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Time-dependent buckling phenomena of polysilicon micro beams
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Abstract

Time-dependent buckling phenomena of polysilicon micro beams have been demonstrated and reported. These beams arejsuspended 2
above the silicon substrate with dimensions of @0 (length)x 2 um (width) X 2 um (thickness). When a constant input current is
supplied at or above a threshold value, electro-thermally induced buckling occurs. It is observed and recorded that the beams exhibit time-
dependent elongation. Three types of time-dependent material behaviors have been identified, including pure elastic buckling, time-depen-
dent elastoplastic deformation and the combination of melting and irreversible plastic da@nb@@9 Elsevier Science Ltd. All rights
reserved.
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1. Introduction device to study the temperature- and time- dependent effects
of microstructures under high stress and high temperature.
Since the emergence of microelectromechanical systemsThe goal is to provide both theoretical and experimental
(MEMS), major attention has been focused on the develop- models on the changes of the mechanical properties at
ment of new fabrication processes and new devices. Theelevated temperature with high stress and over a prolonged
characterization of the mechanical properties of thin films period of time.
has lagged behind. Although there have been scattered
reports on the microscale investigations of Young’'s modu- .
lus [1], fatigue failure [2], residual stress [3] and grain sizes 2- Experimental setup
[4], more research in material characterizations should be
conducted. Establishing databases and standard testingz
procedures for MEMS materials is essential for the success- 1
ful operation of microsystems. Thus, progress in material
characterization is imperative.
One of the important material properties that had not been

Fig. 1 shows the microphoto of a clamped-clamped beam
00% 2 x 2 pm®) made of phosphorous-doped polysilicon.
The beam is fabricated by the MCNC Multi-User MEMS
Process (MUMPS) [11]. A residual, compressive stress of
approximately 9 MPa [12] exists after the completion of the

fully addressed previously is the time-dependent deforma- Microfabrication process. The gap between the bottom of
tion phenomenon of thin films under compressive stress. (e micro beam and the top of the silicon nitride layer is
When both high stress and temperature change are involvedﬁ'5 pm. Such micro beams of different lengths and widths
such creep-like behavior may occur and affect the reliability '2vé been designed, fabricated and tested. The test beams
of MEMS devices. Several MEMS structures that may have used in the tlme-dependent buckling study are micro beams
great chance in encountering this problem includes ther-©f 1ength 100um, width 2pm and thickness @am,

mally driven microactuators [5—7], anenometers [8], chemi- "€SPectively.

cal sensors that operate at elevated temperature [9] and Fig. 2 |IIustr§tes the experimental setup. The experimen-
micro turbines [10]. Therefore, it is important to investigate tal apparatus is composed of a Hewlett—Packard (HP) 4145

the time-dependent deformation phenomena in the micro- SéMmiconductor parameter analyzgr, a probe station and a
scale for reliable operation of these and other MEMs CCD camera. The CCD camera is connected to a work-

devices station used to monitor and capture the image of the
This paper utilizes clamped—clamped beams as the testmicro beams periodically during the experiment. Constant
current sources are applied to heat up the beams and gener-
ate thermal stresses [13]. Voltages across the beams are
* Corresponding author. Tel.: 1-734-647-6907; fax: 1-734-647-3170.  'ecorded to compute the resistance changes such that the
E-mail addressiwlin@engin.umich.edu (L. Lin) temperature changes of the beam can be derived. The heat
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(d)

Fig. 1. An optic microphoto showing a suspended polysilicon beam 100
2% 2 umd).

conduction from the substrate to the stage of the probe
station is effective and it is assumed that the temperature
of the substrate remains constant at room temperature
during the experiment.

Images captured on a CCD camera are processed using
Adobe Photoshdfi, a graphics software, in order to quan-
tify the central displacement of micro beams at various time
intervals. Images with grids are first sharpened and enlargedFig. 3. The time-dependent deformation profile of beam subjected to a
to 300% of their original sizes. The central displacements 4.55 mA constant current. (2) 0's; (b) 1 s; (c) 1 min; (d) 10 min; (e) 1 h; (f)
are then measured from the center of the beam to a pre_z h; and (g) after current is discontinued at the end of 3 h.
determined reference line. The uncertainty limit in this
measurement method is approximatel®.05um.

3. Experimental results and discussions
3.1. Elastic buckling

Fig. 3 shows the micro beam under test with a constant
current of 4.55 mA being applied. Small, horizontal central
displacement is observed immediately upon the application
of the constant current. Images captured at various time
intervals (0s, 1 s, 1 min, 10 min, 1 h and 2 h) are presented
in Fig. 3(a)—(f). After 3 h of continued testing, the current
supply is cut off and the beam reverts back to its original
shape as shown in Fig. 3(g). No sign of observable structural
deterioration or permanent plastic deformation can be
found. It can therefore be deduced that the beam buckles |

Image

HP 4145 Probe Station ]
Processing

Analyzer with CCD Camera

Fig. 4. The time-dependent deformation profile of beam subjected to a
Fig. 2. The experimental setup consists of a HP 4145 parameter analyzer, a4.775 mA constant current. (a) 0 s; (b) 1 s; (c) 1 min; (d) 10 min; (e) 1 h; (f)
probe station equipped with a CCD camera and a workstation. 2 h; and (g) after current is discontinued at the end of 2 h and 20 min.
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elastic deformation. Fig. 4(a)—(f) chronicle the time-depen-
dent aspect of beam buckling visually from 0's, 1's, 1 min,
10 min and 1 h to 2 h. After the current is disconnected at
the end of 2 h and 20 min, a permanent plastic deformation
of 3 wm is measured as shown in Fig. 4(g). The difference of
0.6 wm in central deflections immediately before and after
removing the input current indicates the release of elastic
strain energy as the current is removed.

pe——— e ree———— 3.3. Permanent plastic damage

In Fig. 5, rapid and excessive permanent damage is
rendered when the input current is set at 4.8 mA, within a
relatively short interval of 30 min. These microphotos are
taken after 1 s, 40 s, 2 min, 20 min and 30 min, respectively.
The damaged areas, represented by the dark portions shown
in Fig. 5(d)—(f), are featured prominently around the center
regions of the beam. As the highest temperature is attained
at the middle of the clamped—clamped beam from a heat
transfer standpoint, this region experiences the greatest
extent of damage. During the testing period the center
portion of the beam glows brightly, indicating that the
temperature could well be above 1000 Fig. 5(g) shows
a black-and-white picture of the glowing (buckled) region
that was taken by turning off the light of the microscope.
Localized melting and hence drastic change in material
property can therefore be expected.

Fig. 5. The time-dependent deformation profile of a beam subjected to a 3. 4. Discussions

4.8 mA constant current. (&) 0's; (b) 1 s; (c) 40 s; (d) 2 min; (e) 20 min; (f)

afte_r current is (_iiscontinued at the end of 30 min; and (g) beam glows Fig. 6 provides the detailed displacement data of time-

during the experiment. dependent elastic and elastoplastic buckling quantitatively.
When the input current is 4.55 mA (Fig. 3), the measured

in the elastic regime without sustaining observable physical central displacements quickly converge to a stable value of

damage. approximately 0.gum. The central displacement seems to

maintain at this same value for the next 3 h. After the current

ceases at the end, the displacement value dropsptm O

instantaneously. This indicates no permanent deformation

Both elastic and plastic deformation could be observed if @nd therefore the beam buckles in the elastic regime.
a current of 4.775 mA is applied through the beam. This  When the input current is set at 4.775 mA (Fig. 4), the

current is higher than 4.55 mA, which causes the purely beam deforms incrementally a_tadecreasing rat_e for the first
one and a half-hour after which, the central displacement

4 : : : : seems to slow down and saturate as recorded in Fig. 6. The
experimental data can be approximated by a logarithmic
curve as drawn. It provides a phenomenological trend for
the time-dependent deformation while the underlying physi-
1 cal mechanisms require further investigations. These
1 experimental data do suggest that the initial thermal
15 L | compressive stress, combined with as-received compressive
stress (9 MPa), activates small micro-structural imperfec-

3.2. Time-dependent, elastoplastic buckling

CentralDisplacemen{Hm)

1 . . . ;
§ . J35mA tions and causes them to move [14]. The cumulative motion
0.5 hua---ae----- A A A a - . . . . .
> ma of these micro-structural imperfections is responsible for the
0 ‘ * ! ! A elongation of the beam under these combined compressive
0 2 4 6 8 10 12

stresses. As the elongation process continues, more stress is
released. The imperfections moving through the crystal in

Fig. 6. The central displacements of the beam over prolonged application 9€neral experiences a reS|5tanC_e (or 'ntema_l stress) such that
with current levels at 4.55 and 4.775 mA. the beam deforms at a decreasing rate as time goes by. The

Time ( x 1000 seconds)
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