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A Microstructure forin situ
Determination of Residual Strain

Chi Shiang Pan and Wensyang Hsu

Abstract—This work presents a new strain sensor with a
compact structure. The strain sensor comprises of a pair of  anchors
cantilever beams with different lengths connected by a short
tip. The residual strain causes two beams to deflect each other,
thereby magnifying the deflection, which is measured by the tip.
The displacement is independent of both Young's modulus and
the film’s thickness. An analytical model is derived to relate
the measured displacement to residual strain. Finite-element
modeling is also used to analyze the model. This work also [nderlying Layer
thoroughly considers other factors that influence the designs and Substrate
the implicit limitations of the strain sensors. Experimental results
with an SiO: film as well as undoped LPCVD polysilicon films are  Fig. 1. Schematic diagram of the strain sensor.
used to demonstrate the effectiveness of the proposed structure.

thdth

(congpressive)

[250] beams and a third beam as the gauge [7], [8]. The strain of
Index Terms—Residual strain, thin film. two test beams is converted into the rotation of the third beam,
and then the stress level in the two test beams is deduced by

I. INTRODUCTION measuring the free end movement of the third beam. Accurate

s L ._._measurements require a long third beam, but this is limited
EAS.UR.ING stresses in thin films is v!tal to desgmnqj e to the out-of Slane defor?nation. In addition, the stiffness
fabrication processes and actual dewceg. A variety d stress concentration of the turning points can significantly
mgthgds have been developgd to measure r§3|dual Stress?ﬁﬂ'ﬂence the movement. Therefore, the strain sensor requires
th!n films [1}-{10]. A co_nvenhonal app_roach involves USING, correction factor for different widths of the turning points.
microstructures for passive strain sensing. These are baswg\lhl

i : other kind of strain sensor uses an indicator beam to
suspended microstructures that deform under residual Stresﬁ$§gnify the small displacement of a long test beam through
These microstructures are fabricatgd situ along with the

tive devi th hio. One t fth a sloped beam [9], but the residual stress and the stiffness of
active devices on the same chip. .one type of the passiye sloped beam affect on the measurement. Gianchaetlani

;tram sensors utilizes the bucl'<l|ng tgchmque. T’he technlqgﬁ [10] designed a passive strain sensor that utilized a pair of
is based on proof structures in which a bear_ns MaxXIMUPLnt beams with an apex at the mid-points. The bent beams
IPengt_h remfzf;unts Enbuckleg_f_ur;dtehr a comp;re'fswte strain [_ agnify deformations, similar to a parallelogram mechanism.
re(\j/.lous ed orts ?ve me ed these p;oo IS ruci ures 2as 2 He magnification of the motion is attributed to the tilt angle
or diamond STUCIUres for measuring tensiie strain 21 f the bent beams, which is highly sensitive to the variations
However, there are some disadvantages in using the bUCkllﬂ‘gthe tilt angle. The strain sensor performance depends on

'technlque. For |n'stance, an entire array of the microstructur perly designing the tilt angle and the symmetry of the bent
is needed, implying that: 1) they occupy a large area and ms

the difference in the beam’s length in the array determines t

rai luti Another disadvant is that the bound S this paper, we present a new structure for a strain
strain resolution. Another disadvantage 1s that the boun asré{nsor, which has a significantly small structural size but a

cog?rl;uont can be a fa(itor deter_mlmr:g sttram itr:]curatelyil d rge magnification factor. The proposed sensor requires no
d Herhypez use onty o?e micros {juc ;Jhre' di elso—ca et orrection factor. An analytical model is also derived and
and H-stiaped MICTosuctures provide the GISPIacement Opa, o sterized to relate the measured displacement to residual

junction between .W'de and narrow beams [5], [6]. Howeve train. Finite element modeling is used to support the analytical
such structures yield extremely small displacements, ther

ki ; ¢ difficult. L il del, and experimental results with Si@nd polysilicon
making an accurate measurement difficull. Long cantiieVgf,g a6 ysed to demonstrate the sensor performance, which
beams to magnify the displacement have also been pmpc’ﬁg@ompared to the data from other strain sensors.
One kind is a rotating pointer comprised of two opposed test
[I. OPERATING PRINCIPLES
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i hl "6 ' 1 Ab=hw

b=1/2-8%L; + SLi-Ly- | b=13L  +LyL%- |bs=12L2 + L1, -12.1,°

Lo 6 5 Vo
p qur —— 1281y LiLy + 1317 + S-Ly? +SLy
© M L N = \f EP - =187+ 8L, [e=12L 2 + Ly -1/2:L] &=L +L,+§

+8S.L,

Displacement Displacement
(Compressive strain) (Tensile strain)

strain due to the axial forc®, P/E A, thuse; = e— P/EA,,.
Similarly, the strain in the short test beam, is £ + P/E A,.

_ _ Where £/ denotes the Young'’s modulus adg represents the
The difference between the two test beams with respectdga of the cross section of the beams. Thus,

elongation or contraction due to residual strain after removing
the underlying layer causes the deflection of two beams. This d6=¢e(L1—L2)— (L1 + La2) - P/(E - As). 2)
deflection can also be magnified by an extended indicatl?r

. - the strain sensor is in a compressive state, the values of
beam. A vernier gauge located at free end of the indicatQr . ; . -
! : e residual straim and the axial force” are positive. For a
beam can be used to quantify the deflection.

reverse situation, both values are negative in tensile state.

By unit-load method [11], the following equations can be
[ll. ANALYTICAL MODELING AND derived:

FINITE-ELEMENT MODELING (FEM)

Fig. 2. (a)-(c) The analytical models.

E'I'E'(Ll—Lg)Ial'P+b1'F+Cl'M (3)
A. Analytical Modeling O=as - P+by - F+c;- M (4

Fig. 2 displays the analytical models of the strain sensor. In O=as-P+bs-F+cs-M (5
Fig. 2(a) the parameters; and L. represent the lengths of - . . .
long test beam and short test beam, respectively. In additi 't()elrelthe formula for coefficients in (3)—(5) are listed in
W and h denote the width and thickness of two beam ,a he ' b ing the ab th i th | f
respectively. Free ends of two cantilever beams are connectea— Iefn, yPsotvmg €a foveeF reedet()quadllons, € vsﬂ;es °
by a rigid beam with a length significantly smaller than wgX1al force I, fransverse forcar, and bending mome

cantilever beams. Wheré denotes the distance (or gap)cagugqemz(/)uu?gt' flz)(r)cr;ed:etrirglggg Othies leglliae(;ergzn;h(gngein“p’

between center lines of the two beams. When the strain?s 5 | . tate. the displ t of th int
released after removing the underlying layer, the difference® (€). In compressive state, the displacement of the poin
A, can be expressed as

between two beams with respect to elongation is denoted by
6. Meanwhile, a reactive bending momehf, an axial force A=[(1/2-8-L3)-P+(1/2-L;-L3—1/3-L3)-F
P, and a transverse forcE' are induced at the boundary, as T2y

shown in Fig. 2(b). Therefore, the system can be considered +(1/2-Lz) - MI/ET ©
as two connected beams subjected to a bending moment, aRrom (3) to (6),« can be expressed as

axial force, and a transverse force at the fixed end of long test

beam to have the difference of the elongattoras shown in e=7A @)

Fig. 2(c). It can be found that where (8), shown at the bottom of the page.
§=1IL,-e —Ly-ey (1 Appendix A presents detailed derivation for (3)—(8). Ac-
cording to (8) and Table I, Young's modulus of the structure
where the straire; in the long test beam is obtained as thand the thickness of the beams do not influence the displace-
subtraction of the strain due to the residual strairand the ment of the tip at all, since both factors are eliminated in

a1 bl C1
2- a9 bg Co
a3 b3 c3

7= az by

az bz

bQ Co
by «c3

as Co
az C3
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Fig. 3. Comparison of the displacements obtained by analytical modeling

and FEM.(Ly = 200 gm, Ly = 100 um, h = 2 pm, w = 2 um, Fig. 4. (a) Side view of the vertical buckled cantilever and its equivalent

S =3 pm) pinned—pinned model. (b) Top view of the horizontal buckled cantilever and
its equivalent clamped—clamped model.

the (8). The conversion factoy is related to geometrical

parameters of the structure, includidg, L, w, and S only. Where _ .
The optimal design of the structure for a higher magnification L = L1 compressive residual stress;
factor, against buckling and without out-of-plane deformation L = L2 tensile residual stress;

can be obtained further. Increasing the gap distance seriouslyc = 1/12hw? horizontal buckling;
reduces the displacement. Our preliminary investigation re-Ic = 1/12wh?® vertical buckling.
veals that the maximum displacement can be achieved whHnus, the criteria of the residual strain without causing

L,/L, is near to 0.5. The optimized gap distarftés around buckling can be found as

1-3 pm.
ai b o

B. FEM 2R lay by e

This work employs a commercial finite-element code AN- e< % bs o
SYS 5.2 not only to perform strain-displacement analysis L?-w?-(Ly — Ly)- b2; 2
of the strain sensor, but also to support the analytical re- 3 €3
sults. Strain is introduced in the model by applying uniform for vertical buckling (11)
temperature change along the beams. Fig. 3 compares the a b o
displacements obtained by the analytical model with the FEM. 472 |ay by ¢
This comparison demonstrates that the analytical approach is az by c3
valid under linear behavior. Nonlinear behavior under large- €= by col’
deformation theory is obtained by FEM alone. Fig. 3 indicates L2 (Ly = L2)- by c3

that the strain sensor shows nonlinear behavior at larger for horizontal buckling. (12)
compressive strain levels. However, we can employ the proper

dimensions of the strain sensors to meet the specification. According to (11) and (12), vertical buckling is more critical

than horizontal buckling unless markedly exceedsv. For
IV. CHARACTERIZATION OF THE STRAIN SENSOR example, Fig. 5(@) and (b) presents the critical strains for
the variations of short beam lengtti2) for horizontal and
vertical buckling, respectively. Hence, different dimensions of

A. Buckling Criteria k k k
o o . the strain sensors can be made for various strain ranges.
The models in Fig. 4(a) and (b) have simplified the device

by representing it as an angled pinned—pinned bridge if the ver-
tical buckling happened, and as an angled clamped—clamfeaSide Wall Effect
bridge if the horizontal buckling happened [12]. Thus, the axial Nonvertical side wall definitely influences the accuracy of

forces that cause buckling are the model. Assumed herein that the function of side wall
) profile is f(x) = h(x/b)"*, as depicted in Fig. 6, wheré
Py = E21c7 for vertical buekling (9) denotes width variation at the bottom of the side wall and
L2 n represents a side wall profile factor. When the side wall
4m* E1, . . i ' i '
- 4 for horizontal buckling  (10) is vertical, b is zero andzx is also equal to zero. Next, the

rz v cross-section are@l,,) and moment of inertiéZ,, ) are derived
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Fig. 7. Deviation of the calculated strain between vertical side wall and
nonvertical side wall for width variation.
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Fig. 5. Critical strains (a) for horizontal and (b) for vertical buckling with i
the variations in short beam lengtti»), where L; = 500 gm, w = 3 pm, o z 4 6 8 10
h =2 pum,andS = 7 um. Side Wall Profile Factor (n)
Fig. 8. The effect of side wall profile factdm), wherew = 3 pm and
Y, n=1 b = 10% x w.
n n=2
fx)=h(x/b) n=

: direction due to isotropic etching. Fig. 7 displays the error of
b b calculated strain between vertical side wall and nonvertical
Side wall profile side wall for width variation. This figure indicates that, for
our stain sensor, the calculated strain due to width variation
deviates less than 2%. Fig. 8 summarizes the effect of side
wall profile factor(n), wherew is 3 um andb equals 10% of

Fig. 6. Side wall profile function of a beam far from vertical.

as beam width. According to this figure, the error drops sharply as
A, = h(2b +w(n +1)) (13) n increases. In addition, the deviation of the calculated strain
n+1 between vertical side wall and nonvertical side wall is less
[ huw?® 5 hb®  bh(2b + w)(2w + n(w — 2b)) than 1.5% due to factor in our case. Moreover, the results in
12 n+3 4(n+ 1)(n +2) Fig. 8 are independent df, since thicknesgh) is eliminated

(14) from coefficienta;.

where 4,, and I,, will replace of the cross-section aréd,) i

and moment of inertidl) in (2) and (3) if the side wall is far C- Stress Gradient Effect

from vertical. According to the analytical modeling, residual Stress gradient may cause a significant out-of-plane defor-
straine is expressed as a function of displacemanby (7), mation of the structure, which is a source of error in the
e =+ - A, where~ is given by (8). According to Table | andstrain sensor measurement. However, this problem can be
(8), only coefficienta; is related tol,, and A,,. Figs. 7 and 8 resolved if the bending effect on the measured displacement
compare various nonvertical side wall conditions with vertica$ compensated. Gradient stress in general tends to bend
side wall condition. In our fabrication result, the thickneseeleased structures up or down. A simple calculation is stated
(h) of the strain sensor is around /2m, the width (w) is to quantify the error on lateral displacement measurement due
around 2—-4:m, and the gaf.5) is around 6-7um. The side to the stress gradient effect. In the proposed strain sensor,
walls generally have a 5-10% width variation in the verticaksidual stress not only elongates the beams but also results
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Fig. 9. Error analysis of lateral displacement measurement due to stress anchor of
gradient effect. short beam
=g
in the lateral deflection of the beams. It is assumed herein “::f::'b::m
that the bending of the beam exists due to gradient stress
and its projected length along the actual lengfh of the -
straight beam is denoted 48, as shown in Fig. 9. Thus, the f
difference of the lateral displacements, between the free
end of the straight beam and the bending beam can be obtained
approximately by geometrical configuration
AS=(L-L")-96 (15)

where L/ = (p — V) tan(L/p) andV = ¢,p. 99 denotes a mer:ﬁ;ﬁ

differential angle of lateral deflectiorl{ represents the out-
of-plane displacement is the radius-of-curvature, is the
thickness of the beam, ang, is the average stress gradient
in the film.

In most cases, including our resultd; — L') - 96 remains
extremely small for the minute angle @f. Hence, error :
in displacement measurement due to stress gradient effect is ®)

negligible. However, excessively warped films would requirFe_ - ric. desian of two strai for the displ .
thiS compensation. 1g. . € symmetric aesign o 0 straln sensors 1or the displacemen

measurement of a wet oxide film. (a) Total view. (b) Enlarging measurement
view. (Process condition: 118C, H> = 25 sccm, @ = 15 sccm, 10 h.
Dimensions: long beam length 600 pm, short beam length= 290 «m,
gap = 6.8 um, width = 3.5 pm. Measured displacemer¥ = 8.4 um,
residual strain= —1290 pe [residual stress= —90 MPa, where Young's

A. Fabrications modulus is 70 GPa)].

For polysilicon films, a conventional surface-sacrificial layer
method is used. The wafers are divided into two groups: oaee constructed symmetrically. In this manner, the double
group is put into postannealing, but another is not. For wdisplacement2A, can be obtained by taking the difference
oxide films, a bulk micromachining is used. Ai2n SO, film  of the distance between two tip beams, as shown in Fig. 10.
is thermally grown. Finally, the test beams and the extendedFigs. 11 and 12 display the displacements of the tip
indicator beam are released by anisotropical time-etching lsfam versus different short beam lengths for a wet oxide
the Si-substrate [13]. Owing to limitation in our laboratoryfilm and a LPCVD polysilicon film, respectively. The
we utilize wet etching method to demonstrate the straffirains calibrated from these strain sensors ar&320
sensor’'s new structure. However, it is possible to fabricate the —1350 ue, and —1400 pe for the wet oxide film, and
vertical side wall by other feasible micromachining techniqugre —1250 j.e, —1200 pe, and —1270 pe for the polysilicon
(e.g. Anisotropic Reactive lon Etching method). Thereforiim. The maximum differences are within 80 and 7&
the primary advantages, i.e., Young's modulus independengy; the oxide film and the polysilicon film, respectively.
thickness independency, no correction factor and compa®e variations in calibrated strains may be attributed to the

V. FABRICATIONS, MEASUREMENT, AND DISCUSSIONS

structure, which we claim for our device may remain. nonuniform distribution of residual stress in overall film on
the wafer. The average calibrated stress in this wet oxide
B. Measurement film is about 94 MPa (compressive). The average calibrated

An optical microscope mounted with a ruler is used tétress in the undoped LPCVD polysilicon film without post
determine the displacement of the tip beam. To measure #nealing is about 200 MPa (compressive), and is less than
displacement, a reference edge is used, otherwise, a ver@i@rMPa (compressive) after 1-h annealing. In this study, we
gauge can be incorporated into the design. Here we also af&o fabricate other strain sensors on the same chip, as shown
the symmetric design, in which two independent strain sensamsFig. 13. Table Il lists the calculated strain and measured
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Fig. 11. Different displacements of the tip beam versus variations of tr
short beam lengths under compressive strain. (Test film: Wet oxide° €100
Ho = 25 sccm, @ = 15 sccm, 10-h-long beam lengtk 410 pm, short
beam length= 190 pm, 295 gm, 490 pm, gap= 6.8 pm, width= 3.5 pm,
residual strain= —1320 pe, —1350 pe, —1400 pe.)

Gap

Long test beam . .
| Lin's Device

500 um
300 um
200 um

Short test beam

referénce edge

Anchor of
short test beam

Fig. 13. Comparison of our strain sensors with other strain sensors [1], [7],
[9] on the same chip.

Long test beam
Short test beam

TABLE 1
THE CALCULATED STRAIN AND MEASURED DISPLACEMENT OF OUR
STRAIN SENSOR AND OTHER STRAIN SENSORS ON THESAME CHIP

v Products M, Mg Mm
Fig. 12. Different displacements of the tip beam versus variations of M, [(1/3-8°+S%Ly)P (1/28*L; + SLiLy, -(1/28*+SL)M
the short beam lengths under compressive strain. (Test film: LPCVD 1/2-8-LY)F
Polysilicon, 620C, 100 mTorr, $H4 = 24 sccm, no annealing, vy 3 3 3 3
undoped. Dimensions: gag 8.5 sm, width = 5.5 um, residual strain " (129 I;‘+S'I"'I‘z_ S?LLQ :;f_'[z‘;F-LIVLZ ' (11/;21‘I£+ s-+L )1\%1].L2 _
= —1250 pe, —1200 pe, —1270 pe.) 1/2-8-Ly°)P ? ! 2 !

My [(172-8%+ S-Lp)P (1/2-L% + Li-Ly -12-L2 (L1 + L2+ S)M
S-L)F

displacement of each strain sensor. This feature demonstrateg, s, 7 iasi9p  [12L12-1AIAF  [12LM

the high reliability of our strain sensors.

C. Discussions can fabricate structures with vertical side walls, however, this
. e . technique is currently unavailable in our laboratory. This also

It.'s recomm_ended to make the sacnf_lmal Iaye_r Fh'Cker Becounts for why the optimal gap (small gap) distance of the
avoid the sticking problem for surface micromachining strucq, iy sensor can not be obtained herein. Another possible
_tures. One potential source of error in the strain measurem_e&gﬁrce of error is nonuniform residual strain distribution
Isotropy. However, Fig. 1.4 !ndlcates that_the side \.Na" of th(‘i*emonstrates that the strain sensors fabricated by surface
structure proposed herein is nearly vertical, despite the f%(ftbulk micromachining techniques are highly promising for
that we use wet etching, which can contribute to the deeQﬁﬁerent materials.
undercut during etching beams. Even the side walls generally
have 5-10% width variation in the vertical direction due to

isotropic etching, the error of the calculated strain based on
assumption of vertical side walls will be less than 2% for our This work presents a new compact structure of strain sensors

stain sensor. Reactive ion anisotropic etching (RIAE) procefss both tensile and compressive strain measurements. The

VI. CONCLUSION
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TABLE 11l
THE PrODUCTS OF My 1, Myo, Mys, AND Mya BY My, Mp, AND My
Strain Dimensions Measured displacement/Calculated
Sensor strain
ours L1=701.3um,  L2=349.8um, 10.1pm 110p
$=6.6pm, w=3.5um, h=2um
L1=4312pm,  L2=214.5pm, 3.9um 1140 p
S=6.4um, w=3.7um, h=2um
French’s O=5.5um, Lc=59.1um, 0.9um 1120 p
k=3.8um
LA=LB=20.2um, h=2um
Lin’s Ws=2.9um, Wi=32um| 8.9um 1118
Wi=4.5pm,h=2pm,Ls=50.5um
L=520.2um, Li=520um

momentA{ can be found

o
p=r—— (19)
ap b1 o
az by ¢
) az bz c3
Fig. 14. The SEM micrographs of the side wall condition of the strain sensor. -z ‘Z; Z
F= (20)
. . . aj bl C1
analytical model of the strain sensor is free from correc- as by e
tion factor. Moreover, the sensor’s accuracy is significantly as bs s
enhanced because the displacement is independent of both
Young’'s modulus and the thickness of the film. Significant 2. %2 b
factors such as buckling criteria, side wall effect, and stress M= as b3 (21)
gradient effect are also thoroughly studied to understand the ai b o
implicit limitations of the strain sensors. Moreover, an analyt- az by c3
ical model is derived to relate the measured displacement to az bz c3

the residual strain, thereby optimizing the microstructure and i

ultimately improving the measured displacement by alterir‘éﬁherez = E-I-e-(L1—L,). Subsequently, to determine the

the geometrical dimensions become possible. Isplacement of the tip poir?, a dummy unit force at tip point
O in the deflection direction is applied, as shown in Fig. 2(c)

which is assumed to be under compressive state. Then, by

following a similar derivation as above, the displacement of

isted for the frame structure in Fig. 2(c)

APPENDIX A

6:/Mu1-(Mp+MF+MM)/E-Idx (16) A:/M“‘*'(MP*MFJFMM)/E'””J (22)

. ) ) where M,,, denotes the moment along the structure generated
0= /M“2 (Mp+ Mp + My)/E-Tde (17) by the dummy unit force applied at tip poi@tin the deflection
direction. Table Il lists the products d#,, M, and M, by

0= /Mu?’ ~(Mp+ Mp + My)/E - I do (18) M,,,. After integrating (22),A is expressed as

where M,;, M,», and M,3 denote the moments along the A =[(1/2-S-L3) - P+(1/2-Ly - 12 —1/3-L}) - F
structure generated by the dummy unit loads, respectively. In +(1/2-12)- M]/EI (23)
addition,M,, presents the moment generated by the axial force 2 )

J\P} MZ Is the mﬁment generated by tr(;ebtrar;fvirse d‘fﬂmd Then, by substituting (19)—(21) into (23) and rearranging (23),
wm_denotes .t e moment generated by the bending moment, , e expressed as a function&f which is presented in
M. Table Il lists the products of\,, M,2, and M,3 by (7) and (8)

M,, My, and My;. Where ¢ represents the axial elongation

difference of two-test beamg; denotes the Young’s Modulus,

and/ is the moment of inertia of two beams abauaxis. By ACKNOWLEDGMENT

integrating (16)—(18) and combining (2), (3)—(5) are derived. The staffs of the Semiconductor Research Center at National
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