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Development of characterization tools for reliability testing of
MicroElectroMechanical system actuators
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ABSTRACT

Characterization tools have been developed to study the
performance characteristics and reliability of surface mi-
cromachined actuators. These tools include 1) the ability to
electrically stimulate or stress the actuator, 2) the capability
to visually inspect the devices in operation, 3) a method for
capturing operational information, and 4) a method to ex-
tract performance characteristics from the operational in-
formation.

Additionally, a novel test structure has been developed to
measure electrostatic forces developed by a comb drive ac-
tuator.
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1. INTRODUCT Y99

The microelectronics industry has long had a 1 gi suite of
tools for performing characterization, parameter extraction,
and reliability testing of integrated circuits. These tools are
supplied by a large number of various manufacturers. As
MEMS become more commercially feasible, a new set of
measurement tools is needed.

MEMS are typically classified into two types, sensors and
actuators. The characterization of MEMS sensors can be
performed with the same types of tools that are used in the
microelectronics industry. These sensors typically output an
electrical signal that is easily measured, with the input
stimulus coming from a controllable environmental condi-
tion. However, the MEMS actuator (e.g. — Sandia fabricated
microengine in Figure 1) is much more difficult to charac-
terize since it performs work based on its input stimulus.
The work that is performed, ranging from rotating a gear
transmission to popping up a mirror” 2, is not easily meas-
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Figure 1. Sandia microengine with expanded views of the comb drive (top right) and the rotating gear (bottom left) shown in

what we define at 6 = 0.

*Correspondence: Email: smithnf@sandia.gov: WWW: http://www.mdl.sandia.gov/Micromachine




with comparable velocities. The latter are about 1+ for v<<v,. Consequently, SHCI
neutralize and de-excite rapidly when they interact with solid surface. Mean charge
equilibration times of SHCI like Xe*** and Th”" in thin carbon foils have been found to
be only about 7 fs [4]. Loss of kinetic energy of ions to target electrons and nuclei is
significantly enhanced during charge equilibration [5-7]. The potential energy of SHCI,
i. e., the sum of the binding energies of the electrons removed from the ion, is dissipated
during de-excitation. This potential energy, 51 keV and 198 keV for Xe** and Th"", is
deposited initially in a nanometer scale target volume close to the surface.. The
equivalent power density in this process is ~10'* W/cm?. De-excitation of SHCI already
begins above surfaces by the resonant capture of target eléctrons and the formation of
hollow atoms. Except for grazing incident collisions, only a small fraction of the
potential energy can be dissipated before ions reach the surface, because the available
time is too short at the given rates for Auger and radiative transitions. Hollow atom
formation and decay in and above metallic and insulating targets has been investigated in
great detail in measurements of secondary electron emissioh, Auger electron and x-ray
spectroscopy [1-3]. Atomic force microscopy has been applied to the characterization of
nanometer size defects on mica surfaces [2, 8] and on self assembled monolayers [3, 9]
formed by the impact of individual SHCI. Insulators, semiconductors and thin
semimetals react to the intense, ultrafast electronic excitation imposed by SHCI with the
emission of large numbers of secondary ions and neutrals. A theory of electronic
sputtering by SHCI has to describe microscopic mechanisms for the transfer of projectile
potential energy, or electronic excitation energy, into kinetic energy of sputtered particles

[10]. Defect mediated sputtering by SHCI up to Xe*”* was demonstrated for LiF and
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SiO; [11, 12]. Sputtering by Coulomb explosibns [1, 3, 10] was found to be consistent
‘with results for uranium oxide and SHCI like Th’® [13]. A third model considers effects
of high densities of electronic excitation on the structural sta‘bility of solids. This
approach can explain the very large sputter yields found for GaAs under impact of Th™**
[14]. In the following, we will discuss some of the experimental challenges in
measurements of sputtering yields, before reviewing the resﬁlts on sputter yield
measurements in light of complembentary theories. |

The finding of secondary ion intensities in the order of 0.1 to 5 secondary ions i
detected per SHCI [15] stimulated interest in the development of SHCI based surface
analysis in a time-of-flight secondary ion mass spectrometry scheme [16-18]. The
detection of more than one secondary ion from one impact event with high enough
(>0.01) probability allows for the analysis of correlations in secondary ion emission.
Since multiple secondary ions are emitted by individual projectiles from an area of only a
few tens of nm?, coincidence analysis can deliver information on chemical structure and
composition of materials on a nanometer length scale [17]. We will present results on the

characterization of sub-micron copper lines and copper particles on SiO; by this approach

in chapter IV.

2. Experimental techniques for sputter yield measurements

Two established techniques for the measurement of sputter yields in particle solid
interactions are the microbalance and the catcher techniques. The former ﬁses an quartz
crystal to monitor the change in resonance frequency associated with the mass change of .

the irradiated surface as a function exposure time. The sensitivity of this technique has




been extended to allow for measurements of mass changes as low as 1E-3 monolayers
[1]. While this sensitivity is ifnpressive, application of the microbalance technique for
measurement of sputter yields in the order of 10 atoms removed per projectile requires a
beam current of a few nA or about 1E10 projectiles per second. Beam currents of this
order are routinely extracted from ECR éources but only' for ions with charge states below
about 30+ for xenon.

In the catcher or collector technique, sputtered particles are collected on a secondary
target for in situ or ex situ analysis after accumulation of a sufficiently high surfaqe
coverage [10, 19]. Recently, Mieékes et al, have repbned on in situ analysis of catcher
targets in studies of sputtering yields of metals by high energy heavy ions (~1 MeV/u)
[20]. Using a 1.5 MeV carbon beam they were able to detect Ti on Si at coverages in the
low 1E13 atoms/c;m2 range.

For the sputter yield measurements with SHCI from the EBIT at Lawrence Livermore
Nat‘ional Laboratory, collectors consisted of thin (50 to 150 nm) SiO; layers on silicon
substrates. In order to maximize the collection efficiency, catcher targets were placed at -
a distance of 6 mm from the sputter targets, resulting in a view factor of 0.1. Beams of
SHCI at 0.3 v, impinged on GaAs and UO, targets with an incident angle of 30°. Targets
were cleaned in situ and surface conditions were monitored by secondary ion mass
spectrometry with highly charged projectiles (HCI-SIMS) [3, 12, 13]. Beam intensities
for exfraction of SHCI from an EBIT are in the order of 1E6 Xe**/s and 1E5 Au®'/s .

At a sputtering yield of 10 atoms per projectile, surface cbverages of sputtered materials
after exposures of several days are only in the order of 1E11 atoms/cm?. These low

coverages provided excellent samples for sensitivity tests of HCI-SIMS [18].




Quantitative analysis of catcher targets was performed at the heavy ion backscatter
facility at Sandia National Laboratory [21] using beams of 100 KeV carbon ions. The -

sensitivity of HIBS for detection of heavy elements on otherwise clean silicon is in the

order of 1E9 atoms/cm?. In figure 1 we show an example of HIBS analysis of a catcher
target (150 nm SiO; on Si) with a uranium coverage of 3.3 (+/-0.3) E11 atoms/cm>.
Relative uncertainties in sputter yields determined with the collector technique are

stem from uncertainties in HIBS résults, dose uncertainties, and variations in the view
factors between measurements and range typically from +/-10-30%. One contribu'tion to
the systematic error stems from assumptions on sticking probabilitiés of secondary
particles on the catcher surface. Typical values for the latter are >0.9 [22]. Another
uncertainty lies in the assumption of a cosine angular distribution of secondary particles
in the calculation of the view factor. Analysis of catcher targets is a standard technique
for determination of actual angular distributions of secondary neutrals [19]. This
approach requires a distance between target and collector that is large compared to the
spot size of the primary beam. The increased target-collector distance corresponds to a
reduction in the achievable surface coverage. With the current beam intensity limitations
for SHCI such a reduction of surface coverage was prohibitive. Overall systematic
uncertainties for sputtering yield values determined for SHCI from EBIT with the catcher
technique are about +/-50%.

Secondary ion yields from GaAs and UO; samples were measured by time-of-flight
secondary ion mass spectrometry with SHCI as projectiles [15-18]. Briefly, SHCI are
extracted from EBIT and impinge on samples ﬁnder normal incidence for analysis in a

low resolution, high transmission instrument. Samples are biased to a few thousand volts




positive or negative bias and secondary ions are accelerated to an extraction grid and then
drift to an annular microchannelplate detector. The detection efficiency of this
arrangement is ~0.15. Time-of-flight cycles are started by secondary electrons or protons
that are emitted following the impact of individual projectiles. This single ion triggering
scheme allows for a timing resolutions of 1 ns and an efficiency of practically 100% in
negative polarity and >80% in positive polarity for SHCI like Xe**. Conventional TOF-
SIMS instruments use electronic starts derived from the pulsing of a compressed ion
pulse and can achieve the nanosecond timing resolution needed for competitive mass
resolution [23]. This approach is impractical for SHCI at the currently available beam
intensities. For catcher analysis, secondary ions were extracted into a reflectron type

time-of-flight spectrometer with a mass resolution, m/Am, of about 1000 at m=28 u [18].

3. Sputter yields: Results and discussion

Results from sputter yield measurements for Csl [10], LiF [11, 12], SiO; [12], GaAs
[12, 14, 24] and UO; [13] are shown in Fig. 2 as a function of potential energy of SHCI
[31.

The model of defect mediated desorption can explain sputter yields of several
hundred target atoms per projectile with the formation and successive decay of electronic
defects su‘ch as self trapped excitons and self trapped holes in aikali halides and SiO; [11,
12]. The study by Weathers et al. also showed how efficient electronic excitation energy

is transferred to kinetic energy of sputtered particles in materials were such electronic

defects can form [10]. Here, yields were dominated by electronic energy loss of 60 KeV




Ar ions and the increase as a function of projectile charge from q=4+ to g=11+ was small
on the background of this offset. -

Results for GaAs are most controversial. The absence of yield increases for very
slow Ar" up to 8+ is consistent with the defect mediated sputtering model since the latter
can not be formed in GaAs [12]. On the con@aw, the finding of increasing ablation rates
for Ar*" up to 9+ was interpreted in terms of a phenomenological Coulomb explosion
model by Mochiji et al. [24]. Results from experiments with highly charged xenon and
thorium ions showed a dramatic increase of sputtering yields to a value of 1410 +/7210
atoms/Th’®" [14]. Measurements of secondary ion yields allowed for a determination of
the ionization probabilities of secondary ions, and, contrary to expectations from a simple
Coulomb explosion model, the ionization probability was found to decrease for very high
charge states. The high sputtering yields for GaAs can be understood when considering
the structural staBility of covalent solids under condition of intense, ultrafast electronic
excitation induced by de-exciting SHCI [3, 14]. This approach was developed for the
description of femtosecond melting of Si and GaAs where high densities (>1E22 cm™) of
electronic excitations were induced by femto second lasers [25].

For UQ,, total yields were also found to increase as a function of potential energy of
SHCI, but secondary ion yields were found to increase stronger, resulting in an increase
of the ionization probability of positive secondary ions by about an Qrder of magnitude to
a value of 5-7% [13]. Also, spectra of positive secondafy ions showed series of uranium
oxide clusters, which could be detected up to (UO,);". Relatively high ionization'

probabilities and significant cluster ion emission are consistent with a coulomb explosion




model. However, contribﬁtions ﬁom defect formation ahd effects of high excitation
densities could also contribute.

Very high secondary ion yields and cluster ion emission has also been observed for
SiO; targets [15, 16]. For this material all three of the above processes are likely to
contribute to sputtering by SHCI [26]. Detailed experimental and theoretical [27] studies
are necessary to differentiate contributions from competing mechanisms as a function of

excitation intensity.

4. Applications of HCI-SIMS

The potential of SHCI like Xe*** for applications in surface analysis lies in the
fact that these ions produce up to three orders of magnitude more secondary ions than’
singly charged projectiles [9, 13-15].

In HCI-SIMS, each time-of-flight cycle is started by the impact of an individual -
projectile. Time-of flight secondary ion mass spectrometry (TOF-SIMS) spectra can be
taken both in histogram mode or in list mode. In the former, TOF-cycles from
consecutive projectiles are simply summed up to form a spectrum. Typically,
accumulation of cycles from impact of a few million projectiles yields sufficient statistics
and accumulation times are about 10 fnin. In list mode, time-of-flight cycles (i. e., the
start trigger and associated stops from secondary ions) from each projectile are stored
separately. Then,- conditions on the presence of selected mass peaks are selected when
TOF-cycles are summed up. The resulting coincidence spectra show correlations

between selected secondary ions or molecular ions that were detected. Each projectile

forms secondary ions from a surface area with an estimated size of only a few tens of




nanometers, and the correlations therefore contain considerable information about local
composition. The probability for the detection of n secondary ions following the impact -

of a one Xe**" projectile is shown in Fig. 3. Targets were a bulk copper sample with a

native oxide layer and a test wafer with 800 nm wide copper interconnect lines imbedded
in a 25 nm TaO diffusion barrier layér in Sidz [28]. HCI-SIMS data were taken with the
reflectron type analyzer énd were accumulated for SE6 projectiles. At the given
transmission of the reﬂectron, the probability for detection of two secondary ions is about
10%. Upto eleyén secondafy ions have been detected from one individual sputte;ing
event. Detection of more than one secondary ion with such high probability makes the
analysis of correlation effects between secondary ions practical.

The correlation coefficient, C(A, B), gives a measure for the probability to detect

a secondary ion B in coincidence with ion A [17, 29, 30]:

_ P(AB)
CA B =5 pE)

Here, P(A) and P(B) are the probabilities for the detection of secondary ions A and B
independently in all impact events. P(A, B) is the probability for detection of A and B in
the same impact event. For C(A, B) >1, it is more likely to detect A when B is also “
present. An example of correlation coefficients is given in Fig. 4 a) for secondary ions
from the copper interconnect sample. The probability to detect a ©Cu” is increased when
$Cu* was also detected in the impact event. **Cu*and ®*Cu" are both emitted when a
highly charged ions probes an area on one of the copper lines. On the contrary, C(A, B)
<1 indicates an anti-correlation between, e. g emission of 2Si* and ®*Cu* or ®Cu,".
Here, it is very unlikely to detect both a copper and a silicon ion from the same impact

event. This anti-correlation is characteristic for well separated structures of different




chemical composition. Statistical uncertainties in values of correlation coefficients are
typically smaller than +/-20% (not shown).

Detection of TaO" ions from the Ta barrier layer is, at the given level of statistical
uncertainly, weakly anti-correlated to both silicon and copper ions. This is expected for a
well separated, intact barrier layer and also demonstrates that highly charged ions do
indeed probe surface features on a length scale of a few tens of nm.

In contrast, copper ions emitted from the bulk copper sample show no significant
correlations (Fig 4b)._

In another example of coincidence analysis the sample was a SiO, wafer which
had been coated with a solution of CuSQO4. The surface coverage of the copper oxide was
about 0.03 monolayers. Fig. 5 shows correlation coefficients with very strong
correlations between copper and copper oxide molecular ions. These correlations
indicating the presence of well separated copper oxide and silicon dioxide areas on the
surface and would not be expected for a blanket deposit of evenly separated copper oxide
molecules. The latter is energetically unfavorable and the formation of islands has been
studied extensively in the context of the early stages of thin film growth. Fig. 6 shows a
section of an HCI-SIMS spectrum with positive secondary ions emitted from the
CuS04/8iO; sample. The detection of copper oxide clusters is consisfent with the
presence of copper éxide islands or particles on the surface. Comparison of our results

with results from direct imaging techniques [31] is subject of ongoing studies.

S. Summary

10




Electronic sputtering in the interaction of slow, highly charged ions with

insulators and semiconductors .......
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Figure captions:

Figure 1.: Heavy ion backscattering spectrum from of a U-SiO; (150 nm on Si) catcher -
target (solid) and an unexposed witness target (dashed). Projectiles were carbon at 120 .

keV. The incident charge was 10 uC. The uranium coverage was 3.3 (+/-0.3) E11

atoms/cm?.

Figure 2: Total sputtering yields for Csl, solid squares, [10]; LiF, open circles, [11, 12];
SiO,, solid triangles, [12]; GaAs, solid circles, [12], open diamonds [24], solid diamonds
[14]; and UO; [13] vs. potential energy of projectile. Kinetic energies of projectiles were

constant within each data set but varied in measurements by different groups.

Figure 3: Probability, P(n) for the detection of n secondary ions following the impact of

one Xe**" ion on a SiO; sample with 800 nm wide Cu interconnects.

Figure 4: a) Correlation coefficients from coincidence analysis of secondary ions from a

Cu-interconnect sample and b) from a bulk copper target.

Figure 5: Correlation coefficients from coincidence analysis of a CuSO4/SiO; sample

with a copper oxide coverage of 0.03 monolayers.

Figure 6: TOF-SIMS spectrum from the CuSO4/SiO; sample with copper oxide and SiO,

cluster ions. Projectiles were Xe*** with a kinetic energy of 557 keV.
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