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Standard Test Method for
Strain Gradient Measurements of Thin, Reflecting Films
Using an Optical Interferometer 1

This standard is issued under the fixed designation E 2246; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.

1. Scope contact with the underlying layer (see Figs. 1 and 2).

1.1 This test method covers a procedure for measuring the 3-1-4 anchor lip n—in a surface-micromachining process,
strain gradient in thin, reflecting films. It applies only to films, the extension of the mechanical layer around the edges of the
such as found in microelectromechanical systems (MEMSRNCchor (see Figs. 2 and 3). o
materials, which can be imaged using an interferometer. 3.1.5 bulk micromachiningadj—a MEMS fabrication pro-

Measurements from cantilevers that are touching the underlye€Ss where the substrate is removed at specified locations,
ing layer are not accepted. which can create structures suspended in air.

1.2 This test method uses a non-contact optical interferom- 3:1.6 cantilever n—a test structure that consists of a beam
eter with the capability of obtaining topographical 3-D dataSuspended in air and anchored or supported at one end (see
sets. It is performed in the laboratory. Figs. 1-3, and Fig. X1.1). '

1.3 This standard does not purport to address all of the 3.1.7 fixed-fixed bearm—a test structure that consists of a
safety concerns, if any, associated with its use. It is thd?@am suspended in air and anchored or supported at both ends.
responsibility of the user of this standard to establish appro- 3:1.8 in-plane length measurememt—a length (or deflec-
priate safety and health practices and determine the applicalion) measurement made parallel to the underlying layer (or the

bility of regulatory limitations prior to use. xy—pIane). . '
3.1.9 interferometer n—a non-contact optical instrument
2. Referenced Documents (such as shown in Fig. 4) used to obtain topographical 3-D data
2.1 ASTM Standards: sets.

E 2244 Test Method for In-Plane Length Measurements of 3.1.10 mechanical layern—in a surface-micromachining
Thin, Reflecting Films Using an Optical Interferométer ~ Process, the patterned layer (as shown in Fig. 2) that is
E 2245 Test Method for Residual Strain Measurements oftnchored to the underlying layer where cuts are designed in the

Thin, Reflecting Films Using an Optical Interferométer ~ sacrificial layer and that is suspended in air where no cuts are
designed in the sacrificial layer.

3. Terminology 3.1.11 MEMS adj—microelectromechanical systems.
3.1 Definitions: 3.1.12 out-of-plane adj—perpendicular (in the-direction)

3.1.1 2-D data trace n—a two-dimensional data trace that to the underlying layer.
is extracted from a topographical 3-D data set and that is 3.1.13 out-of-plane measurements—measurements taken
parallel to thexz or yzplane of the interferometer. on structures that are curved out-of-plane in trdirection.
3.1.1.1 Discussior-The height of the sample is measured 3.1.14 residual strain n—in a surface-micromachining pro--
along thez-axis of the interferometer. The interferometer’s Cess, the strain present in the mechanical layer after fabrication
x-axis (as shown in Figs. 1-3) is typically aligned parallel oryet before the sacrificial layer is removed. In a bulk-
perpendicular to the transitional edges to be measured. ~ micromachining process, the strain present in the suspended
3.1.2 3-D data setn—a three-dimensional data set with a layer after fabrication yet before the substrate is removed at
topographicak-data value for eachx(y) pixel location within ~ specified locations.
the interferometer’s field of view. 3.1.15 sacrificial layer, n—in a surface-micromachining
3.1.3 anchor, n—in a surface-micromachining process, the process, the layer fabricated between the mechanical layer and

portion of the test structure where the mechanical layer makei§€ underlying layer. This layer is removed after fabrication. If
cuts are designed in this sacrificial layer (as shown in Fig. 2),

1 This test method is under the jurisdiction of ASTM Committee EO8 on Fatiguealn anchor i_S Created_ a"OWing t_he mechanical Iayer to contact
and Fracture and is the direct responsibility of Subcommittee E08.05 on Cyclithe underlying layer in that region.
Deformation and Fatigue Crack Formation. 3.1.16 stiction, n—in a surface-micromachining process, a

Current edition approved Oct. 10, 2002. Published October 2002. o . .
2 Annual Book of ASTM Standardéol 03,01, structure exhibits this when a non-anchored portion of the

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959, United States.
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FIG. 1 Three-Dimensional View of Surface-micromachined Cantilever
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Note 1—The underlying layer is beneath the entire test structure.
Note 2—The mechanical layer is included in both the light and dark gray areas.
Note 3—The dark gray area (the anchor) is the designed cut in the sacrificial layer. This is where the mechanical layer contacts the underlying layer.
Note 4—The light gray area is suspended in air after fabrication.
FIG. 2 Design Dimensions for Cantilever in Fig. 1

mechanical layer adheres to the top of the underlying layer. This region is suspended in air, attached to the substrate, or
3.1.17 strain gradient n—the positive difference in the both.

strain between the top and bottom of a cantilever divided by its 3.1.20 surface micromachiningadi—a MEMS fabrication

thickness. process where thin, sacrificial layers are removed, which can
3.1.17.1Discussior—Consider a surface-micromachining create structures suspended in air.

process. The strain gradient is present in the cantilever before 3.1.21 test structuren—a structure (such as, a cantilever or

the sacrificial layer is removed. After the sacrificial layer is a fixed-fixed beam ) that is used to extract information (such as,

removed, the cantilever bows out-of-plane in the plus or minughe strain gradient or the residual strain of a layer) about a

z-direction (as shown in Fig. 1). The strain gradient in thisfabrication process.

cantilever is zero. Examining the out-of-plane measurements 3.1.22 transitional edgen—an edge of a MEMS structure

of the cantilever after the sacrificial layer is removed allows for(such as Edge “1” in Fig. 3) that is characterized by a

the calculation of the strain gradient present in the cantilevedistinctive out-of-plane vertical displacement (as shown in Fig.

before the sacrificial layer is removed. 5).
3.1.18 substrate n—the thick, starting material ina MEMS  3.1.23 underlying layey n—in a surface-micromachining
fabrication process. process, the layer directly beneath the mechanical layer after

3.1.19 support region n—in a bulk-micromachining pro- the sacrificial layer is removed.
cess, the region that marks the end of the suspended structure3.2 Symbols:
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Note 1—The 2-D data traces (“a” and “e”) are used to ensure alignment.
Note 2—Trace “c” is used to determine the strain gradient and ascertain if the cantilever is adhered to the top of the underlying layer.
Note 3—Traces “b,” “c,” and “d” are used in the calculation @,

FIG. 3 Top View of Surface-micromachined Cantilever
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FIG. 4 Sketch of Optical Interferometer

3.2.1 For Calibration: mean = the mean value of the step-height measurements
cal-x = thex-calibration factor of the interferometer for the (on the double-sided step height standard) used to calculate
given combination of lenses cal-z
cal-y = they-calibration factor of the interferometer for the  ruler-x = the interferometer’s maximum field of view in the
given combination of lenses x-direction for the given combination of lenses as measured
cal-z = thezcalibration factor of the interferometer for the with a 10-um grid ruler
given combination of lenses ruler-y = the interferometer’s maximum field of view in the
cert = the certified value of the double-sided step heighty-direction for the given combination of lenses as measured
standard with a 10-um grid ruler
inter-x = the interferometer’s maximum field of view in the  3.2.2 For Alignment
x-direction for the given combination of lenses L = the in-plane length measurement of the cantilever (see
inter-y = the interferometer's maximum field of view in the Fig. 2 or Fig. 3)
y-direction for the given combination of lenses XLower = thex-data value along Edge “1” (such as shown in
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Data along Trace "a" or "e" in Fig. 3
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FIG. 5 2-D Data Trace Used to Find X1 ,,er, X1 yppers X4 1owers @NA X4 ppe;

Fig. 5) locating the lower part of the transition tsupport = IN @ bulk-micromachining process, the thickness
XLpper = thex-data value along Edge “1” (such as shown in of the support region where it is intersected by the 2-D data

Fig. 5) locating the upper part of the transition trace of interest (such as, Trace “a” or “e” in Fig. X1.1, as
X3ower = thex-data value along Edge “3” (such as shown in shown in Fig. X1.2)

Fig. X1.2) locating the lower part of the transition X1, = the average okligyer aNAXL pper
X3,pper = thex-data value along Edge “3” (such as shownin x2 . = the average 02, and X2upper

Fig. X1.2) locating the upper part of the transition X2ower = thex-data value along Edge “2” (as shown in Fig.
X4ower = thex-data value along Edge “4” (such as shown in g) |ocating the lower part of the transition

Fig. 5) locating the lower part of the transition _ X2ypper = thex-data value along Edge “2” (as shown in Fig.
_x4upper = t_hex—data value along Edge “4” _(_such as shown in 6) locating the upper part of the transition

Fig. 5) locating the upper part of the transition Zypper = the z-data value associated it

_ Yiower = the x-data value along the transitional edge of , '~ in a bulk-micromachining process, the value for

interest locating the lower part of the transition (see Fig. 5) \yhen the thickness of the SUppOTt regitm, o is Subtracted
Xupper = the x-data value along the transitional edge of ¢, Z, ppo

: : P : er

Interest Iocatlng_the upper part of th_e transition (see Fig. 5) 3.2.4plgor Combined Standard Uncertainty Calculations
2.2-.3&'1:2 :(-S(t(;?m-)egsglrﬁ?r:a?: Igr Ititleogfi in of the circle of __ohigh = in determining the combined standard uncertainty

. ory- 9 ) value for the strain gradient measurement, the highest value for

radius R,,;. This circle models the out-of-plane shape in thesg given the specified variations

o o S i, e = 1 GSTINNG e Combined standard urcrtany

Tris circle models the out-of-plane shape in #urection of Y21 1 Ine SVl gfadent measurement, the lovest value fo

the topmost surface of the cantilever a _ . ,
R, = the radius of the circle modeling the shape of the Uy, = the component in the combined standard uncertainty

topmost surface of the cantilever as measured with the intef£a/culation that is due to the measurement uncertainty of one

ferometer(1)® data point . ' |
s = equals 1 for cantilevers deflected in the minus Y = the combined standard uncertainty value (that is, the

zdirection, and equals -1 for cantilevers deflected in the plu§Stimated standard deviation of the res() _
z-direction uy = the component in the combined standard uncertainty
= the strain gradient. Three data points (such as shown if@lculation that is due to the measurement uncertainty across

Fig. 6) are used for this calculation the width of the cantilever.
o = the strain gradient when the residual strain equals zero W12 = the half width of the interval from s, t0 §; hign
t = the thickness of the suspended layer, such as shown in 3.2.5 For Adherence to the Top of the Underlying Layer
Fig. X2.1(2-4) for a surface-micromachining process A = the minimum thickness of the mechanical layer as
measured from the top of the mechanical layer in the anchor
area (or region #2 in Fig. X2.2) to the top of the underlying
3 The boldface numbers in parentheses refer to the list of references at the end KYEY (@S shown in Fig. X2.1) and as specified in the reference
this standard. (4)
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FIG. 6 2-D Data Trace Used to Find x2,,,.,, X2 and the Three Data Points

upper s

H = the anchor etch depth (as shown in Fig. X2.1). The 4.3 To determine the strain gradient) olve three equa-
amount the underlying layer is etched away in tirection  tions for three unknowns2] plot the function with the data,

during the patterning of the sacrificial layer. and @) calculate the strain gradient.
J = this dimension (as shown in Fig. X2.1) incorporaitgs o
it Jo @ndjg, as shown in Figs. X2.3 and X2(4) 5. Significance and Use

ja = the roughness of the underside of the suspended, 5.1 Strain gradient values are an aid in the design and
mechanical layer in the-direction (as shown in Figs. X2.3 and fabrication of MEMS devices.
X2.4). This is due to the roughness of the topside of the

sacrificial layer. 6. Interferences
jpb = the tilting component of the suspended, mechanical 6.1 Measurements from cantilevers that are touching the
layer (as shown in Figs. X2.3 and X2.4) underlying layer (as ascertained in Appendix X2) are not

jc = the height in thez-direction of any residue present accepted.
between the bottom of the suspended, mechanical layer and the
top of the underlying layer (as shown in Figs. X2.3 and X2.4)7- Apparatus *
jq = the roughness of the topside of the underlying layer (as 7.1 Non-contact Optical Interferometecapable of obtain-
shown in Figs. X2.3 and X2.4) ing a topographical 3-D data set and has software that can
Zegw1 = thezvalue (as shown in Fig. X2.2) of the point of export a 2-D data trace. Fig. 4 is a sketch of a suitable
maximum deflection along the cantilever beam with respect tmon-contact optical interferometer. However, any non-contact
the anchor lip optical interferometer that has pixel-to-pixel spacings as speci-
Zegu2 = @ representative value (as shown in Fig. X2.2) of fied in Table 1 and that is capable of performing the test
the group of points in region #2 within the large anchor areaprocedure with a vertical resolution less than 1 nm is permitted.
3.2.6 Discussion—Fhe symbols above are used throughoutThe interferometer must be capable of measuring step heights
this test method. However, when referring/tealues, the letter  from 0.1 nm to at least 10 um higher than the step height to be
“y" can replace the first letter in the symbols above that starmeasured.
with the letter %.”

4. Summary_ of Test Me_thOd 4 The same apparatus is used as in Test Method E 2244 and Test Method E 2245
4.1 The circular function models the out-of-plane shape ofnd referencél).

cantilevers. Three data points (such as shown in Fig. 6) define
the circular function. The strain gradient is calculated from the TABLE 1 Interferometer Pixel-to-Pixel Spacing Requirements

radius of this circle. Magnification, X Pixel-to-pixel spacing, um
4.2 To obtain three data points representative of the shape of 5 <157

a surface-micromachined cantilevet) éelect two transitional 10 <0.83

edges, 2) obtain a 3-D data set3) ensure alignment, and) 4218 jg-gi’

select three data points. This procedure is presented in Appen- 30 <011

dix X1 for a bulk-micromachined cantilever.
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7.2 A 104um-grid Ruler, for calibrating the interferometerin ~ 9.1.1 For Non-reflective Rulers

the xy-plane. 9.1.1.1 Orient the ruler in thedirection using crosshairs, if
7.3 Double-sided Step Height Standafdr calibrating the available. Recorduler-x as measured on the interferometer’s
interferometer in the out-of-plaredirection. screen.

) 9.1.1.2 Orient the ruler in thedirection using crosshairs, if
8. Test Units available. Recorduler-y as measured on the interferometer’s

8.1 Cantilever Test Structures Fabricated in Either a screen.

Surface-micromachining or Bulk-micromachining Process 9.1.1.3 Determine thg- andy-calibration factors using the
The design of a representative surface-micromachined cantilésllowing equations:
ver is specified below.

8.1.1 The cantilever shall be wide enough (for example,
5-um wide, as shown in Fig. 2) such that obtaining a 2-D data
trace (such as Trace “c” in Fig, 3) along its Iength is not a Note 2—Multiply the x- and y-data values obtained during the data
difficult task. session by the appropriate calibration factor to obtain calibratezhd

8.1.2 The cantilever shall be long enough (for examiple, ~ Y-data values.

350 um, as shown in Fig. 2) such that it exhibits out-of-plane 9.1.2 For Reflective Rulers
curvature in thez-direction (as shown in Fig. 1). 9.1.2.1 Orient the ruler in the-direction along the bottom

8.1.3 The anchor lip between Edges “1” and “3” in Fig. 3 edge of the field of view using crosshairs (if available).
and between Edges “4” and “5” shall be wide enough to 9.1.2.2 Select the detector array size that achieves the best
include at least three data points. If the pixel-to-pixel spacindateral resolution.
is 1.56 pm, then this anchor lip should be at least 3.2 times 9.1.2.3 Adjust the intensity with respect to the brightest
greater (or 5.0 um, as shown in Fig. 2). At the same time, itayer of interest.
should be less than or equal to 10.0-pm wide. 9.1.2.4 Eliminate any tilt in the sample by nulling the

8.1.4 The cut in the sacrificial layer that defines the anchofringes on the top of the flattest region of the ruler.
should be at least 50 by 50 um (as shown in Fig. 2) to 9.1.2.5 Recheck the sample alignment.
determine if the cantilever has adhered to the top of the 9.1.2.6 Take an average of at least three measurements to
underlying layer as ascertained in Appendix X2. comprise one 3-D data set.

8.1.5 The anchor shall extend beyond the width of the 9.1.2.7 Move the ruler slightly in thg-direction and obtain
cantilever in thex y-directions (for example, at least 5.0 um, another 3-D data set.
as shown in Fig. 2) such that obtaining Traces “a” and “e” in 9.1.2.8 Continue until the ruler is out of the field of view.

Fig. 3 is not a difficult task. . Note 3—Obtain at least five data sets representative of the field of
8.1.6 There should be only one cantilever for each anchoy;g,,

(as shown in Fig. 2). :
8.1.7 The underlying layer shall be un-patterned beneath the 9.1.2.9 Foreach 3-D data Set, extract a 2.'D da“'?‘ trace in the
-plane at the same location on the ruler, if possible.

mechanical layer and should extend at least 5.0 um beyond tRé )

outermost edges of the patterned, mechanical layer (as shOWn9.1.2.10 Record in tabular form the ruler measurements
in Fig. 2). However, the underlying layer should extend at least € >43% for eachy. , I

50 um beyond the anchor lip in the minuslirection (as shown 9.1.2.11 Crient the ruler n thg-direction along the Ieft-_

in this figure) to ascertain if the cantilever has adhered to th@.and edge of the field of view. Repeat the above steps in a

top of the underlying layer, if necessary. Similar manner.

cal-x = ruler-x / inter-x (2)
cal-y = ruler-y/ inter-y 2)

Note 1—Any tilt in the sample is eliminated by leveling the interfero- Nore 4—This step can be skipped if the in-plane measurements are
o —Any p y gt restricted to thex-direction due to a smaller pixel-to-pixel spacing in that
metric optics with respect to the top of the exposed underlying layer. Thed. :
: . : P, ' -direction.
exposed underlying layer straddling the cantilever in Fig. 2 is used for this

purpose. Therefore, no other structures should be designed in these areas9.1.2.12 By interpolating or extrapolating, or both, use the
8.1.8 A sufficient number of cantilevers (preferably of newly created calibrated lookup table(s) to find the calibrated
different lengths) should be fabricated in order to obtain at leasf (OF ¥: Or both) values for pertinent pixels within the field of

one cantilever after fabrication, which exhibits out-of-plane"'€W- _ _ _
curvature in thez-direction and which has not adhered to the 9.2 Calibrate the interferometer in the out-of-plane

top of the underlying layer. zdirection using the certified value of a double-sided step
height standard. Do this for each combination of lenses used
9. Calibration ® for the measurements.
9.1 Calibrate the interferometer in the and y-directions Note 5—Calibrating the step height at NISTowers the total uncer-

using a 10-pm-grid ruler. Do this for each combination oftainty in the certified value.
lenses used for the measurements. Calibrate imypgane on 9.2.1 Before the data session, record the height of the step
a yearly basis. height standard at six locations, three on each side of the step

5The same calibration procedure is used as in Test Method E 2244 and Test © The step heights are calibrated at NIST using a stylus instrument as specified
Method E 2245 and referen¢g). in (6) and Appendix A of(7).
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height standard. Use six, 3-D data sets to accomplish this task. 10.4.2 Calibrate the 2-D data traces in the(or y-) and
9.2.2 After the data session, record the height of the stepg-directions.
height standard at six locations, three on each side of the step10.4.3 ObtainX,,,e, @and X, for Edges “1” and “4” in
height standard. Use six, 3-D data sets to accomplish this taskraces “a” and “e” using the procedures given in 10.4.4 and
9.2.3 Calculate the mean value of the twelve measurement$0.4.5. Therefore, eight values are obtained.
9.2.4 Determine the-calibration factor using the following 10.4.4 Procedure to Find x,.er
equation: 10.4.4.1 Locate two points (“g” and “h”) on either side of
cal-z= cert/ mean @) thetransitional edge being examined (such as, Edge “1"in Fig.
_ _ _ _ 5). Choose Point “g” to be located beyond the upper part of the
NoTe 6—l\_/|u|t|p|_y the z-data values obtained during the data session byi ansitional edge. Choose Point “h” to be located beyond the
cal-z to obtain calibrated-data values. lower part of the transitional edge.

10. Procedure Note 8—Point “g” has az-data value that is higher than tlzedata

10.1 To obtain three data poin{d) representative of the Vvalue for Point “*h.”
shape of a surface-micromachined cantilever that is curved 10.4.4.2 Examine the out-of-plazelata values one-by-one
out-of-plane in thez-direction, four steps are takert)(select  going from Point “h” to Point “g” in Fig. 5.
two transitional edges,2] obtain a 3-D data set3) ensure 10.4.4.3 Along the upper half of the transition, thealue
alignment, and4) select three data points. associated with the firgtvalue, which is less than 300 nm from

Note 7—See Appendix X1 for the modifications to this procedure for the nextz value, is Calle%pper

a bulk-micromachined cantilever. Note 9—The difference in the value of two neighboring points along
10.2 Select Two Transitional Edges the transitional edge is large (that is, typically greater than 500 nm). Along

. . the anchor lip, this difference is a lot less (that is, typically less than 100
10.2.1 Select two transitional edges to ensure alignment (foﬁm). The 300 nm criteria allows for an anchor lip that is not flat, rougher

example, Ed_ges “1"and “4” in Fig. 3)-.These transitional ‘?dge%urfaces, and other phenomena. The 300 nm criteria may need to be
should be aligned parallel or perpendicular toxhéory-) axis  modified, for example, when higher magnification lenses are used or for
of the interferometer. peculiarities in the 2-D data trace being examined.

10.3 Obtain a 3-D Data Set ; .

1.0'3'.1 Or_ient thg in—pl_ane Ie_ngth, of the cantilgver in the 18:2:g.zrcécxe;mu;ﬁetc;hzziigwsélues one-by-one. However,
x—dwgctlo.n, if possple, if the mterferomgter’s p|>§el-t()_-p|xel this time go from Point “g” to Point “h” in Fig. 5.
spacing is smaller in the-direction than in they-direction. 10.4.5.2 Skip over the data points untit &alue is obtained
Otherwise, an orientation in thedirection is acceptable. that is less than 75 nm.

10.3.2 Obtain a 3-D data set that contains 2-D data trages (
parallel to the in-plane length of the cantilever ang) (  Note 10—The z values of the data points along the top of the
perpendicular to the two selected transitional edges in 10.2.3nderlying layer are expected to lie betweeA0 nm. Choosing the first

10321 Use the most powerful objecive possible (whisydle 12 o an 11 siows o oo el vuaner s
fﬁoosmg lthe appr(iprit;dlte_ ﬁeldt(,)f Vtie(\:’iv lens, if applicable) giVenpeculiaritiez in the 2-D-data trace being examir)mled.

e sample areas to be investigated. ) )

10.3.2.2 Select the detector array size that achieves the bestl0-4-5.3 Thex value associated with the newly fourd
lateral resolution. value isXoer _

10.3.2.3 Visually align the transitional edges in the field of 10.4.6 Compare the two values fal, ;e in Traces "a” and
view using crosshairs (if available). e. .

10.3.2.4 Adjust the intensity with respect to the brightest 10.4.7 Compare the two values bk, in Traces “a” and
layer of interest. e _

10.3.2.5 Eliminate any tilt in the sample by nulling the 10-4.8 Compare the two values fof,;..in Traces “a” and

fringes on the top of the exposed underlying layer that straddle$:

the cantilever. 10.4.9 Compare the two values ot in Traces “a” and
10.3.2.6 Recheck the sample alignment. ‘e ) .
10.3.2.7 Take an average of at least three measurements tol0-4-10 If more than half of the comparisons performed in

comprise one 3-D data set. 10.4.6-10.4.9, inclusive, result in compared values that are not

10.3.2.8 From the 3-D data set, extract Trace “c” in Fig. 3 identical, rotate the sample slightly, obtain another 3-D data set

10.3.2.9 In Trace “c,” examine the data associated with th&S detailed in 10.3, and repeat the steps in 10.4.
suspended portion of the cantilever. If the cantilever bends Nore 11—The compared values correspond to discrete pixel locations.
towards the underlying layer and there is a question as t®@herefore, obtaining identicat values between two traces is not an
whether or not it has adhered to the top of the underlying layeinsurmountable task. However, if alignment cannot be achieved as

calibrate the data trace in the (or y-) and z-directions and specified above (for example, when higher magnification lenses are used),
follow the steps in Appendix X2 at this point visually align the sample within the field of view of the interferometer.

10.4 Ensure Alignment 10.5 Obtain Three Data Points Representative of the Shape
10.4.1 From the 3-D data set in 10.3.2.7, choose Traces “adf the Cantilever
and “e” (in Fig. 3, as shown in Fig. 5). 10.5.1 Choose a centrally located 2-D data trace (within the
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3-D data set) along the cantilever (such as Trace “c” in Fig. 3, X2ave = (XZower T X2upper) 1 2 17)
as shown in Fig. 6). . andxl,.is given in Eq 4.

10.5.2 Calibrate the 2-D data trace in tke (or y-) and 11.3.2 If one of the three chosen data points in 10.5.4 is not
z-directions, if not already done. representative of the data, choose another data point or alter its

10.5.3 Eliminate the data values at both ends of the tracggjye and repeat the analysis beginning at 11.2.
that will not be included in the modeling (such as all data 11 4 calculate the strain gradient using one of the following
values outside and including Edges “2" and “3" in Fig. 6 with equations:
thex values of all the remaining data points being greater than

or equal tox1,,). The equation fox1,,is as follows: %~ 1/ Rn (18)
Xlawe = (Xlier + Xopped /2 @) o
S = 1/[Rpe = s(t/2)] (19)

10.5.4 Choose three representative data points (sufficiently _ .
separated) within this abbreviated data trace. Call these datall.5 Calculatel. using the method presented in Annex Al.

pOIntS é(l' Zl)' (Xz, 22), and 6(3, 23) SUCh thalX1< X2< X3. 12. Report

11. Calculation 12.1 Report the results as follow®): Since it can be
rassumed that the possible estimated values are approximately
L?niformly distributed (as specified in Annex A1) with approxi-
mate standard deviatian, the strain gradient is believed to lie

in the intervals, = u. with a level of confidence of approxi-
mately 68 % assuming a Gaussian distribution.

11.1 Given the three data points from 10.5.4, three steps a
used to determine the strain gradiér(t) solve three equations
for three unknowns,2) plot the function with the data, an8)(
calculate the strain gradient.

11.2 Solve Three Equations for Three Unknowns

11.2.1 Solving the three circular equations: 13. Precision and Bias

2= b+ s[R,2— (x, — a2 (5) 13.1 In the spring of 1999, ASTM conducted a round robin
) 12 experiment(1, 8) that included out-of-plane deflection mea-

%= b+ s[Rn’ ~ 0~ 2] ©®)  surements of fixed-fixed beams and cantilevers. These mea-

z3=b+ s[R, — (X — a)?]? (7)  surements indicate the magnitude and direction of the most

results in the following equations fa; b, andR,,: c_ieflected point of the test structure wit_h respect to the. anc_hor
lip(s). Twelve laboratories participated in the round robin with

3= (Buum * Bune) / 3gen ®)  the laboratories using their own measurement methods. Sig-

b=2z-0Q (9 nificant variations were found when the laboratories measured

Ro = [0 — @) + Q77 (10) the same devices. The reported deflection values of one

fixed-fixed beam test structure ranged from 0.24 um deflected
down to 0.8 um deflected up. Two laboratories considered this
B = 2X° — Z + L2 — X + 2,2 + X (11)  structure as being flat. (It is recognized that the spread in the

where

B = — 2%, + 26+ 22, — 222 — 7% — 277 (12) ~ measured deflected values could be due in part to change in
positioning during the weekly transport between laboratories.)
Buen = 2 (X2~ XyZy Xl + XyZp — X + Xgta) 3 Similar discrepancies also existed in the measurements done on
Q=2Q ==[x-a’— (—a’~(z~2)1/[2(z~2)] cantilever test structures.
(14) 13.2 For the next round robin, with the use of this test
11.3 Plot the Function with the Data method, it is expected that the variations in the community
11.3.1 Plot the abbreviated data trace obtained in 10.5.3 (dneasurements will be significantly tightened.
X1.5.2) along with the following equation: 13.3 Precision—To be determined in the next round robin
5 21/ experiment.
2=b+s[Ry’ ~ (x— " (15) 13.4 Bias—To be determined in the next round robin
where experiment.
Xlave = X = X2ave (18) 14, Keywords

14.1 cantilevers; combined standard uncertainty; fixed-fixed
“ By inserting the three data points into the correct locations on the appropriat(peams’ mterferometry, le':]gth m.e.asu'rem?nts’ mlcr.O('eIegtrpm'e-
NIST Web page f{ttp://www.eeel.nist.gov/812/test-structures/index)htateps 1 chanical systems; MEMS; polysmcon, residual strain; stiction;

and 3 can be performed on-line in a matter of seconds. strain gradient; test structure
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ANNEX
(Mandatory Information)

Al. CALCULATION OF COMBINED STANDARD UNCERTAINTY

Al.1 To calculatey, find U, anduy,. points chosen in 10.5.4 is assumed to be the same.

Al.1.1 Determineu, Al.1.2 Determineu;

A1.1.1.1 Varyz, from 10.5.4* 20 nm. Records,,, and Al1l.1.2.1 Finds, for Traces “b,” “c,” and “d” in Fig. 3 (or
S-highr Fig. X1.1), if not already done. Recosy. ,,, and Sy nign

Al1.1.2.2 Calculatev,,, using Eq A1.1.
Al1.1.2.3 Calculates, assuming a uniform probability dis-
H%ution using the following equation:

Note Al.1—Plus or minus 20 nm includes variations due to surface
roughness and measurement uncertainties at room temperature in
surface-micromachining process. This variation is expected to be larger i

a bulk-micromac_hining process and at elevated tempgra_tures. As fabrica- Uy = Wi/ 342 = Wy, / 1,732 (A1.3)
tion processes improve and measurement uncertainties decrease, the
specified variation will decrease as well. Al.2 Calculateu, using one of the following equations:

A1.1.1.2 Calculatav,,, using the following equation: Up = [3(Ugg)? /3 + ()2 (A1.4)

Wijo = (Sy-nigh = Sgetow) / 2 (AL.1) or

A1.1.1.3 Calculates,, assuming a uniform (that is, rectan- Ug = [(Uy)® + ()™ (AL5)

gular) probability distribution using the following equation: Note AL.3—Note in Eq Al.4 thati,)? is multiplied by three to
Uy = W/ 342 = w,,/1.732 (A1.2) account for the three chosen data points. It is then divided by three to

account for using an average of three measurements as specified in
Note Al.2—The measurement uncertainty for each of the three datd0.3.2.7.

APPENDIXES
(Nonmandatory Information)

X1. MODIFICATIONS TO THE PROCEDURE FOR A BULK-MICROMACHINED CANTILEVER

X1.1 To obtain three data points representative of the shape X1.3.3 Eliminate any tilt in the sample by nulling the
of a bulk-micromachined cantilever that is curved out-of-planefringes on the top of flat regions of the sample that are
in the zdirection, four steps are takert)(select two transi- symmetrically located with respect to the cantilever.
tional edges, ) obtain a 3-D data set3) ensure alignment, X1.3.4 Skip 10.3.2.8 and 10.3.2.9.
and @) select three data points.

Note X1.1—The substrate etching in a bulk-micromachining process X1.4 Ensure Allgnment:- ) ] -~
can be considered custom. Different etchants are used and for varying X1.4.1 Follow the steps in 10.4 with the following modifi-
lengths of time. Therefore, the procedure that follows may need to beations:
modified for the given application. X1.4.2 Obtainx,,,, for Edges “1” and “3” (not Edges “1”

Note X1.2—In the procedure that follows, refer to Fig. X1.1, Fig. and “4™) in Traces “a” and “e” usina the procedure given in
X1.2, and Fig. X1.3 instead of Fig. 3, Fig. 5, and Fig. 6, respectively. Also,lO 4.4 )Therefore four values are c?btaingd 9
replace the words “anchor lip” with the words “support region.” Xl 4 3 Skip 10'4 5 1047 and 10.4.9 :

X1.2 Select Two Transitional Edges: X1.4.4 Replaced,pe, With X3,pper

X1.2.1 Follow the steps in 10.2 with the following modifi- Note X1.4—If the edges of the etched out cavity are jagged and these

cation: o _ are the only edges available to ensure alignment, it may not be possible to
X1.2.2 Refer to Edges “1” and “3” in Fig. X1.1 instead of ensure alignment by comparing values along these edges. If this is the
Edges “1” and “4” in Fig. 3. case, make sure the sample is visually aligned within the field of view of

. . the interferometer.
Note X1.3—If the edges of the etched out cavity are jagged, Edges “1”

and “3” in Fig. X1.1 will not be appropriate for ensuring alignment. Select  y{ 5 Sglect Three Data Points:

other edges, preferably in the field of view, for this purpose. . ) ) o
X1.5.1 Follow the steps in 10.5 with the following modifi-

X1.3 Obtain a 3-D Data Set: cations:

X1.3.1 Follow the steps in 10.3 with the following modifi-  X1.5.2 Eliminate the data values at both ends of the trace
cations that will not be included in the modeling (such as all data
X1.3.2 Refer to Edges “1” and “3” in Fig. X1.1 instead of values outside and including Edge “2” in Fig. X1.3 with tke
Edges “1” and “4” in Fig. 3. values of all the remaining data points being greater than or
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Edge 1 Edge 3

Note 1—The central beam is suspended above a micromachined cavity.

Note 2—The dark gray areas are the visible parts of the micromachined cavity.

Note 3—The remaining light gray area around the outside of the visible portion of the cavity is suspended in air, attached underneath to the substrate,
or both.

Note 4—The 2-D data traces (“a” and “e”) are used to ensure alignment.

Note 5—Trace “c” is used to determine the strain gradient.

Note 6—Traces “b,” “c,” and “d” are used in the calculation @f,.

FIG. X1.1 Top View of Bulk-Micromachined Cantilever

. Data along Trace "a" or "e" in Fig. X1.1

5. 8
T 50 04 0.4 0.6 0.8 N 1.2
= 10 - —Edge 1 Edge3 —»
N s . h :
20 - CVIGAPANYPetgs P
-25 -

X (mm)

Nore—Data points are missing along and near Edges “1” and “3.”
FIG. X1.2 2-D Data Trace Used to Ensure Alignment

equal toxl,,. Use Eq 4 to finkl,,,. Follow the procedure in X1.5.3.2 Choose the bottommostvalue that is available

10.4.4 to findx1,,per along the transitional edge. Record theata value (that is,
X1.5.3 There are four procedures that follow to figler  z,,,.) associated wittx,,,,e, (@s obtained in 10.4.4). Subtract
(choose the first one that is appropriate): from z,,¢,the thickness of the support regidg,ppon Where it

X1.5.3.1 If there are no missing pertinent data points alongs intersected by the 2-D data trace. Call the resultant value
or near the transitional edge, examine thelata values ; fthe choserevalue along the transitional edge is less

ong-by-one going from Point ‘g to Poir_1t “h” in Fig. X1.2. thanz,,perMinus 500 nm (that i, pper-1500), then thex value
Skip over the data points until avalue is obtained that is ,sqociated with the choservalue isx

associated with the bottom of the etched out cavity. Thalue tower

associated with the newly fourmvalue iSXgyer Note X1.5—The 500 nm criteria allows for phenomena associated with

10
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Data along a Bulk-micromachined

Cantilever
data points
4—— missing along
and near
Edge 2
0 ¥ T T T T F
0 0.2 04 0.6 0.8 1 1.2

X (mm)

Note—This is a 2-D data trace (“b,” “c,” or “d”) along a cantilever similar to that shown in Fig. X1.1.
FIG. X1.3 2-D Data Trace Used in Strain Gradient Calculation

measurements taken along transitional edges and any effects due tolf | Xupper™ Xupper—t—500| =14 um, record<upper_ESOO aSXiower

secondary fringes. X1.5.3.4 Add or subtract (as appropriate) 14 pum to or from
X1.5.3.3 Locate the data point in the etched out cavity tha;<u 10 getXguer

is closest to the transitional edge. Call this pot, (i, Zeaviny)- pper ower

Determinez, e 1500 INterpolate to findx,,perts00 USING the

following equation:

Xuppper-ts00 — Xupper+ (Xcavity - Xupper)(zupper-tsoo - Zupper) / (anvity - (zupper))
X1.1

X1.6 Calculate the strain gradiens,, by following the
steps in Section 11.

X2. ADHERENCE OF SURFACE-MICROMACHINED CANTILEVER TO UNDERLYING LAYER

X2.1 Determine if the surface-micromachined cantilevergroup of points as region #1.
(shown in Fig. X2.1) is adhered to the top of the underlying x2.1.5 Define region #2 as a group of points within the
layer (1,4) large anchor area, as shown in Fig. X2.2. Recpig..

X2.1.1 From 10.3.2.7, choose a 2-D data trace (such as x2.1.6 CalculateB, as defined by the following equation:
Trace “c” in Fig. 3) along the cantilever including its large

anchor area. Bi = Zegin — Zegrz (X2.1)
X2.1.2 Plot the calibrated 2-D data trace (as shown in Fig. X2.1.7 CalculateB, as defined by one of the following
X2.2). equations:

X2.1.3 Locate and recorgeg,;.
X2.1.4 If neighboring points have similaz values (as
shown in Fig. X2.2) such that a “flat” region exists, define this or

By=H+J (X2.2)

Note—See Figs. X2.3 and X2.4 for the component parts of dimendion
FIG. X2.1 Cross-sectional Side View of Cantilever Adhered to Top of Underlying Layer

11
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Data along Trace "c" in Fig. 3
5 - .
. region
anchor li

41 P
o~ 3 4
£
= 2]
N1 ) Zreghl

0 1 T T

40 0.2 0.4 0.6 0.8 1 1.2

x (mm)
Note—This is an example of stiction.
FIG. X2.2 2-D Data Trace of Cantilever in Fig. X2.1
J=jatjstjctja
mechanical layer
? Ao A — SN Ja
Jb 2
J
residue Je ¢ bs

v N P 7 jd

S~ S ~—V
underlying layer

NoTte—This view is along the length of the cantilever where it has adhered to the top of the underlying layer.
FIG. X2.3 Component Parts of J in Fig. X2.1

B,=t—A+1J (X2.3) Note X2.3—It is believed that the existence of a substantial “flat”
region that alters the cantilever’s natural shape is the primary indicator of

Note X2.1—Referring to Fig. X2.1, use Eq X2.2 i is known more an adhered cantilever.

precisely than the quantity ¢ A). Otherwise, use Eq X2.3 to fing.,.
X2.1.8 The cantilever is adhered to the top of the underlying X2.1.8.2 Less than 20 points are within region #1 and
layer if: B, =B, + 100 nm.

Note X2.2—The adherence criteria that follows will become more  Nore X2.4—Determining if the cantilever is adhered at one point along
precise as fabrication processes and measurements improve. the length of the cantilever is a difficult task. Therefore, this criteria errs

X2.1.8.1 Twenty points or more are within region #1 andon the conservative side.
B;= B,+ 120 nm, or

12
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underlying layer

Note—This view is along the width of the cantilever.
FIG. X2.4 Component Parts of J in Fig. X2.1 and Fig. X2.3
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