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Abstract

Designing reliable MEMS structures presents numerous challenges. Polycrystalline
silicon fractures in a brittle manner with considerable variability in measured strength.
Furthermore, it is not clear how to use a measured tensile strength distribution to predict
the strength of a complex MEMS structure. To address such issues, two recently
developed high throughput MEMS tensile test techniques have been used to measure
strength distribution tails. The measured tensile strength distributions enable the
definition of a threshold strength as well as an inferred maximum flaw size. The nature of
strength-controlling flaws has been identified and sources of the observed variation in
strength investigated. A double edge-notched specimen geometry was also tested to study
the effect of a severe, micron-scale stress concentration on the measured strength
distribution. Strength-based, Weibull-based, and fracture mechanics-based failure
analyses were performed and compared with the experimental results.


http://info.sandia.gov/materials/science/1831/Multiscale-Metal-ST.html

Acknowledgements

This work was supported by the Laboratory Directed Research and Development
program at Sandia National Laboratories. Sandia is a multiprogram laboratory operated
by Sandia Corporation, a Lockheed Martin Company, for the United States Department
of Energy’s National Nuclear Security Administration under Contract DE-ACO04-

94 AL85000.



Table of Contents

L. INEFOAUCTION ...ttt sttt et e e es 9
2. Experiments MEthOd .........ccoiiiiiiiiiiiiiiiiieniie et e 9
3. Tensile teSt data.......coouuiiiiiiieeiieieeee ettt 10
3.1 Slack-chain RS733 and RS784 Poly3 tensile tests ......c.ccceeevieeriieeniieenieenns 10
3.2 On-Chip RS784 Poly3 tensile testS......ueeruiiiriieiriieeriieeieeeieeeee e 12
3.3 Flaw type and depth........cc.oooviiiiiiiiiiiieeiieee ettt 12
3.4 Comparison of results from On-Chip and Slack-Chain methods .................. 14
4. Other potential sources of variability in tensile strength ...........cccccoeiiiiiiinninne. 14
4.1 LAne WIATh ..coiiiiiie e 15
4.2 Stress inhomogeneity within a polycrystal ........cccceevviiiniiiiniieiniieiee e, 15
4.3 Fracture tOUZNNESS .....cceveuviiiiiiiiiieeeiiieeeeeiitee et e e et e e e sttt e e e s iaaeeeseaneeeeenas 17
5. Fracture analysis of sidewalls as imaged by AFM ........ccocociiiiiiiiiiinniiiiicciecee, 18
5.1 Analysis of €dge flaWs ........coiiiiiiiiiiiii e 18
5.2 Predicted tensile strength of Poly3 and Poly4 sidewalls ..........ccccoovverennennn. 19
6. Fracture analysis of specimens with stress CONCeNntrations...........cceeeeveeerveeeruveennnen. 20
6.1 Strength-base failure analysis .........cooccveeiiiiiiiiiiniiiieeceee 20
6.2 Weibull failure analysis .........cccoviieiiiiiiiiiiiieeeeeceeeeeeeee e 21
6.3 Fracture mechanics flaw tolerance analysis..........cccoceeeriiiieniiiiniieennieeneen. 21
T SUITIMIATY ..eeivieeitieeitteeitee ettt e et e e st e e sabeeesabeesateesaateesasteeensaeesnsaeensbaeennsaeensseesnsseennses 23
8. RETETEICES .....eeueiieiieite ettt ettt et be et s 24
0. TADIES ettt et ettt et e e 26
TO. FLQUIES....ceuiiieiiieeette ettt ettt ettt e et e e st e e sab e e e sabeessbeesbbeeenaneens 27
11. Appendix A: Fractographic evidence of crack origins .........cccoecveevcieeerieennveennnenn. 40
12. Appendix B: Details on linewidth measurements............ccceevveeerureeniueeesieeenveeennnennn 43
13. Appendix C: Effective in-plane elastic properties for a polycrystal with columnar
grains that have one crystal axis aligned with the long axis.........cceceeveerviieieennennne. 51
14. Appendix D: Investigation of intra and inter granular stress distribution in

SUMMIT V polysilicon using electron back scatter diffraction and confocal

Raman microscopy — Feasibility Study ........cccccceeriiiiniiiiniiiiiiiiiiieiececeeeceen 55



List of Figures

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1. On-chip tensile tester, a) schematic and b) SEM of tester. ..........ccceceeevveennnen. 27

2. Slack-chain tensile tester, a) schematic and b) SEM of portion of one

3. Empicial CDF of the strength of RS733 and RS784 tensile bars

measured using the slack-chain method. ..........c.c.coooiiiiiiiiiii 28
4. Slack-chain RS733-RS784 tensile strength data plotted along with 2-
parameter Weibull fit (95% CI ShOWN).......covcuiiiiiiiiiiiiieiieecee e 28
5. Slack-chain RS733-RS784 tensile strength data plotted along with 3-
parameter Weibull fit (95% CI ShOWN).......coocuiiiriiiiiiiiiiiiice e 29
6. Empirical CDF of the strength of RS733-P4 Poly4 tensile bars compared
with that of RS733-RS784 Poly3 tensile bars. .........ccooeeviiiiiiniiiiiiiiieiccee 29

7. Empirical CDF of the strength RS784-OC tensile bars measured using
the on-Chip MEthOd. .....ccccuiiiiiiiiiii e s 30
8. On-chip RS784-0OC tensile strength data plotted along with 2-parameter
Weibull fit (95% CI SHOWN)......ccooiuiiiiieiiiieceee e e e 30
9. On-chip RS784-0OC tensile strength data plotted along with 3-parameter
Weibull fit (95% CI SHOWIN)...cooooiiiiiiiiieiee et e e e e 31
10. Surface depth of a Poly3 sidewall relative to a least-squares reference
plane as determined by a fit of raw AFM data. (2.5 pm by 5.0 um region)............ 31
11. Plot of curvature determined from the AFM image shown in Fig. 10.
Surface minima of substantial depth d > 15 nm and curvature « > 0.075 nm”’
lie along the grain bOUNAATIES. .......cceuiieriiiieeiieeriee et 32
12. Comparison of RS784-OC (L=70um) empirical CDF with RS784 (L=20
pm) empirical CDF as well as estimated CDF of RS784 for L=70 um. ................. 32
13. Asymptotic problem for a sharp V-notch between two silicon crystals
With Orientations Ya AN Jh. ..ceoveeeriieiiiieeiiieeee ettt s 33
14. Idealized problem of an edge V-notch in a tensile bar where the two
silicon crystals in the immediate vicinity of the v-notch are modeled

EXPLICTELY . ettt et ettt e s s 33



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

15. Predicted tensile strength a) as a function of depth and root radius and

(b) tensile strength normalized by LEFM solution for a crack of the same

depth as a function of root radius (Gpuy = E/10, 8 = 1.5).. ceeoiieiiiieiieeiieeieee

16. Surface depths (in nm) of nominally 2.5 pm x 5.0 pm regions of the
Poly3 sidewall along with predicted local strengths (in GPa) for d>15 nm
and p<13 nm. The predicted strengths of D5, E6, D10, and E10 are 2.8 GPa,

2.8 GPa, 2.9 GPa and 2.5 GPa, respectively......cccccecveeriieeriieeieeeieeeieeeiee e

17. Surface depths (in nm) of nominally 2.5 pum x 5.0 um regions of the
Poly4 sidewall along with predicted local strengths (in GPa) for d>15 nm
and p<13 nm. The predicted strengths of D5, E6, D10, and E10 are 3.4 GPa,

3.2 GPa, 3.6 GPa and 3.0 GPa, respectively........ccooceeeiiiiiiiiiniiiiiicenieeeceee

18. Finite element mesh showing geometry of the Double Edge Notched
(DEN) RS733 specimen that was tested and analyzed (shows one-quarter of

specimen; symmetric about bottom and right-hand side edges)...........c.ccceuveeneee.

19. Empirical CDF of RS733 DEN specimen compared with prediction

based on the notch-tip stress equaling a critical tensile value. ............ccoecveevneeenn.

20. Empirical CDF of RS733 DEN specimen compared with that of a 3-

parameter Weibull failure analysis prediction. ..........ccueeeeveeeciieeeiieeniee e

21. Histogram of effective critical flaw depths inferred from RS733-784

tensile strength data. ......oceeeviiiiiiien e

22. K-calibration for the DEN specimen shown in Fig. 18. .........ccccooviiiiinnnee.

List of Tables

Table 1. Three-parameter Weibull fit parameters m, o,

,» and o along with their

95% confidence intervals (CI); n denotes the number of specimens tested. ........

.37

.38

.38
.39

.26






1. Introduction

Although micron-scale polycrystalline silicon (polySi) tensile bars can have average
strengths of upwards of 3 GPa, they are extremely brittle. Like all brittle materials, the
fracture strength is highly variable due to the inhomogeneity of critical flaws or defects.
The strength of nominally identical polySi samples can vary by 50% [1]. Furthermore,
the strength of a sample containing a micron-scale stress concentration depends on the
size of the highly stressed region [2]. The material’s brittleness suggests the use of a
Weibull failure analysis. This type of failure analysis has often been applied with good
success to brittle materials such as ceramics [3-4]. However, attempts to apply a Weibull
failure analysis to micron-scale MEMS structures have shown such an approach to be
inadequate [5-6]. An implicit assumption in a Weibull failure analysis is that a
representative population of flaws is contained within a region that is small compared to
specimen dimensions and stress gradients. This assumption is almost certainly not true
for micron-scale stress concentrations in polySi MEMS structures. For example, samples
fabricated using Sandia’s SUMMIT V™ microfabrication process can have side-wall
flaws that are up to 90-nm deep [1] while the stress generated by a one micron stress
concentrating feature would be expected to vary significantly over a distance that is 10%
of the feature size.

Micron-scale tests that accurately measure the polySi strength distribution can provide
crucial information defining brittle failure in MEMS structures. The lower tail of the
strength distribution is of particular interest since this lower tail represents worst case
failures. Such statistical data provides key information that can be used in developing a
design methodology to avoid structural failure. Unfortunately, there is limited
information on strength distribution tails as difficulties in testing micron-scale structures
have limited testing to 10’s of nominally identical tensile bars [1-2, 5-10]. Fortunately,
the recent development of high throughput testing techniques has now enabled the testing
of many 100’s or even 1000’s of nominally identical, micron-scale polySi tensile bars. In
this paper we will report test results that define for the first time the character of the
lower tail of the tensile strength distribution. These results, coupled with an examination
of the factors that can generate variations in the measured strength, are used to develop a
predictive, fracture mechanics-based failure analysis.

2. Experimental method

Two high throughput methods have been recently developed to test micron-scale, polySi
tensile bars. The “on-chip” method developed by Hazra, et al. [11], uses an on-chip
chevron thermal actuator to apply stress to an integral tensile specimen via a prehensile
grip mechanism (Fig. 1). A free-standing tensile bar is connected to the substrate at one
end and to a free-standing block with the female end of a prehensile grip mechanism at
the other end. A thermal actuator that is attached to a shuttle that contains the male end of
the grip mechanism is initially offset from the female end of the grip mechanism. During
the insertion stage, an increasing potential difference applied across the legs of the
thermal actuator generates an axial motion that pushes the male grippers forward. With



sufficient displacement, the male and female portions of the grip become fully latched
and thus connect the tensile specimen to the thermal actuator. Upon cooling the thermal
actuator by reducing the voltage, a monotonic normal tensile stress is applied as the
thermal actuator pulls the specimen back until the specimen fractures. The tensile bar’s
end displacement is optically monitored at a gage located at the base of the tensile bar to
~2 nm resolution using pattern-matching and Moiré interferometric algorithms. The
tensile specimens tested using the on-chip method were 2-pum wide and had a 70-um
gage length. Breaking stress is calculated from the measured end displacement by using a
linear elastic finite element specimen calibration in conjunction with the nominal polySi
modulus. See Ref. [11] for further details.

The “slack-chain” approach developed by Boyce [12], uses a custom built probe station
to apply an external load to a chain of specimens (Fig. 2). This approach represents an
extension to the earlier “pull-tab” method [1]. Here a chain of either 12 or 25 tensile
specimens are tested sequentially without having to reposition the probe tip. The chain
is designed so that each specimen fails independently; once a specimen fails additional
displacement is required to take up slack in the chain of specimens before applying load
to the next specimen. Load is measured during the test and stress is calculated using
cross-sectional area. The tensile specimens tested using the slack-chain method had a
nominal 2-um width (actual as-fabricated width deviated somewhat from this value as
discussed in detail later) and a 20-um gage length. See Ref. [12] for further details. Most
of the fracture data discussed in this paper was measured using the slack-chain method.

3. Tensile test data

All specimens tested in this study were fabricated using Sandia’s SUMMIT V™ polySi
microfabrication process [13]. The SUMMIT V™ process consists of four freestanding
polySi layers. The present study is focused primarily on tensile bars fabricated from the
third freestanding structural layer (“Poly3”), although for sake of comparison one set of
tests were run on tensile bars from the fourth freestanding layer (Poly4). All samples
were released in HF acid and rendered free-standing by critical point drying.
Subsequently, most samples were coated by a molecular monolayer in a vapor-phase
process (VSAM coating). The tested samples were fabricated in two different fabrication
runs, and will be referred to by the reticule set with which they were processed, RS733
and RS784.

3.1 Slack-chain RS733 and RS784 Poly3 tensile tests

The slack-chain test method was used to test 616 tensile bars from RS733 and 671 tensile
bars from RS784. The line width used in the calculation of tensile strength from the
measured breaking force was based on the average line width of ~70 specimens from the
same reticle set, where dimensions were determined from scanning electron microscope
(SEM) images. RS733 had an average line width of 1.74 um, while RS784 had an
average line width of 1.88 pum. Both had a thickness of 2.33 um based on parametric
monitoring data. All of the RS733 samples and roughly half of the RS784 samples had a
VSAM surface coating. Strength is treated as a random variable and Fig. 3 plots the
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empirical cumulative distribution function (CDF) of the strength of RS733 and RS784
tensile bars. The plotted empirical CDFs for these two large datasets sets appear to be
quite similar, and indeed a two-sample Kolmogorov-Smirnov test [14] indicates that the
null hypothesis that measured RS733 and RS784 tensile strengths are from the same
population cannot be rejected at the 5% significance level. This shows that the measured
strength distribution is quite similar for two different processing runs and also suggests
consistency in the slack-chain test method. Because of the statistical homogeneity of the
RS733 and RS784 tensile test distributions, it is reasonable to create a composite, 1287
tensile strength data set (RS733-RS784). The measured tensile strengths ranged from 2.0
to 3.2 GPa.

The empirical CDF of the RS733-RS784 tensile strength data set is plotted, along with
two and three parameter Weibull distribution fits, in Figs. 4 and 5, respectively. Note that
the x- and y-axes have been scaled so that the Weibull CDF appears as a straight line.
The 3-parameter Weibull strength distribution is defined by the expression

P l—expl—[o_o_a“j ] (1)
7

where P x 100 is the percent of failed tensile samples, o is measured strength, m is the
Weibull modulus, oy + o, 1s the characteristic strength, and o, is the threshold strength.
The 2-parameter Weibull distribution is a special case of Eq. (1) obtained by setting o; =
0. A 3-parameter Weibull fit of RS733-RS784 is preferred to a 2-parameter fit based on
p-value goodness-of-fit metrics (2-parameter: p<0.010; 3-parameter fit: p=0.089). A
comparison of Figs. 4 and 5 clearly shows that the 3-parameter Weibull distribution fits
the lower tail of the data better than a 2-parameter Weibull distribution. The measured
RS733-RS784 tensile strength data set is consistent with the 95% confidence intervals for
the 3-parameter fit (Fig. 5), while it falls well outside the 95% confidence interval on the
2-parameter Weibull fit (Fig. 4). Minitab 15 was used to perform the statistical analysis
using a maximum likelihood estimate for fit parameters.

Table 1 lists the values of the 3-parameter Weibull fit parameters m, o, , and o, along

with their 95% confidence intervals (CI). Also shown are parameter values for individual
fits of RS733 and RS784 so these can be contrasted with the composite fit of RS733-784.
As expected, the parameters for all three fits are in reasonable agreement. Finally, note
that the existence of a strength threshold is consistent with a another recently published,
1000-specimen tensile strength data set (RS686) [12]. This data was measured using an
earlier version of the slack-chain design; the data presented in the current study uses a
slightly modified version that improves reproducibility and minimizes systematic errors
such as induced by frictional effects. The measured mean strengths of the three reticle
sets RS686, RS733, and RS784 are quite similar: 2.56, 2.70, and 2.70 GPa, respectively.
The threshold strength and Weibull modulii were also comparable within the 95%
confidence bound (Table 1).

It has been previously reported that the tensile strength of the Poly4 layer is significantly
higher than that of the Poly3 layer [1]. This has been confirmed by the present study. A
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set of 591 Poly4 tensile bars from RS733 were tested (RS733-P4). These specimens
were 2.35 um thick, and had an average line width of 1.41 um (based on parametric
monitoring data and on ~70 SEM images, respectively). Figure 6 compares the empirical
CDF of the strength of Poly4 tensile bars with that of RS733-RS784 Poly3 tensile bars.
The mean tensile strength of RS733-P4 was 3.72 GPa; 38% then the mean tensile
strength of RS733-RS784 Poly3 tensile bars. Weibull fit parameters for RS733 Poly4
strength data are listed in Table 1.

3.2 On-Chip RS784 Poly3 tensile tests

The on-chip test method was used to measure the strength of 231 tensile bars from RS784
(referred to as RS784-OC). Figure 7 plots the empirical CDF of the measured strengths.
The measured tensile strengths ranged from 2.2 to 3.0 GPa with a mean strength of 2.5
GPa. As was the case for the slack-chain tensile data, a 3-parameter Weibull fit of
RS784-0OC is preferred to a 2-parameter fit based on p-value goodness-of-fit metrics (2-
parameter: p<0.010; 3-parameter fit: p=0.122).This tensile data set is plotted, along with
2- and 3-parameter Weibull distribution fits, in Figs. 8 and 9, respectively. The measured
RS784-0C tensile strength data set is clearly more consistent with the 3-parameter
Weibull fit. Table 1 lists the values of the 3-parameter Weibull fit parameters along with
their 95% confidence intervals. Note that the on-chip method is in a relatively early stage
of its development. Although test results for only a couple of hundred tensile specimens
are reported here, 1000-specimen tensile strength data sets could be measured if an
automated probe station were used.

3.3 Flaw type and depth

To quantify the location and nature of the critical defects that cause fracture in SUMMIiT
V™ polySi, SEM images of the fracture surface were collected for several hundred
broken tensile bars. In many cases, hackle lines could be seen emanating away from the
apparent crack origin, and in some cases a flat mirror-like facet could be identified at the
apparent crack origin. These features allowed determination of the failure location of
over 200 tensile bars. The fratogrpahic analysis, summarized in Appendix A, indicated
that fracture initiated only along the sidewalls, with a clear preference for origins at
bottom corners (the corners nearest to the substrate). No failures initiated in the middle of
the top or bottom surfaces, nor did any failures initiate within the interior of the
specimen. Consequently, strength-controlling flaws were limited to the sidewall. This
observation is consistent with previously published tensile strength results of Chasiotis
and Knauss [2]. They tested four specimen geometries fabricated using the SUMMIT V
™ process, two with a common width and two with a common length. They found that
tensile strength scaled with specimen length rather than specimen width. This suggests
that strength-controlling flaws are associated with the sidewall area, and not with total
surface area or specimen volume. The location of the controlling defect is certainly
dependent on the fabrication process: for example the MUMPs polySi process is typically
associated with critical flaws on the top surface of the sample rather than the sidewalls

[2].
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AFM imaging was used to investigate the nature of pre-existing sidewall flaws. The
AFM measurements were made with a Dimension Icon from Veeco Instruments using the
instrument’s “Peak Force Tapping” mode (Nanoscope 8.10 software), which controls the
applied tip force to minimize tip wear and provide calibrated topographical information.
To resolve sharp features line scans were taken with ~1.5 nm data point increments using
Veeco’s ScanAsyst Air AFM tips with a nominal 3-4 nm radius. Surface depth is defined
relative to a mean reference surface (a 2™-order plane with knots every 2.5 pm
determined via a least squares fit of the raw AFM data). Local surface depth and
curvature was determined by fitting a 6" order spline to each scan line with knots placed
every 5 nm (~3 points). A local minimum in depth x,,;, corresponds to the tip of a flaw.
Given the spline representation f{x), the radius of curvature pmin at X, 1S given by

)=t “

while the curvature ki, = 1/pmin. This fitting procedure enables the description of every
flaw in the AFM image in terms of its depth and root radius (i.e., radius of curvature).

Figure 10 shows a representative plot of Poly3 sidewall surface depth as determined from
a fit of the raw AFM data. A 2.5 pm by 5.0 pum portion of the sidewall was scanned (Y =0
corresponds to the edge of the scan that is closest to the bottom of the Poly3 layer).
Micron-wide low spots appear as vertical bands (sidewall curtains) and contained within
these regions are narrow grain boundary grooves that can be up to 45 nm deep. These
grain boundary grooves are roughly V-shaped and are most likely generated by
preferential etching of sidewall grain boundaries. Figure 11 plots curvature x at points
where there is a local minimum in the depth (i.e., tip of a flaw) for the same Poly3
sidewall as shown in Fig. 10. Figures 10 and 11 show that surface minima of substantial
depth d > 15 nm and curvature ¥ > 0.075 1/nm lie along the grain boundaries. Root radii
that are as small as that which can be measured with a 3-4 nm radius AFM tip were found
at some locations. Some grain boundary grooves appear to be almost crack-like since
they can be both relatively deep and sharp.

AFM images permit a broad assessment of the type of sidewall flaws present.
Unfortunately, the entire sidewall of each specimen cannot be scanned prior to testing.
Consequently, the relatively rare but strength-controlling sidewall flaws in a tensile bar
cannot be identified using this method. The complex topography of the grain boundary
and associated edge flaws do suggest that different specimens will have different flaw
populations and that there will be a range of strength-controlling flaw depths. The
present methodology does provide detailed information on flaw depth and root radius that
goes well beyond typical roughness metrics (average, root mean squared, skewness, etc.).
Indeed this information enables a fracture analysis that is applied to actual AFM-images
(Section 5).
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3.4 Comparison of results from On-Chip and Slack-Chain methods

One cannot directly compare the tensile strength distributions measured by slack-chain
and on-chip methods because the gage length L of the specimen used in each method
differed. The slack-chain’s specimen gage length is 20 um, while the on-chip’s specimen
gage length is 70 um. Within the 2-parameter Weibull framework (which does not fit the
lower tail as well as the 3-parameter fit, but can be considered a rough approximation),
the strength of a uniformly stressed tensile bar varies with sidewall area A =2Lh (h is

specimen thickness) as
1/m
% _ [ﬁ} 3)
0, A,

where ¢; is the tensile strength for a specimen with sidewall area A;, m is the 2-parameter
Weibull modulus, and where both strength values are for the same percent of failures [4].
The 2-parameter Weibull fit of the RS784 tensile data set yields m =16.8, while a fit of
the RS784-0C tensile data set yields m=16.1. Using an average m value of 16.5, Figure
12 shows that scaling RS784’s empirical CDF (L=20 um) by the factor (20/70)"'°°=0.93
(to estimate its empirical CDF for L=70 pm) brings it into good agreement with RS784-
OC CDF (L=70 pm).

Beyond consistency in strengths, both test methods also indicate that there exists a
threshold strength below which failure does not occur. This is true even though two very
different test methods were employed (slack-chain and on-chip) and even though the
tested specimens were processed during three different SUMMIT V™ fabrication runs
(RS733 and RS784, along with previously published data on RS686 [12]). This is an
important finding since it implies that there is a maximum controlling flaw size
associated with the SUMMIT V™ fabrication process.

4. Other Potential Sources of Variability in Tensile Strength

The fractography analysis clearly shows that tensile failure in polySi is associated with
sidewall flaws. Consequently, it is quite likely that the measured variation in tensile
strength is closely linked to differences in the depth (or root radius, etc.) of sidewall flaws
found in different samples. Indeed, differences in the strength-controlling flaws is
thought to be the dominate source of tensile strength variability. There are, however,
several other potential contributors to the variability in tensile strength, and these will be
considered next. These include variations in line width, stress inhomogeneity within a
polycrystal, and variations in the apparent fracture toughness. Note that the test methods
used in this study do not appear to be a significant contributor to the measured variation
in SUMMIT V™ tensile strength; these two very different test methods, which use quite
different metrologies, generated similar empirical tensile strength CDFs (Fig. 12).
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4.1 Line width

Variations within the SUMMIT V™ polySi microfabrication process can generate
modest variations in as-fabricated dimensions from the nominal design dimensions. We
have observed that line width varies within an individual chip, between chips on a wafer,
and between fabrication runs. To quantify such variations, the width of 77 tensile bars
from RS733 and 73 tensile bars from RS784 were measured, with 3-4 width
measurements per bar. The measured RS733 bars had an average width of 1.74 um
(0.04-pm standard deviation) with a minimum width of 1.66 um and a maximum width
of 1.82 um. The measured RS784 bars had an average width of 1.88 um (0.02-pm
standard deviation) with a minimum width of 1.83 um and a maximum width of 1.91 pm.
This demonstrates that average line width can vary by ~ 10% within a fabrication run, as
well as vary by ~10% between fabrication runs. These variations can have a direct impact
on the measured tensile strength in those cases where force is measured and strength is
calculated, as is done in the slack-chain test method (the on-chip method does not use
line-width in the calculation of strength). In the present study, we used the average bar
width measured for each individual fabrication run (e.g., RS733) to reduce some of the
variability introduced in comparing different fabrication runs. It appears that line-width
variations can contribute at most a modest portion of the measured variation in tensile
strength. A more detailed description of line width observations and associated analysis is
given in Appendix B.

4.2 Stress inhomogeneity within a polycrystal

It is well known that stress within a polycrystalline microstructure is not uniform. The
crystallographic elastic anisotropy generates microstructural stress inhomogeneity and the
stress inhomogeneity depends on crystal geometry, elastic properties, and crystal
orientations. Indeed, within the context of linear elasticity, geometric and material
discontinuities in a microstructure can generate a weak, crack-like, power-law singularity
(i.e., weak compared to a crack or sharp V-notch) [15-16]. Accordingly,
microstructurally induced stress variations could generate some of the measured
variability in tensile strength. To investigate this possibility, illustrative calculations that
explicitly model the columnar polycrystalline silicon microstructures were performed. To
simplify the analysis and enable 2D, plane strain calculations, one axis of the crystal’s
cubic symmetry is taken to be aligned with the long axis of the columnar grain structure.
Commonly accepted values of silicon crystal stiffness were used in all calculations
(C11=166 GPa, C;,=64 GPa, Cs=80 GPa). Silicon has a relatively weak cubic
anisotropy. The level of crystal anisotropy is often characterized by the parameters R,
where R=(C; + 2Ce5)/Cy;. R=1 for an isotropic material, R=1.35 for Si, and R=1.63 for
Ni and Cu.

For polycrystalline aggregates composed of a relatively small number of grains, there
will be variability in the average properties such as Young’s modulus. To investigate this
effect, finite element calculations were performed on model microstructures created using
Voronoi tessellations. Square domains with n X n grains on a side (n=4, 6, 8, 12, and 16)
were analyzed for the case of a tensile loading generated by a uniform edge displacement.
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For each value of n, 25 different sets of random crystal rotations about the grains long
axis were considered (drawn from a uniform distribution). This was done for four
different tessellations. The calculated variation in Young’s modulus E declined with n,
but even when n = 4, the ratio of the standard deviation in E to the average value of E
was only 0.025. Since the tensile bars are relatively long compared to the grain size
(ratio estimated to be >50 for a silicon grain width of 0.4 um), there should be little
variability in the average tensile modulus between tensile specimens.

Random variations in the orientation of the crystals that bound an edge flaw could
possibly generate variations in notch-tip stress fields and consequently generate
variability in measured strength. The possibility that edge notches with the same
geometry might have notch-tip stress fields that depend in a significant way on crystal
orientation was investigated. Specifically, the Stroh formalism for anisotropic elasticity
[17] was used to determine the asymptotic, singular stress state at the tip of a sharp V-
notch between two silicon crystals with differing crystal orientations (Fig. 13). Note that
the V-notch is assumed to be perpendicular to the edge and the grain boundary is aligned
with the notch bisector. The use of the Stroh formalism to derive the characteristic
equation governing the strength of the singularity at material and geometric
discontinuities in anisotropic elastic materials is now well established and will not be
discussed; only results will be presented here. The asymptotic solution for the V-notch
problem has two singular terms.

o, =Y. K, r"f,(0) (ij=r0) (4)

n=1
where r and @refer to a polar coordinate system defined at the tip of the V-notch, K, is a
generalized stress intensity factors, 4, is the strength of the singularity, and the function
fin defines the angular variation of the asymptotic stress field. For a V-notch between two
silicon crystals, with a 60° wedge angle (@,= -@,=51/6, Fig. 13), the Stroh analysis
indicates that 4; varies between -0.486 (3,=30° and %=60°") and -0.489 (7,=75° and
7%=15°), while A, varies between -0.224 (3,=30° and %=60°") and -0.307 (7,=75° and
7%=15°). These values are quite close to the corresponding 60° V-notch results for a
homogeneous, isotropic material where 4;,=-0.488 and A,=-0.269 [18]. Indeed, the
strength of the strongest singularity, 4;, shows little dependence on crystal orientation
and its value is quite close to that of a sharp crack, -0.5.

Finally, the idealized problem of an edge V-notch in a tensile bar was analyzed (Fig. 14).
A limited number of illustrative finite element calculations were performed to investigate
the nature of the asymptotic, cleavage (i.e., hoop) stress generated in front of the notch. In
these calculations a tensile bar with a 50-nm deep, 60° V-notch was subjected to a
nominal 1% strain (1.6 GPa, nominal stress). The two crystals bounding the notch were
modeled explicitly. These crystals each have a characteristic length 2 = 200 nm, and with
crystal orientations defined by vy, and y, (Fig. 14). The crystals were embedded within an
effective isotropic material with properties chosen to be representative of a random
aggregate of columnar silicon crystals where one axis of the crystal’s cubic symmetry is
taken to be aligned with the long axis of the columnar grain structure (E=156 GPa,
v=0.22, see Appendix C). For example, when y,=45° and »=0°, a power law fit of the
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calculated cleavage stress oz, shows it to be asymptotically singular with 0,,=9359r
0486 (Stroh analysis gives A=-0.488) where r is distance from the notch tip. Likewise,
when 7,=45%nd »=60°, the fit of the cleavage stress gives 02,=9763r"*® (Stroh analysis
gives 4=-0.487). These results can be contrasted with those for the case where the tensile
bar is fully homogeneous and isotropic and the V-notch is replaced by a sharp crack of
the same depth, which results in 0'22:9206r'0'5 00

In summary, illustrative tensile bar calculations, along with the asymptotic results for the
strength of the notch-tip singularity, suggest that the presence and orientation of silicon
crystals at the notch tip have only a modest effect on the cleavage stress in front of a
sharp V-notch. This conclusion is consistent with published results for the case of a long
crack in a columnar polycrystalline silicon where many crystals are within the zone
dominated by the crack-tip singularity [19]. Furthermore, a sharp edge crack in a
homogeneous and isotropic material provides a reasonable approximation to an edge V-
notch bounded by silicon crystals when the wedge opening angle is less than 60°. It does
not appear that variations in notch-tip stress fields with crystal orientation contribute to
measured variations in tensile strength.

4.3 Fracture toughness

Typical strength-controlling flaws are thought to lie along the grain boundary between
two significantly larger crystals, where the crystal orientation can be random with respect
to the grain boundary (see Fig. 14 for an idealized representation). AFM images of Poly3
sidewalls indicate that edge flaws are V-shaped with a depth of < 100 nm, while the
width of a typical SUMMIT V™ polySi columnar grain is ~400 nm. The K-like
asymptotic stress field at the tip of a sharp V-notch edge flaw, which has a characteristic
length that is only a fraction of the flaw depth, will dominate only a portion of the
bounding grains. Furthermore, simple fracture mechanics arguments suggest that size of
silicon’s room temperature fracture process zone is quite small with an estimated size of
approximately 2 nm [20]. Consequently, rapid crack growth is expected to occur while
the crack still lies within the single crystal in which it initiated. Even if the crack were to
grow stably to a length equal to the initial flaw depth, the crack would still lie within the
crystal. On the other hand, the associated crack-tip stress intensity factor K would
increase substantially. As a rough estimate, if the effective crack length doubled, K would
increase by ~40% (follows from K~ocu ', where a is crack length and ois the fixed
applied stress). Long crack toughening mechanisms, such as interactions with grain
boundaries and growth into neighboring grains with different orientations, are not
expected to be relevant [20]. Instead, local cleavage anisotropy is thought to dominate.

Silicon’s reported cleavage anisotropy is rather modest and falls in the range of K;¢
=0.83-0.95 MPa-m'? with a standard deviation of about 0.1 MPa-m"? in the measured
data [20-22]. The variability in apparent toughness could be further enhanced by the fact
that the cleavage plane is not necessarily aligned with the plane of peak cleavage stress.
This, however, appears to be a minor effect; there is only a 6% decrease in the cleavage
(hoop) stress in a 45° sector in front of a V-notch. Even if the cleavage plane is not
aligned with the plane of maximum cleavage stress, only a modest increase in applied
load should be needed to initiate crack growth. It appears that variations in the apparent
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fracture toughness contributes to the variability in measured tensile strength, but it is not
the dominate source of strength variability.

5. Fracture analysis of sidewalls as imaged by AFM

As discussed in Section 3.3, a new methodology for fitting raw AFM data was developed
so that every flaw in an AFM image could be defined in terms of its depth and root radius
(Figs. 10-11). This information can then be used in conjunction with a failure analysis to
obtain a fundamental understanding of the origins of variability in the tensile strength. A
coupled AFM/finite element analysis (AFM/FEA) of this type is summarized below (see
[23] for additional details).

5.1 Analysis of edge flaws

Sidewall flaws can be idealized as edge flaws where the root geometry is not necessarily
sharp. A broad range of edge flaw geometries can be modeled by a semi-superellipse

defined by
(|X—xo|js+(|y_yo Jx -1 (5)
0.5w d

where the center of the flaw (x,y¢) resides on the mean surface, w is the flaw width, and
d is the flaw depth. The powers s determine if the flaw is concave (s < 1), linear (s = 1),
or convex (s> 1). The edge flaw is assumed to lie along the stress-free edge of a linear
elastic, isotropic tensile bar with elastic properties chosen to be representative of a
random aggregate of columnar silicon crystals where one axis of the crystal’s cubic
symmetry is taken to be aligned with the long axis of the columnar grain structure
(E=156 GPa, »=0.22, see Appendix C). The tensile bar is assumed to be large compared
to the flaw geometry eliminating finite specimen geometry effects.

A plane strain, cohesive zone-based, finite element fracture analysis was used to predict
the tensile strength of a bar containing an edge flaw with a geometry as defined by Eq. 5.
The key parameters in the cohesive zone failure model are toughness K¢ and strength
Omax [24]. A polySi toughness of K;c=1 MPa-m"? was used in the calculations [20] while
a range of strength values were considered with 6x = E/5, E/7.5, and E/10 [25-26]. The
value of o, affects the size of the process zone in front of a flaw, and for a sharp crack
the process zone length decreases from 2.9 nm to 0.7 nm as o, ranges from E/10 to E/S.
For s = 1.5, the material strength plays a larger role and substantial deviations from a
sharp-crack, linear elastic fracture mechanics (LEFM) prediction can occur at larger flaw
w/d and higher values of o, because the stress concentration is insufficient to satisfy
the strength over a length scale influenced by the toughness [27]. Figure 15a plots results
for oyu = E/10 and s=1.5 that show how predicted tensile strength varies with root radius
and flaw depth. The Fig. 15a results are interpolated and extrapolated and then
normalized with respect to the LEFM prediction for a sharp crack with the same depth in
Fig. 15b. This plot highlights differences in cohesive zone-based strength predictions and
LEFM predictions when E/10 and s = 1.5. As the root radius of curvature increases, the

18



cohesive zone-based analysis predicts an increasingly higher strength relative to that
predicted by a LEFM analysis. The deviation is modest (£10%) when the root radius of
curvature is <5 nm.

As discussed in Section 3.3, every sidewall flaw in an AFM image can be defined in
terms of its depth and root radius (Figs. 10-11). Moreover, the cohesive zone failure
analysis defines tensile strength as a function of flaw depth and root radius (Fig. 15b).
Therefore, a local strength value can be assigned to each point where there is a flaw
(position where there is a local minimum in the depth profile). The region with the lowest
predicted strength would be the position where failure is expected to initiate and it is this
strength value that defines the sidewall strength. Implicit in this approach is the
assumption that 1) edge flaws are spaced sufficiently far apart that interaction effects are
limited, and 2) a 2-D, plane strain analysis of a flaw subjected to a pure Mode I loading
can be used to describe the local stress state along a non-straight sidewall groove.

5.2. Predicted tensile strength of Poly3 and Poly4 sidewalls

Figure 16 plots the surface depth relative to a least-squares reference plane as obtained
from AFM images of four different Poly3 sidewalls. Plotted on top of these images are
the predicted local strengths. This is done for all flaws having substantial depth and
curvature (d>15 nm and p<13 nm) so as to accentuate the most critical flaws. It is clear
that the regions of lowest predicted strength are associated with grain boundary grooves.
The section of a grain boundary groove with the lowest predicted strength defines the
strength controlling flaw in a scanned sidewall (provided that this is not an isolated low
strength point, but instead adjacent to multiple points with a similar low strength). The
predicted strengths of sidewalls D5, E6, D10, and E10 are 2.8 GPa, 2.8 GPa, 2.9 GPa and
2.5 GPa, respectively (with flaw depths of 37 nm, 37 nm, 33 nm, and 42 nm,
respectively). Results for two other Poly3 (C7, C10) scans had predicted strengths of 3.0
GPa and 3.2 GPa. The root radius of the dominant flaws for the Fig. 16 sidewalls varied
from 2.5-4.3 nm. The small root radius of the strength controlling flaws indicate that
these flaws are almost crack-like; Fig. 15b shows that cohesive zone-based and LEFM
predictions only differ by 7% when the root radius is this small. Note that major defects
tend to reside near the seed layer (bottom) and might explain the fractographic evidence
that traces crack initiation to the bottom corners of the bars.

As discussed earlier, poly4 layers have a significantly higher tensile strength than that of
poly3 (Fig. 6). This motivated the analysis of Poly4 sidewalls (Fig. 17). The predicted
strengths for D5, E6, D10, and E10 are 3.3 GPa, 3.2 GPa, 3.6 GPa, and 3.0 GPa,
respectively (with defect depths of 24 nm, 28 nm, 23 nm, and 41 nm, respectively). Note
that although E10’s dominant flaw is 41 nm deep, its root radius is a relatively large 9
nm. This generates a more significant 21% difference between cohesive zone-based and
LEFM predicted strengths. It appears that the root radius of Poly4 sidewall grain
boundary grooves may not be as sharp as those in Poly3. Both flaw depth and root radius
may play a role in the increased strength of Poly4.
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In summary, predicted strengths for Poly3 sidewalls using an AFM/FEA coupled
methodology fall within the observed range, 2.0 to 3.2 GPa, and near the mean slack-
chain strength of 2.7 GPa. The grain boundary grooves within sidewall curtains control
the macroscopic strength. Furthermore, the proposed fracture sites near the seed layer
align with fractography observations. The substantial curvatures observed along the grain
boundaries in Poly3 permit a simplified description, fracture mechanics. Finally the
observed difference in measured Poly3 and Poly4 tensile strengths is consistent with
strength predictions.

6. Fracture analysis of specimens with stress concentrations

An important question confronting those who design MEMS devices is how to use
measured tensile data to predict the strength of MEMS structures that contain micron-
scale features that generate significant stress concentrations. A method that can place a
lower bound limit on the strength of a complex MEMS structure, below which no failures
occur, would be of particular interest when designing a highly reliable structure. This
issue motivated the testing of double edge-notched (DEN) specimens that were fabricated
with ~0.6 um radius U-notches. Figure 18 shows the specimen geometry and a finite
element analysis of the specimen determined that the notch-tip stress concentration factor
(SCF) is 2.75 (applied to net-section stress). The SUMMIiT v™M polySi microfabrication
process was found to produce DENs with good dimensional control. SEM images of 40
DEN specimens showed the average measured ligament width was 4.33 pum (0.03-pum
standard deviation) with a minimum width of 4.28 um and a maximum width of 4.37 um,
while the average notch-tip radius was 0.58 um (0.02-um standard deviation) with a
minimum width of 0.54 pm and a maximum width of 0.64 um. A total of 331 DEN
specimens from RS733 Poly3 were tested using the slack-chain sequential test method.
Figure 19 plots the empirical CDF.

6.1 Strength-base failure analysis

If failure simply occurs when the local stress at the notch tip reaches a critical tensile
value, the DEN strength distribution can be estimated simply by scaling the tensile
strength distribution by 1/SCF (i.e., DEN ligament stress at failure = tensile
strength/SCF). As expected, this simple approach yields a poor estimate of the measured
DEN strength distribution because it does not account for size effects (Fig. 19). The
highly stressed region in the DEN specimen is very small compared to that of a tensile
bar. In the DEN specimen, only the sidewall region within a ~60° segment at the notch
tip is highly stressed (stress is within ~80% of its peak value). Consequently, there are
only ~3 flaws subjected to a high stress in a DEN specimen while ~100 flaws are
subjected to a high stress in a tensile specimen (assuming a grain width of 0.4 pm and
that there is an edge flaw associated with each grain boundary). Furthermore, the finite
element analysis indicates that there is a significant stress gradient over a distance
comparable to the flaw size. In the tested DEN specimen, the calculated cleavage stress is
reduced to 75% of its peak value at a distance of 100 nm from the notch tip.
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6.2 Weibull failure analysis

A Weibull failure analysis is often the preferred approach for estimating the strength of
brittle materials [3-4]. Since the strength-controlling edge flaws for the SUMMIT V™
polySi occur along the sidewalls, the estimated failure probability is determined by
integrating maximum principal stress over all tensile regions of the DEN specimen’s
sidewall surface. Furthermore, since the 3-parameter Weibull distribution is a much
better fit compared to the 2-parameter fit, the 3-parameter Weibull distribution is used in
the failure analysis. Accordingly, the Weibull failure analysis performed here is based on
the generalization of Eq. 1 to a non-uniform stress field,

Pl—exp{—j[o_aa“j dA] (6)

where A is sidewall area and o, is the Weibull material scale parameter. The parameter G,
can be thought of as the characteristic strength for a uniformly loaded tensile specimen
with unit sidewall surface area (i.e., 0'0:0'914]/ ™). The Weibull parameters used in the
analysis are based on the RS733-RS784 tensile strength data (Table 1) and the stress state
used in the integration was determined from a finite element analysis (geometry defined
in Fig. 18 with Young’s modulus = 161 GPa and Poisson’s ratio = 0.23). The only
significant contributions to the Eq. 6 integral occurs over a ~ 60° segment at the notch tip.
Elements in the highly stressed region had a 0.025 um characteristic length scale (a mesh
refinement study obtained essentially the same Weibull failure analysis results when
0.050 um elements were used instead). The DEN’s predicted CDF is compared to the
empirical DEN CDF in Fig. 20. The Weibull failure analysis underestimates the
measured strength. Furthermore the estimated threshold strength is only 0.65 GPa. One of
the key assumptions implicit in the application of a Weibull failure analysis appears to be
violated when applying this analysis to SUMMIT V™ structures with stress
concentrations. It is assumed that a representative population of flaws is contained within
a region that is small compared to specimen dimensions and stress gradients. This
assumption is almost certainly not true for micron-scale stress concentrations in polySi
MEMS structures where edge flaws can have a length that is similar to that associated
with stress gradients. Furthermore, it should be noted that the Weibull fit of the RS733-
RS784 tensile strength data is biased towards bigger critical flaws. As was already
mentioned, the slack-chain tensile specimen contains ~ 100 sidewall flaws and it is
extremely unlikely that every flaw in a specimen is small.

6.3 Fracture mechanics flaw tolerance analysis

One method for making a worst-case, lower bound estimate for the strength of a complex
MEMS structure is to use a LEFM, flaw tolerance approach. In this approach one
assumes that the largest flaw that could ever exist is located it in the most highly stressed
region in a direction normal to the first principal stress. Then a LEFM analysis is
performed using the estimated material toughness to determine the limit stress level
below which the crack does not propagate. This approach requires that an upper bound to
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flaw size exists. Fortunately, that is the case for SUMMIT V™ polySi. This material
was shown to have a tensile strength threshold and this implies that there is a limit to the
depth of strength-controlling sidewall flaws.

One way to estimate the effective depth of strength-controlling sidewall flaws is to use
linear elastic fracture mechanics. As discussed in section 4.2, an edge V-notch bounded
by silicon crystals can be reasonably approximated by a sharp edge crack in a
homogeneous, isotropic material. Here the strength-controlling flaw is assumed to be an
edge crack with K;c=1 MPa-m'? (rough estimate of K¢, see section 4.3). Using the K;
calibration for an edge crack that is very small relative to specimen width

2
¢ = 1 K (7
7\1.1220

where c., is the critical flaw depth and oy is tensile strength. Note that the calculated c., is
an “effective” crack depth; it depends on ratio of K¢ /o, and also reflects deviations in
flaw geometry from the idealized sharp crack, etc. Figure 21 plots a histogram of
effective critical flaw depths inferred from the RS733-784 tensile strength data using Eq.
7. The effective critical flaw depths range from 25 nm to 61 nm with an average of 35
nm. Of the estimated 1.3 x 10’ flaws subjected to a tensile load in the 1287 RS733-RS784
tensile tests, the largest effective c., is 61 nm. This is one estimate for the maximum
critical effective crack length that can exist, but there are no associated statistical bounds.
Another approach is to use the confidence interval on the threshold strength determined
by the 3-parameter Weibull fit of the RS733-RS784 tensile strength data. As reported in
Table I, the 95% confidence interval for o, = [1.62 to 1.94 GPa]. Based on these values,
the maximum value of ¢, will fall within the range of 67-96 nm.

A lower bound to the strength of the RS733 DEN specimen can be predicted by using the
95% confidence interval for ¢ to set the maximum critical flaw depth (i.e., 67-96 nm)
and then performing a LEFM analysis of the DEN specimen with a crack of this length
originating from the notch tip. A finite element analysis was used to determine the K;
calibration for the RS733 DEN geometry shown in Fig. 18, and this calibration is can be
expressed as

K, =1.122ko N f(c/R.LIRW/LH/L) )

where k is the notch SCF (equals 2.75 for the RS733 DEN geometry), geometric
parameters ¢, R, L, W, and H are defined in Fig. 18, oy 1s the average ligament stress (net
section stress), and the function fis defined by the polynomial fit reported in Fig 22. For
c=67-96 nm and K;=1 MPa-m'"/ 2, the predicted lower bound net section notch strength
falls within the range of 0.76-0.85 GPa. As desired, this lower bound estimate falls below
the minimum observed strength of the 331 DEN samples (1.04 GPa). It is worth noting
that a total of roughly 10 flaws were subjected to high stress in the 331 DEN tests, while
roughly 1.3x10° flaws were highly stressed in the 1287 RS733-RS784 tensile tests used
to infer the maximum c,,.
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7. Summary

Recently developed, high throughput test methods were used to measure the strength of
SUMMIT V™ Poly3, polycrystalline silicon tensile bars. Approximately 1300 nominally
identical tensile bars were tested. One important finding is that measured tensile strength
distributions display a strength threshold. This implies that the strength-controlling flaws
produced by the SUMMIT V™ microfabrication process are all less than some maximum
size. In addition to sidewall edge flaws, which are clearly linked to the measured
variability in tensile strength, several other potential factors were investigated. These
included variations in line width, stress inhomogeneity within a polycrystal, and
variations in the apparent fracture toughness. None of these appear to be a dominate
contributor to tensile strength variability. The dominate nature of sidewall flaws was
further confirmed by an analysis that applied cohesive zone finite element results for
blunted V-notches to actual AFM-images. This analysis predicted tensile strengths for the
imaged sidewalls that fell within the range of measured tensile strengths. The existence of
a maximum flaw size enables the use of a flaw tolerance fracture mechanics methodology
for analyzing complex MEMS structures containing micron-scale stress concentrations.
This approach was used to estimate a lower bound for the strength of a double edge-notch
specimen that compared favorably with measured values.
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9. Tables

Table 1. Three-parameter Weibull fit parameters m, o,

6’

and o, along with their 95%

confidence intervals (CI); n denotes the number of specimens tested.

n m m o, o, (GPa) o, o,
95%Cl | (GPa) | 95%CI | (GPa) | (GPa)
95% Cl
RS686' [12] 1008 | 7.73 5.66- 1.23 0.92- 1.40 1.04-
10.54 1.66 1.76
RS733 616 6.20 | 465-826 | 1.08 0.83- 1.70 1.41-
1.41 1.98
RS784 671 5.48 | 4.44-6.77 | 0.92 0.76- 1.84 1.67-
1.12 2.01
RS733- 1287 | 578 | 4.85-6.88 | 0.99 0.84- 1.78 1.62-
RS784 1.16 1.94
RS784-OC 231 3.03 | 2.39-384 | 052 0.43- 2.08 1.99-
0.62 217
RS733-P4 591 6.24 | 466-835 | 1.74 1.33- 210 1.64-
2.29 2.56

! specimen with 1.9 um x 2.33 um cross-section
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10. Figures
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Fig. 2. Slack-chain tensile tester, a) schematic and b) SEM of portion of one chain.
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Fig. 3.Empicial CDF of the strength of RS733 and RS784 tensile bars measured using
the slack-chain method.
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Fig. 4. Slack-chain RS733-RS784 tensile strength data plotted along with 2-parameter
Weibull fit (95% CI shown).
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Fig. 5. Slack-chain RS733-RS784 tensile strength data plotted along with 3-parameter
Weibull fit (95% CI shown).
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Fig. 6. Empirical CDF of the strength of RS733-P4 Poly4 tensile bars compared with that
of RS733-RS784 Poly3 tensile bars.
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Fig. 7. Empirical CDF of the strength RS784-OC tensile bars measured using the on-chip
method.
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Fig. 8. On-chip RS784-OC tensile strength data plotted along with 2-parameter Weibull
fit (95% CI shown).
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Fig. 9. On-chip RS784-OC tensile strength data plotted along with 3-parameter Weibull

fit (95% CI shown).
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Fig. 10. Surface depth of a Poly3 sidewall relative to a least-squares reference plane as
determined by a fit of raw AFM data. (2.5 um by 5.0 um region).
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Fig. 11. Plot of curvature determined from the AFM image shown in Fig. 10. Surface

minima of substantial depth d > 15 nm and curvature « > 0.075 nm” lie along the grain
boundaries.
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Fig. 12. Comparison of RS784-OC (L=70um) empirical CDF with RS784 (L=20 pum)
empirical CDF as well as estimated CDF of RS784 for L=70 pum.
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Fig. 13. Asymptotic problem for a sharp V-notch between two silicon crystals with
orientations Y, and ..
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Fig. 14. Idealized problem of an edge V-notch in a tensile bar where the three silicon
crystals in the immediate vicinity of the V-notch are modeled explicitly.
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Fig. 15. Predicted tensile strength a) as a function of depth and root radius and (b) tensile
strength normalized by LEFM solution for a crack of the same depth as a function of
root radius (G = E/10, s = 1.5).
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Fig. 16. Surface depths (in nm) of nominally 2.5 pm x 5.0 pm regions of the Poly3
sidewall along with predicted local strengths (in GPa) for @>15 nm and p<13 nm. The
predicted strengths of D5, E6, D10, and E10 are 2.8 GPa, 2.8 GPa, 2.9 GPa and 2.5 GPa,
respectively.
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Fig. 17. Surface depths (in nm) of nominally 2.5 um x 5.0 um regions of the Poly4
sidewall along with predicted local strengths (in GPa) for d>15 nm and p<13 nm. The
predicted strengths of D5, E6, D10, and E10 are 3.4 GPa, 3.2 GPa, 3.6 GPa and 3.0 GPa,
respectively.

36



H =10.000 pm

W= 4.910 um

L= 2.165 pm

R =0.580 um

le ) slcle
W

Fig. 18. Finite element mesh showing geometry of the Double Edge Notched (DEN)
RS733 specimen that was tested and analyzed (shows one-quarter of specimen;

symmetric about bottom and right-hand side edges).
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Fig. 19. Empirical CDF of RS733 DEN specimen compared with prediction based on the

notch-tip stress equaling a critical tensile value.

37



100 - —

* DENdata
80 - —=\Neibull analysis j
i
2 60 - "ﬁ
= H
o #
% ¥
g 10 - !
20
0 s

0.0 0.5 1.0 1.5 2.0
Notch Strength (GPa)

Fig. 20. Empirical CDF of RS733 DEN specimen compared with that of a 3-parameter
Weibull failure analysis prediction.
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Fig. 21. Histogram of effective critical flaw depths inferred from RS733-784 tensile
strength data.
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11. Appendix A: Fractographic evidence of crack origins

Fractography, or analysis of microscope images of fracture surfaces, is a common
tool employed by metallurgists and ceramists to infer many aspects of failure: the
initiation site for the crack or native flaw, the direction and extent of crack propagation,
in some cases the rate of crack propagation, and even the stress state which drove
cracking. In the case of brittle fracture, three characteristic regions are typically
associated with the fracture surface: mirror, mist, and hackle. These regions are most
easily identified in the fracture of brittle amorphous materials such as glass, since there
are no other features present to confound interpretation. In the fracture of brittle
polycrystalline materials, the investigator must identify the characteristic regions even
though they are superimposed on the complex faceting associated with multiple
crystallographic cleavage planes. This deconvolution is often tractable because in
conventional-scale brittle components the grain structure is much finer than the size of
the mirror, mist, and hackle regions. However, in brittle polycrystalline microsystems,
there are only a handful of grains through the thickness of the component. This makes
correct interpretation of the mirror, mist, and hackle regions exceptionally challenging
and correct identification of the failure location can become more subjective. To further
complicate matters, the entire fracture surface is very small, on the order of a few
microns, and must be imaged with high quality electron optics. Finally, the poorly
conducting polysilicon material and the non-conducting nitride and oxide layers
additionally challenge the electron microscopy effort. Even under the best of conditions,
there is significant image distortion (due to scan drift) and blurring (due to charging).

Fractographic images were obtained using two scanning electron microscopes: a
Zeiss Supra 55VP and an FEI Magellan. Accelerating voltages in the range of 1-5 keV
were chosen to keep the electron-matter interaction volume minimized. Images were
collected using either and Everhardt-Thornley or In-Lens detector. Several examples of
fracture surface images are shown in Figure Al.

In previous studies, only a handful of fractographic images were collected and
interpreted. The images confirmed that the crack origins were at the surface of the
polysilcon rather than in the interior of the sample. There was also the suggestion that
the failure location was mostly associated with the sidewalls and corners of the specimen.
However, there was an occasional image that showed failure either at the top or bottom
surface of the tensile bar, such as shown in Figure Ala. Yet, there were not enough
images to assess the prevalence of various failure locations in a quantitative way.

To permit quantitative assessment of the prevalence of crack origin locations in
polysilicon, over 400 fractographic images were collected. These images were taken
from broken slack-chain poly3 tensile bars from reticle set RS784. About half were
coated with vapor-phase self-assembled monolayer (VSAM) and half were not. Of the
400 images collected, 245 could be associated with a reasonably clear failure origin
location. The resulting prevalence of failure locations is shown in Figure A2. Failure
locations were associated with one of eight locations. When the crack origin was close to
one corner (within ~100 nm of the corner), it was ascribed as a failure event associated
with that corner. When the crack origin was close to one of the sides or top or bottom
surface but not close to a corner, it was associated with that particular surface.
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Figure Al. Fracture surfaces from poly21 (a and b), and poly2 (c and d)
showing apparent evidence of failure origins [arrows] at sidewalls (c), top surfaces (a),
and corners (b and d). Many other fractographs had no clearly identifiable fracture
origin.

From these 245 images, none of the failures were associated with the middle of
the top surface or the middle of the bottom surface. They were all associated with the
sidewalls or corners. Previous observations had occasionally identified a top surface or
bottom surface failure (see Figure Ala), albeit rare. The present study suggests that the
probability of a failure being associated with a top or bottom surface is <0.3%! The
bottom corners were clearly the preferred crack origin location, representing 69% of all
of the observations. There are two possible explanations for the dominance of bottm
conrer failures: (1) the samples were not loaded in pure tension but instead had a
significant bending component leading to excess tensile stress on the bottom surface, or
(2) the processing method produces most critical defects at these locations. Based on
discussions with SUMMIT V fabrication specialists, we suspect that the etch release
process is responsible for the most significant defects being present at the bottom corners
of the tensile bar.
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Figure A2. Prevalence of failure locations indicated by red numbers
corresponding to the number of failures associated with that origin location.
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12. Appendix B: Details on linewidth measurements

One of the sources of variability in the fracture behavior of MEMS polysilicon is
geometric variability associated with the tested component. The primary geometric
sources of variability in a tensile bar are width and thickness. Length of the tensile bar is
a less important factor because to first order it doesn’t have a strong influence on the
fracture force (setting aside the Weibull size effect), and because the length of the present
tensile bars were much larger than the width or thickness values, and hence more
repeatable. The present study focused largely on variations in tensile bar width (also
called line width) rather than thickness. Thickness was thought to be a more carefully
controlled dimension, due to the planarization step in the processing of polysilicon. This
assertion was consistent with parametric monitoring data which suggested that thickness
was more repeatable than line width.

In early studies on polysilicon, the line width was assumed to be equal to the
intended design value. In other words, if a tensile bar was drawn to have a width of 2
microns in the autocad layout, all tensile bars of that geometry were assumed to have a 2
micron width. This had significant impact on the subsequent force-over-area
calculations, since the true width of the tensile bars was often 0.2 microns or more below
the intended value on average due to well-known line width loss effects associated with
the SUMMIT V process. More recently, when a batch of tensile tests were conducted, a
handful of tensile samples from that batch were measured in an SEM, and the average
width of that small sample was taken as a representative width for all of the tensile bars
from that batch. While this approach could approximately correct for average line width
loss issues, it still could not be use to quantitatively assess the role of line width
variability on overall fracture variability.

For this purpose, a set of 208 polysilicon tensile bars from the poly21, poly3, and
poly4 layers of reticule set RS733 were measured in a FEI Magellan scanning electron
microscope prior to tensile testing. On each tensile bar, typically 3-4 width
measurements were performed to allow for slight waviness in the sides of the tensile bar
and to allow for operator error, as shown in Figure B1. The tabulated width values for
each tensile bar, along with the corresponding fracture force, and information regarding
the die location, poly layer, and position (‘row’) in the slack-chain are included in Table
B1.

There was clearly a correlation between poly layer and width: the average tensile
bar width of the poly21 layer was 1.924 + 0.020 pm, the poly3 layer was 1.729 + 0.044
pm, and the poly4 layer was 1.410 + 0.059 um. There was also a clear correlation with
die location. These 208 tests were associated with six die: three die from near the middle
of the wafer, and three die from near the edge of the wafer. As shown in Figure B2, the
die near the edge of the wafer had consistently lower line widths compared to those from
the center of the wafer. This effect is likely due to aberrations in the lithography optics
the vary from center to edge.

Another way to look at the line width dataset is to consider how much of an
impact the line width variability had on overall fracture variability. By regressing
fracture force as a function of line width from Table B1, one can assess this impact. For
each of the three layers and for the combined dataset of all three poly layers, the R*
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correlation coefficient of failure force as a function of line width was only ~8-10%.
This suggests that 90% or more of the variability in fracture force was due to factors
other than line width.

i

| .-.
HV | WD | curr | HFW [ det | tilt
1,00 KV | 4.3 mm |25 pA |3.73 um|TLD |-0 ° Magellan

Figure B1: An example of three line width measurements taken on a single tensile
bar.
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Figure B2: Average line width values for the poly3 layer of three die near the center
of the wafer compared to three die near the edge of the wafer. Red values are below
1.75 pm.

Table B1: Width measurements and corresponding fracture force for 208 silicon
tensile bars from 6 different die. Tensile bars from the poly21, poly3, and poly4
layers were measured and tested. All thickness and width values are in pm.

Fracture width

Poly Force Thick- width width width width average standard
Die Layer Row (mN) ness 1 2 3 4 width deviation
D10 p21 1 11.79 239 1929 1.920 1.923 1.924 0.005
D10 p21 2 13.03 239 1929 1915 1.938 1.927 0.012
D10 p21 3 12.5 239 1929 1920 1917 1.922 0.006
D10 p21 5 12 239 1952 1917 1.920 1.930 0.019
D10 p21 6 11.88 239 1927 1944 1.933 1.935 0.009
D10 p21 7 12.21 239 1932 1903 1.938 1.924 0.019
D10 p21 9 12.5 239 1950 1947 1.932 1.943 0.010
D10 p21 10 12.67 239 1950 1.917 1.934 0.023
E10 p21 1 11.211 239 1918 1923 1.903 1.915 0.010
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13. Appendix C: Effective in-plane elastic properties for a polycrystal with
columnar grains that have one crystal axis aligned with the long axis

The relationships used to calculate the effective isotropic, in-plane elastic properties for
the homogenized material in which the explicitly modeled crystals are embedded are
derived here. The results are for an aggregate of cubic crystals that have: 1) one axis of
material symmetry perpendicular to the surface of the material, and 2) random crystal

rotations about this 3-axis. The usual contracted notation is used (o,=0,,, 6,=0,,, 0,=0;;,

O5=012 E/=&) ) 6,765 E57E

2 E=28)-

C,,,and

Cubic single crystal elastic properties are defined by 3 stiffness constants: C,,, C,,,

C,s The in-plane cubic stiffness and compliance components for plane strain are

o, G, C, 0 |¢g ¢, =¢C,
o,|=|Cp, C, 0 |s C,=Cp (Ch)
O 0 0 Cg | &6 Cos = Ces
. Sii = C2CEIC2
& Sy S, 0 o li C 12 (C2)
& =[S, S, 0 |]o, Si :2—122
# Cl] - Cl2
&g 0 0 566 O¢ . 1
Ses = C_
66
The stiffness transformation relationships are
C,, =U, +U, cos(40) U, =(6C,, +2C,, +4C)/8
C,, =U, -U,cos(40) U, =(2C,, -2C,, —-4C,,)/8 (C3)
Cy, =U, —U, cos(40) U, =QC, +6C,, —4C,)/8
C,, = -U, sin(46) U, =(2C,, -2C,, +4C,)/8=U,-U,)/2
C,, =U,sin(40) note :U, =0 when C,, = C,,
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where ¢’ . C’

., C,,, and C,, are defined in Eq. C1. Here the 1’, 2’, and 3’ axis are rotated

about the 3 axis of the reference 1, 2, 3 cubic crystal coordinate axes, where the 3 and 3’
axes are aligned. Note that &is the angle of rotation and is measured positive for
counterclockwise rotation with respect to the 1-axis. This form of the transformation
relations is commonly used in composite laminate theory [19]. The transformation
relationships for compliance have a similar form but must be modified since engineering

shear strain (not tensor shear strain) is used

S|, =V, +V, cos(40) Vi =(6S), +25,, +S4)/8

S =V, =V, cos(46) Vi =(28,, =25, = S¢)/8 Ch
S5 =V, — 4V, cos(40) V, = (28, +6S, —S¢)/8

Sy = =2V, sin(40) Vi =(8S,, —8S, +485)/8=2(V, -V,)

Sa =2V, sin(46) note:V, =0when S, = S,,

where S, S,,, and S, are defined in C2.

The Voigt upper bound estimate for stiffness components of a random aggregate of cubic

crystals with aligned 3-axes is determined by averaging C,,, C,,,and C, over all values
of 6.

17 .
UB _ ‘
Ci" =~ ! C; (6)do (C5)

where C, (@)defined by Eq. C3. Note however,

2r 2w
j cos(40)dd = 0 and j sin(40)dé =0 (C6)
0 0

Consequently, using Eq. C3

CﬁB=U1a Cf§3=U4,and C&B=U5=(U1—U4)/2 (CT

52



In a completely analogous manner (using Eqgs. C4), it can be shown that the Reuss upper
bound limit for compliance constants (lower bound estimate for stiffness constants) for a
random aggregate of cubic crystals with aligned 3-axes is

Si=V, Sy =V,,and SiZ =V, =2V, -V,) (C8)

This can be expressed in terms of a lower bound on stiffness constants

V
ClLlB ) l 2
Vi =V,
-V
C1L23 = 4 . (C9)
Vi -V,
1 1
co L
Ve 2V, =V,)

The above results can be used to determine the exact value of a biaxial modulus M of a
random aggregate of cubic crystals with aligned out-of-plane crystal axes. Using Eqgs. C3
and C7, the upper bound for the biaxial modulus M"” is given by

MY =C/f+C) =U +U,=C, +C, (C10)
Likewise, using Eqs. C4 and C8, the lower bound for the biaxial modulus, MLB, is given

by
1 1

V,+V, - S, +S;, (C11)

LB _ LB LB _
M~ =C; +C,; =

Consequently,

MP =M™ =M =C, +C, (C12)

since C,,+C;, =1/(S;,+S,) (Egs.Cl and C2).

Two elastic constants are needed to define the effective isotropic, in-plane elastic

properties, and one of those, M, is known exactly. A reasonable choice for the second
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constant C|, , is defined as the average of its upper and lower bound estimates (C7 and

C9). Effective values of Young’s modulus E¢ and Poisson’s ratio 1€ can be determined
using well-known relationships between stiffness constants and Young’s modulus E and
Poisson’s ratio v, and the fact that C;, = C,, + C,, — C}, (Eq. C12).

Ve =CLJ(CL+Ch) and EC = A+v)(1-2ve)cs, /a=v©)
Note that the effective plane stress modulii can be derived in an entirely analogous
manner by simply replacing Eqgs. C1 and C2 with the appropriate plane stress stiffness

and compliance terms.
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14. Appendix D: Investigation of intra and inter granular stress distribution in
SUMMIT YV polysilicon using electron back scatter diffraction and confocal Raman

microscopy — Feasibility studies, Siddharth S. Hazra, Jack L. Beuth Jr., Maarten P. de
Boer, (Carnegie Mellon University) and Ryan P. Koseski, Frank Del Rio, Mark Vaudin
(NIST, Gaithersburg, Md).

This appendix describes a preliminary study on in-situ stress measurement techniques
that was funded by the present LDRD and was performed at NIST, Gaithersburg,
Maryland during the months of June through September, 2010. Stress concentrations (i.e.,
stress singularities within the context of elasticity theory) occur at flaws such as
nanonotches and grain triple junctions at free surfaces as well as internal triple junctions.
These locations are the presumed points where failure initiates in structures manufactured
in the SUMMIT V process. In-situ high resolution stress characterization techniques that
validate and directly quantify the local stresses have not been previously explored. The
goal of this work is to observe the existence of such stress concentrations, and obtain
direct evidence about which of these flaws constitutes the most likely fracture initiation
site. The on-chip micro tensile tester that was developed as part of the current LDRD
provides a unique opportunity to apply advanced experimental techniques to examine
stress fields with nanoscale resolution in a tensile-loaded specimen. We evaluate the
feasibility of using confocal Raman microscopy (CRM) and Electron Backscatter
Diffraction (EBSD) methods for obtaining stated data.

Expertise with the Raman microscopy approach was developed from CRM studies of the
stress fields around wedge indents in single crystal silicon. However, the observed shifts
in the Raman shift in the optical phonon modes as a function of stress has been
extensively documented for single crystal silicon. It is relatively well-known how Raman
peak shifts correspond to variations in the local strain tensor relative to an assumed
unstressed far-field region. Similar knowledge is relatively unavailable for polycrystalline
silicon. In spite of this, since Raman shifts correspond injectively and directly to the
relative local strain, obtaining the shift information is sufficient to visualize how the
stress varies in structures. Besides this limitation of unknown proportionality of Raman
peak shift-to-strain conversion parameters (phonon deformation potentials) the only
restriction is the resolution of Raman microscopy, which is around 200 nm. Since
polysilicon grains from the SUMMIT V process are known to be around that size, CRM
is unlikely to yield information on inter and intra granular stress distributions in the
current state of the art. However, the spectral imaging technique allows for the
construction of Raman shift maps over larger areas describing the global state of stress
over such area.

EBSD consists of the collection of electrons from a field emission scanning electron
microscope (FE-SEM) gun backscattered from the sample of interest on a phosphor
detector. If the sample is crystalline in nature, the back scattered electrons exhibit kikuchi
electron backscatter diffraction patterns (EBSP) on the detector. An analysis of such
diffraction patterns can reveal the state of strain or grain rotation within the crystal
through comparative image analysis (cross-correlation) techniques. Though EBSD works
very well for large grained or single crystal material, there are numerous issues with the
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EBSP obtained from polysilicon grains discussed later. Again, the state of strain/stress
determined with EBSD is a relative measurement.

Design of in situ experiment hardware

The samples to be tested in situ were wire-bonded in 48 pin cavity DIP sockets. Each
microchip on the socket contains 8 nominal designs of the microtensile tester that are of
interest. For both CRM and EBSD, a hardware solution was required to supply
incremental voltage to the device under observation. For the purpose of switching
between devices a signal switch board was constructed (Fig. 1(a)), and a small foot print
card-edge socket board (Fig. 1(b)) was constructed for supplying the cavity DIP socket
with signals from the switchboard.

Provisional in situ method

To vary the force applied to the tensile bar without controlling the applied voltage to the
device, the number of legs on existing thermal actuators could be varied by removing a
number of legs prior to engaging the device. This would allow the application of stresses
lower than the fracture strength of polysilicon after the applied voltage was dropped to
zero. With this approach, an experiment could be designed where the number of legs
varied from 5 through 8 without the need for in situ hardware. The set of such
experiments would essentially replicate the behavior of the in situ experiments with fewer
load steps. Figure 2 shows an example of a provisional in situ thermal actuator. Data can
only be obtained from the CRM experiments however, since it does not allow the
collection of a reference DP for EBSD (more discussion follows). This approach enabled
examination of techniques as well as preliminary investigations of data.

Figure 1. In situ hardware under the CRM experimental setup. (a) Signal switch board — Used to supply voltage to the
selected wire-bonded device mounted on the card edge socket board in (b).
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Figure 2. Provisional in situ experiment device with 6 legs.

Approach to CRM

The application of CRM to the tensile samples proved to be straightforward. Unstressed
samples were placed for comparison used in the existing CRM experiment setup directly.
Samples were observed in air and under optical immersion oil under diode laser (405 nm
wavelength) illumination. A significant improvement in resolution was observed with the
use of immersion oil. Figure 3(a) shows the Raman peak shifts observed from a
provisional in situ device with 7 thermal actuator legs. The shift contours are observed to
be very similar to those obtained from finite elements analysis of a loaded tensile sample
shown in Fig. 3(b). As mentioned earlier, the principal hindrance to obtaining stresses
from the Raman shifts are the unknown phonon deformation potentials for polysilicon, so
we are restricted to comparing shift contours with stress/strain contours obtained from
FEA. This also opens the opportunity for the microtensile tester to be used for estimating,
and possibly determining definitively the phonon deformation potential constants due to
the characterizable nature of the standard shaped tensile bar.

5
2

Figure 3. (a) shows the Raman peak shifts from a provisional in situ experiment on a stressed polysilicon tensile bar under
oil immersion while (b) shows the stress distribution the same region from a finite elements simulation.
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Initial in situ experiments using the hardware discussed above were also carried out. In
these experiments we measured the Raman peak shifts over a line across the sample
width as a function of applied voltage resulting in two measurements, each consisting of
4-6 data points originating from the tensile bar material. The results are shown in Fig 4.
The voltage is dropped from the right to left. The higher shifts observed after sample
fracture are currently being attributed to a loss in focus of the laser since the sample shifts
in space after fracture. More experiments to produce reportable data are being carried out
on both provisional in situ and actual in situ samples. It is also envisioned that CRM will
prove to be an excellent tool in an investigation of stress fields around notched tensile
samples created as a part of the current LDRD
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Figure 4. shows the Raman shifts in air from an in situ experiment over a line scanned across the width of the tensile sample as
a function of the applied voltage.

Approach to EBSD

EBSD studies use diffraction patterns obtained from electrons backscattered from the
sample. For monocrystalline material, since the orientation of the crystal lattice is
uniform, strains through the sample geometry can be obtained by correlating the EBSP
from an unstressed location with those from a stressed location. The standard technique is
not as straight-forward for polycrystalline samples due to the inhomogeneous crystal
orientations through multiple grains. The multiple grains in polysilicon, assumed to be
oriented randomly, produce multiple patterns resulting in the detection of multiple
overlaid patterns (shown in Fig. 5(b)). Therefore, the only possibility of determining inter
and intra granular strains within polysilicon samples are when experiments are conducted
in situ; this allows correlation between DP obtained from the same grains under
observations as the state of stress is varied. This therefore restricts the scope of
provisional in situ experiments. However, if the grains could be identified in the
provisional in situ samples, then comparative intragranular stress distributions would still
be identified. At the time of initiation of the project it was not clear that EBSPs
originating from polysilicon samples would exhibit sufficient resolution to be processed
using automated pattern detection and recognition techniques. The provisional in situ
samples proved to be invaluable in optimizing the parameters determining EBSP clarity.
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Figure 5. (a) Diffraction pattern exhibited by monocrystalline silicon. (b) Diffraction pattern observed for polycrystalline
silicon. Note the distinct lack of contrast, multiple overlaid patterns, low signal to noise ratio.

EBSD primarily consists of three operation steps: obtaining a good estimate of the
working distance between the sample and the electron gun, optimizing the sample stage
to diffraction pattern detector geometry and optimizing the automated image processing
software that identifies the phase and orientation of the sample. The first step, of
estimating the sample working distance, is achieved by maximizing the clarity, focus and
feature resolution of the SEM image monitor and utilizing the internal SEM software to
determine the working distance. These parameters are governed by the physics of
electron optics. Acceleration voltage and electron current are significant parameters.
Image drift due to sample charging will alter measurements and should be reduced or
eliminated by reducing the electron current. This is problematic as EBSP image quality is
directly proportional to the electron current magnitude.

Figure 6. Shows the geometric and
workspace constraints on the EBSD from
the poly4 ledges on the tensile sample.
Any obstruction shows across as a shadow
across the screen as shown below. The
location of the shadow depends upon
whether the beam is focused at the top or
bottom of the sample.
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The second operation step, sample stage to detector geometry optimization, influences
the clarity of the DP by maximizing the number of backscattered electrons to the
detector. This can be done by varying the sample tilt (), the sample elevation and
detector distance (d) as shown in Fig. 6. Since the samples were not designed with EBSD
sample geometry in mind, a major issue we encountered was that some of the electrons
were being shielded by the poly4 structural layers at the end of devices constructed in the
poly3 layer. This resulted in lower contrast as well as a shadow over the EBSP (inset of
Fig. 6). Variations of the sample stage geometry were tried again to minimize the
shielding. Since we had samples constructed in poly4 available on the chips used for
provisional in situ experiments which would not suffer from shielding, the preliminary
EBSD experiments were designed based on these samples (shown in fig. 7).
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Figure 7. A poly4 provisional in situ EBSD tensile specimen with six legs. The image on the right shows the poly4
sample in perspective

The third operation step for EBSD is to automate the EBSP acquisition and identification
procedure. For this purpose the Oxford instruments HKL Flamenco software was used.
First the representative background is collected for subtraction from the diffraction
pattern image and then the pattern is analyzed for lines using the Hough transform. The
software then classifies the detected lines to obtain crystal orientation. Some of the key
variables upon which this classification depends are the pattern center coordinates and the
detector distance. Other variables are the number of scans and the time to collect
electrons on the detector, these while not critical to the EBSD process, assume
importance if the sample under observation show drift, for example.

A holistic approach to the optimization of the above mentioned parameters was taken
rather than a systematic study in light of the short duration of the project. DP of
resolution sufficient for pattern identification was found at 68° sample tilt in relation to
the flat original stage surface (22° to the incident beam), 12 mm sample elevation, 25 kV
acceleration voltage, 30 nA electron current, 21.6 mm working distance, 2x2 binning for
background collection over 350 ms time intervals. To obtain accurate diffraction pattern
optimization a more extensive study will be needed, but these values proved to be
sufficient to generate indexed patterns in poly4 samples.
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Figure 8(b) shows a grain map obtained from a poly3 tensile bar overlaid across the SEM
micrograph, Fig. 7(a), of the tensile sample fillet structure. The patterns were indexed
with a success rate of 78% in this case. However only a single grain is obtained of
sufficient size to determine intragranular stresses, and some of the indexed regions appear
to be noise and small grains (more successful cases are presented later). Significant drift
can be noted in the lower section of Fig. 8(a) along with recognizable grain boundaries. A
consistently observed problem is EBSPs from grain boundary regions are almost always
comprised of multiple overlaid patterns.

Figure 8. (a) SEM micrograph of a 70° tilted tensile sample neck region.
(b) shows the indexed grain map overlaid across (a).

Once indexed, Crosscourt diffraction pattern analysis software deduces the displacement
gradient tensor, from which the strain tensor is calculated. Figure 9 shows the
intragranular stresses obtained from the grain in the lower left corner of Fig 8(b) (indexed
as a blue region) using this software. The distribution qualitatively follows expectations
since the fillet end of the tensile bar lies south of the grain while the TB gage section is to
the north.

522 Stress: Sample Axes [GPa]

Figure 9. Intragranular stress distribution from the
sufficiently large grain obtained in Fig. 9(b). The pixel
marked with a crossed square represents the diffraction
pattern with respect to which stresses inside the grain have
been calculated. The distribution follows expectations
since the fillet end of the tensile bar lies south of the grain
while the TB gage section is to the north. However the
magnitude of stress variation seems larger than normal for
a single grain. Further investigations are required to
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The following images come from studies of the poly4 tensile bar structural layer, after the
rough optimization parameters were obtained. We were successful in eliminating drift of
the sample to a great extent. However this was at a slight cost to the EBSP clarity and
contrast. Flamenco analysis software is capable of detecting and classifying such
patterns, but with noticeable reduction in overall indexing success rate (reduced to about
50-60%). However, the cost is offset by a significant increase in regions indexed as single
grains and reduction in noisy identifications.

Figure 10 shows two grain maps, with (a) being a region 20x25 pixels and (b) being
30x32 pixels, with each pixel representing a step of 15 nm and 25 nm respectively. The
grain map of (a) comes from a region centrally located within the gage length of the
tensile sample, and that of (b) focuses on a sidewall notch. The grains in the above
images have not currently been analyzed for intragranular strain.

Figure 10. Grain maps obtained from analysis of a (a) large grain with noticeable boundaries in the middle of a poly4
sample gage section, at 68° tilt, and, (b) clear sidewall flaw close to the tensile bar fillet region of the same sample.

The set of above images demonstrate that it is
indeed possible to extract and index the
diffraction maps from polycrystalline silicon
samples at a pixel size of 15 and 25 nm,
respectively. However we still require carrying
out an extensive optimization of all the
parameters that govern both DP image
acquisition and processing.

It was noted earlier that we require the in situ

EBSD experimentation to map intergranular MSELS4700 23.0KV 20.8mm xB0.2k SE(M) 8227/2010 1208 500
stress distributions, where Figure 11. SEM micrograph of the

background from Fig. 9(b). The sidewall

undeformed/unstressed reference diffraction notches can prove to be machine identifiable.
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patterns can be obtained before initiating the experiments. However, some problems that
could manifest are a loss in focus of the electron beam, as well as a mechanical, strain-
induced displacement of the sample. To overcome such issues, it appears we would need
to implement autofocus routines as well as image feature based autolocation. It can be
seen from Fig. 11, that distinguishing features of individual grains can be manually
located and selected. The feature-based autolocation routine could be based on pattern
matching techniques. The principal issue would be in obtaining the high level of control
over the SEM software required to implement such routines. Manual control can be
implemented immediately.

Summary

In summary, we have shown CRM in situ and ex situ studies with polysilicon samples are
entirely feasible, CRM will yield data for stress distributions over larger areas, which can
be insightful in conjunction with EBSD. EBSD studies have shown that in-situ
experimentation is a necessary precursor to polysilicon inter- and intra- granular stress
distribution investigations. The feasibility of obtaining EBSP with EBSD with 15 nm
resolutions for polysilicon has been demonstrated. Initially, mechanically induced
displacement can be overcome by manual a alignment process. Automation of the SEM-
EBSD would be useful in obtaining large datasets. The process of acquiring EBSD and
granular stress distribution in stressed polysilicon samples is possible in an EBSD-
capable SEM at Carnegie Mellon University. A CRM could likewise be constructed at
CMU; however, environmental controls at the AML facility at NIST are a considerable
factor in the demonstrated capabilities in this study.
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