
16,20]. CH4 desorption is obvious from a sharp peak near 55 K and
n additional sequence of signals extending to a temperature of
bout 160 K in the 16 amu curves (Fig. 2) recorded during the same
xperiments as the 147 amu curves presented in Fig. 1. As shown
reviously [20], the desorption peaks above 55 K are also present in
eference mixtures of HMDSO and CH4 but their relative intensity as
ompared to the 55 K peak is higher than in HMDSO after electron
xposure (Fig. 3). This suggests that the 55 K peak is due to CH4 near
he film surface while the higher temperature signals stem from
H4 trapped within the HMDSO film and released upon thermally

nduced reorganisation of the film. The TDS curves presented in
ig. 2 show the energy dependence of CH4 production. While a small
ignal near 160 K at all E0 stems from HMDSO, signals due to CH4 are
bserved after electron exposure at and above 11 eV. They become
ore pronounced as E0 increases.
The results of Figs. 1 and 2 show that the reaction rate for

ecay of HMDSO and formation of CH4 becomes noticeable between
0 = 9 and 11 eV. The ionisation energy of gaseous HMDSO has been
eported as 9.6 eV [21]. The threshold for the observed reactions
hus corresponds roughly to the ionisation threshold. The observa-
ion that the decay of HMDSO is negligible below this threshold is in

greement with the results of Section 3.1 which show that forma-
ion of negative ions from gaseous HMDSO is not an efficient process
n the energy range investigated here. In consequence, a resonant
nhancement of HMDSO reactivity can also not be deduced from
he condensed phase experiments.
Fig. 2. Thermal desorption spectra of HMDSO multilayer films recorded at 16 amu
(CH4

+) prior to and after electron exposure of 500 �C at various incident energies
during the same experiment as the data shown in Fig. 1.

3.3. Quantification of CH4 formation in condensed HMDSO
Fig. 3. Thermal desorption spectra recorded at 16 amu (CH4
+) for non-exposed mul-

tilayer films of HDMSO/CH4 reference mixtures deposited at 35 K from an amount of
vapour corresponding to a pressure drop of 4.0 mTorr in the inlet system (top) and
thermal desorption spectra before and after electron exposure of 2000 �C at 15 eV
of HMDSO films prepared from the same amount of vapour.
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Fig. 4. Thermal desorption spectra recorded at 147 amu ([HMDSO–CH3]+, the dom-
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signal at 115 K is clearly assigned to tetramethylsilane (TMS) based
on a comparison with the desorption temperature of TMS in a mixed
HMDSO/TMS film (Fig. 7). Using this reference mixture of HMDSO
containing 3.9% TMS, the amount of TMS present after an electron
exposure of 2000 �C can be estimated. The 73 amu TDS curve of the
nant fragment mass of HMDSO) for non-exposed multilayer films of HDMSO/CH4

eference mixtures deposited at 35 K (top) and thermal desorption spectra before
nd after electron exposure of 2000 �C at 15 eV of pure HMDSO films. The data stem
rom the same experiment as shown in Fig. 3.

o obtain more insight into the mechanism of this reaction, it is
mportant to quantify the amount of the products as well.

Following the procedure described in detail previously [22], the
mount of produced CH4 is quantified at E0 = 15 eV by comparing
he integrated intensity of the desorption signal for CH4 in the
6 amu TDS curve acquired after electron exposure to the inte-
rated intensity of the same signal in reference mixtures of CH4 and
MDSO containing specific amounts of CH4. Fig. 4 demonstrates

hat this approach is justified because the absolute intensities in
he exposure experiment (0 �C) and the TDS experiment with the
eference mixtures (here: 0.5% and 4.1% CH4) are approximately
omparable as obvious from the very similar intensities of the
MDSO desorption signals in the 147 amu curves. As desorption of
H4 proceeds over a wide temperature range (Fig. 3), the 16 amu
CH4) desorption signal is integrated over the full temperature
ange in order to obtain a quantitative measure of the amount of
H4 in the film.

The evolution of the integrated TDS intensities as measured at
6 amu, i.e., of CH4, in the exposure experiment is compared to the
alues obtained from the reference mixtures in Fig. 5. As expected,
he integrated intensity of the reference mixtures shows an approx-
mately linear increase with percentage of CH4 within the film.
omparing the intensities obtained after exposure with the linear
t to the reference data, we deduce that the amount of CH4 pro-
uced in HMDSO under electron exposure reaches only about 2%
t 2000 �C. At the same time, about half of the HMDSO has disap-
eared as obvious from Fig. 4. This finding is discussed in Section
.5 in relation to a possible reaction mechanism.

.4. Formation of other products in condensed HMDSO under
lectron exposure at 15 eV
As the amount of produced CH4 (Fig. 2) and the loss of HMDSO
Fig. 1) are strongest at E0 = 15 eV, attempts to identify other
roducts were restricted to this energy. Different masses were
onitored, including, besides 147 and 16 amu characteristic of
s Spectrometry 282 (2009) 133–140

HMDSO and CH4, 73 amu (characteristic of various organosilicon
compounds), 30 amu (ethane, C2H6), as well as some other mass
peaks expected for larger saturated hydrocarbons. In addition to
CH4, more products resulting from electron exposure at 15 eV were
observed in the 30, 147, and 73 amu curves (Fig. 6). Other investi-
gated masses did not provide further information. Compared to the
data shown in Figs. 3–5, the experiments of Fig. 6 were performed at
somewhat smaller film thickness. Nonetheless, the intensity of the
desorption signals of the products was closely comparable between
the two sets of experiments. This most probably reflects the limited
penetration depth of electrons within the films. We therefore use
the data shown in Fig. 6, in the following, to obtain a crude estimate
of the amount of the products other than CH4.

Fig. 6(a) shows that, besides CH4, C2H6 is formed, as again
identified by its desorption temperature (75–80 K [17]). Note that
the signal between 140 and 165 K in the 30 amu curve stems
from HMDSO. While comprehensive measurements of reference
mixtures were not performed for C2H6, an estimate of its quan-
tity can still be obtained using cross-sections for dissociative
electron impact ionisation at 70 eV producing CH3

+ from CH4
(0.38 × 10−16 cm2) and from C2H6 (0.5 × 10−17 cm2) [9] and the rel-
ative intensities of CH3

+ and C2H6
+ in mass spectrum of C2H6 and

of CH3
+ and CH4

+ in the spectrum of CH4 obtained with electron
impact ionisation at the same electron energy [21]. From this we
estimate that the 16 amu signal from CH4 should be about 1.5 times
more intense than the 30 amu signal from C2H6. By comparing the
intensities of the desorption peaks in the 16 and 30 amu TDS curves
after an exposure of 2000 �C (Figs. 3 and 6a) we deduce that at least
20–30 times more CH4 is produced than C2H6.

Mass 73 amu is also a strong signal of HMDSO, thus the shape
of the strong desorption signal between 140 and 165 K also follows
that of the 147 amu curve over the same temperature range (Fig. 6b
and c). An additional weak peak at 128 K is observed for the non-
exposed sample. As this signal does not occur in the 147 amu curve,
it cannot be due to HMDSO but probably relates to an unidentified
minor impurity. New signals in the 73 amu curve observed after an
exposure of 2000 �C are located at 115 and 205 K. The desorption
Fig. 5. Plot of the integrated desorption signal for 100 data points (roughly 40–210 K)
recorded at 16 amu as function of electron exposure at 15 eV and plot of the same
integrated intensity for reference mixtures as function of CH4 content. The data stem
from the same experiment as shown in Figs. 3 and 4.
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Fig. 6. Thermal desorption spectra recorded at (a) 30 amu (C2H6
+ or SiH2

+), (b)
73 amu (Si(CH3)3

+), and (c) 147 amu ([HMDSO–CH3]+) for a non-exposed multilayer
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the substrate after a TDS run with maximum temperature of 270 K
[16]. This material certainly influences the exact desorption tem-
perature of the lower mass products.
lm of HMDSO deposited at 35 K from an amount of vapour corresponding to a pres-
ure drop of 3.0 mTorr in the inlet system and films prepared in the same way after
ifferent electron exposures at E0 = 15 eV.

eference mixture shows an intensity ratio of 10:100 between the
esorption peaks at 115 K (TMS) and 158 K (HMDSO). This ratio is
oughly consistent with the fact that the gas-phase cross-sections
or dissociative ionisation of TMS yielding [TMS–CH3]+ (73 amu)
nd of HMDSO yielding [HMDSO–CH3]+ (147 amu) are very simi-
ar [12,23] and the 73 amu signal has about 43% of the intensity of
he 147 amu signal for HMDSO in the present experiments. After an
xposure of 2000 �C onto an initially pure HMDSO film the inten-
ity ratio between the peaks at 115 and 158 K is 0.5:100. Taking

urthermore into account that the HMDSO signal has decreased to
pproximately 54% of its value prior to exposure, the TMS signal
orresponds to roughly 0.1% TMS relative to the original amount of
MDSO. Similar to the case of CH4 where desorption occurs over a
s Spectrometry 282 (2009) 133–140 137

wide temperature range, TMS may be trapped in the HMDSO film
and be released upon desorption of HMDSO. If this contribution was
significant, the intensity ratio of the desorption peaks between 140
and 160 K in the TDS curves for 147 and 73 amu would be differ-
ent before and after electron exposure. In fact, this value changes
from 0.43 for pure HMDSO to 0.46 after an exposure of 2000 �C.
Following the same arguments as for the 115 K desorption signal
we deduce that a maximum amount of 5% TMS as compared to the
original amount of HMDSO may desorb together with the remaining
HMDSO.

As discussed in detail previously [20], the desorption temper-
ature of a product which desorbs at higher temperature than the
majority component of the molecular film (here: HMDSO) is more
difficult to predict from reference experiments. In a film of HMDSO
only a few monolayers thick and containing up to a few percent of
a larger siloxane, the coverage of the larger siloxane after desorp-
tion of HMDSO varies in the submonolayer to monolayer regime
and the desorption temperature thus shifts with the percentage
of the larger siloxane. If, after electron exposure, further products
with still higher desorption temperature (i.e., longer oligomers)
are present, they may form a matrix from which the investigated
product may again desorb at a constant temperature. Therefore,
the assignment of the desorption signal occurring at 205 K after
2000 �C in the 73 amu TDS curve is not as straightforward as for
TMS. The signal is located at somewhat higher desorption tem-
perature after 250 �C (215 K) as characteristic for a small quantity.
On the other hand, evidence for the presence of other products is
also found in the 147 amu TDS curve (Fig. 6). After an exposure of
2000 �C, a new desorption signal appears at 210 K and thus at a
slightly higher temperature than in the 73 amu curve. This suggests
that at least a second product with similar size is formed. Further-
more, a previous study has shown that some material remains on
Fig. 7. Thermal desorption spectra recorded at 73 amu (Si(CH3)3
+) for a non-

exposed HMDSO film mixed with 3.9% TMS and recorded at 73 amu and 147 amu
([HMDSO–CH3]+) and for a non-exposed film of HMDSO mixed with 2% OMTSO.
Both films were deposited at 35 K from an amount of vapour corresponding to a
pressure drop of 4.0 mTorr in the inlet system.
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As 73 amu is a characteristic signal of siloxanes and the desorp-
ion temperature is higher than that of HMDSO, we suggest that

larger siloxane is formed. For comparison, reference mixtures
f HMDSO and octamethyltrisiloxane (OMTSO) were investigated.
ig. 7 shows a representative result for HMDSO containing 2%
MTSO. As the molecular mass of octamethyltrisiloxane (OMTSO)
xceeds the mass range of the presently used QMS we rely on
he 73 amu fragment for its identification. Contrary to literature

ass spectra also obtained with electron impact ionisation at 70 eV
ut in accord with data for larger siloxanes from the same source
21], a 147 amu signal is not observed for OMTSO in the present

easurements. The desorption rate of OMTSO for the mixed film
eaches its maximum at a temperature of 200 K. This is slightly
ower than for the product formed in HMDSO. Additional exper-
ments revealed that the desorption temperature of pure OMTSO
lms shifts strongly with coverage from 220 K at submonolayer
o 175 K for the multilayer. Based on the rather similar desorption
emperature we suggest tentatively that a siloxane product contain-
ng three silicon atoms is formed. More comprehensive reference
xperiments are nonetheless required to obtain an unequivocal
ssignment. Consequently, an estimate of the quantity of this prod-
ct is not undertaken here.

.5. Implications for reaction mechanisms

The results clearly show that HMDSO films are efficiently mod-
fied by exposure to electrons at E0 = 15 eV. After an exposure of
000 �C, about 50% of the initial amount of HMDSO has disap-
eared, a so far unquantified amount of larger siloxanes as well
s 2% CH4 and up to 5% TMS are formed besides small quantities
<0.1%) of C2H6. This section reviews possible mechanisms for these
eactions and discusses their suitability to rationalize the detected
mounts of the products.

.5.1. Initiating reaction (Scheme 1)
Electron interaction with HMDSO initiates further reactions by

roducing reactive fragments. The gas-phase results provide evi-
ence concerning the most likely dissociation channel. Previous
tudies on electron-induced reactions of gaseous HMDSO [12,19,24]
nd on the composition of HMDSO plasmas [6] have shown that
lectron impact ionisation at low electron energies predominantly
eads to the formation of a pentamethyldisiloxane (PMDSO) cation
nd a CH3 radical (Scheme 1). The gas-phase cross-section of
.0 × 10−16 cm2 at E0 = 15 eV [12] shows that this is an efficient pro-
ess. The present gas-phase results, in addition, show that electron
nteraction with HMDSO at E0 up to 15 eV does not produce measur-
ble amounts of negative ions other than perhaps H− which was not

ccessible with the presently used apparatus. Also, measurements
n electron-stimulated desorption (ESD) of negative ions from con-
ensed HMDSO have not been reported so far. Evidence for DEA as
ell as for DD within this energy range is thus missing. We there-

ore assume that the reaction shown in Scheme 1 is the dominant

Scheme
Scheme 2.

initial reaction step in condensed HMDSO under exposure to low-
energy electrons. Both the PMDSO cation and the CH3 radical may
undergo subsequent reactions with adjacent HMDSO molecules as
summarized in Schemes 2 and 3.

3.5.2. Radical reactions (Scheme 2)
A previous study on electron-induced reactions in condensed

acetonitrile (CD3CN) has shown that CD3 radicals produced under
electron exposure abstract D atoms from adjacent molecules to
form CD4 [17]. In fact, CD3H was not produced which clearly demon-
strated that formation of methane is not due to recombination of
the radical with residual gas in the vacuum chamber. The same can
thus be safely assumed for the present experiments on HMDSO.
Formation of CH4 must therefore result from the reaction shown
in Scheme 2. Recombination of the resulting [HMDSO–H] radicals
with other fragments, including possibly cationic species neutral-
ized by thermalized electrons within the film, is one possible
pathway leading to larger siloxanes.

It must be noted that attempts to find evidence for the forma-
tion of a –CH2– bridge by means of reflection absorption infrared
spectroscopy (RAIRS) were not successful. This group should exhibit
a characteristic band near 1360 cm−1 which has been observed in
plasma polymerisation of HMDSO [8]. On the other hand, it is rel-
atively weak and consequently difficult to identify with certainty
if the mixture contains only small amounts of this product as sug-
gested by the detected quantity of CH4.

CD3 radicals in acetonitrile films were also observed to effi-
ciently recombine producing C D [17]. Acetonitrile was found to
2 6
decay with similar efficiency as HMDSO but CD4 and C2D6 were
produced in comparable quantities. This results from a compari-
son of the relevant desorption peak intensities and by use of the
same arguments as described in Section 3.3. The very low yield of
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2H6 observed in condensed HMDSO thus points towards a rela-
ively low mobility of CH3 radicals in the HMDSO films in accord
ith the observed trapping of CH4 (Section 3.2). The bulky HMDSO
olecules thus appear to prevent CH3 radicals from approaching

ach other. This also suggests that recombination reactions most
robably occur locally, i.e., between adjacent molecules with suit-
ble orientation, or just before desorption, i.e., when a sufficient
obility is reached.

.5.3. Cation reactions (Scheme 3)
If the reactions shown in Schemes 1 and 2 were the dominant

eactions, two HMDSO molecules would decay per CH4 formed. This
atio is by an order of magnitude different from the one deduced
rom the present experiments. Reactions initiated by the PMDSO
ation may, on the other hand, remove more HMDSO. In fact, gas-
hase studies of ion-molecule reactions have revealed that PMDSO
ations can react with HMDSO to form an intermediate with triva-
ent and positively charged oxygen as shown in Scheme 3 [12]. It
as also shown that this intermediate could release TMS to yield a

onger linear siloxane cation. In the condensed phase this sequence
ay, in principle, be repeated as elementary steps of a cationic

olymerisation reaction (Route 3a). On the other hand, if this were

he dominant reaction in the present experiments, each HMDSO
onsumed via the chain growth reaction of route (3a) would yield
ne TMS. In fact, a maximum amount of one TMS is observed per
en molecules of HMDSO that decay. Including the initiating reac-
ion (1), assuming that it is generally followed by consumption

Scheme 3.
s Spectrometry 282 (2009) 133–140 139

of another HMDSO via reaction (2) and that polymerisation stops
after the steps shown in Scheme 3, one TMS would be formed per
three instead of ten decomposed molecules of HMDSO. This sug-
gests that other reaction sequences consuming HMDSO must exist.
In the context of HMDSO plasma polymerisation, it was suggested
that the intermediate Si4O2(CH3)11

+ may also decay by expulsion of
a Si(CH3)3

+ to yield OMTSO [25]. This reaction which is reminiscent
of Lewis acid catalysed equilibration of siloxanes [26] provides an
alternative pathway to decay of HMDSO (Route 3b). With respect
to the gas-phase where it was shown that Si(CH3)3

+ reacts with
HMDSO to form again a PMDSO cation and TMS [12], this cation
may be trapped and stabilized in the condensed phase by form-
ing an adduct with HMDSO. Still, this reaction is not a satisfactory
explanation for decay of HMDSO without or with little production
of TMS and CH4 because it does not start a chain reaction. The reac-
tion cannot proceed because the intermediate can only decay either
back to HMDSO and Si(CH3)3

+ or to a PMDSO cation and TMS, with
the PMDSO cation starting the reaction sequence of Scheme 3 again.
On the whole, again, decay of HMDSO would either not be exten-
sive or lead to production of important amounts of TMS in conflict
with the present findings. Finally, the gas-phase cross-sections for
dissociative ionisation leading to abstraction of CH3 radicals are
very similar for HMDSO and TMS [12,23]. TMS can thus be frag-
mented with similar efficiency as HMDSO. Still, even if TMS itself is
consumed by electron-driven processes implying at the same time
that the reactions leading to its formation (Scheme 3) take place at
low temperature, the resulting fragments would again contribute
to the reactions already included in Schemes 2 and 3 and leading
to production of more TMS.

As the survey of reaction mechanisms suggested in literature
fails to explain the relative extent of HMDSO decomposition and
CH4 and TMS production, alternative reaction pathways need to
be identified. So far, it has not been investigated if HMDSO may
be removed from the surface via ESD. On the other hand, a previ-
ous study on electron-induced reactions in acetaldehyde molecular
films [22] has shown that important amounts of CO produced under
irradiation at E0 = 15 eV are retained within the molecular film at the
temperature of the present exposure experiments. The amount of
CO that is detected by TDS reflects about half of the decomposed
acetaldehyde even if its desorption temperature is only slightly
higher than the temperature at which exposure was performed. In
the light of these results it appears unlikely that an important frac-
tion of HMDSO, which has a much higher desorption temperature,
can in fact be removed by electron-induced desorption. Nonethe-
less, this possibility will be investigated in a forthcoming study.

Finally, the possibility that DEA producing H− may occur within
the molecular film cannot be fully excluded so far due to a lack of
measurements on ESD of negative ions. Such a reaction would yield
a [HMDSO–H] radical that could form larger siloxanes by recombi-
nation with other radicals without necessarily producing CH4 or
TMS. DEA producing H− is an efficient process at E0 near 10 eV in
saturated hydrocarbons [27,28]. Therefore, it is possible that the
methyl periphery of HMDSO may also undergo such a reaction
under exposure if electrons are slowed down somewhat inside the
film. ESD measurements on HMDSO condensed films are needed to
solve this question.

4. Conclusions

Electron-induced reactions in films of HMDSO deposited on a

Au substrate at a temperature of 35 K have been monitored by ther-
mal desorption spectrometry for electron energies ranging from
5 to 15 eV and the products were investigated at 15 eV. HMDSO
is efficiently consumed but surprisingly small amounts of low-
mass products (CH4, C2H6, and TMS) have been detected. The
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[25] A.M. Wrobel, M. Kryszewski, M. Gazicki, J. Macromol. Sci. A 20 (1983) 583.
[26] C.J. Embery, J.G. Matisons, S.R. Clarke, Synthesis and properties of silicones and
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lectron-induced dissociative ionisation of HMDSO leading to a
entamethyldisiloxane cation and a CH3 radical very likely initi-
tes further reaction steps that can lead to formation of longer
iloxanes with a cationic polymerisation mechanism or reactions
eminiscent of the Lewis acid catalysed equilibration of siloxanes.
he low yield of C2H6 as compared to other previously studied sys-
ems points towards a hindered mobility of fragments within the
MDSO film so that formation of CH4 by abstraction of an H atom

rom an adjacent HMDSO is the more important reaction channel
or CH3 radicals. The observation that the yield of TMS is low com-
ared to that expected for the anticipated cationic polymerisation
ints towards the existence of other decay channels for HMDSO.
pcoming investigations therefore will aim at measurements of
lectron-induced desorption as well as more extensive reference
xperiments to arrive at a more precise identification of the larger
iloxane products observed in the present study.
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