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Stress mapping of micromachined polycrystalline silicon devices with components in various

levels of uniaxial tension was performed. Confocal Raman microscopy was used to form two-

dimensional maps of Raman spectral shifts, which exhibited variations on the scale of the

component and on the scale of the microstructure. Finite element analysis models enabled direct

comparison of the spatial variation in the measured shifts to that of the predicted stresses. The

experimental shifts and model stresses were found to be linearly related in the uniaxial segment,

with a proportionality constant in good agreement with calculations based on an opto-mechanical

polycrystalline averaging analysis. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4878616]

Assessing and optimizing the performance and reliability

of mechanical devices requires insight into two elements: (i)

the applied stresses produced in the components forming the

devices, driving failure, and (ii) the strengths of the materials

used to create the components, providing an upper bound to

failure resistance. For microelectromechanical systems

(MEMS), considerable work has focused on the second of

these elements, and many test structures have been developed

and demonstrated to investigate the strengths and strength

distributions of MEMS components. These include the tensile

strengths of bars,1–10 the bending strengths of straight11 and

curved12 beams, and the flexure strengths of plates.13,14 Both

polycrystalline silicon (polysilicon)1–7 and single-crystal sili-

con (SCS),8–14 materials commonly used in MEMS device

fabrication, have been studied. Less attention has focused on

the first element, not least because strain (and hence stress)

measurement methods at large scales (e.g., strain gauge) or

on thin films (e.g., wafer curvature, X-ray diffraction) are not

applicable to MEMS components. Optical digital image cor-

relation has been used on SCS MEMS tensile bars (TBs),8 but

necessitates additional sample preparation. Confocal Raman

spectroscopy methods have been more broadly used and

applied to SCS MEMS components in bending15–17 and poly-

silicon components in uniaxial tension18–20 and biaxial com-

pression,15,21,22 building on earlier work on SCS substrates

adjacent to microelectronic devices.23–27 In many of these

SCS systems, a relatively simple stress field describable by

an analytical model was assumed, and the stress inferred

from the confocal Raman data was readily compared with

predictions from the models;16,23,24 in most of these cases,

shifts in the Raman spectral peaks are related to one or two of

the elements of the stress tensor by simple multiplication. In

other SCS systems, where the stress field was more

complicated,25,27 finite element analysis (FEA) was used to

predict or interpret the Raman spectra using the complete

stress tensor.16,17,20,25–27 The SCS studies illustrate good

quantitative agreement between predictions and measure-

ments of Raman spectral shifts, sometimes confirmed by

electron diffraction-based strain measurements,26,28,29 point-

ing to the potential for confocal Raman-based methods for

measuring stresses and strains in advanced SCS devices. The

agreement and potential for polysilicon MEMS devices is

less clear: Although early studies revealed the ability to mea-

sure Raman spectral shifts as a function of location on

MEMS components15,18,21,22 and used an opto-mechanical

polycrystalline averaging analysis30 to calculate the multipli-

cative relationship between shifts and stress, there was no in-

dependent measurement or model of stress for comparison.

Later studies utilized a separate experimental determination

of the multiplicative relationship to interpret shifts as stress

for polysilicon MEMS beams, but used an off-device

method19 to determine the relationship or a SCS relation-

ship20 to compare Raman-inferred polysilicon stresses with

FEA. In this Letter, confocal Raman microscopy (CRM) is

utilized to measure stress in polysilicon tensile testing devi-

ces in a validated quantifiable manner. Components of the

devices are placed in various levels of uniaxial tension and

two-dimensional maps of Raman spectral shifts are formed,

extending the one-dimensional line scans of previous works.

FEA-based models of the devices allow for direct comparison

of the spatial variation of predicted and measured stresses,

and polycrystalline opto-mechanical analysis enables direct

comparison of the magnitude of predicted and measured

stresses.

A schematic diagram of the tensile testing device is

shown in Fig. 1(a). The device concept, along with the mod-

eling and optimization that led to the current design, are dis-

cussed in great detail in previous work.6,7 In short, the upper

end of the TB is fixed to the substrate via a support structure,

while the lower end of the TB is connected to a freestanding

crosshead with displacement gauges and the female ends of
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a prehensile gripping assembly. The lower part of the device

consists of a shuttle that connects the corresponding male

ends of the gripping assembly to a chevron-type thermal ac-

tuator (TA) with N leg pairs. A voltage V is applied across

the TA legs to engage the gripping assembly and load the

TB. As V increases, Joule-heating-induced expansion of the

legs induces shuttle motion and eventually gripper insertion.

As V decreases, cooling-induced contraction of the TA legs

results in gripper engagement and TB loading, with the mag-

nitude of the applied force dependent on N. Because the con-

stitutive behavior of a TA is inherently nonlinear, an

accurate assessment of the forces F and displacements d cre-

ated throughout the device is facilitated here with two nu-

merical models. In the first model, a coupled finite difference

analysis (FDA)-FEA approach was employed to calculate F
and d of the TA during the insertion, engagement, and load-

ing stages; the FDA portion was used to calculate the tem-

perature distribution along the TA legs, which was then

transferred to the FEA portion to calculate both the compres-

sive and tensile F exerted by the TA. Further model details

are given in a previous report.31 In the second model, the TB

was fixed on the upper end and loaded to the maximum ten-

sile TA force from the prior model on the lower end to assess

the stress parallel to the TB (x-direction) rx as a function of

N. The FEA simulations were performed under plane stress

conditions with quadratic elements and an iterative mesh

refinement based on a von Mises stress error indicator. Both

models assumed linear-elastic isotropic properties for polysi-

licon: Young’s modulus E¼ 164 GPa and Poisson’s ratio

�¼ 0.23.32

The devices were fabricated using the Sandia Ultra-

planar Multi-level MEMS Technology (SUMMiT V
TM

)

process33 as described earlier.6,7 The fabrication process con-

sisted of depositing, patterning, and etching four polysilicon

layers separated by three sacrificial silicon dioxide layers;

the TB was formed in the third polysilicon layer, resulting in

a TB width w ¼ 1.8 lm and thickness t¼ 2.25 lm. The sacri-

ficial layers were removed with a hydrofluoric acid solution

and the parts were rendered freestanding via CO2 critical

point drying. A field-emission scanning electron microscopy

(FESEM) image of a completed device is shown in Fig. 1(b),

with a magnified image of the TB fillet region shown in the

inset. The gripper assembly in each device was engaged by

applying V� 6.5 V to the TA, at which point the voltage was

decreased to V¼ 0 V and the TB was loaded, but not broken

(only devices with N from 3 to 8 were examined because the

resulting TB stresses were less than the fracture stress of the

polysilicon). The TB fillet region of each device was then

imaged via CRM at Raman shifts x ranging from 400 cm�1

to 700 cm�1, as described previously.34 Briefly,

fiber-coupled 488-nm laser light was reflected off an

inject-reject style long-pass filter and focused on a sample

surface using a 100� oil immersion lens (NA¼ 1.40). The

scattered light was collected through the lens and long-pass

filter and focused into a multimode fiber coupled to a holo-

graphic spectrograph and a liquid N2-cooled charge-coupled

device camera for analysis. The sample was mounted on a

closed-loop piezoelectric stage for scanning in ambient con-

ditions; the 10 nm stage resolution allowed for �200 nm spa-

tial resolution with oversampling. Individual spectra were

measured with �1 mW laser power and 1 s integration time

for a signal-to-noise ratio >500:1 and then fit to a

Pearson-VII lineshape function to assess the Raman spectral

peak positions xp with respect to the peak position from the

substrate spectrum. The resulting peak position maps were

taken over a (20� 20) lm2 region with (128� 128) pixels.

The maps were masked to remove the data from the substrate

region that is of no interest for this study, leaving only the

spectral data from the TB fillet region. The criterion for

defining the mask regions was based on the spatial derivative

of the spectral intensity across a row; the transition from the

sample being in focus (TB fillet region) to out-of-focus (sub-

strate) was indicated when the derivative reached a maxi-

mum. Temperature-induced changes in the spectral data

were curtailed by (1) reducing the voltage across the TA to

zero after gripper engagement and TB loading and (2) mini-

mizing the laser power.

Figure 2(a) summarizes the results from the coupled

FDA-FEA model during the insertion, engagement, and

loading stages of the TA as a function of N. In the insertion

stage, Joule-heating-induced expansion of the legs results in

shuttle motion, which can induce a compressive force in the

TA as given by the solid lines in Fig. 2(a). The compressive

F decreased nonlinearly as d increased, until ultimately

reaching zero at the maximum d. The devices were designed

with maximum d large enough to guarantee full gripper

engagement, but small enough to require V< 6.5 V, thus

ensuring temperatures below the recrystallization tempera-

ture of polysilicon (�600 �C). In the loading stage,

cooling-induced contraction of the legs results in gripper

FIG. 1. (a) Schematic diagram and (b) scanning electron microscopy image

of a micromachined tensile testing device. Joule-heating-induced expansion

of the TA legs results in shuttle motion and gripper insertion, whereas

cooling-induced contraction of the legs results in gripper engagement and

TB loading. Stress mapping of the TB fillet region in the inset of (b) was

performed for various N.

191908-2 Myers et al. Appl. Phys. Lett. 104, 191908 (2014)
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engagement, which induces a tensile force in the TB. The

maximum possible tensile force FTA for each N occurs when

the TA cools to ambient and is equivalent to the equilibrium

force between the TA and TB as calculated at the intersec-

tion of the load lines for the TA (dotted-dashed lines) and

the TB (dashed lines). As illustrated by the circles in

Fig. 2(a), FTA increased monotonically from 3.9 mN to

9.0 mN as N increased from 3 to 8; the relationship between

FTA and N was found to be slightly nonlinear due to compli-

ance in the device. As previously described, these FTA values

were then utilized in the second FEA model to determine rx

in the TB fillet region as a function of N; the resulting rx

maps for N of 8, 5, and 3 are shown in Figs. 2(b)–2(d),

respectively. In all three maps, rx was small near the fixed

end of the TB and increased to a maximum value in the

gauge section. The maximum values for rx increased from

1.0 GPa to 2.2 GPa as N increased from 3 to 8; the rx are less

than most of the reported fracture rx for these devices,7 indi-

cating that the threshold N for fracture is between 8 and 10.

As expected, the TB is in uniaxial stress in the gauge region,

with rx being the only non-zero stress component. In con-

trast, the stress state outside of the gauge region is more

complicated, as it includes additional normal and shear

components.

Figure 3(a) shows CRM measurements from two loca-

tions on a TB with N¼ 8, along with Pearson VII fits to

determine xp. In the top (blue) spectrum, xp� 520 cm�1,

which corresponds to the “stress-free” spectral peak position

for silicon. In the bottom (red) spectrum, xp has shifted to a

smaller value by �5 cm�1, consistent with a tensile stress

field. As previously described, such xp values were used to

generate maps over the TB as a function of N; the resulting

xp maps for N of 8, 5, and 3 are shown in Figs. 3(b)–3(d),

respectively. In all three maps, xp� 520 cm�1 near the fixed

end of the TB and decreased towards the gauge section of

the TB. The average xp in the gauge section decreased from

(518.7 6 0.1) cm�1 to (516.0 6 0.3) cm�1 as N increased

from 3 to 8 (experimental uncertainties are one standard

deviation of the population mean), in agreement with the

FEA results that suggest an increase in rx with N. Unlike the

FEA, however, there is variability in xp within the gauge

section, as shown in Fig. 3(b). One potential explanation for

the variability is the polysilicon grain structure. The grains

have a mixed equiaxed and columnar morphology and an

isotropic distribution of orientations, with sizes ranging from

0.1 lm to 3 lm.32,35 The variations in xp thus occurred over

length scales similar to the grain size and are likely due to

variations in the grain boundary inclination angles, triple

point locations, and crystal orientations and anisotropy.36

In Fig. 4(a), the rx results from FEA and the xp results

from CRM are plotted as a function of x along the TB center-

line for N of 8, 5, and 3. Overall, there is good agreement

between the FEA simulations and CRM experiments. In

detail, rx and xp vary as a function of x outside of the gauge

section, but are relatively constant in the gauge section

(oscillations are likely due to variability in the grain struc-

ture, as suggested earlier). The latter result is due to the uni-

axial stress state in the TB. The relationship between rx and

xp for the simple case of uniaxial tension can thus be ascer-

tained by examining the average gauge section rx as a

FIG. 2. FEA of the tensile testing device. In (a), the TA forces and displace-

ments during the insertion (1), engagement (2), and loading (3) stages are

calculated via a coupled FDA-FEA model. The resulting FTA values are

used in a subsequent FEA model of the TB fillet region to create rx maps as

a function of N; the stress maps for (b) 8, (c) 5, and (d) 3 leg pairs are

shown.

FIG. 3. CRM of the tensile testing device. Raman spectra are obtained at

(128� 128) pixels over the TB fillet region (only two shown in (a) for

clarity) and the positions of the peak intensities are found by fitting the data

to a Pearson VII function. The resulting xp values are used to create xp

maps for all N; the wavenumber maps for (b) 8, (c) 5, and (d) 3 leg pairs are

shown.

191908-3 Myers et al. Appl. Phys. Lett. 104, 191908 (2014)
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function of the average gauge section xp, as shown in Fig.

4(b). It is clear from the results that rx and xp are linearly

related. The proportionality constant characterizing the line-

arity can be calculated from the opto-mechanical polycrystal-

line averaging analysis of Anastassakis and Liarokopis.30 In

this analysis, the elements of the single-crystal phonon defor-

mation potential (pdp) tensor (linking Raman peak shifts to

strain tensor elements) are averaged to generate isotropic

polycrystalline pdp values in much the same way as elements

of the single-crystal elastic constant tensor (linking the stress

and strain tensors) are averaged to calculate isotropic poly-

crystalline elastic constants.37,38 These polycrystalline values

are then used to calculate the proportionality constant,

depending on the stress state. Using the SCS elastic constants

of McSkimin and Andreatch39 and the SCS pdp of

Anastassakis et al.,40 the calculated proportionality constant

for polysilicon in uniaxial tension is �522.5 MPa/cm�1. A

best-fit line of this slope using the intercept as the fitting pa-

rameter is shown in Fig. 4(b); the line fits the measured data

very well and results in a zero-stress peak position of

520.3 cm�1, consistent with the stress-free peak positions in

Fig. 4(a). Furthermore, if the polysilicon proportionality con-

stant of �522.5 MPa/cm�1, rather than the [110] SCS propor-

tionality constant of �434 MPa/cm�1,15,16,26,27 is used to

convert the peak-shift measurements of Beechem et al.,20

agreement with their FEA predictions is obtained. The value

of ��420 MPa/cm�1 obtained by Starman et al.19 in their

separate polysilicon bending experiments suggests significant

compliance between the sample and the strain measurement

point or significant influence of less stressed material at the

sample neutral plane.

In conclusion, confocal Raman microscopy appears as

an extremely useful tool for assessing the stress side of the

“stress-strength” considerations used to optimize polysilicon

MEMS (and other, e.g., solar cell) device performance and

reliability. In the CRM implementation, stress maps can be

generated, revealing variations in stress on the scale of the

component and on the scale of the microstructure (Fig. 3)

and thus enabling identification of strength-controlling

defects. Quantitative agreement between CRM measure-

ments, FEA models, and calculations based on independent

SCS property values (Fig. 4) implies considerable accuracy

and precision for the approach, allowing for a direct, abso-

lute comparison with strength measurements. Future work

will look to further explore the variations in the CRM maps

on the scale of the microstructure, the sensitivity of the

boundary conditions in the FEA models, and the polycrystal-

line averaging process to predict Raman shifts.
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