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Effects of electron beam induced carbon deposition on the mechanical properties of a
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Abstract

Electron beam induced deposition of amorphous carbon finds several uses in microlithography, surface micromachin-
ing, and the manufacturing of micro- and nanomechanical devices. This process also occurs unintentionally in vacuum
chambers of electron microscopes and interferes with normal image acquisition by reducing resolution and causing charg-
ing effects. In this work, we show that the resonance frequency of a micromechanical oscillator can be significantly
affected by exposing it to a focused electron beam, which induces local carbonization on the surface of the oscillator,
resulting in increase in the effective stress along the beam. This in-situ carbonization can be utilized for analyzing
the amount of residual organic contamination in vacuum chambers. In addition, the method described here allows

post-fabrication fine tuning of mechanical resonance frequencies of individual oscillating elements.
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1. Introduction

Micromechanical beam structures have long been rec-
ognized as effective detectors of chemical and biological
materials in microelectromechanical systems (MEMS) [1-
5]. The adsorption of different chemical substances changes
the surface properties and the mass distribution of me-
chanical oscillators, thus affecting their resonance frequen-
cies and other dynamical properties. In case of dilute or
mobile adsorbates [6-8] with weak or highly localized sur-
face interactions, the main contributions of the adsorption
process are changes in the total mass and its distribution
along the mechanical oscillator, and additional mechani-
cal noise. If, however, the interactions between the adsor-
bates and the surface are strong and spatially distributed,
e.g., crystallized or amorphous layers [9, 10], large organic
molecules [11, 12|, or dense molecular layers [13] are de-
posited, then, in addition, surface adsorption can affect the
internal tension, the effective Young modulus, and have a
significant impact on the energy dissipation of microme-
chanical beam sensors [5, 14-16]. A static deformation of
a micromechanical sensor due to surface coverage by ad-
sorbates has also been shown [2, 13, 17]. In this paper,
we report the effects of electron beam induced deposition
(EBID) of amorphous carbon materials on micromechani-
cal beam-string oscillators.

The interaction between an electron beam (e-beam)
and the residual organic contamination in the scanning
electron microscope (SEM) often results in an uninten-
tional buildup of carbon contamination layers [18]. These
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electrically insulating layers can cause significant degrada-
tion of the resolution and the image stability in a SEM.
However, the same process can be used constructively in
order to deposit masks and create nanoscale structures
such as micromechanical clamps [19-21]. The type of ma-
terials forming during this procedure is generally known as
amorphous hydrogenated carbon [22]. Interestingly enough,

these materials exhibit a mixture of diamond-like and graphite-

like properties. They often have high mechanical hard-
ness, relatively high Young modulus, and significant in-
ternal stresses [21-24]. In this work, we investigate the
changes in the dynamical properties of micromechanical
oscillators exposed to a focused beam of electrons inside
an SEM vacuum chamber [25].

2. Experimental setup

In the experiments, we employ micromechanical os-
cillators in the form of doubly clamped beams made of
Pdg.15Au0.85 (see Fig. 1). The dimensions of the beams
are: length 100-200 pm, width 1-1.5 pm, and thickness 0.2-
0.3 nm; the gap separating the beam and the electrode is
5-8 pm. The fabrication process is described elsewhere [26].

The oscillators are excited using capacitive force by
applying a combination of DC and AC voltage between
the beam-string and the nearby located wide electrode, as
shown in Fig. 1. Typical fundamental resonance frequen-
cies of such devices are 150-950 kHz, and quality factors
are in the range 8000 — 13000. Both these parameters de-
pend on the exact manufacturing procedure. In particular,
the resonance frequencies are dependent on the relatively
high residual tension in the beams [27]. Therefore, the
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micromechanical doubly clamped oscillators used in our
experiments are hereafter referred to as beam-strings.

The exposure of micromechanical beam-string oscilla-
tors to the electron beam and the measurements of all
mechanical properties are done in-situ by a SEM imaging
system (working pressure 10~° Torr) [26].

During the EBID stage, the SEM electron beam sweeps
across the mechanical beam in the transverse direction (see
Fig. 1) for a given period of time.

(2) Detector (b)

Stationary
electrode

Secondary
electrons

100pm

Doubly clamped

0.25pm: eam

Figure 1: A typical device consists of a suspended doubly clamped
narrow beam (length 100-125 pm, width 1 pm, and thickness 0.25 pm)
and a wide electrode. The excitation force is applied as voltage
between the beam and the electrode. (a) Experimental setup and
typical sample’s dimensions. The direction of the vibration of the
micromechanical beam is denoted by a dotted arrow. In addition, the
same dotted arrow shows the direction in which the micromechanical
beam-string is continuously scanned by the electron beam during
the EBID process. (b) SEM micrograph of a device with one wide
electrode and two narrow doubly clamped beams.

3. Results

Micromechanical beam-strings have been exposed to
the electron beam at different locations and a shift in res-
onance frequency has been measured. As can be seen from
Fig. 2, no significant difference between various exposure
locations can be detected, i.e., a shift in the resonance
frequency does not depend on the exact location of the
exposed spot on the beam-string. This fact suggests that
the main reason for resonance frequency shift is an effective
change in the internal tension in the beam-string, which
could result from a stress in the deposited material. This
possibility is further investigated in Sec. 4.

Interestingly enough, no significant change in the qual-
ity factor has been observed in our experiments.

The electron beam current magnitude and the time of
exposure are the two most important factors affecting the
resonance frequency shift. First, we measure the impact of
the e-beam current. The time of exposure is held constant.
Typical results are presented in Fig. 3. As expected, at
low currents (g 200 pA), the resonance frequency shift in-
creases with the current magnitude. However, a saturation
occurs at currents above &~ 300 pA, and further increase in
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Figure 2: (Color online) Relative resonance frequency shift vs. po-
sition of the spot on the beam-string which was exposed to electron
beam. Results from two samples are presented. Electron acceler-
ating voltage is 10kV. The beam-string length is 125pm in both
samples. Dashed lines are drawn as guides to the eye. Vertical error
bars represent one standard deviation in the measured results. (a)
Original resonance frequency was 989.75 kHz, exposure time was 40 s,
electron current was 350 pA (green circles). (b) Original resonance
frequency was 983.2 kHz, exposure time was 32s, electron current
was 50 pA (black diamonds) and 100 pA (brown squares). Note that
higher electron beam current results in larger resonance frequency
shift.

the e-beam current does not result in faster resonance fre-
quency shift. This saturation behavior can be explained
by the finite diffusion rate of precursor organic molecules
on the micromechanical beam acting as a limiting factor
for EBID [21]. This limiting factor may be supplemented
by other processes, such as e-beam aided desorption of the
EBID products, as explained below.

Next, we measure the impact that the time period of
exposure to electron beam has on the resonance frequency
shift. Notably, there exist a saturation phenomenon, which
is shown in Fig. 4. For exposure periods that are long
enough (g 60s), the resonance frequency shift is virtu-
ally independent of the actual exposure time. Several ex-
planations are possible. As additional layers of carbon
are stacked one above the other, their impact on the ef-
fective beam-string center-line tension decreases [28, 29].
The EBID method has been shown to result in amorphous
carbon materials rich in sp? bonds [20], and thus having
the internal structure resembling graphene. In analogy to
graphene layers in graphite, weak interlayer bonds prevent
a significant internal stress to exist in the bulk of the de-
posited amorphous carbon material [22].

Saturation in time is a characteristic of many adsorption-
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Figure 3: (Color online) Relative resonance frequency shift due to
exposure to electron beams with different current magnitudes. Two
samples were measured: brown squares correspond to a sample in
which the original resonance frequency was 958.3 kHz and the expo-
sure time was 20s; blue diamonds correspond to a sample in which
the original resonance frequency was 613.9 kHz and the exposure time
was 30s. Electron accelerating voltage is 10kV, and the beam-string
length in both samples is 125 pm. The micromechanical beam-strings
were exposed to the electron beam at the relative positions 0.3 and
0.7 along the beam, and the results for these two locations were av-
eraged. Dashed lines are drawn as guides to the eye. Vertical error
bars represent one standard deviation in the measured results.

desorption processes [13, 30]. We speculate that a similar
process can be present in our experiments if the bonds in
the products of EBID can be cleaved by either primary or
secondary electrons, resulting in highly volatile molecules,
which leave the EBID area promptly.

The changes in mechanical properties of the microme-
chanical resonators in our experiments are partially re-
versible. After an exposure to atmospheric air, the reso-
nance frequencies of the beam-string are restored to their
original values almost completely. This effect can be prob-
ably attributed to the oxidation of the deposited hydro-
genated carbon layer, which converts a significant portion
of this layer to volatile molecules [31-33]. Full atmospheric
air pressure is not required to achieve this recovery, pres-
sures above /= 1072 Torr suffice. However, small residual
increase in the resonance frequency due to EBID process
is permanent. This increase is about 1-5% of the total res-
onance frequency change achieved in the experiment prior
to loss of vacuum in the SEM chamber. After tens of hours
of exposure to electron radiation, interceded by multiple
periods of contact with the atmosphere, the permanent
change of frequency can reach 20-30% of the original (i.e.,
prior to any e-beam exposure) resonance frequency value.

In contrast, after the exposure to e-beam is stopped,
the achieved resonance frequency shift does not decrease
as long as relatively high vacuum conditions (pressure be-
low ~ 1074 Torr) are maintained. No measurable change
in the resonance frequency of micromechanical beam os-
cillators could be detected in our experiments even sev-
eral hours after the e-beam exposure has ended. In ad-
dition, no frequency change was observed while samples,
both previously exposed and not exposed to e-beam, were
measured using optical displacement detection scheme de-
scribed elsewhere [34], in which the e-beam is absent. There-
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Figure 4: (Color online) Relative resonance frequency shift vs. expo-
sure time. Electron accelerating voltage is 10kV, electron current is
300 pA, beam-string length is 125 pm, original resonance frequency
was 953.3kHz. The micromechanical beam-string is exposed to the
electron beam at the center. Dashed line is drawn as a guide to
the eye. Vertical error bars represent one standard deviation in the
measured results.

fore, we conclude that if the saturation phenomena de-
scribed are indeed a result of an adsorption-desorption
equilibrium, both adsorption and desorption processes must
be e-beam activated, as no significant desorption can be
observed when e-beam is turned off.

4. Discussion

Our results contradict the naive view of the local car-
bonization process solely as a lamped mass addition to the
beam-string. Such increase in local mass should result in a
decrease in the resonance frequency, which should be posi-
tion dependent (see, for example, Ref. [35] and references
therein). In contrast, in our experiments, the resonance
frequency increases and the increase rate is independent
(within experimental error margins) on the position of the
spot exposed to the e-beam.

A rough estimation of the added mass due to EBID can
be made. The typical density of EBID-produced amor-
phous hydrogenated carbon [24, 36] is 1 — 5g/cm3. For
comparison, the density of bulk gold is 19.3 g/ cm®. We es-
timate the volume of the carbon material deposited during
one experiment to be less than 1072 ym?, which results in
total deposited mass of less than 5 x 1071° g.

Next, we estimate the impact of the addition of the
mass calculated above on the resonant frequency of a typ-
ical beam-string used in the experiments. Consider the
single degree of freedom approximation in which the beam-
string is described as a lamped harmonic oscillator with an
effective mass m and a resonant frequency wg < 1/y/m. A
small additional mass Am will result in a small relative
resonant frequency change Aw/wy = —Am/2m. In our
case, the effective resonant mode mass m is of the same
order of magnitude as the total beam-string mass, which is
~ 1 x 107 g. The resultant relative shift in the resonance
frequency is estimated to be about Aw/wy ~ —107° =
—10 ppm, which is far smaller in absolute value than the

Page 3 of 5



positive changes in resonance frequencies that are experi-
mentally observed. Moreover, it is comparable to the es-
timated measurement errors in our frequency shift satura-
tion measurements [see Fig. 4]. Therefore, the dynamics
of the adsorption and desorption processes governing the
saturation effects remains elusive at this point.

A simplified model incorporating the phenomena de-
scribed in this article can be formulated if one considers the
change in internal tension in our beam-string mechanical
oscillators due to local surface deposition of an excessively
stressed thin film. The fundamental resonance frequency
of an Euler-Bernoulli beam with significant internal ten-
sion can be shown to be given by [27] w3 = w?(1 + m2a),
where w? = m2N/L?pA, a = EI/NL? N is the internal
tension, L is the length of the beam-string, p is the density
of the beam-string, A is the area of the cross section, F is
the Young modulus, and I is the cross section moment of
inertia. Consequently, for small changes in resonance fre-
quency, Aw/wyg = AN/2N, where Aw and AN are small
changes in resonance frequency and effective beam-string
tension respectively. We assume that the Young modulus
of the deposited layer is much smaller than the Young mod-
ulus of the AuPd alloy from which the micromechanical
beam is fabricated. It follows that the change in the effec-
tive internal tension of the beam, AN, is approximately
equal to the total force applied to the beam by the de-
posited carbon layer in the longitudinal direction. Assum-
ing the internal tension N in the micromechanical beam
to be of order of 200 MPa [27, 37], we estimate the surface
tension of the carbon layers grown in our experiments to be
of order of 50 — 100 mN m~!. This result is comparable to
the published values of surface tension in thin amorphous
carbon and other organic layers [2, 5, 9, 38].

5. Summary

In summary, we find that the underlying mechanism
responsible for the EBID induced frequency shift is the
enhancement in the effective tension along the beam.

After an appropriate calibration, this effect can be em-
ployed in contamination sensors in SEM vacuum cham-
bers [39]. Although this method does not make a distinc-
tion between different contamination materials, it is most
responsive to the same materials that cause carbonization
in SEM.

The phenomena described above can also be utilized to
change the resonance frequencies of micromechanical oscil-
lators, allowing sensitive tuning of these frequencies. Such
tuning can be especially useful in arrays of micromechani-
cal beams, because each beam can be tuned separately by
a local exposure to a focused beam of electrons.

In order to explain the experimental results presented
in this paper, further theoretical and experimental work is
required. It would be especially interesting to analyze the
structure and composition of the deposited materials by
chemical and physical means. Due to the highly volatile
nature of these materials, analysis in-situ SEM vacuum

chamber is in order. In addition, experimental investi-
gation of the effects presented here in smaller oscillators
with higher resonance frequencies may provide additional
insight into the practical applications of these effects.
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