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We present a series of scanning transmission electron microscopy and electron energy-loss spectroscopy
(EELS) measurements of nanometer-scale single-crystal silicon tips and filaments. The tips and filaments are of
a type that we are currently integrating into microelectromechanical systems. The EELS measurements reveal
a number of nanometer-scale effects, some of which have already been reported in the literature for other
systems. These effects include apparent upward shifts in the energies, widths, and interaction cross sections of
the plasmons. In addition, we report a sharp peak at 5 eV, which we are identifying as an interband transition
in the silicon. We provide theoretical explanations of the characteristics of this new peak, including an
explanation of its failure to appear at any but the smallest sample diameters. Finally, we extend the theory
already present in the literature with a finite-element model of EELS for nonpenetrating electrons in an
arbitrary geometry[S0163-182699)10131-(

I. INTRODUCTION This work is related to our work in microelectromechani-
cal systemgMEMS). Our sample fabrication technique is an

In recent years, advances in microscopy and sample fatdaptation of a process originally designed for integrating
rication technology have allowed researchers to studyanometer-scale components into micrometer-scale me-
nanometer-scale solids as never before. Many studies hag@anical systems. The MEMS process itself has been suc-
focused in particular on transmission electron microscopyeessfully implemented and we plan to present it in future.
and electron energy-loss spectroscdBELS). These stud- Since the nanoscale structures in the STEM samples are
ies, both theoretical (Refs. 1-5, for exampje and identical to those in our micromechanical devices, our STEM
experimentaf~23 have enhanced our understanding of theCharacterizations may have application to MEMS diagnos-

dominant physics at nanometer scales. As microscale tecII\'—CS'_ .

nology gradually gives way to nanoscale technology, such F|gure_ 1 |!Iustrate§ th.e sorts of nanoscale s_tructures we
work becomes relevant from an engineering as well as 4'¢ considering. A tifFigs. 1a and 1b)] consists of a
scientific standpoint—for one cannot design a system witfylindrical shank, narrowing down in a cone to a roughly
nanometer-scale components without first understandinpem'sl_Dherlcal end. The shank diameter is 100 to 200 nm, the
how those components will behave. inal diameter of the tip is typically 3 to 4 nm, and the cone

To this end, we present a series of scanning transmissidfe!! @ngle is of order 10° or less. These parameters can be
electron microscopySTEM) and EELS measurements of controlled with proper design of the photolithographic mask

single-crystal silicon tips and filamentsith diameters down that produces the tips. A filamefftig. 1(c)] is a fixed-fixed

to 3.5 and 20 nm, respectivelyTo make the measurements, beam of_ uniform, roughly circular, cross section. A fila-
we developed a method of integrating these silicon structure@€nt's diameter can be anything from 200 down to about 20
into an open-substrate geometry suitable for STEM. We use@™ dain depending on the photolithography, and its length

these samples for basic measurements of the size, shaf@" range from a few micrometers to hundreds of microme-

crystal structure, and surface films of the tips, then proceedeﬁ*rs' Everything in these images is made of single-crystal

to a detailed study of the low-energy EELS spectra of the>CON-

tips. The EELS study constitutes the bulk of the present pa-

per. We include both theoretical and experimental discus- Il. SAMPLE FABRICATION AND BASIC

sions of a number of phenomena that occur for very small CHARACTERIZATION

sample diameters. These phenomena include a 5-eV peak

associated with a silicon interband transition, an upward shift When we began this study, we were faced with the chal-
in plasmon widths and energies, and an apparent increase lienge of integrating the tips and filaments into a sample that
EELS interaction cross sections. could be used in the STEM system available to us. To fit into
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FIG. 1. Scanning electron microscof$EM) (a), (c) and STEM(b) images of nanometer-scale silicon structufasA tip, shaped like
a cylinder topped with a narrow cong) Closeup of a tip. The very end looks like a hemisphere of diameter 3.5am fixed-fixed
filament. These filaments can have diameters ranging from 20 to 200 nm. Everything in these images is made of single-crystal silicon.

the STEM, the sample had to be roughly 1 mm on a side, an&lectronic Packaging Facility. This frees the membrane from
it had to be much thinner than the 4@@n-thick silicon wa-  the substrate. The membrane is then carefully picked up with
fers we use in our processing. Also, we needed to have holdseezers and glued to a small copper washer with a 400—
cut entirely through the sample to allow the electron beam t&00-um hole in the center, aligning the set of holes in the
pass through. membrane to the hole in the washer. The combined mem-
Figure 2 shows the geometry that we used to solve thibrane and washer are then of the right size and shape for
problem. A square membrane 1 mm on a side and roughly 5ounting in the STEM.
um thick is separated from the 4Qow-thick portions of the The nanostructures themselves are made by thermally
wafer by eight narrow bridges of silicon. The membranes ar@xidizing released silicon beams with varying widths and
made by etching the back side of the wafer in a high-speetieights of roughly 0.5-1.@m. These beams are made with
fluorine-based reactive ion etch@r Plasma Therm SLR-770 a variant of the single-crystal reactive etching and metalliza-
available at the Cornell Nanofabrication Facilitfhe center  tion (SCREAM) process:' which we plan to discuss in fu-
portion of the square membrane has many holes passirtgre in the context of MEMS applications. When a silicon
completely through it. Extending over and across these holeseam of square cross section is oxidized, the unoxidized sili-
are the nanostructures—Ilateral silicon tips and filaments ofon shrinks to a roughly circular cross section. Because of
varying sizes and shapes. Figui®)2s a closeup of an array oxidation stress and other effects, this silicon remnant can
of these structures. When it comes time to prepare th&ave a repeatable nanometer-scale diameter even if the origi-
sample for insertion into the STEM, the eight bridges arenal structure was hundreds of nanometers acro¥sThus
burned away using a laser scriber at Cornell's Advancedve can reliably produce nm-scale silicon structures without
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easily produce large numbers of nominally identical struc-
tures. Also, simply by designing the holes to be sufficiently
wide, we can guarantee that the membrane that supports the
nanostructures is far from the path of the electron beam.

We performed the STEM measurements in a VGHB
501A STEM. Before placing the samples into the ultrahigh-
vacuum(UHV) chamber, we cleaned them for 20 sin a 10:1
ethanol/HF mixture, followed by three 20-s rinses in ethanol.
After the rinse, the samples were in air for less than 10 min
before entering the UHV load lock, to minimize the native
oxide growth on the silicon surface. EELS scans near the
known absorption edges of carbon, nitrogen, and oxygen
showed little or no signal, indicating that our attempts to
avoid contamination were largely successful. The surface-to-
bulk signal ratio in our samples, especially at the ends of the
tips, should be very high, so that any surface film should be
quite easy to see.

We also checked for surface contamination in a scanning
Auger microscope, and determined that the contamination is
determined by the chemicals used to strip the oxide and rinse
the samples. If the HF solution is buffered with ammonium
hydroxide, we found that a nitrogen-containing film appears
on the surface, so we avoided this with the STEM samples.
The ethanol/HF mixture turned out to produce the least con-
tamination. All of the low-energy EELS spectra presented
below were taken at positions where the surface was very
free of contamination.

Using both microdiffractionwith a spot size of 0.2 nin
[ and selected area diffraction we determined that, to the limit
of our ability to measure, our samples continued to be single-

. . ' a a a a f  crystal silicon regardless of the stresses and high tempera-
» i tures that occurred during their fabrication. We saw no evi-
5= i dence of crystal damage or su_rface c_rystallographic effects,
= . u a a a == even at the very ends of the tips or in the centers of long

; filaments. We refer to previous wdfkon a similar system
-a1 '. Yo showing oxidation-stress-induced dislocations that healed
I e l L once the stress was removed. Any such crystal damage in our
(b) samples was invisible once the oxide was stripped.
Electron-beam-induced damage to our samples also did
FIG. 2. SEM images of one of our STEM samples before itsnOt seem to be an issue. We found that we could bombard
removal from the silicon wafer(a) Wide view, showing the our tips with a focused spot of 100-keV electrons for many
1 mmx 1 mmx50 um membrane with eight bridges of silicon hold- minutes with little or no apparent change in the sample.
ing it in place.(b) Closeup view, showing an array of test struc-
tures, in this case sets of four tips formed in close proximity to each
other. IIl. LOW-ENERGY EELS MEASUREMENT TECHNIQUES

The EELS measurements were performed with a 100-keV
resorting to ultrahigh-resolution patterning techniques suclelectron beam, an incident aperture of 10 mrad, and a collec-
as electron-beam lithography. The only tools we need areor aperture of 3.7 mrad for serial measurements and 16 mrad
photolithography, thermal oxidation, ordinary plasma pro-for parallel measurementdescribed beloyv The theory dis-
cessing, and hydrofluoric acid to strip the oxide, leaving thecussed in Sec. V predicts that essentially all of the low-
silicon structures. energy EELS electrons will be scattered into angles of less

We should point out that each nanostructure we look at ishan 1 mrad. Under these conditions, the electron beam can
tailor-made. This is in contrast to another common methocbe taken to be essentially classical rather than quantum
of studying nanometer-scale structures in transmission eleenechanicaf* The spot size was typically of order 0.2 nm
tron microscopy(TEM), involving the spread of large num- (see Muller and SilcaX and references therein for a discus-
bers of structures on a thin porous substfate Refs. 8 and sion of the resolution limits in STEM EELS
9 for examples By chance, some of the nanostructures will  The EELS system we used has two different types of
land in a suitable orientation for viewing, with little or none detectors—a photomultiplier tube with a scanning energy
of the porous substrate in the path of the electron beam. Irange selector, and an energy analyzer combined with a scin-
our case, each tip and filament is specifically created withillator crystal and a charge-coupled devi¢ECD). The
certain parameters using a photolithographic mask. We caformer measures only one energy at a time, while the latter
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Energy Loss Spectra Scan Across 130 nm Diameter Si Cylinder
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FIG. 3. Parallel EELS scan of a silicon cylinder with a diameter of roughly 130 nm. Surface, bulk, and double bulk plasmon losses are
clearly visible.

collects data for all energies simultaneously. Since the signadter of a silicon filament with a diameter of roughly 130 nm.
levels for the zero-loss and plasmon peaks were very highThe plot looks quite like one would expect. Starting just
both were used in a current integration mode rather than autside the sample, a surface plasmon at 11 eV can be ex-
single electron pulse-counting mode. The serial detectiogited before the beam is intersecting the actual filanve
system integrated the current indirectly using a voltage-to€nergy appears to be lower than this at large impact param-
frequency converter connected to a pulse counter. This intrd2ters, which may be a retardation effégtThis plasmon has
duced nonlinearities for extremely low count rates, but oth-2 Peak intensity right at the edge, and at this point we also
erwise did not seem to significantly alter the results.S€€ the beginnings of the bulk plasmon at 17 eV. Further
Unfortunately, the constant of proportionality between thelnSide, the surface plasmon drops off while the bulk plasmon
measured serial count rate and the actual number of electror.l?é"ld":'.up fo a maX|mum.and_ the zero-loss peak drops in
counted is unknown, as this constant varies considerabl ntensity. Eventually, multiple interactions dominate and we
with small adjustments of the photomultiplier. Therefore, we ee the double bulk plasmon loss at 33 eV grow at the ex-

were not able to accurately estimate counting statistics fopense of the single plasmon loss. Yet further inside, the
the serial measurements. d_ouble plasmon pegk Iose; some stre_ngth, .presumably to
The parallel detector had the advantages of speed a gher order interactions. This trend continues into the center

greater programmability. However, its dynamic range was the sample, and the er_mre_pattern ls_symmetrlcally re-
\(ﬁ{sed as we pass the midpoint of the filament. When we

barely adequate to measure the zero-loss peaks and plasm !
y 9 b b canned near the extreme tip, we found a narrow peak at 5

eaks simultaneously. We found that, in order to consistentl . . ) .
P y V, which appeared nowhere else in our sample. This peak is

subtract off the zero-loss peak background in a way that Wﬁescribed and theoretically explained as a surface interband

felt was justifiable, we had to measure the zero-loss pea " . ; .
with each spectrum. Therefore, our more detailed data anal [_ansl_tlon mode in the following sections. These are the only
X gnn‘lcant low-energy peaks we encountered.

sis was reserved for the serial measurements, as the serfy ) o7 1 o
For a quick, qualitative look at the positional dependence

detector had more than enough dynamic range for our needs . . i
The parallel detector was still very useful. Any phenom—Of various energy-loss modes, this type of positional scan-

hich di ; h _ing'is invall_JabIe(see Ref. 8 forlanother example of the use
enon which did not appear in both detectors was SUSpngf this techniqug For more detailed analyses of the spectra,

Also, when in parallel mode, it was possible to program th found that th ter d . £ th
STEM system to step through a sequence of positions alon OWEver, we toun at the greater dynamic range ot the
erial detector was essential.

a line, taking an EELS spectrum at each point. This gave u
a quick way to find out what sorts of energy-loss modeslv. LOW-ENERGY EELS DATA ANALYSIS TECHNIQUES
occur in various positions on the sample. Figure 3 gives an

example of this sort of measurement. This graph shows a In order to clearly see the low-energy EELS peé&kspe-
series of parallel EELS measurements taken across the diamially the 5-eV peak it was necessary to develop a consis-
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Electron Energy L.oss Spectrum at Edge of 4 nm Silicon Tip
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tent way to subtract off the background spectrum created by The uncertainty for the serial measurements appears to be
the tails of the zero-loss peak. The zero-loss peak did not filominated by a random energy shift from point to point of
sufficiently well to a Gaussian, Lorentzian, or any otherorder 0.05 eV. This magnitude is roughly consistent with
simple function we tried. Instead, we fit the zero-loss peakncident beam energy shifts observed by other means. We
directly to the measured spectrum of the incident beam imyso found that if two zero-loss peaks are measured in sig-
vacuum. The measured incident beam shape was translatfflicantly different conditions or are separated in time by
and linearly scaled in both the energy and intensity axes untifyore than roughly 20 min, the residuals are far too large to
it optimally fit the measured zero-loss peak. A cubic splineye explained simply by point-to-point energy fluctuations.
was used for interpolation, thus turning the discrete points ofr,qrefore we had to ensure that, for every spectrum we mea-

the incident beam measurement into a smooth curve. Th?ured, we had a recent measure of the zero-loss peak taken
energy scale and shift parameters allowed us to compensaﬁ%der identical conditions

for random 'shlfts'm the posmon and width of the incident ~ Once we had removed the background from the spectra,
beam. The intensity scaling parameter represented a combi-

nation of the intensity fluctuation in the incident beam, the'© could analyze the energy-loss spectra themselves. Since

fluctuation in the photomultiplier gain, and the fraction of the peaks in these spectra overlapped and some of the peaks
electrons that were scattered by the sample. The intensit{f€'€ Somewhat obscured by the tails of nearby higher peaks,
shift allowed us to compensate for small changes in the deV€ fit the spectra to a sum of peaks. After trying a number of
tector dark current. In practice, the intensity shift parameteflifferent functional forms for the shape of the peaks, we
was unimportant and the quality of the fit was essentially asettled on Lorentzians, which consistently produced the best
good without the parameter as with it. fits to the data. Figure 4, a plot of a typical spectrum found at
Once these four fit parameters were known, we could simthe end of a tip, demonstrates this. The sum of three Lorent-
ply subtract the scaled, shifted incident beam shape from ow#ians fits the curve remarkably well. We found that, within
measured spectrum, leaving only the energy-loss spectrurmoughly one half-width at half maximuntHWHM) of the
We had to ensure that this procedure cleanly removed thpeak of a Lorentzian, the residuals of the fit appeared to be
zero-loss peak without introducing any artifacts. To this endessentially random, while further out in the tails a relatively
we measured multiple vacuum zero-loss peaks in rapid susweak pattern emerged. Thus the Lorentzian function de-
cession and fit them to each other, one pair at a time. Aftescribes the main part of the response quite well. Figure 4 also
fitting, the difference between two peaks tended to be sigshows the individual Lorentzians that make up the fit curve.
nificant only for energies less than roughly 3 to 4 eV. AboveWe can easily identify a silicon bulk plasmon at about 17
this energy, the residuals were consistently much lower tharV, the surface plasmon at about 11 eV, and an interband
the typical magnitudes of the energy-loss peaks. Figure #ransition at 5 eV. The spectrum could hardly be described
shows(among other thingsa measured spectrum before andwith fewer than three peaks, while the Lorentzian curve fit
after background subtraction. does not suggest the need for any more. The measured plas-
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FIG. 5. Dielectric function of silicon from Refs. 20—-22.

mon energies are a bit higher than expected; we will discusdeliberately misplacing the position of one peak and seeing
this below. the effect on the fit parameters of neighboring peaks. We
We should note that we chose not to deconvolve the meadetermined how much variation in each fit parameter would
sured spectra with the measured shape of the zero-loss pealrn a “good” fit (in the sense of the preceding paragnaph
We were concerned that this would introduce numerical arinto a fit that no longer fit our criteria. The inadequacies in
tifacts, due to the difficulties inherent in deconvolution. Noteour data point uncertainty estimates and the poor fitting in
that Moreauet al1? attempted to deconvolve their spectra in the far tails of the Lorentzians prevented us from applying
this manner, and found that in order to smooth out the artiprecise statistical techniques such as those found in Ref. 19.
facts they had to convolve the result with a Gaussian almost Using these techniques, we determined that the calculated
as wide as the incident beam. We chose another path—teeight of a dominant peak could vary byl—3%, while its
analyze the spectra as we measured them, understanding thatith and energy tended to vary by0.1-0.2 eV. A much
some fractions of the measured linewidths were due to themaller peak in the tails of a dominant peak could have up to
width of the incident beam. Since the incident beam waden times this uncertainty, depending on the relative size of
significantly narrower than any of our measured peaks, thés signal. In extreme cases we concluded that we could not
error involved in this procedure should not be very large.be sure that the smaller peak was really there afi@king
When we wanted to compare our measured spectra with thehead to Fig. 7, the minor peaks for the 14-nm diameter are
oretical spectra, we convolved the measured incident beamxamples of this For the 5-eV peaks, an additional uncer-
with the theoretical curves. tainty comes from imperfect removal of the nearby zero-loss
Recognizing that our estimates of the uncertainty in eaclpeak. At most three Lorentzians could be used in the fit
data point were very rough, we judged the quality of ourcurve. If we tried to add a fourth peak, we found that the
curve fits both on the basis of the absolute values of the@arameters of the weakest peak were essentially meaningless
residuals and on the normalized residu@le residuals di- because of the coupling of parameters among the peaks. This
vided by the estimated uncertainty of each data poiflte  would seem to be an inherent problem with fitting multiple
uncertainty in the serial measurements was, as stated aboymaks, each with a HWHM of several eV and fairly broad
apparently due to a combination of counting statistics and #ails, into an energy range of 15-25 eV.
point-to-point energy drift of order 0.05 eV. The multiplica-
tive factor on the counting statistics could only be roughly
estimated. We judged our fits to be good when a plot of the
residuals had a random appearance and rarely ventured more To interpret our low-energy EELS spectra, we begin with
than a few(estimategl standard deviations from the energy a description of the complex dielectric function of silicon,
axis. which is plotted in Fig. 5. These data were calculated from
To determine the robustness of our fit parameters, weptical measurements found in Refs. 20—22. The applicabil-
studied how much they varied when we changed our fit proity to EELS of optically measured dielectric functions has
cedure. We varied the initial guesses of the parameters, oleen established in the literatdfeFor high frequencies, the
methods of estimating data point uncertainties, and the erdielectric function looks much like one would expect from
ergy ranges of data that were included in the fits. We triedhe Drude model, while for lower frequencies the behavior is

V. EELS RESULTS
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dominated by a resonance that has been associated with it 7
terband transition$® The transition between the two regions
occurs at roughly 5 to 6 eV. This frequency-dependent di- 4 . [ 1
electric function was the only material property used in our ‘
theoretical calculations. We neglected spatial dispersion an u
anisotropy, and assumed that the material properties wer 5]
constant throughout the solid. Of course these approxima |
tions must break down as one approaches atomic scales, al ;_’ 4
in fact we will see some discrepancies between theory anc g
experiment at tip extremities. 3 | [ |
Wide portions of our samplgsvith diameters greater than
roughly 50 nm mostly showed expected behavior—just a ﬂ‘
steady rise and fall of surface and bulk plasmon response 2
such as we see in Fig. 3. The exception is a shift of the
surface plasmon to lower energies for impact parameters fa
from the edge, both inside and outside the silicon. Some o
this behavior can be seen in Fig. 3. The plasmon energ)
apparently drops to as low as 8-9 dffom 11 eV for
impact parameters of order 10 nm. The same phenomeno 5.
occurs in the surface plasmons for both spherical meta
particles” and planar interfacé$. The energy shift is due to 7 LA
relativistic effects. A
We encountered some additional phenomena as the dian
eter of the silicon was reduced, especially at the extreme tiy
where the diameter was 3.5 nm. Both the energies and th § 5 B Surface Pl
widths of the surface and bulk plasmon peaks appeared tw"§ uriace asﬂ
increase as the diameter was redutsgk Fig. 6. The trend A Bulk Plasmon
is fairly strong for the surface plasmon, but we should point 141
out that the shifts are not much larger than the uncertaintie:
in most cases. Batsbrhas noted an increase in plasmon
widths in small geometries due to increased surface scattel L] H
ing, but this effect can only explain part of our observed 121 B
width increase. The rest of the effect may be due to spatia |
dispersion, a change in the surface characteristics of the me 11 : ; ' " ' '
terial, or other nm-scale effect$.The onset of this effect 20 40 60 80 100 120
. (b) Diameter (nm)
appears to be at a diameter of a few tens of nm. The effect on
the surface plasmon width is particularly strong. FIG. 6. The trend ofa) the widths, andb) the peak energies of
Next consider Fig. 7, which shows experimental and thethe bulk and surface plasmons at different diameters.
oretical EELS spectra for an electron beam passing within 1
nm of the silicon surface, both for a tip and for a sectionrelevant physics, apart from additional broadening of the sur-
further back from the tip which may be approximated as aace plasmon.
cylinder of diameter 14 nm. For the wide diameter, we ap- When we compare the results for the tip, however, we can
plied Eg. (1) below, taken from Bertsch, Esbensen, andsee some major discrepancies, the most obvious of which is
Reed® which gives the energy-loss probability for a classicala shortfall in theoretical intensity by roughly a factor of 3.
electron passing outside an infinite cylinder. For the tip, weThis suggests that the interaction cross section is somehow
used a finite-element calculatiomvhich is detailed in the being enhanced through a mechanism not accounted for in
Appendix to this papgrand an empirically determined tip our simple theory. Also, the peaks are much higher in energy
shape. In both cases the theoretical spectrum was convolvddr the measurement than for the theory. This indicates that
with the measured spectrum of the incident beam in such hoth the interband transition and the surface plasmon are
way that the absolute count rates and the widths of the pealaccurring at higher energies than they would otherwise.
should be correc{in light of the results of Ritchie and These energies are determined by the band structure and the
Howie®). electron density. Recall that the diameter at the tip is only 3.5
We can see that, for the 14-nm-diam cylinder, the surfac&m, so that a majority of the silicon atoms are within a lattice
plasmon peak at 11 eV has very nearly the right height andonstant of the surface. It would not be surprising if the
energy, but that the theoretical width is too small by a factormaterial properties at the tip were somewhat different from
of roughly 1.5. Even the small rises at 5 and 15 eV appear ithose of bulk silicon, due to surface effects. Batson and
the measured data—though they are harder to see in the mddeati have obtained similar results for sample diameters
surement due to the wider tails of the surface plasmon. Ineomparable to ours. They have attributed the results to quan-
deed, the 15-eV peak is so slight that we cannot say witlium effects and to shifts in the electronic band structure. We
certainty that it is present at all. So, for the 14-nm diameterpelieve that we are seeing the same phenomenon. The sizes
it would seem that our simple theory adequately captures thef the effects we observe are similar to the results of Batson

Plasmon Width vs. Diameter
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Comparison of theoretical and experimental results Our theoretical analysis is based on a recent p%pdm'ph
18000 yp—— calculates the electron energy-loss spectrum for nonpenetrat-
Ada ++++14 nm Diameter Theory . A . . i
16000 A0, .k+14 nm Diameter Measurement ing electrons passing perpendicularly to an infinite cylinder.
A‘ ‘A‘ —Edge of Tip Theory The electrons are taken to follow a classical trajectese
14000 AN T [ Edee ol Tio Measurement Refs. 3 and 4 for a discussion of the issues involved with this
A 7 3

12000

- assumption Relativistic effects are ignored. Since the cone

half angles of our tips are less than 10°, approximating the
local geometry as a cylinder should not introduce a large
discrepancy except right at the tip, where the local geometry
— is more like a hemisphere at the end of a cylinder.

This theory does in fact predict a narrow, low-energy
peak, appearing only at very small radii, with relatively little
variation of peak height with impact parameter. The theoret-

: : ical peak occurs at approximately 4.75 eV, with a typical
0 5 10 15 20 25 width (HWHM) of 1.0-1.5 eV. To see where these results
Energy (eV) come from, we proceed with an analysis of the relevant

FIG. 7. Theoretical and experimental EELS spectra for a 100_equat|ons from Ref. 5. The transition probability per unit

keV electron beam passing just outside a 14-nm-diam cylinder an§"eroy 1S given by
a 3.5-nm-diam tip. The theoretical curves have been convolved with .~

; i i P eb *
a measured zero-loss peak, to allow direct comparison. The theo _ E dk x1, ()1 (x)Im T |F (& kb)|2
for the tip uses an empirically generated finite-element model oHE ;242,24 J_ masm mid mi S '
one of our tips.

10000

Counts

8000

6000

4000

2000

) x=|k|R, &=buwlv. (1)
and Heath for comparable diameters.
So we have seen a number of effects that apparently cor-he integrand contains a term which includes the material
firm the observations and theoretical predictions of severaiesponse,
previous workers. e—1

T 14 (s - L)X (OKn(X)

@

mk

VI. THE INTERBAND TRANSITION PEAK

In addition to the phenomena described in Sec. V Wéand a term that behaves like an interaction amplitude,

report a low-energy peak dominating the spectrum at the —

extreme tip, which we can see in Fig. 4. This peak is quite o e Vurté? Juz+ 4\ @
. _ . u)=

narrow (typical HWHM=2.4eV), and occurs right at the m ’—u2+§2 |

upper edge of the interband transition resonance, or about

4.8-5.3 eV. This peak only appeared where the diameter qf, these equationd is the impact parameter relative to the
the silicon was extremely small. For the very timdius  center of the cylinderR is the radius of the cylindefiw is
equal to 3.5 nm the low-energy peak height often exceededine electron energy loss, is the dielectric function of sili-
both p_la_smon peak heights. At a diameter of 6 nm, the pgagon, v is the speed of the passing electron, apdand K,
was visible but not very strong. Further back from the tip,are modified Bessel functions of the first and second kinds.
where the diameter was roughly 14 nm, the low-energy pealye will defineb’ = (b— R) to be the impact parameter rela-
was almost invisible in the tails of the surface plasmon andjye to the edge of the cylinder.
the incident beanfFig. 7). At still larger diameters, the peak Note that, ifk is much greater tham/v, the integrand
vanished without a trace. This behavior was quite repeatablgyij pe cut off exponentially a& increases. For our measure-
occurring in several samples measured on different days U$nents,w/v is of order 0.1 rad/nm. We find that unlessand
ing both serial and parallel detectors. o are rather large and/d’ is very small, essentially all of
The height of this peak appears to be much less dependeffe area under the curve is within the regidi|
on impact parameter than the heights of the other peaks. Aél.Orad/nm(and in fact often the range is much smaller
we moved the incident beam from the very center of the tipp5, this, of order 0.15-0.2 rad/pnfFor R of order 1—2 nm,
to a point just outside it, the 5-eV peak lost perhaps 10% 0{ye can (to a first approximation take |k|R to be small,

its magnitude, the surface plasmon peak lost roughly 30%ypich allows us to use simple approximations for the Bessel
and the bulk plasmon peak lost over 80%. This suggests th%nctions in the integrand. Thel,(x)!/(x) factor in the

wﬁicipg“ﬁi)te)stern:is?:] the rg)\\;;/gs-segigysgogﬁhf ?gi?;?nrintegrand is interesting primarily in that it contributes a ra-
prising—p y P dius dependence d®2(M* %mo),

(Ref. 11, and references 'ther)ap"redlct a spatial depgndence We next consider the material response factor in this ap-
of exp(—2bwlv), whereb is the impact parametet, is the .

. proximation:
angular frequency of the energy loss, ands the speed of
the electron. Our analysis, detailed below, produces the same
exponential dependence. Thus the lower the energy, the
greater the range of interaction. For the 5-eV pedRw is Im I~ m8—1 (4)
roughly 11 nm. e+1’ '
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For m=0, this term is large only it has a large imaginary dominate the response at larger diameters,nthe0 inter-
part. Referring back to Fig. 5, we find that this occurs only inband peak will generally be swamped by the surface plasmon
a narrow range in the vicinity of the interband transition. Forunless the diameter is quite small. This should occur not just
m= 0, this term is large if Re is close to—1 and Ime is  for silicon but for any material with ae(w) curve qualita-
rather small. This occurs exclusively at the energy of theively similar to that in Fig. 5, that is, essentially any semi-
surface plasmorn—11 eV). So we find that we expect to see conductor. If a material's interband resonance is at a very
two completely different sorts of excitationsi=0 surface low energy, though, the peak may be obscured by the tails of
modes associated with an interband transition at 5 eV, anthe zero-loss peak. As we shall see below, finite-element
11-eV surface plasmons for nonzero valuesnofFurther, ~Simulations indicate that this effect is not restricted to a cy-
because of th&2(M+ dmo) dependence in the integrand, we lindrical geometry, and should happen whenever the electron
can expect that then=0 modes will be very difficult to see beam passes near a region of nm-scale surface curvature.
for large values oR, since the signal will be dominated by A family of curves of varyingb’ tends to be evenly
modes with largem values(a similar effect happens in a spaced on the logarithmig axes of the plots in Fig. 8. For
spherical geometry, with low-modes dominating at small k<w/v, the F} factor in the integrand contributeskade-
diameter®). pendence of exp{2bw/v), and this tends to explain the spac-

To see this last point explicitly, we consider Fig. 8, which ings of these curves to within 10% or better. The approxima-
shows theR dependence of the theoretical response for varition breaks down somewhat for the low-energy curves at
ous values of energyn, andb’ (calculated using a program Vvery low radii, but even in this case the discrepancy in the
written in MATLAB). In our measurement conditions, an spacing is not terribly large. So it would appear that this
EELS peak will be just barely visible somewhere in the mid-exp(—2bw/v) dependence in the integrand determines most
10 °/eV range. In Fig. &), we have takerb’=1nm and of the dependence of peak height on impact parameter. In
chosen to look at the surface plasmon response at 11 eV. Ageneral, higher-energy peaks will be more sensitive to the
expected, them=0 mode never dominates the responsejmpact parameter. For a 5-eV energy loss and a speed
while the highem modes dominate at progressively higher consistent with a 100-keV electrom/2w comes out to 11
radii (with each positiven value peaking foR roughly equal nm, so that the beam can miss the sample by several mul-
to 10 nm timesm). The slope on the log-log plot at sm&l tiples of the radius and still significantly excite the interband
is approximately 1.50+ 8,,0), compared to the power law transition.
of 2.0(m+ &) predicted by the very rough approximations ~ So, to summarize the theoretical predictions, the low-
we have made. energy peak should be very narrow, it should be visible only

Figure 8b) is a similar plot for 4.5 eV, where we have for radii of order 10 nm or less, and it should have relatively
also elected to show a variety bf values. In this case, the little dependence of peak height on impact parameter. This is
signal is very small—almost too small to see—unless weprecisely what we observed experimentally. However, the
havem=0 andR less than a few tens of nm. Finally we have theory assumed the sample to be an infinitely long cylinder.
Fig. 8(c), which shows the total response for all valuesrof We were concerned that some of these predictions, obtained
at the two energies of interest. The interband transition peakY picking apart Eqs(1)—(3), might be artifacts of this as-
dominates at smalR and the surface plasmon at lare ~ Sumption, so we set out to develop a more general theory. In
with the transition occurring foR equal tob’ plus a few the Appendix of this paper we show how we used finite
nanometers. The interband transition peak should be vergurface elements to calculate EELS for nonpenetrating elec-
hard to see foR much greater than 10 nm. Eithiet will be trons in an arbitrary geometry. The results obtained by this
small, in which case this peak will be swamped by the surmethod were substantially the same as those obtained for the
face plasmon peak, dr' will be large, so that the transition infinite cylinder. Using a more realistic tip shape, we found
probability is very small, and the peak will be lost in the tails that the 5-eV peak still appears only near regions of small
of the zero-loss peak_ As we have seen in F|g 7, this |§<1O anD radii, regardless of whether the nearby Shape is
exactly what we measured. We should point out that the&ylindrical, hemispherical, or tiplike. This analysis also
experimental curves in Fig. 7 are only two of several dozerfhows that the exp(2bw/v) dependence is quite general
serial EELS spectra we obtained, none of which contradicteévhere in this casé can be taken roughly to be the closest
this result. approach of the electron beam to the sample suyfdce

At this point we should summarize this argument in moreshort, the results of the finite-element calculations suggest
intuitive terms. Electrodynamic analysis, assuming a cylinthat the characteristics of this interband transition peak are
drical geometry, reveals that two kinds of surface modes caflue to the nanometer scale of the material rather than to a
contribute significantly to the energy loss. The first is anspecific geometry.
azimuthally symmetricth=0) mode at an energy which the
material itself tends to absorb. The imaginary part afiust
be large for this mode to be significant. In a semiconductor,
this will occur at the energy of a direct interband transition. We have demonstrated a reliable technique to integrate
The second type of mode is an azimuthally asymmetmic ( nanometer-scale single-crystal silicon lateral tips and fila-
#0) excitation associated with the sudden change from anents in an open-substrate geometry, using ordinary micro-
plasmalike material to a vacuum—a surface plasmon. Theskbrication tools. We have also presented basic characteriza-
two types of excitations occur at different energies, but theyions of the size, shape, crystal structure, and surface
are close enough together for the tails of one to interfere witltontamination of the tips and filaments. The tips can be made
the visibility of the other. Since largem values tend to very sharp and very clean, allowing us to study the charac-

VIl. SUMMARY AND FUTURE WORK
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FIG. 8. Theoretical EELS response for an infinite cylinder at
various values of azimuthal mode numberangular frequency of
energy lossw, cylinder radiusR, and impact parameter relative to

teristics of nanometer-scale silicon structures with minimal
complication.

We have also performed a series of low-energy EELS
measurements and found a number of phenomena, most of
which have already been reported in the literature. These
effects include a broadening and upward energy shift of plas-
mons and an increase in interaction cross section at small
sample diameters, as well as a downward shift in surface
plasmon energy as the electron beam moves away from the
interface. At very small diameters we detected an interband
transition peak which, to our knowledge, has not yet been
reported in the literature. We present a detailed theoretical
analysis of the characteristics of this peak and confirm these
predictions with measurements. We also find that, except for
certain nanometer-scale and relativistic effects, our simple
theory agrees quite well with experiment.

The very same sorts of tips and filaments have been inte-
grated into micromechanical systems, complete with electri-
cal contact and isolation systems. We will present these re-
sults in the near future. Briefly, we are able to produce
multiple-tip structures with each tip mounted on its own in-
dependent 3-degree-of-freedom actuator, and with indepen-
dent electrical contact to each tip. We can also make actua-
tors to apply tension and lateral force to our fixed-fixed
filaments, while running electrical current through the fila-
ments. We are working on ways to coat the tips and filament
with ultrathin metals and silicides. The purpose of these de-
vices is to study the mechanical characteristics and the inter-
actions of our nanometer-scale structures.

The present paper began simply as an attempt to charac-
terize our tips and filaments so that we could better under-
stand the components of our micro/nanomechanical devices.
However, as the reader can clearly see, our EELS results
drove us into an entirely different context.

ACKNOWLEDGMENTS

We would principally like to thank Mick Thomas for op-
erating the STEM. We would also like to thank David Muller
and Earl Kirkland for helping us to analyze our data and
understand the subtleties of STEM measurement. The staff
of the Cornell Nanofabrication Facility and the Advanced
Electronic Packaging Facility have, as always, been ex-
tremely helpful in answering questions, suggesting plans of
attack, and keeping the equipment in fine operating condi-
tion. We would also like to thank our many co-workers in
the MEMS community at Cornell, for exchanging ideas and
sharing technical experience over the years. The UHV/
STEM facility at Cornell University is funded under NSF
Grant No. DMR-936 2275 through the Cornell Center for
Materials Research. B.W.R. and J.M.C. were supported un-
der DARPA Contract No. DABT63-95-C-0121.

APPENDIX: FINITE-ELEMENT MODELING OF EELS
FOR NONPENETRATING ELECTRONS

In order to ensure that the theoretical results described in

the edgeb’. (a) The surface plasmon response at varying radii forSec. VI were not simply artifacts of the assumption of a
several values ofn. (b) Comparison oim=0 and 1 responses for cylindrical geometry, we decided to extend the theory to an
the interband peakc) Interband and surface plasmon responses agarbitrary geometry, using finite surface elements. This al-

varying radii for several values df’.

lowed us to simulate EELS spectra for an empirically deter-
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mined tip shape and compare it directly both with experi- Simulation results for different meshes. R=1 nm, b=5 nm.

mental results and with the theoretical results for the infinite  o.0004

cylinder (as in Fig. 7. As we will see below, our finite- 0.00035 ? o T
. . . . . = nfinite cylinder .

element calculations are consistent with the analytic results oo !

We have tried to keep the notation consistent with that in %00 | * B :L=200 nm, 1440 elements

Ref. 5. 0.00025
We start with a collection oN surface elements with
areasA;, centerstj=(x;,y;,z), and outward-pointing unit
normalsf; . An electron will pass outside this surface on the
trajectory Fe:5+§/vt=(bx,vt,bz), producing an electric
field and potentialE,,; and ®.,. The resulting induced 0.00005

=—&= =50 nm, 1570 elements

0.0002 =8 -L=50 nm, 2290 elements

/dE (1/eV)

% 0.00015 ~4-L=50 nm, 3270 elements

0.0001

charge on the surface will produce an additional electric fielc o % ‘ ‘
and potentiaEg and®, which will then act on the charge, 5 4 6 8 10 12 14 16 18
slowing it down. The calculation is a straightforward appli- Energy (V)

cation of classical electromagnetic theory. We are neglecting ) )
all relativistic effects and treating the fields in the electro- FIG. 9. The effect of the mesh density and cylinder length on
static approximation. Unfortunately, we have not yet found ghe simulation results for a 2-nm-diam cylinder. The “infinite cyl-

simple way to properly account for relativistic effects in this I"der” result is from Eq.(1), taken from Ref. 5. The other results
model. are from our finite-element model. The low mesh density com-

From Ref. 5, the energy-loss probability per unit energy isIDIEtGIy fails to capture the low-energy peak.
given by
2ew

+ext,j :Tqui wY;j Iv)

ma

dP e = . =
aE = 7™ | dyeion B, (A o
X —(b—FLJ)Kl()\,)‘H)A/Ko()\]) ’

where a tilde denotes a Fourier transform with respect to VA

time. We can calculat®. in tgrms qf the surfa'ce g:hargrg FLi=(%.0Z). (A7)
on each surface element with a simple application of Cou-
lomb’s law: The field due to the surface charge, according to Coulomb’s
~ law, is
b= 1. (A2) .
j |re_rj| = . ~ Ii=rk ~ A
E+S,j_|§_ AkUkm‘FZWUJni. (A8)
Upon substituting Eq(A2) into Eq. (A1), we find that the . Ik
integral can be performed analytically, yielding Note the self-term is simply the field due to a uniform sur-
face charge density taken immediately outside the surface.
dP 2e Combining these equations, we arrive Nitequations in
JE= Im >, AT expl —iwy;/V)Ko(X)), (A3)  theN unknownsg, ,
Thy ]
. . i . 8+1~ ﬁ](l?J_l?k) - .=
whereK, is a modified Bessel function of the second kind Zw—a<—2 Ao =0 Eayti -
e—1 ! .12 _ =13 J ext)
and KZ1|F =Ty
(A9)
Nj= (w/v)\/(xj - bx)2+(zj —b,)2. (A4) So one must simply solve these linear equations to ofatain

and insert the result into EGA3). This is done numerically,
Equation(5) in Ref. 5 relates the normal component of separately for each value ef, using a program written in
the electric field immediately outside the surface to the surMATLAB.

face charge density: To verify the validity of our surface element technique,
we directly compared the results given by Eg). (valid for
e(w)—1 -~ an infinite cylindey with the results given by Eq$A3) and

Ano= Wﬁ&. (A5) (A9) for a finite set of surface elements approximating a

cylinder. Figure 9 shows the results of such a comparison.
The finite-element model should, ideally, match the results
for the infinite cylinder. We varied the length and the surface
element density of the cylinder. The mesh density was great-
est for the regions nearest the incident beam, where the sur-
face charge density changes considerably from point to
point. For energies greater than about 8 eV, the results match
up quite closely in all cases. The curves begin to diverge at
and by taking the gradient of this at the location of surfacdower energies. The denser cylinders give much better re-
elementj we obtain sults. There does not appear to be much need to increase the

The electric field in this equation is the total Bf,; andE.
., is given in Ref. 5, Eq(13), as

~ —-2e . w
B e=——¥""Ko ;J(x—bx)2+<z—bz>2 . (AB)
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length of the cylinder above 50 nm—it is far more effective for 7w =75 eV andv consistent with a 100-keV electron, we
to increase the mesh density than to increase the length of thigd thatv/2w is 11 nm. To get good results at this energy, it
cylinder. The long cylinder with low mesh density misses theis not surprising to find that we need to include all surface
low-energy peak completely, while the short cylinder with elements within roughly 20-30 nm of the incident beam.
very high mesh density matches the low-energy shape quitand this also gives us some explanation of why a mesh that
well but predicts an amplitude which is somewhat too high.works well at high energy suddenly becomes inadequate at
With lengths greater than 50 nm and more than 20004ower energy, as surface elements further and further from
3000 surface elements, we find that we are entering a regiothe incident beam start to contribute significantly to the en-
of rapidly diminishing returns. Note that, if we haesur-  ergy loss.
face elements, our computer must set up and solvéan  When we simulate EELS for an empirically determined
XN complex matrix equation for each energy. We run intotip shape(with a final radius just under 2 nmwe find that
practical difficulties in terms of both time and computer the 5-eV peak is dominant only when the electron beam
memory whenN exceeds roughly 3000. We conclude that, passes very close to the tip, confirming our experimental
with a well-designed mesh, we can get quantitatively reliableesults. If we increase the tip radius, the 5-eV peak becomes
results down to about 4 eV, provided that we scale down théess and less dominant, and starts to be lost in the tails of the
amplitude somewhat for energies below 6 eV. surface plasmon peak at a radius of roughly 10 nm. This is
For large\j, the K Bessel functions in EqSA3) and  essentially the same result we obtained for an infinite circular
(A9) give roughly an expf 2\;) factor for the contribution of ~ cylinder. This suggests that the exact extended shape of the
surface elemeni to the energy-loss probability. This is di- specimen is less important than the surface curvature near
rectly analogous to the expQwb/v) factor that comes up in the incident beantwhere “near” means within a few mul-
Sec. VI, where in this case the impact paramétgs re- tiples ofv/2w). In other words, the interband transition peak
placed by the closest approach of the electron beam to theppears to be more of a general nanometer-scale phenom-
surface element in question. As we have pointed out earlieenon than an accident of our particular geometry.
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