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A microelectromechanical load sensor for in situ electron and x-ray
microscopy tensile testing of nanostructures
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We report on the performance of a microelectromechanical sygv#sMS) designed for thén situ

electron and x-ray microscopy tensile testing of nanostructures, e.g., carbon nanotubes and
nanowires. The device consists of an actuator and a load sensor with a gap in between, across which
nanostructures can be placed, nanowelded, and mechanically tested. The load sensor is based on
differential capacitance measurements, from which its displacement history is recorded. By
determining the sensor stiffness, the load history during the testing is obtained. We calibrated the
device and examined its resolution in the context of various applications of interest. The device is
the first true MEMS in which the load is electronically measured. It is designed to be placed in
scanning and transmission electron microscopes and on x-ray synchrotron st&f5 American

Institute of Physics[DOI: 10.1063/1.1844594

Advances in nanotechnology require the development ofo the large stiffness of the thermal actuator, it works in a
experimental techniques capable of measuring mechanicdisplacement-controlled fashion. By contrast, the comb drive
properties of nanostructures, such as carbon nanotubestuator is force controlled. The thermal actuator has the
(CNT9), nanowires(NWs), and ultrathin films. While chal- capability of testing stiffer structures, e.g., nanoscale thin
lenging, a variety of experimental techniques dedicated tdilms and large diameter NWs, while the comb drive actuator
this purpose have been developed in the past decade incluid- suited for relatively compliant structures, e.g., CNTs and
ing resonance te$t bending test* and tensile test.® small diameter NWs.

Tensile testing is the most widely used technique in  The load sensor incorporated in the testing apparatus is
macro- and microscale material characterization. In the tesbased on differential capacitive sensﬁjlgl.sThe sensor dis-
ing of nanostructures, measuring load—displacement signglacement is determined by the measured capacitance
tures is a major challenge. Though ingenious experimentshange. Its stiffness is optimized to achieve maximum dis-
have been carried o@t, a major limitation to date is that placement at the specimen failure load. By knowing the sen-
both deformation and load are deduced from the microscopisor stiffness from mechanical resonance experinentise
imaging of the specimen and testing apparatus. The limitaload (force—capacitance change relationship can be ob-
tion arises from the fact that both specimen deformation andained. The key of the load sensor is to measure displacement
load sensor displacement need to be imaged. When higih terms of capacitance change with high resolution.
magnifications are employed or in x-ray setups, these two The differential capacitive sensor consists of a rigid
measurements cannot be made simultaneously. In the casesifuttle with one set of movable electrodégams and two
electron microscopy a shift of the beam between specimesets of stationary electrodéiseam$. Each movable beam is
and load sensor is required. initially equally spaced between two stationary beams. The

Here we report a microelectromechanical system
(MEMS) designed for the tensile testing of nanostructures
using an alternative approach, which is to measure the lo
electronically. This scheme leaves open the possibility of
continuousobservation of the specimen deformation and
failure at high magpnification, while independently measuring |,
the applied load. Due to its small size, the MEMS is well
suited forin situ testing of NWs, CNTs and electron trans- |
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The device consists of three parts: actuator, load sensol o_i |T| I__o h“ I | I >

and a gap for placement of nanostructures, as shown in Figs -Vo +Vo o ifE s u
1(a) and Ib). The devices were fabricated at MEMSCAP Vaense l ‘ l l oot Fom T 1
(Durham, NG using the Multi User MEMS Process } 0} Somomir _ wiace]
(MUMPs). Two types of actuators, a thermal actudtand
an electrostati¢comb drive actuatot® were designed. Due FIG. 1. (& In situ tensile testing device including thermal actuator, load

sensor, and specimefiy) device including comb drive actuator, load sensor,
and specimen(c) circuit model for the load sensofd) schematic of the

dAuthor to whom correspondence should be addressed; electronic maitlouble chip schemédevice chip and sensing IC chipsed to measure the
espinosa@northwestern.edu capacitance change.
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FIG. 2. SEM images afa) 1 V, (b) 2.5V, (c) 4 V, and(d) 5.5 V actuation
voltages. During the image scanning, the device actuation was turned ON
and OFF for 6 times. The scale bar is the same for all images.

. (b)

entire capacitance sensor is equivalent to two capacitors with
capacitances of; andC,, as shown in Fig. (t), namely,

capacitance change (fF)

A
C1:C2:C0:sNd—(l+f), (1) 0 —
0 o 1 2 3 4 5 6
wheree is the electric permittivityN the number of units of actuation voltage (V)
differential capacitorsA andd, the overlap area and initial 100 1200
gap between the movable beam and each stationary beam, y = 188.57x
respectivelyf=0.65dy/h is the fringing field correction fac- E 80+ (C) - T 1000
tor, whereh is the beam heigHt* £ 1o =
Displacement of the movable beams is equal to the de- § 60 1 z
flection of the folded beams in the transverse direction. The £ T600 5
displacement results in a capacitance chamyégiven by § 40 1 1 400 5
a
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. . . capacitance change (fF)
whereAd is the displacement of the load sensor. The fringing

effect factor is cancelled out. WheXd is within 50% of the  FIG. 4. (a) Displacements of the load sensor obtained from image analysis
initial gap, the capacitance change is approximately linearlyat different actuation voltage#h) capacitance change at different actuation
proportional to the sensor displacement. This Iarge |ineayoltages;(c) calipration of both displacement and load as a f_unction of
range is one of the advantages of differential capacitanc%'iis_grﬁfjr;"f‘pTahce't?iﬂicr?gCsht?:igﬁtol';ntg?S'?g‘:jtﬁgr}zgrd_for testing (fress
sensing over direct capacitance sensing.

There are a number of methods to measure changes in
capacitance. Figure(d) shows the schematic of the charge frequency alternate curreiac) signals are applied to each
sensing method. This method can effectively mitigate theset of the stationary beams of the load sensor, and the sens-
effect of parasitic capacitances, which generally exist in elecind output is an ac signal which measures the capacitance

trostatic  MEMS devices. Two complementary high- changeAC. This output is amplified, synchronously demodu-
lated, and low-pass filtered to give a direct curr@id) out-

2 547 2547 put signal*® In brief, change of the dc voltagé,q,sis pro-
s 5is W » 55 W portional to the capacitance change;

2.543 T 2.543 17

2.541 T o (‘a) 2.541 T (b)

599 B T 2 % 40 30 8 70 whereAV,.nseiS the change of output voltag¥, the ampli-
tude of ac voltage applied to the stationary beams,Gritie
feedback capacitdr.

A commercial integrated circuiC) based on the prin-
ciple discussed above(Universal Capacitive Readout

V,
AVgens& g‘f’Ac, (3)
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2.547 2. 547
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2.541 1 (c) 254 1 d) MS3110, Microsensors, Incwas used in the measurement.
2, 539 A—t——t——t—t—t—t 2599 ——+—+———+— The MEMS device chip was positioned very close to the
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 sensing IC chip(MS3110 in order to minimize the stray

FIG. 3. Recorded raw data of output voltade, ..at (a) 1 V, (b) 2.5 V. (¢) capacitance and electromagnetic interference. This was ac-

4V, and(d) 5.5 V actuation voltages. Horizontal axis is time and vertical COMplished by placing both chips on a custom-made printed

axis is output voltag®/qense circuit board with grounded shields on both sides.
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and then using finite element analy$isEA) with accurate

metrology. In view that for the parallel beams in the load

sensor the resonating voltage is larger thanghk-in volt-

age, the second methodology was employed. Its accuracy

MEMS device : was assessed by determining the comb-drive actuator stiff-
¥ ness using the resonance method and then by comparing this

result with the one calculated using FEA. In the resonance

method the stiffness is calculated fromd=(27f,)%(Mg

+0.3714VIb),lo where f, is the resonant frequencis and

My the masses of the shuttle and the folded beams, respec-

tively. For the comb-drive actuator shown in Figb}, we

FIG. 5. Gold NW was positioned across the gap between the actuator ania’":"aSl'lr(:"d a resonant frequency of 17.2+0.1 kHz. The corre-

the load sensor. Specimen ends were fixed by electron beam induced dep%ponding stiffness is 20.3 N/m, while the computed Stiﬁness
sition (EBID) (Refs. 5 and of platinum. based on themeasuredfolded beam geometry, using

=170 GP&’ was 20.7 N/m. This clearly shows that the
In order to calibrate the displacement obtained by caStiffness computed based on the fabricated geometry and the

pacitance measurement, an otherwise identical device witrknown value of Young's modulus is in good agreement with
out gap was fabricated on the same chip. Real time higﬁhat identified from the resonance experiment. Fqllowmg this
resolution images were employed to calibrate the capacitanddocedure, the stiffness of the load sensor designed for the
measurement€. The calibration process was done inside atesting CNTs was computed to be 11.8 N/m, which corre-
field emission SEMLeo Gemini 1525 The device was ac- SPONdS to a load resolution of 35 ffiLikewise, the stiff-
tuated at a series of stepwise increasing voltages, appligd€sSS Of the load sensor designed for testing NWs was
sequentially in six ON-OFF cycles. A high contrast feature#8.5 N/m with a load resolution of 145 nN.

on the movable shuttle was selected for capturing images at Gold NWs and amorphous CNTs have been mounted on
high magnification(x 183K. The device corresponding to the device across the gap using a nanomanipulator from
the ON—OFF actuation cycles was captured in one SEM imklocke Nanotechnik, see Fig. & situ testing of nanostruc-
age, as shown in Fig. 2. Simultaneously, the output voltag&-res is being pursued and will be reported in future publi-
VeenseWas recorded by a digital multimeter and converted toCations.

capacitance change using E®). Figure 3 shows the raw
data ofV.neeat several actuation voltagés, 2.5, 4, and 5.5
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were used to f|t.the intensity distribution fo_r the last sca.nnedlM. M. J. Treacy, T. W. Ebbesen, and J. M. Gibson, Natixandon) 381,
line corresponding to OFF(x), and for the first scanned line  g7g (1996,
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the accurate measurement of the load sensor stiffness. Thi$: Q- Davis and D. M. Freeman, Opt. Eng7, 1299(1998.
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