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Abstract

The Young’'s modulus and residual stresses of electroplated copper film microbridges were measured. Special ceramic shaft
structure was designed to solve the problem of getting the load-deflection curves of the microbridges from a nanoindentation
system equipped with a normal Berkovich probe. Theoretical analysis of the load-deflection curves of the microbridges is proposed
to evaluate the Young’s modulus and residual stress of the copper films simultaneously. The calculated results based on the
experimental measurements showed that the average Young’'s modulus and residual stress of the electroplated copper films are
115.2 GPa and 19.3 MPa, respectively, while the Young’'s modulus measured by the nanoindenter for the same copper film with
silicon substrate is 1181.67 GPa.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction few microns might differ from those of the bulk material
due to its size effect, micromachining method or specific

Microelectromechanical systen®EMS) is a new microstructure. However, at present, it is difficult to
technology to manufacture microsystems, microdevicesestablish a suitable technique and standard with high
hundred microns. The materials used in MEMS are Properties of MEMS materials. Early work on the
always in thin film form, based on certain substrates or measurements of mechanical properties of thin films
composite with other thin films, which have an impor- mvolved_ in the nanom_dentat_lon methods, wafer curva-
tant role on the performance of MEMS devices and tUre testing, bulge testing, microtensile testing, resonant
microstructures. The deposition processes of thin film frequency testing and beam bending method.
and different thermal expansion coefficient between thin ~ The submicron nanoindentation of thin films on sub-
film and substrate always lead to the residual stresses inStates 1S a common method to measure the hardness
thin films, which may change the performance of the @1d Young's modulus, while thin film on different
devices. Characterizing, understanding and controlling SUbstrate and large pressure of the indenter may have

the mechanical properties of MEMS materials have beeninfluénce on mechanical properties of thin filni§].
an active research area during the recent y&es. Wafer curvature method can be used to measure the

The mechanical behavior of thin films in thickness of a 2Veragé stress and strain of thin film, but the stresses
are affected by the thermal expansion or growth mis-
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2162823631, measured stress is an average value of large part of thin
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or rectangular membrane to determine the residual stress
and elastic modulus from the stress—strain curves, but L,,:u m,]
the stress concentrations occurring at the four corners (a) Pattern the SiO. layer

made it difficult to measure the yield strength and
fracture strength of thin filn{8], and the surface flaws L. S

presented in thin films may bring some errors. The (b) Electroplate the Cu film
sample holding problem is also occurred in microtensile
testing [9], because the fragility of thin films and the
flaws in sample are difficult to avoid in the microtensile (c) Pattern the Cu film

testing. The resonant frequency method is used to R

measure the elastic modulus of a cantilever beam, but m m
the experimental error may be larg&Q]. In order to (d) Etch the silicon substrate

avoid some of these difficulties, a new method based — _____ ” <
on the deflection of a free-standing cantilever microbeam IR 5557555 (R 77777 AN

has been developdd 1], this method eliminates all the Si SiO, Cr Cu
substrate effects, and can measure both the elastic and _ o o _
plastic properties, namely the Young’'s modulus and Fig. 1. Fabrication processes of Cu film microbridges.

yield strength, also the experimental error is low by
appropriaﬂy Se|ecting the size of the microbeam. How- difficult to get minObridge structure. One reason is that
ever, this method may also bring some errors in deter-metal films are almost impossible to be patterned by
mining the Young’s modulus due to the spring of the dry etching, such as reactive ion etchitBIE), or by
nanoindenter, undercutting or insufficient etching at the chemical wet etching. During the wet etching processes,
beam support, s”ppage between the load app“cator andt’s difficult to control the micro size exactly. The other
the microbeani12]. In order to obtain more the accurate '€ason is that the metal film can hardly withstand the
data, Espinosa et a[1] have proposed a three-dimen- chemical etching solution for a long time during the
sional computational modeling for testing thin films in bulk silicon etching. Boutry et al14] has ever tried to
RF (radio frequency MEMS switches, that is, fabricate metal thin film microbridges by RIE to get rid
membrane deflection experime@¥IDE) and numerical ~ Of the silicon substrate, but the particle bombardment
simulation were used to obtain the Young's modulus during the RIE has some alternation of thin film char-
and residual stress of freestanding thin film membranes.acteristic. In the present work, we used MEMS to
In this method, nanoindenter was used to measure aovercome these difficulties, and succeeded in fabricating
membrane deflection, and finite element modeling was the copper film microbridges. The residual stress and
conducted using ABAQUS Implicit, version 5.7 in order Young's modulus of copper film microbridges are eval-
to obtain the accurate values. Its main advantage is that/ated based on the measured load— and unload—deflec-
measurement can be done accurately on wafer level.lon curves.
Later, Espinosa et a[3—5 have modified this MDE to
measure the mechanical properties of freestanding thin2. Experimental details
film, and the Young’'s modulus was obtained using a
very simple equation. However, this method is somewhat Copper film is one of the most important MEMS
complicated and expensive, and also critical for the materials used in microsystems, mechatronic compo-
measuring conditions. Recently, Zhang et [4l3] have nents and microprocessors. Many copper films are pre-
set up a novel analysis method to evaluate Young's pared by sputtering or electroplated with photoresist
modulus as well as residual stress and bending strengttmask [15-18. In this paper, the microbridge samples
simultaneously for thin film in the form of microbridges. were electroplated Cu films based on single crystal
This method uses the MEMS to fabricate samples andsilicon substrate with a width of several hundred
the sample holding problem and substrate effect can bemicrons. The major microfabrication steps for the
avoided. In the same time, many samples having differ- microbridges are shown in Fig. 1a) Three inches, p-
ent sizes can be fabricated on the same wafer. Nanoin-type (100) silicon wafer was thermally oxidized. The
denter is used to measure the load— and unload—thickness of SiQ layer was approximately 2.61. One
deflection curves of thin film microbridges, and by side of the SiQ layers was etched off in the buffered
combining the theoretical analysis model, the Young's HF solution, while the other side of the SIO layer was
modulus and residual stress can be obtained. It is reallypatterned to determine the rectangular Si etching win-
an effective way to evaluate two basic parameters for dow; (b) on the exposed silicon side, the Cr layer with
MEMS materials: Young’'s modulus and residual stress. a thickness of 10 nm was sputter-deposited as adhesion
But their work was focused on non-metal films, such layer, and then a Cu layer with thickness of approxi-
as silicon nitrides and oxides. For metal films, it is more mately 80 nm was sputter-deposited as a seed layer for
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Fig. 3. The dependence of microbridge deflection on length ratio of
Fig. 2. Structures of Cu film microbridges. the shaft and the microbridge.

) ) 3. Analytical model
electroplating;(c) bulk Cu film was electroplated to the

desired thickness, and then patterned by the diluted
FeCl solution, then the thin Cr layer was etched off by
the C&SQ,),2(NH,) ,SO, solution as to expose silicon
substrate; andd) silicon substrate was bulk microma-
chined by the KOH anisotropic solution with the etch
mask of SiQ . The etching conditions arE=80 °C,
H,0: KOH=100:40 (weight ratig. To prevent the Cu
film from a long time immerging in the hot KOH
solution, the silicon substrate was put into a boot clamp
leaving only the side of Si to contact the KOH solution.
After the silicon substrate was etched through, the Cr
layer under the Cu film bridges was removed again by
the C&€SQ,),-2(NH,) SO, solution. Thus, a freestand-
ing copper film microbridge was fabricated. For the
deposition of Cu thin film, the direct curreDC) for
electrodeposition was used and the electrolyte was com-

posed of CuS@5H,0 (100 g/I), H,SO, (200 ml/1) ——

3.1. Effects of the shaft on the center deflection

Since the shatft fixed on the bridge center has certain
size, the load distribution at the bridge center must not
be the same as that with a wedge tip. To evaluate this
influence, we conducted FENfinite element method
analysis to get the variance. The analysis is performed
in the software package ANSYS 6.0 University High.

" Fig. 3 shows the dependence of the microbridge deflec-
tion on the length ratio of the shaft and the microbridge.
One can see that when the length ratio is within 10%,
the deflection variance is within 3%. For our testing
samples, the width of the shaft is §0m, while the
length of the microbridge is more than 10Q@, so the

and CI~ (80 ppm. The electrodepositing rate is approx- 0-
imately 0.3 wm/min. The length of the microbridge )
ranges from 1000 to 200@m, and its width is in the S 4ol |
range of 200—100Q.m. The thickness of the microbrid- <
ges for all samples was 9m. The distances between ° .
each microbridges were larger than 5@@n. Fig. 2 £ 201
shows the fabricated Cu film microbridges. 5

The Cu film microbridge testing was conducted on a c -30 |
nanoindenter XP system with normal Berkovich probe. %
To distribute the indentation force uniformly on the % 40 1
center of the bridge, a stiff shaft was fabricated by 0
precision machining and glued at the center of the 50
bridges because a long wedge tip is not available, as 05 06 o7 08 09 10

shown in Fig. 2. The material for the shaft is a kind of Position of the shaf (arb.units)

stiff ceramics, and Its size 1s 66080x< 50 wm. When _ 0.5--center place of the bridge;1.0--end of the bridge

the diamond Berkovich probe presses on the ceramic

shaft, th_e similar load behavior is realized as that of a Fig. 4. The dependence of microbridge deflection on the positions of
wedge tip. the shaft.
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influence of the shaft on the deflection of the microbrid-
ges should be within 3%.

However, the shaft is fixed by the precision machining
method; there must be some excursion of its position
from the center. Fig. 4 shows the deflection variance as
the function of the shaft position. It can be noticed that
when the deviation of the shaft from the center position
of the bridge is within 12.5%, the deflection variance is
just within 5%, which is also acceptable for our
measurements.

3.2. Evaluation of the Young’s modulus and residual
stress

After the load— and unload—deflection curves are got

by the nanoindenter measurements, the Young's modulus

and residual stress can be determined by fitting the
experimental load— and unload—deflection curves with

the theoretical solution by the least square technique, as

described in Ref[13]:

[wf(Q,-) - W?(inNr’Ef)]z

wheren is the number of datay; is the experimentally
observed deflection, ana(Q;N.Es) is the theoretical
deflection obtained by the following equations:

o

QOtan I“(kl/Z) g % 1

TUU Nk AN, N costil/2)
and
1
-1
Q{cosr(kl/z) }
" 2Kanhk/2)

with k=/N,/D, D=E¢*/12, whereQ is the load force
per unit width of the microbridge, and¢ is the length

Table 1
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Fig. 5. Measured typical load—deflection curves of the Cu film
microbridges for sample 1.

and thickness of the microbridge, respectively. The
iteration technique is used to regress the Young’s mod-
ulus E; and residual forceV,, which gives the residual
stress asr, =N, /1.

4. Results and discussion

Table 1 lists the sizes of copper film microbridge and
the evaluated Young’s modulus and residual stress. The
Young's modulus and residual stress is calculated by the
iteration method as described in Section 3.2. The typical
experimental load— and unload—deflection curves of
these samples are shown in Fig. 5.

From the calculated results, one can find that the
average value of Young’s modulus of Cu film microb-
ridges is approximately 115 GPa, which is lower than
the value of 130 GPa of the bulk polycrystalline copper
[19], but in good agreement with that of bulk Cu film
reported by Jamting et a[15]. Farhat et al.[16] has
reported a Young's modulus of 102.4&.5 GPa of as-
sputtered Cu film by the nanoindentation method, which
is also lower than that of bulk polycrystalline Gu9],
but in accordance with the result of Huang et [AI7]

Size, Young’'s modulus and residual stress of copper film microbridges

Sample Length Width Thickness Young’s modulus Residual stress
(pm) (pm) (pm) (GPa (MPa)
1 1530 960 9.4 119.5 32.74
2 1513 466 9.4 116.2 28.8
3 1525 468 9.4 121.3 14.1
4 1519 464 9.4 108.3 19
5 1010 363 9.4 110 7.1
6 1017 453 9.4 118.2 15.2
7 1017 260 9.4 113 26.6
8 2015 957 9.4 115 11.0
Average values 115.2 19.3
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Cu film. The difference in residual stress for the microb-
ridges may be due to the size effect. The small residual
stress in the Cu film microbridges corresponds to the
phenomenon that the copper film does not show any
sign of peeling up at the edge of the 3-inch silicon
wafer.
In addition, it is clear from Table 1 that there is a

variation in Young's modulus and residual stress for the

140 T T T T T T T T

- -y
o N
o o
1 1

Young’s Modulus (GPa)
o]
[=]

60+ copper film microbridges. One possible reason is due to
the current distribution in the fabrication process of the
401 Cu film, this may result in non-uniformity in film
thickness. It is shown that in the analytical model the
20+ . ) / .
change in film thickness of 10 nm will result in an
oL, : : : . evident change in Young’s modulus and residual stress,
0 500 1000 1500 2000 so it is critical for the measurement of film thickness.
Displacement (nm) Furthermore, some flaws in the copper film microbridges

may have effects on the measurements. The other
Fi‘g. 6‘._ Nanoindentation measurement of electroplated copper film possible reason is that the position where the nanoin-
with silicon substrate for sample 1. denter tip pressed on the microbridge may deviate from

the central position of the film microbridge this may
by tensile testing of freestanding Cu film deposited by |ead to some errors in measuring the load— and unload-
electron-beam evaporation. ReEf)] has measured the  deflection curves. However, when the nanoindenter is
electron-beam deposited and sputtered Cu film by theysed to measure the load— and unload—deflection
nanoindenter, and the Young's modulus was 99 GPa andcurves, at the beginning, the measured data in the load—
109 GPa, respectively. Recently, Fang et[aB] have  deflection curve is not useful because the contact state
investigated the mechanical properties of Cu films on petween the tip and the copper film microbridge is not
Si, SiG, and LiNbQ@ substrates by the nanoindenter andvery stable, this may bring errors in evaluating the
found the Young’'s modulus is 135 GPa and 100 GPa Young's modulus and residual stress. Thus, the evaluated

on LINbO; and Si sbustrate, respectively, which is in data based on the load deflection curves has some
accordance with the results of Gouldstone et[all] scatters.

and Sanders et a[22]. Our results are comparable to

the results in Refs[15-17, but lower than that of  Acknowledgments

results as reported in Refld.8,21,22. It has been shown

by Kalantary[23] that the hardness of the electroplated s work is fully supported by the Key Fundamental

copper film is dependent on electrolyte constituents and pacearch and Development Progrd@1999033103
the pulsing conditions. They also have found that the ¢om \inistry of Science and Technology of China. The

tensile strength is affected by direct current and pulsed ,aasurements were conducted at the State Key Labor-
current for the electrodeposition and the pulsing condi- atory of Non-linear MechanicéLNM) of Institute of
tions. Thus, it is believed that the differences in Young's pechanics. Chinese Academy of Sciences.

modulus of copper films are due to the different prepa-
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