PHYSICAL REVIEW A 76, 042716 (2007)

Inelastic guiding of electrons in polymer nanocapillaries
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Electron transmission through insulating polymer nanocapillary (diameter 200 nm and aspect ratio 50) foils
has been investigated for incident energies 500 and 1000 eV. Significant intensities of transmitted electrons
were observed for foil tilt angles up to ~10°, and corresponding observation angles with respect to the incident
beam direction, a phenomenon referred to as guiding. The transmitted electron spectra show substantial energy
losses that increase with the capillary tilt angle, in sharp contrast to previous results for slow positive ions and
lower energy electrons. Despite apparent close encounters with the capillary walls, inelastically scattered
electrons are found to be guided at angles coinciding with elastically scattered electrons. These results suggest
a means to study the dynamics of electron interactions with insulating materials, which is complicated by
charge buildup in conventional surface scattering studies.
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The interaction of highly charged ions (HCI) with sur-
faces has been the subject of extensive research both experi-
mentally and theoretically not only because of its potential
application in the field of nanotechnology but also from the
point of view of fundamental understanding [1,2]. In recent
years, attention has centered on the transmission of HCI
through nanocapillaries, with the reported guiding of slow
positive ions (3 keV Ne’*) through insulating nanocapillary
foils of polyethylene terephthalate (PET) by Stolterfoht er al.
[3]. Surprisingly, ion transmission with negligible charge
change was observed for foil tilt angles up to =20° with
respect to the incident beam direction, indicating distant en-
counters with the capillary walls. It was proposed that this
result was due to a self-organizing charge up of the inner
walls of the capillaries [3] that, after a characteristic charging
time, deflects the traversing ions causing them to be
“guided” through the sample along the capillary axis. In sub-
sequent work by these authors additional properties of slow
ion guiding in PET foils were investigated [4,5].

Experimental and theoretical works by other investigators
have been conducted for slow (~1-10 keV) positive ions
[6-11], and in one instance fast 200 MeV Ti'?* ions [12]
were used to determine the alignment of nanocapillaries in a
sample. Notably, for slow H, molecular ions [13] negligible
fragmentation occurred as a result of passage through the
nanocapillary foils, indicating the strength of the guiding ef-
fect. In addition to polymer foils, ion guiding has been stud-
ied for nanocapillary samples of SiO, [7], alumina [10,12],
and tapered glass [11]. In all cases, the surfaces of the insu-
lating nanocapillary samples were coated with a thin con-
ducting layer, e.g., gold or aluminum, to prevent charging of
the sample during the measurements. Just recently, guiding
for lower energy 200—-350 eV electrons in Al,O5; nanocapil-
lary foils has been reported [14].

In this Communication we report the guiding of fast elec-
trons through insulating PET nanocapillaries. The measure-
ments focus on the dependence of the transmitted electron
intensity on the nanocapillary tilt angle ¢ and on the corre-
sponding electron energy spectra. The angular distributions
of the transmitted electrons demonstrate that electrons are
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guided through the capillaries, but with intensities that are
strongly attenuated compared to positive ions [3—13]. Sig-
nificantly, the transmitted electrons undergo considerable en-
ergy losses that dominate the energy spectra with the frac-
tional loss increasing with capillary tilt angle, a result not
observed for slow positive ions or for lower energy electrons
[14]. Despite losing energy, presumably due to close encoun-
ters with the capillary walls, these inelastically scattered
electrons show clear evidence of guiding. The results suggest
that inelastic electron guiding might be used to study the
dynamics of electrons interacting with insulators, which, in
the case of conventional surface scattering, is complicated by
charge buildup on the insulator surface.

The present measurements were performed at Western
Michigan University. PET foil capillaries of 200 nm diam-
eter and 10 wm length (aspect ratio=50) were prepared at
the Hahn-Meitner-Institute, Berlin by etching ion tracks cre-
ated by high-energy projectiles in a solid [3]. The foil was
mounted in a two-dimensional goniometer that allowed pre-
cise positioning (tilt angle rotation about a vertical axis and
azimuthal rotation about a horizontal axis) with respect to the
incident beam. The electrons were obtained from a simple
filament source and collimated to diameter of 1.5 mm. Trans-
mitted electrons were analyzed with a parallel-plate analyzer
located a few centimeters behind the sample and counted
with a channeltron multiplier (CEM). The background pres-
sure in the scattering chamber was less than 107 Torr.

The “zero position” for maximum transmission of elec-
trons directly through the sample along the capillary axis was
located by varying the goniometer tilt ¢ and azimuthal
angles in small steps, and by varying the observation angle 6
of the electron spectrometer. The inset to Fig. 1 shows the tilt
 and observation € angles, both measured with respect to
the incident beam direction. When this position was located
(defined as #=0°), the observation angle was fixed
(at #=0°) and the tilt angle varied in small steps to determine
the profile for direct transmission of electrons through the
foil, for which a FWHM TI',.,.,=0.65° was found. This width
is a convolution of the half-widths due to the aspect ratio
(T 4specr=0.57°), the beam collimation (I'.,;~0.25°), and

the degree of parallelism (I,,,) of the capillaries inside the
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FIG. 1. Angular distributions of the integrated normalized trans-
mitted electron intensities plotted as a function of observation angle
0 for the indicated tilt angles ¢ for (a) 500 eV and (b) 1000 eV
incident electrons. The inset shows a schematic of these angles with
respect to the incident beam.

sample. Combining these widths in quadrature gives a value
[, ~0.2° for the parallelism of the capillaries inside the
foil, indicating a high degree of alignment.

To investigate guiding phenomena, the sample was tilted
with respect to the straight-through position and the observa-
tion angle changed accordingly. A significant intensity of
transmitted electrons was found for tilted sample angles, and
correspondingly shifted observation angles, as shown in Fig.
1 for incident 500 and 1000 eV electrons. The transmitted
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intensities were normalized to incident beam currents of
~0.3 and ~0.8 nA measured on the sample for 500 and
1000 eV, respectively, and were determined under equilib-
rium conditions, i.e., after a sufficient time that charge-up
effects on the inner walls of the nanocapillaries had reached
steady-state conditions (see Ref. [3]). For the present work,
the electron beam was typically started 2—3 hours prior to
beginning the measurements.

Clear evidence for electron guiding is seen in Fig. 1, up to
tilt angles of #=11° for 500 eV and up to =7° for
1000 eV. A plot of the centroid observation angle vs the tilt
angle (not shown) reveals that @ depends linearly on ¢ as
expected (note that # may not be exactly equal to ¢ in Fig. 1
because of mechanical offsets in the measured angles). The
guided intensities are seen to decrease exponentially (note
the logarithmic scale), as observed for slow positive ions in
PET samples [3-5]. The angular widths of the guided elec-
tron distributions shown in Fig. 1 do not change noticeably
with tilt angle, but no particular significance should be at-
tached to this result due to a spectrometer angular resolution
of about 2.3°, as measured for electrons from the bare fila-
ment. In future studies a spectrometer with higher resolution
will be utilized.

Figures 2 and 3 show the measured electron energy spec-
tra obtained for the centroid observation angles (6= ) for
500 and 1000 eV incident electrons, respectively. Not only
does the overall intensity decrease strongly as the tilt angle
increases, the spectra also show significant energy losses for
the transmitted electrons. In fact, these inelastic contribu-
tions dominate the spectra with the fractional loss increasing
and extending to lower values of electron energy as ¢ in-
creases. This energy loss is quite unexpected in view of ear-
lier results for slow positive ions [3-11], and the recent re-
sults for 200-350 eV electrons in Al,O5 [14], for which no
appreciable loss was observed even for rather large tilt
angles.

To quantify the energy losses, we have evaluated sepa-
rately the elastic and inelastic contributions to the transmit-
ted electron intensity. To determine the separate contribu-
tions, it is observed that the electron energy spectrum for ¢
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FIG. 3. Measured electron en-
ergy spectra for angles 6=
showing the increasing fractional
electron energy loss vs ¢ for inci-
dent 1000 eV electrons. See cap-
tion for Fig. 2.
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=0° has nearly the same profile and width as the spectrum
measured for the electron beam obtained from the bare fila-
ment as shown by the dashed curves in Figs. 2(a) and 3(a).
[The small inelastic contribution on the low-energy side of
each ¥=0° peak can be attributed to the angular spread of
the incident beam and to the capillary nonparallelism, which
had full width at half maximum (FWHM) values of ~0.25°
and ~0.2°, respectively, as noted above]. This result indi-
cates that for y=0°, electrons are transmitted through the foil
with negligible interactions with the capillary walls, and con-
sequently, any deviation from the measured =0° energy
profile for tilt angles >0° is significant. The deviation can
be determined by superimposing the spectrum for =0° on
the corresponding spectra for y>0° and normalizing to the
intensities of these latter spectra. When this is done, it is
found that the high energy cutoff of the spectra for >0°
matches that for #=0°, as seen in Figs. 2(b)-2(f) and in Figs.
3(b)-3(d), showing the existence of an elastic contribution
for all tilt angles. In this way the elastic contribution is de-
termined directly and the inelastic contribution is obtained
by subtraction.

Following the same procedure for the angular spectra col-
lected for each given tilt angle ¢ the angular transmission
profiles can be separately determined for the elastic and in-
elastic contributions, as shown in Fig. 4 for 500 eV electrons.
Significantly, the elastic and inelastic angular centroids coin-
cide and are equal to the tilt angle, i.e., =, showing con-
vincingly that the inelastically scattered electrons are guided.

Having determined the angular profiles for the elastic and
inelastic contributions, the exponential decay rates can be
determined directly from the centroid spectra for > 0°, i.e.,
0=, giving the results shown in Figs. 5(a) and 5(b). To
represent the integrated measured intensity for all tilt angles
including =0, a direct contribution corresponding to the
large transmitted electron intensity at ¢=0° must be in-
cluded. From geometrical considerations, it can be shown
that this contribution, which is due to the convolution of the

capillary aspect ratio, the beam collimation, and capillary
nonparallelism as discussed above, decreases nearly linearly
for >0°. From the measured value of I',.,.,=0.65° (see
above) for = 6=0°, the direct contribution can be calculated

1100

as indicated by the curves in Figs. 5(a) and 5(b). This con-

tribution decreases very rapidly as expected.
The decay rates for the elastic and inelastic contributions

for transmitted electrons are listed in Table I and compared
with the results obtained by Hellhammer et al. [15,16] for
positive ions. In that work, the characteristic guiding angle
. was defined as the tilt angle for which the transmitted
intensity falls to 1/e. These authors found that sin™? ¢, for
slow positive ions is a universal and linear function of the
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FIG. 4. Angular transmission profiles for the inelastic and elas-
tic contributions to the measured electron energy spectra for each
tilt angle investigated for 500 eV electrons. Note that the elastic and
inelastic centroids coincide and are equal to the tilt angle, i.e., 0
= iy, indicating that inelastically scattered electrons are guided (see

text).
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FIG. 5. Relative transmission intensities vs tilt angle for incident
500 and 1000 eV electrons. The elastic and inelastic decay curves
were determined by fitting an exponential function to their respec-
tive contributions obtained from the data of Figs. 2 and 3. In addi-
tion, the direct contribution represents the large measured transmis-
sion fraction near y=0° corresponding to electrons passing through
the capillaries without interacting with the capillary walls (see text).

incident particle energy divided by its charge, i.e., E/q
[15,16]. Tt is seen that the values of ¢, obtained in the
present work for electrons are smaller (representing a faster
decay) than the corresponding values for ions, and, further-
more, the values of ¢, are quite different for the elastic and
inelastic contributions. It remains for future work to deter-
mine if a universal function exists for electron guiding, and
how this function may differ for the elastic and inelastic
contributions.

The present analysis indicates that three contributions—
direct, elastic, and inelastic—are needed to represent the
transmitted electron intensity. Although the inelastic contri-
bution dominates the spectra for >0°, there remains an
elastic contribution for all tilt angles for which electron
transmission was measured. As noted, the inelastically trans-

TABLE I. Values of the characteristic guiding angles ¢, for the
elastic and inelastic contributions to the measured electron energy
spectra in the present work for electron transmission through PET
nanocapillaries compared with the values determined for slow posi-
tive ions, also for PET foils.

. (degrees)

E/q (eV) Elastic Inelastic Tons
500 2.0 2.8 4.7%
1000 1.6 2.1 2.9°

*From References [15,16].
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mitted electrons are clearly guided as demonstrated by the
data of Fig. 4. The large inelastic contribution suggests that
insufficient (negative) charge is deposited on the inner walls
of the capillaries to electrostatically prevent the traversing
electrons from interacting strongly with the walls. As a con-
sequence, some electrons are lost in the capillaries and those
that make it through lose energy. Although inelastic interac-
tions would be expected to lead to excitation and ionization
of the capillary surfaces, the dynamics of inelastic electron
guiding are not well understood.

Previously, inelastic scattering was observed by Nebiki et
al. [17] for incident 2 MeV He* ions traversing tapered SiO,
capillaries at a tilt angle of 0°, but the inelastically transmit-
ted ions were attributed to penetration of the capillary walls
and not to guiding. In fact, no inelastic guiding was reported
in that work. Moreover, the charge state of the transmitted
ions was not measured, so it is not known if charge changing
occurs or not, in contrast to the present work for incident
electrons in which no charge change obviously takes place.
Additionally, for a capillary tilt angle of just 2°, these authors
reported negligible elastic transmission, but substantial in-
elastic transmission, of unknown emerging charge state, at-
tributed to reflection from the capillary wall or to penetration
through the wall. In contrast, we observe elastic transmission
for all tilt angles for which guiding was observed.

The phenomenon of electron transmission and guiding
through nanocapillaries, and particularly investigation of the
associated inelastic processes, could provide a means to
study fundamental interactions between electrons and insula-
tors, which, unlike charged particle interactions with metals
[18], have not been extensively studied by conventional sur-
face scattering due to charge buildup on the insulator surface.
Thus, studies with insulating nanocapillaries could lead to
insight, concerning the production and guiding of secondary
electrons [19], the excitation or ionization of core electrons
giving rise to Auger processes, and the degradation of insu-
lating polymers when irradiated by charged particles [20].
Moreover, the relatively weak C-C bonds in PET are easily
broken by electron bombardment, causing physical or chemi-
cal degradation as a result of inelastic processes. Electron
guiding through nanocapillaries might also be used to pro-
duce nanometer sized beams in electron microscopes, or to
create pixel sizes smaller than those currently possible to
enable higher resolution information displays.

In summary, we have demonstrated that electron transmis-
sion through insulating PET nanocapillary foils is dominated
by an inelastic contribution that increases with the foil tilt
angle. Despite significant energy losses, it is convincingly
demonstrated that inelastically scattered electrons are still
guided through the capillaries, a result that sharply contrasts
with previous results for positive ions and for electrons. It is
suggested that these inelastic processes are due to insufficient
charge deposition on the inner walls of the capillaries,
thereby permitting close encounters of traversing electrons
with the capillary walls. Consequently, inelastic electron
guiding may provide a means to study the dynamics of elec-
tron interactions with insulators.

We acknowledge assistance from David Cassidy in mak-
ing the measurements.
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