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ABSTRACT

This paper presents the growth and release process effects on the deformation of suspended gold micro-structures.
Cantilever type test structures, typically used for RF MEMS devices have been examined. The structures have a
thickness of 2um, produced by patterned gold electro deposition above a sacrificial photoresist layer, then removed by
dry release in oxygen plasma ashing and wet release using critical point dryer (CPD). The growth process of gold
electroplating is optimized for low residual stress using pulse power supply. Minimum stress 35-60 MPa is obtained at
grain size 30-45nm and RMS roughness of the order of 5-8nm. The growth mechanism of structural layer and releasing
methods are optimized to obtain planar MEMS structures. The main parameters considered are the initial stress during
the growth of electroplated gold and the release process recipes developed for fabrication of metallic structural layer.
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1. INTRODUCTION

In view of the role of stress in MEMS (micro-electro-mechanical systems) device design, functioning and reliability, the
identification and characterization of residual stress in MEMS structures is of paramount importance. From the device
perspective, the existence of residual stresses' essentially changes the performance and reduces the structural integrity
and lifetime of MEMS devices. Therefore, in the MEMS device design one must predetermine and control the residual
stress levels to obtain functional tolerances or to prevent total structural failure of a mechanical design. The existence of
stress in thin film metallic structures used in most of the MEMS structures, leads to a change in effective stiffness,
warping, local deformation or cracking of films in extreme cases. This severely undermines the device reliability and
precision in terms of device parameters such as actuation voltage, s-parameters, natural mechanical frequency, and
quality factor. On the other hand MEMS based techniques and devices provide a new tool for studying the mechanical
properties of materials’ such as Young’s modulus, hardness, and state of stresses’. As a result, MEMS test structures”
have a very significant role in characterization of the mechanical properties (residual stress in particular) of MEMS
devices and materials. In particular, stress and stress gradient are strongly dependent on deposition conditions, thermal
treatments and other process dependent variables’.

In general, metals can be used in MEMS fabrication; gold is very attractive especially for RF MEMS devices, because of
its high conductivity that helps reducing the losses, also for its chemical inertness that prevents contamination and
corrosion problems. Gold is not an excellent material from the mechanical point of view, and its yield, creep and thermal
relaxation properties are often source of high stresses and important homogeneities in the stress distribution.
Electroplated gold thin films are commonly used for the MEMS devices as they provide a simple and cheap technology
with superior material properties and device performances.
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Various MEMS devices such as pressure sensors, MEMS switches, microcoils, micromotors and microstructures based
on plated metals have been fabricated and studied'®*’. However, electroplated MEMS structures usually exhibit large
deflections after the plasma ashing process, which is frequently used to release the MEMS structures from the substrate.
The present study quantitatively analyses the electroplating growth mechanism and deformations of electroplated Au
MEMS structures released by plasma ashing, CPD and investigate the possible causes of the deformations.

2. ORIGIN AND MEASUREMENT OF RESIDUAL STRESS
2.1 Thin film stress

The origin of stresses in thin films, microelectronics, and MEMS structures has been reviewed extensively by many
researchers " 2. Fundamentally, it can be classified into two major categories, the mismatch between thermomechanical
properties of materials and the thin-film deposition or growth generated intrinsic stress. Thermal stresses are induced due
to strain misfits, as a result of differences in the temperature dependent coefficient of thermal expansion between the thin
film and a substrate material such as silicon, photoresist, gold etc. Intrinsic stresses are generated due to strain misfits
encountered during phase transformation in the formation of a solid layer of a thin film. Residual or internal thin film
stress therefore can be defined as the summation of the thermal and intrinsic thin film stress components

GR=0T+GI (1)

where op, is the residual stress, oy is the thermal stress component, oy is the intrinsic stress component.

Simple mechanics of materials are therefore employed to study the mechanical residual stress induced in thin films. After
a film is deposited onto a substrate at an elevated temperature, it cools down to a room temperature. When the
film/substrate composite is cooled, they contract with different magnitudes because of different coefficients of thermal
expansion between the film and the substrate. The film is subsequently strained elastically to match the substrate and
remain attached, causing the substrate to bend. This along with the intrinsic film stress developed during film growth,
gives rise to a total residual film stress >,

2.2 Stress reduction during growth of layer

Residual stress control during the layer growth is an important process step. Growth mechanism strongly influences the
in built stress. Electroplating process nucleation stages are shown in SEM micrographs in figures 3, from micrographs
gold particle grain size range is measured from 20 -70nm.The stress measurement of the electrodeposit gold layer of
2um thick is carried out using curvature measurement method as mentioned in next section. Initially electroplating is
processed using DC power supply with varying current density and corresponding thickness, roughness, grain size and
residual stress is measured. Same experiments are explored using pulse power supply; the purpose of the pulse supply is
reducing the grain size and residual stress. The grain size and roughness is measured using AFM and XRD.

2.2.1 Grain Size measurement
According to Scherer’s equation grain size can be measured using XRD data peak. The governing equations are as

follows:
. . KA
Crystalline Size D= 2)
Microstrain €= Beos® 3)
4
Estimation of number of crystallites N= % 4)

Where A: X-ray wavelength (1.54178A), B is the full width at half maximum, 0 Bragg’s angle, t film thickness and K
constant average value (0.9). Figure 6(a) shows XRD peak for 2um thick plated gold film after deposition and 6(b)
shows after annealing at 150°C. XRD peak are used to find out grain size using equation 2 and crystalline orientation of
Au deposit layer'®. Grain sizes are further verified using AFM data. Finer grain size and reduced roughness deposit using
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pulse power supply also measured using AFM and XRD as shown in figure 4 (b).The extracted parameters of
electroplated gold for minimum residual stress, fine grain size and roughness are finalize. The resultant optimized plating
recipes are used for fabricating single clamped cantilever structures as well as RF MEMS switches.

2.3 Stress measurements by substrate curvature method

The most widely acknowledged thin film stress measurement method is the curvature measurement of beam or plates
structures. For beam structures, consider a composite film-substrate beam of width b. The film thickness and Young’s
modulus are trand E¢ respectively, and the corresponding substrate values are t;and Eq. In the free body diagram of each
set of interfacial forces can be replaced by the statically equivalent combination of a force and moment Frand Myin the
film, Fsand M in the substrate, where F¢= F,. Force Fycan be imagined to act uniformly over the film cross section (tb)
giving rise to the film stress. The moments are responsible for the bowing of the film-substrate composite. By counting
the biaxial state of stress and the final equation'' becomes

oo = Ft =1 Est2 1 Est3
f 7 b 6R(1-ve)ty  6(Re—R;) (1-vs)ts

)

Equation 5 is the standard Stoney’s formula to find out residual stress of the deposit layer, by measuring the radius of
curvature (R) , before (R;) and after (R¢) the thin film deposition on full wafer. The residual stress in the 2um plated Au
layer is between 100 -120MPa'*.

2.4 Residual Stress Gradient measurement using cantilever

The residual stresses of MEMS films usually vary in the thickness direction. A zero mean residual stress does not imply
a satisfactory situation. Once the film is released by sacrificial etch, the mean residual stress vanish but the non-
uniformity of the residual stress actually cause an out of plane deformation. As shown in figures 7, this out of plane
deformation can cause performance degradation in MEMS devices such as RF switches.

The uniformity of stress through the depth of a film introduces an important property to control. Variations in the
magnitude and direction of the stress in the vertical direction can cause cantilever structures to curl toward or away from
the substrate. Stress gradients present in MEMS films must be controlled to ensure predictable behavior of designed
structures when released from the substrate'”. To determine the residual stress, non-contact surface profilometer
measurements for tip deflection is used on an array of simple cantilever beams. The stress gradient can be extracted from
the deflection amplitude of different suspended cantilevers'>. When the structure is released, the stress o, is relaxed and
the stress gradient acts on the beam. The bending moment due to the stress gradient is written as:

t
M= f_{? zbo(z)dz (6)
2
Where b is the beam width, and z the coordinate in the thickness direction. The stress gradient ¢’ is defined as
o' = M/EI @)

From beam theory for a cantilever with an applied end moment, the tip deflection due to the presence of the stress
gradient is

. MLZ _ o'L?
Stip = P (8)
Eq. (9) shows the correlation of the tip deflection of the cantilever beam and the maximum stress on the beam cross-
section’”,
o't St' tE
Omax = Y = % (9)

The displacement at the tip of the cantilever is measured with an optical profiler. The stress gradient 3.48x10*um™ is
extracted from the fit of the tip deflection versus the cantilever length'®. Equation 9 is used to calculate maximum
residual stress. The anchor effect™ is not considered in the equation 9.
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3. FABRICATION PROCESS STEPS

Figure 1 shows the schematic view of process steps for MEMS cantilever as a part of RE MEMS switch fabrication'® 7.
A set of microstructures were realized using surface micromachining techniques, on a 2” diameter P-type <100> oriented
silicon wafer. A thermal oxide was grown on the substrate, then a 3.5um positive tone photoresist HiPR 6517 was
deposited and patterned as a spacer layer. The main advantage of this PR is that after baking at 180°C, it becomes hard
plastic like structure with edges suitable for conformal metal coating. A seed layer of Ti/Au is deposited by sputtering.
This is followed by lithography of AZ 9260 photoresist for bridge mold formations. Gold electroplating of 2um thick is
obtained at current density 3.5mA/cm” and temperature 60°C for 10 minutes using sulphite gold (TSG 250) electrolyte.
After the removal of PR mold and Au/Ti seed layers, microstructures are released by CPD and plasma ashing process.

A layout of the cantilevers studied in this paper is reported in figure 2 (a-c), three cantilevers series with the same shape
but with different dimensions (fig. 2 a, b and c). In the first cantilever series the length goes from 40 to 280pum and the
width is 20um while in the second cantilever series the length goes from 25 to 500 um and the width is 30um and in
third cantilever series with actuation electrode length goes from 150-500pm and width is 30pum. The suspended parts are
of gold color. The area originally covered by the spacer has been marked with a dashed line (gray color). These
structures are representative of typical single-clamped microstructures encountered in MEMS fabrication. The devices
have been distributed in several locations on the wafer layout to check the process uniformity on wafer.

Ptype <100> silicon wafer

(a) Deposit sacrificial layer photoresist (d) Pattern photoresist mold and Au electroplating

(b) Pattern Spacer layer photoresist (¢) Remove the mold and seed layer

(c) Deposit seed layer (Aw'Ti) for electroplating (f) Remove the spacer layer using plasma ashing and CPD

Figure 1 (a)- (f) Fabrication process steps for electroplated MEMS cantilever
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4. RESULTS AND DISCUSSION

4.1. The growth process
The electroplated gold layer growth process is start with the observations of nucleation stage, this is observed using SEM

after gold plating for 5-10 second at current density 3.5mA/cm” and temperature 60°C. SEM micrographs at different
magnification is shown in figure 3, it shows that average grain size of gold varies from 20-70nm. Current density impact
on DC plated Au is measured using AFM shown in figure 4(a). Pulse plating effect on grain size and roughness with
duty cycle is shown in figure 4(b). Residual stress is measured using curvature method for DC and pulse plating shown
in figure 5(a-b). The minimum stress obtained using pulse plating is 35 -60 MPa at duty cycle 5-15% respectively.

(c) At Magnification X300000

30kV 20kV  X300,000 50nm 0014 1141 SEI

Figure 3 Gold Electroplating nucleation stages with average grain size varies from 20-70nm
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Figure 4 (a) DC gold plating current density and (b) Pulse duty cycle effect on grain size and roughness
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Figure 5(a) DC gold plating current density and (b) Pulse plating duty cycle effect on residual stress

The XRD peaks of pulse plated gold are shown in figure 6(a), the result shows highest intensity for Au (111). Annealing
of plated layer is done at 150°C for 30 minutes to observe the shift in peak intensity. Au (220) peak intensity is higher
after annealing as shown in figure 6(b). The grain size measured using equation 2 is 31.86nm for XRD data of figure
6(a). The crystalline orientation (111) is dominating XRD peak of pulse pated gold after deposition.
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Figure 6(a, b) XRD patterns of plated Au film before and after annealing at a temperature of 150°C.

4.2. The release process

The tip deflection of the released MEMS cantilever beam is measured after dry-etching the sacrificial layer with plasma
ashing, and the residual stress is obtained based on the analytical model expressed in equation 9. The ‘Drytek mega strip
6 HF’ plasma asher which performs an isotropic dry etch of the PR with oxygen plasma, is used for dry release process.
As the oxygen plasma (at 900watts) was inefficient in removing the hard crust of the PR baked at 180°C. For the crust
removal, a combination of oxygen and CF, was supplied to the plasma chamber in a ratio of 35:1, process details
available in our publication®. Table 1 shows the recipes of the dry etching process used in the present study. To maintain
the stable plasma etching condition, the minimum process time is experimentally determined as 10 min., after 3 min. in
CF, and O, plasma for hard crust removal. The deformation characteristics with the etching condition of a single ashing
process without break are excluded due to too large plastic deformation of the cantilever resulting damage of
microstructure.

Meanwhile, the residual stress causing the tip deflection of the MEMS structures can be generated not only in the plasma
ashing process but also in the film deposition process. In order to evaluate the residual stress generated during the
deposition process, the MEMS cantilever beam is released by removing the sacrificial layer with wet etching and the tip
deflection is measured. The wet etching air dry and CPD release is also explored for cantilever structures in the present
paper. Table 1 shows the recipe for wet etching process using CPD. Figure 7 (a-c) shows the SEM images of the released
MEMS structures with 3D optical profiler images.

4.3 Tip deflection and the residual stress

As shown in the figures 8 (a-c), the cantilever beams released by wet etching (CPD) shows small tip deflections while
those released by plasma ashing show considerable amounts of tip deflections. The magnitude of the tip deflection of the
cantilever beam released by plasma ashing seems to be dependent on the total process time as well as the step process
time of plasma ashing. The detailed process time for each case is listed in Table 1.

Table 1 shows two cases of plasma ashing and two cases of wet etching air and CPD. The plasma ashing consists of a
case 1: O, plasma at low RF power of 80 watt for total process time of 410 minutes, case 2: Initial CF,+ O, plasma for
hard crust removal, followed by O, plasma step process time (10 min. on) and break time (10 min. off) at RF power
900watt for total process time 90 minutes. Plasma ashing case 1 has the long step process time in oxygen plasma; Case 2
has the short step process time as well as the short total process time. Case 1, with the long step process time, yields a
larger deflection than in case 2 having the short step process time. Figures 8 shows the tip deflections of the MEMS
cantilever beams of various lengths, where the tip deflections are measured by 3D optical profiler. The cantilever beams
released by plasma ashing shows large deflections while those released by the wet etching CPD and air drying shows
small deflections, regardless of the beam length. Wet release air drying structures have a problem of non-uniform
deflection due to stiction to substrate, as this technique only suitable for high stiffness structures. Overall tip deflection of
CPD released microstructures is 3-12pm as shown in figure 8 (a).

Figure 9(a-c) shows the maximum residual stresses calculated from the measured tip deflections of the MEMS cantilever
beams. The analytical model expressed in equation 9 is utilized to evaluate the maximum residual stresses™ and the
value of Young’s modulus is set to 80 GPa and thickness 2um of gold material. The residual stresses of the cantilever
beams released by the CPD are small. Figure 9 also shows that case 1 has the highest residual stress, which confirms that
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the length of the step process time in the plasma ashing process is a very critical factor in the residual stresses of the
MEMS structures.

Table 1 Process parameters for dry and wet release of microstructures.

Dry Release Wet Release
Sacrificial Photoresist HiPR 6517 HiPR 6517
Process parameters Casel Case 2 Process parameters Case 1 Case 2
RF power 80watt 900watt Release Methods Supercritical Air
CPD drying
Operating Pressure 112 400 Procedure Mild piranha » DI water
(m torr) » IPA
Etch Rate | Vertical 14-35 230-350 Critical Pressure 1072Pa N/A
(nm/min) Lateral 8-11 38-77 (Coz)
Ashing process 0, [100%] | CF4[20%]+0,[80%], | Critical temperature 31.1°C N/A
0, [100%] (Coy)
Process time (min.) 410 90 (10 on + 10 off) | Process time (min.) 30 60

X180

100pum

10@pm

0026 C

0020 41 65 SEI

Figure 7 (a, b and ¢) SEM and 3D optical profile of cantilever tip deflection of the released structure.

Proc. of SPIE Vol. 8973 89730F-7

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 03/13/2014 Terms of Use: http://spiedl.org/terms



TRCFO
Highlight


(a) (b) 604 —=—cpD | (c)
304 [—=—CPD 60| |—=—CPD |—e— Plasma Case 2
+— Plasma Case 2 Plasma Case 2 504 |[—v— Plasma case 1
£ %7 |+ PlasmaCase £ %1 —4— Plasma Case 1 T L
a3 f 0. e
5”7 S 5
= 3 =
8 151 & 04 g 30
g 8 g
o o 20 a 20
2 F 2
[ 104 [
54 104 .—’4_/-—‘""
0 T
0 T T T T T 0 100 200 300 400 500 0 T T T T T T T T
0 50 100 150 200 250 300 i 100 150 200 250 300 350 400 450 500 550
. Cantilever Length (um) ’
Cantilever Length (um) Cantilever length (um)
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Figure 9 (a, b and ¢) Maximum residual stress of released microstructures w.r.t. cantilever length.

CONCLUSIONS

The flexural deformation of the electroplated MEMS structures after plasma ashing and CPD released are quantitatively
analysed. The main causes of cantilever deflection are residual stress during growth and releasing method of sacrificial
layer. Material anisotropy in the thickness direction that was created during the deposition process is another cause of the
deflection of the MEMS structures. The minimum stress (35- 60 MPa) is obtained at fine grain size (30-45nm) using
pulse power supply. The deflection of the released MEMS structure in dry release is generated due to the plasma
environment, small steps ashing time (10 min. on, off) minimise deformation effect up to some extent. CPD released
structure shows minimum deformation and residual stress. Finally, changes in the surface microstructures and
composition of the gold layer are considered to be dominant factors in generating deformation of the electroplated
MEMS structures.
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