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1. Background and Motivation

1.1. Introduction to Power MEMS

A microelectromechanical system (MEMS) is a miniature device or an array of
devices that combines electrical and mechanical components to fulfill sensing or
actuation tasks. The term “micro” refers to micrometer (um) dimensions of the device,
“electro” to the electrical or electronic aspects of the device, “mechanical” to the
mechanical interaction, and “systems” to having all the above characteristics in one
structure. The given definition for MEMS is loose. Some of the current MEMS devices in
fact may not follow the given definition. For example the size of the MEMS device could
vary from sub-micrometer up to millimeter. Also the concept of MEMS could include
magnetic, thermal, fluidic, or optical devices with or without moving parts [1]. All or
some of the above components can be used in design and fabrication of a system for
sensing, actuation, or many other purposes.

In general, MEMS can be divided into two major groups: sensors and actuators.
Pressure sensors, accelerometers, gyroscopes, and chemical sensors are examples of
MEMS sensor devices. Micromotors, micropumps, microvalves, comb drive actuators,
and micromirrors are examples of MEMS actuators. Microfluidic devices are also another
category. Using microelectronic batch fabrication technology, MEMS devices are
fabricated to be less expensive, smaller, and more energy efficient than conventional

counterparts.



MEMS take advantage of the fabrication technology that developed over many
years for building integrated circuits (IC). However, some new techniques and
technologies have been developed and used primarily in MEMS fabrication. Surface
micromachining [2] is accomplished by deposition and etching of thin films on substrate
resulting in the fabrication of thin MEMS structures. Bulk micromachining [3] includes
deep etching into substrate material to create trenches in the range of hundreds of
micrometers. Both dry and wet techniques are available for MEMS devices. These
technologies have become more mature in the last 15 years and are widely used for the
fabrication of MEMS devices. The category of microelectromechanical devices that is
investigated in this study is called Power MEMS.

Power MEMS is a group of MEMS devices for power conversion; e.g. conversion
from electrical to mechanical or mechanical to electrical domains. Micromotors and
microgenerators are examples of Power MEMS devices. Side-drive, variable capacitance
micromotors fabricated by surface micromachining were among the very early Power
MEMS devices. The first electrostatic micromotors with diameters of 60-120 pm were
developed at the University of California, Berkeley [4]. These were polysilicon surface
micromachined side-drive motors with direct bushing for mechanical support [5]. Low
speed of 500 rpm was achieved due to high friction of sliding surfaces and electrical
contact degradation. The improved design of the variable capacitance micromotor (VCM)
by other groups resulted in fabrication of more reliable motors with speeds of about

15,000 rpm [6-9].



1.2.  Motivation

In traditional power MEMS devices a thin layer (1-2 pm) of silicon dioxide
(S10,) or silicon nitride (SiNy) were used as electrical insulating layer. The electrical loss
in these machines is a function of the capacitance formed between electrodes and
substrate. The capacitance is a function of the dielectric constant and thickness of the
dielectric film. Silicon nitride has a dielectric constant of 6-9 [10]. The dielectric constant
of silicon dioxide is 3.9 [11]. The need for reliable thick dielectric films (k<3) for MEMS
applications led to extensive research on alternative or improved dielectrics to substitute
conventional silicon nitride and oxide film for MEMS applications [12-15]. For such
applications, these dielectrics need to be thick, crack-free films with low dielectric
constant (k<3), high breakdown voltage, and low residual stress. Low dielectric constant,
together with large thickness of the dielectric layer reduces the amount of unwanted
parasitic capacitances in micromotors/microgenerators. The high driving voltage
requirement of electric micromotors/microgenerators also requires the electrical
insulation with high breakdown voltage or increased thickness. Studies were done on
tetracthylorthosilicate (TEOS)-base and silane-based plasma-enhanced chemical-vapor-
deposited (PECVD) silicon dioxide [12-15] as alternative films. PECVD oxide
technology which is deposited at relatively low temperature (around 300 °C) can
currently produce films as thick as 20 um [12]; however, these films exhibit a high
amount of stress which in some cases results into film crack.

To overcome the problems associated with TEOS and PECVD films, in specific
applications, it is preferred to use other dielectrics with enhanced features. Bis-

benzocyclobutene (BCB) polymer is one of the alternatives that we used as a dielectric



insulating layer in fabrication of micromotor/microgenerator structure. One example of
the micromotor/microgenerator structure is shown in Figure 1.2.1. The structure is
composed of (1) stator, (2) slider, and (3) microball bearing [16]. The stator is built on
silicon substrate with 2 levels of metal film, 3 levels of insulator film, and grooves etched
into silicon for housing the microballs. The slider is a silicon substrate with periodic

features etched into silicon as well as 2 or more trenches for housing the microballs.

Slider

Stator . .
Metal electrode Dielectric layer

Figure 1.2.1: Schematic of the bottom-drive linear
variable-capacitance micromotor. The device is composed
of three major components: (1) stationary part (stator), (2)
moving part (slider), and (3) microballs for mechanical
support [16].

In such structures (Figure 1.2.1) a low-k dielectric film is used to (1) minimize the
parasitic capacitance between the metal electrodes and substrate, (2) minimize the
parasitic capacitance between the adjacent metal electrodes, and (3) isolate the two metal
layers from environment and protect the device against moisture and particles. A

fabrication process is necessary to accommodate the creation of deep etched structures in



silicon using conventional bulk micromachining techniques in presence of BCB polymer

films for electrostatic micromotors/microgenerators.

1.3. BCB as a Low-k Dielectric and MEMS Material

Spin-on, low dielectric constant BCB polymers [17-19] are promising candidates
as insulating dielectric material in MEMS. Electrical and mechanical properties of this
film are summarized in Table 1.3.1 [20].

CYCLOTNE is the commercial name of BCB produced by Dow Chemical
Company (Midland, MI) and is commercially available in different types and viscosities.
In this thesis the CYCLOTENE 3022 series was used in all the experiments. In this
manuscript the terms “BCB” and “CYCLOTENE” are used interchangeably despite the
fact that BCB refers to the chemical name of the monomer and CYLCOTENE carries the
brand name.

Table 1.3.1: Summary of the physical properties of

CYCLOTENE.
Property Value
Coefficient of thermal expansion, 52
ppm/°C
Glass transition temperature, °C >350
Tensile modulus, GPa 2.0+0.2
Poisson ratio 0.34
Residual stress on silicon, MPa 28
Dielectric constant (at 1 kHz) 2.65
Dissipation factor (at 1 kHz) 0.0008
Breakdown voltage (V/cm) 3.0x 10°
Volume resistivity (€2-cm) 1x10"

The main advantage of BCB over the most widely used dielectric material,

PECVD SiO,, is its ability to be deposited as thick insulating layer (up to 50 um) with



low residual stress. BCB with a dielectric constant of k=2.65 has much lower residual
stress than PECVD SiO,. It also has high level of planarization. These features make
BCB attractive for MEMS applications. BCB is also a spin-on material which makes its
deposition simpler than conventional chemical vapor deposition (CVD) processes used
for dielectrics like silicon dioxide and silicon nitride. Deposition process is completed
with a cure step which is done at a relatively low temperature (250 °C). The disadvantage
of the BCB to PECVD SiO; is the maximum tolerable temperature. BCB has a glass
temperature of 350 °C which limits its use in high-temperature applications. Table 1.3.2

compares some main properties of BCB and silicon dioxide films.

Table 1.3.2 Comparison of physical properties and
deposition parameters of BCB and SiO,

Property/Material BCB SiO, [10]
Dielectric 265 39
constant
Deposition Spin-casting, PECVD and
process/method Spray-coating thermal
Deposition 250 °C 200-1100 °C
temperature
Max. thickness 50 um 20 pm
100-300 MPa,
Residual stress 28 MPa, tensile tensile or
compressive
Glass transition 350 °C i
temp

CYCLOTENE was primarily developed as an inter-level dielectric (ILD) and
passivation coating in microelectronic interconnects [21, 22]. It has been used in
multichip module (MCM) packaging [23-26], flip-chip solder bumping [27, 28],

Damascene copper (Cu) interconnect [29], as a stress buffer and passivation layer [30], as



an insulating dielectric in RF high-Q inductors [31] and for optical waveguides [32, 33].
Humidity sensors [34], microswitches [35], and microfilters [36] are examples of devices
utilizing BCB.

With few exceptions, implementation of CYCLOTENE in MEMS has been
mainly limited to packaging [37] and adhesive bonding [35, 38-40]. Some preliminary
studies on the mechanical, optical, and electrical properties of the film have now enabled
the implementation of the CYCLOTENE as a MEMS material. Mechanical properties of
this film that includes fatigue effects on adhesion [41, 42], strain-stress relationship,
coefficient of thermal expansion (CTE), residual stress , and adhesion to different
substrate materials have been previously reported [43, 44]. Index of refraction has been
measured and reported [45]. The electrical characterization of film including dielectric
constant, breakdown voltage, I-V characteristics, and the effect of moisture on those
properties have been recently reported by our group [46]. Some MEMS devices were also
fabricated using this polymer. CYCLOTENE diaphragm has been fabricated for its low
thermal conductivity (0.0029 Wem 'K ) and mechanical robustness in a MEMS-based
infra-red detector [47]. CYCLOTENE has been also used for fabricating single mode
optical waveguides at 1300 nm [32]. Plane and curved waveguide mirrors, the latter
acting in the same way as cylindrical lenses, are made with enhanced reflectivity by
metallization of edges [33]. A red blood cell microfilter was fabricated using a
CYCLOTENE as a channel and bonding material [36]. In such a device blood cells are
forced to pass through capillaries made out of CYCLOTENE and glass that are slightly
smaller than their diameter. Healthy cells have enough deformability to pass through a

capillary. Chemical-mechanical planarization of CYCLOTENE which is used in both



integrated circuits and MEMS technology has been developed in the past few years [48,

49].

1.4.  Integration of BCB Polymer and MEMS Bulk Micromachining

The advantages of using a low-k dielectric as an insulating layer with excellent
mechanical and electrical properties make CYCLOTENE attractive for MEMS devices.
However, any new material should be integrated with the MEMS fabrication processes.
One of the major MEMS fabrication technologies is bulk micromachining [3].
Anisotropic etching of silicon by alkali hydroxide etchants such as potassium hydroxide
(KOH) is one of the most common techniques of wet bulk micromachining [50]. Etching
process with KOH solution could be tuned to provide the desired etch rate with relatively
low surface roughness and high etch selectivity between <100> and <111> planes [3].
Highly-doped silicon could also be used as an etch stop layer [51]. Structures with fixed
angle of 54.74° are etched in <100> silicon. Such anisotropic etching is either a part of
back side etching process to release membranes for sensor application [52, 53] or front
side etching to fabricate grooves in silicon as microfluidic channel [54], housing for
optical fiber [55], or microball bearing [56, 57]. More detail on the KOH etching is given
in Section 2.4.

CYCLOTENE, like other organic materials [58], has poor interfacial fracture
resistance (adhesion) to inorganic materials [59]. Adhesion of polymer and metal has
long been a field of interest and research in microelectronics area [60, 61]. Quantitative
analysis of adhesion strength between CYCLOTENE and under-fill has been reported
previously [62]. The poor adhesion becomes a major problem when processes such as

wet etching in corrosive chemicals are performed after CYCLOTENE deposition.



The polymer film is attacked and etched in the corrosive solution, therefore the
film peels off from the inorganic substrate after exposure to specific chemicals used in
the fabrication process. This problem is more severe when CYCLOTENE is used as an
insulating layer in conjunction with metallized levels like Al, Cu, or Au that adhere
poorly to CYCLOTENE. The 3-D view of one example of the structures utilizing the
integration of CYCLOTENE and bulk micromachined bearing structures is shown in
Figure 1.4.1. We successfully demonstrated that fabrication of deep silicon etched
structures together with CYCLOTENE dielectric films could be preformed using
appropriate metal etch masks provided that a strong metal-CYCLOTENE adhesion is

achieved.

BCB Via
LPCVD Metal #1
SiN AN ‘ Bearing »;IA\
<100> p-type
silicon

Figure 1.4.1: Three dimensional schematic of the stator of a micromotor shows the
integration of two components: (1) bearing structure etched in silicon, and (2) BCB
dielectric films.

1.5. Summary

The concept of microelectromechanical systems (MEMS) and devices was
introduced in this chapter. Micromotor and power microgenerator are two examples of

Power MEMS devices. These devices are used for -electrical-to-mechanical or



mechanical-to-electrical power conversion. A bottom-drive linear variable-capacitance
micromotor, together with the importance of using low dielectric constant material in its
structure, was described. Spin-on, low-dielectric-constant benzocyclobutene (BCB)
polymer and its electrical and mechanical properties were explained. Physical properties
and deposition methods of BCB and other conventional dielectric films were compared
and it was shown that BCB is an excellent dielectric candidate for MEMS applications.
Key advantages of BCB films to the most widely used dielectric films, silicon dioxide
are: (1) low dielectric constant, (2) large thickness, and (3) low residual stress. These
features make BCB attractive for MEMS applications. However, a new fabrication
process is necessary to protect these films during the highly-corrosive, long, and high-
temperature KOH etch step used in fabrication of the micromotor.

In the second chapter of this thesis, the micromotor/microgenerator process flow,
the need for integration and the basic fabrication technologies including BCB film
deposition, reactive ion etching, and anisotropic etching using KOH are described in
detail. Experimental results for optimizing these processes are discussed. The basic
techniques explained in Chapter 2 are all used and referenced in the experiments
discussed in Chapter 3.

In Chapter 3, techniques used for integration of BCB polymer and KOH etched
structures are discussed. Adhesion failure between metal and BCB is the major problem
in the integration of these two components. Adhesion improvement was performed by a
series of experiments. Test structures fabricated for this purpose as well as their

successful integration results are reported and explained at the end of the chapter.

10



Surface and interface analysis for adhesion improvement are discussed in Chapter
4. Different techniques were investigated for this study. The science behind the adhesion
improvement between BCB and metal is explained in some detail. The thesis is
concluded with a summary of the results and future work. A full bibliography, including

all the references used in this study, is presented at the end.
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2. Development of Micromotor Fabrication Process

2.1.  Overview of Micromotor/Microgenerator Fabrication Process

Fabrication process of the bottom-drive, linear, variable-capacitance micromotor
(B-LVCM) and the need for integration of the CYCLOTENE processes and KOH etching
of silicon are described in this section. The micromotor shown in Figure 1.2.1 is
composed of a stator and a slider. The slider is supported on stainless steel microballs.
The microballs are housed in the bearing structure etched into silicon on the slider and
the stator. The fabrication process of the slider is very simple and is composed of one
step lithography and deep reactive ion etching (DRIE) of silicon to create both bearing
and periodic protruding structure.

Simplified fabrication process flow of the stator of the six-phase B-VCM is
shown in Table 2.1.1. This mainly includes deposition and etching of metal and low-k
dielectric layers and anisotropic wet etching of silicon using KOH. Cross section of the
fabrication processes steps are shown in Figure 2.1.1.

The fabrication process mentioned in Table 2.1.1 is a simplified version where
each step is composed of several sub-steps developed for this purpose. The most
challenging process step is the integration of two different structures (bearings and BCB
polymer) which is described in detail in the next section.

The substrate was chosen to be boron doped p-type silicon. There are three
reasons for choosing p-type silicon. First, the substrate of the motor needs to be relatively

good conductor to form one solid electrical ground necessary for electrical actuation of
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the motor. P-type or n-type silicon will provide a substrate with low resistivity. Second,
the anisotropic etching of silicon has been better characterized using p-type silicon,
therefore p-type silicon is preferred over n-type. Furthermore the etch rate of p-type
silicon does not change with the level of doping less than 1019 cm-3 [51]. Third, p-type
silicon makes good ohmic contact with aluminum (Al). N-type makes non-linear contact

with silicon [63], however this non-linearity is more observable at low voltages.

Table 2.1.1: Micromotor fabrication process steps

Step | Process Details

1 Starting wafer: silicon P-type, <100>, 1-10 Q-cm

2 Silicon nitride deposition | Low stress LPCVD

3 BCB level #1 deposition | 1-um-thick dry-etch BCB

4 Metal level #1 lift-off Image reversal lithography, metal
(mask 1) sputtering, and lift-off in acetone

5 BCB level #2 deposition | 1-um-thick dry-etch
Photolithography . "y .

6 (mask 2) 1.6-um-thick positive photoresist

7 |RIEOfBCBlevel #2 (via | oo 0,/CF,: 90/10
formation)

2 Metal level #2 lift-off Image reversal lithography, metal
(mask 3) sputtering, and lift-off in acetone

9 BCB level #3 deposition | Explained in Chapter 3
Photolithography . . .

10 (mask 4) 1.6-um-thick positive photoresist

11 RIE of BCB level #3 Gases: O,/CF4: 90/10

12 Metal #3 deposition Explained in Chapter 3

13 Wet etch metal #3 Commercial Au/Cr etchants

14 SIE 30 fBCB level 1.2, 10-pm-thick positive photoresist

15 RIE of silicon nitride Gases: O,/CF4: 10/50

16 Silicon etch with KOH 20%W, 80 °C

17 Strip metal #3 Commercial Au/Cr etchants
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V-groove fabrication is performed after the completion of the active area of the
motor which includes metal electrodes and CYCLOTENE dielectric levels. An
alternative to this process is the fabrication of the bulk micromachined grooves prior to
making the active area of the motor. The challenging part of the latter process is to
planarize the grooves after deep etching into silicon to perform a planar fabrication
process like photolithography. Since the depth of our etched structures in silicon is in the
range of 150-200 pum, the planarization is very challenging. Planarization of shallower

trenches (smaller than 10 um) is less challenging and has been demonstrated before [64].

BCB __{®
level #1 ®
- LPCVD
Silicon silicon
nitride \i
]
(a):  deposit  low-stress (b):  deposit 1-um-thick
LPCVD silicon nitride on BCB film (BCB level #1).
both sides of the silicon
wafer.

Figure 2.1.1: Fabrication process flow of the stator of linear variable-capacitance
micromotor.
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(c): Lift-off profile is
produced by image reversal
photolithography process.

(e): Deposition of I-pm-
thick BCB is followed by
photolithography with 1.6-
pum-thick positive
photoresist, and RIE of BCB
using O,/CF, gases.

Photoresist

k"u-l\

BCB
level #2

B v NN E N
Metal
level #1
(d): Sputtering of 200 A of
Cr (adhesion layer) is
followed by sputtering of
0.5 um Au and lift-off in
acetone.
N N N &I
Metal
level #2

(f): Sputtering of 200 A of
Cr (adhesion layer) is
followed by sputtering of
0.5 um Au and lift-off in
acetone.

Figure 2.1.1 (continued): Fabrication process flow of the stator of linear variable-

capacitance micromotor.
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Metal I
level #3
N N N N BCB N N N N
level #3
(g): Third BCB level is (h): Sputtering of 200 A of
deposited on the second Cr (adhesion Ilayer) is
metal layer. followed by sputtering of
0.5 um Au and lift-off in
acetone.
Metal #3
Metal
ctal #3 \ BCB #3
= -

Metal #2

BCB level V-groove —

evels .
_le etched in L1l o

1,2,and 3 e R N N %\
s 2o BCB #2

silicon o

9 | / Metal #1
BCB #1

Silicon substrate

Silicon nitride

(1): Final stator structure: metal #3 is first patterned with one
photolithography and wet etch step. BCB films (levels #1, 2,
and 3) are etched in one RIE step. Silicon nitride is etched in
RIE. Silicon is etched in KOH for 8 h after short etch in
buffered hydrofluoric acid to remove the native oxide.

Figure 2.1.1 (continued): Fabrication process flow of the stator of linear variable-
capacitance micromotor.
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2.2. CYCLOTENE Deposition and Cure

CYCLOTENE is a spin-on dielectric. Deposition process of the film is normally
done in two steps: 1) spin, and 2) cure. CYCLOTENE 3022 is used for different layers of
the structure. One of the advantages of CYCLOTENE 3000 series is thick film deposition
capability. CYCLOTENE could be deposited with a thickness of 1 to 26 um as a single
layer. It is also possible to deposit multi-layers up to 50 um thick.

The deposition process of CYCLOTENE starts with spinning. Depending on the
desired thickness, the spin speed varies from 1000 to 5000 rpm. Curing the films is
performed in the absence of oxygen. Full curing of film is done in nitrogen purged tube at
250 °C for 1 h. It is also possible to partially cure the film. If the film is cured at 210 °C
for 40 min, approximately 75% of the film is polymerized. Since some chemical bonding
is still available after soft cure, this results in better adhesion of the film to subsequent
layers. At temperatures above 150 °C and in presence of oxygen the film will be
oxidized. Therefore, during cure process, it’s very important to keep the films in the
environment with oxygen content of less than 100 ppm.

The deposition process is as follows. Wafers are dehydrated at 125 °C on a
hotplate for 10 min. Dehydration is very important, especially when the wafer has
previously undergone wet processes before CYCLOTENE deposition. If dehydration on
a hotplate is not possible, the wafer can be dehydrated in a box purged with nitrogen.
Dehydration drastically improves the adhesion between CYCLOTENE and the substrate.

Polymers generally suffer from poor adhesion to inorganic materials [59]. In order
to improve the adhesion of CYCLOTENE to the substrate, AP3000™ from Dow

chemical, which is a silane-base adhesion promoter, is applied to the surface. AP3000 is
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spun on wafer at 3000 rpm for 30 sec. AP3000 acts as primer and bonds CYCLOTENE
and inorganic substrates. The effects of AP3000 are discussed in detail in Chapters 3 and
4. Depending on the desired CYCLOTENE thickness and the viscosity of the solution,
different spin speeds are recommended. Table 2.2.1 and Figure 2.2.1 show the thickness
of the deposited film versus the spin speed for different types of 3022 CYCLOTENE.

The only difference between these types is the viscosity of the solution.

Table 2.2.1: Thickness of the CYCLOTENE film as a function
of spin speed /www.cyclotene.com].

Spin Speed | Cyclotene | Cyclotene | Cyclotene | Cyclotene
(rpm) 3022-35 3022-46 3022-57 3022-63
1000 24 5.8 15.6 26
2000 1.7 3.8 9.3 16
3000 1.3 3.0 7.3 13
4000 1.1 2.6 6.3 11
5000 1.0 24 5.7 9.5

Full cure of the film at 250 °C results in more than 95 % polymerization of the
film (hard cure). Curing at 210 °C will result in 75 % polymerization (soft cure). Figure
2.2.2 shows the details of curing process. The curing profile of CYCLOTENE, which
determines the level of polymerization of this film, has a direct effect on the adhesion of
this film to the substrate or other layers. The less the film is polymerized, the more bonds
will be available for other films that are deposited on top of CYCLOTENE. Other non-
standard curing profiles has also been reported [65-67]. The cure mechanism of BCB is a
result of a chemical reaction known as Diels-Alder reaction [68] named after 1950 Nobel

Prize Laureates Otto Diels and Kurt Alder [69].
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Figure 2.2.1: Thickness of the CYCLOTENE film as a function
of spin speed for 4 different solutions with different viscosities
[www.cyclotene.com].

Deposition of the CYCLOTENE film using the method explained earlier results
in a relatively uniform thickness. The uniformity across the 100-mm-diameter (4") wafer
was measured for a thick CYCLOTENE film (3022-63) after hard curing. The wafer was
spun at 500 rpm for 8 sec, and 1000 rpm for 30 sec following the standard cure in the box
furnace at 250 °C for 1 h in a N; environment. Figure 2.2.3 shows the film thickness
measurement by contact profilometery. The average thickness of 26.49 um with standard
deviation of 3.44 um was measured across the wafer, including the edges. Since the edge-
bead removal technique was not used in the spinning process the edge of the wafer has

higher thickness. By neglecting the points measured at the edges, the average thickness of

19



24.69 um with standard deviation of 0.32 pum is obtained. The film uniformity could be
improved using automatic dispenser and edge-bead removal system. Residual stress of
the thin film on the silicon substrate has been reported to be around 28 MPa [70] and is
not independent of the cure profile. Stress of 24-38 MPa was reported by Townsend et al.

[71].

‘—0— Hard cure —a— Soft cure

300 95-100% polymerization
— 250 ~ » o
QO
[e]
— 200 A
e /
g 150 -
é 100 75% polymerization
g
o 50
=
O 0 T T T T 1

0 50 100 150 200

Cure time [min]

Figure 2.2.2: Cure profiles of CYCLOTENE for (1) 75% (soft
cure) and (2) 95-100% (hard cure) polymerization
recommended by the manufacturer.
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Figure 2.2.3: Uniformity of the CYCLOTENE film thickness after spin and
hard cure. Measurement was done at 13 points across a 100-mm-diameter
wafer.

2.3.  Reactive Ion Etching of CYCLOTENE

Reactive ion etching (RIE) is widely used for dry etching of polymers. For low-k

dielectrics RIE is mainly done to etch via holes for the metal-polymer interconnects.

CYCLOTENE is made of carbon, hydrogen, oxygen, and silicon. The chemical

structure of the CYCLOTENE is discussed in Chapter 4. In order to etch CYCLOTENE
two gases are essential. One is oxygen to remove the carbon of the polymer, and the other
is a halogen (chlorine or fluorine) to remove the silicon backbone. The key characteristics

of the etched profile are:

Etch rate,
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e Selectivity of polymer to etch mask,
e Etch uniformity across the wafer,
e Lateral to vertical etch rate ratio,
e Side wall roughness,
e Side wall angle,
e Etch cleanliness.

In general the “perfect” etch profile has a high etch rate, a high selectivity (at least
10), a good etch uniformity across the wafer, a low lateral to vertical etch ratio, smooth
side walls, and a vertical side wall (90° angle) with no or insignificant etch residue. The
parameters that influence the above characteristics are generally:
e Type of gases and their concentration ratio,
e Chamber pressure,
e RF power,
e (Qas flow rate,
e Type of the tool i.e. RIE, inductively coupled plasma (ICP), and electron cyclotron

resonance (ECR) [72].

Reactive ion etching of CYCLOTENE with different gases were reported by Paik
et al. [73]. The reactive ion etching of CYCLOTENE was investigated by Chinoy [74]
using O, and SF gases. As mentioned above, a halogen gas is necessary to remove the
silicon from the backbone of the polymer. It is reported that in the absence of O,, the
silicon oxide will be created at the surface that acts as an etch stop. This phenomenon is
also reported using X-ray electron spectroscopy (XPS) by Vitale et al. [75]. Chinoy [74]

reports that an increase in the power can result in an increase in etch rate, less etch
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residue, and less uniformity. The concentration of the SFg that results in highest etch rate
was found to be 0-5%. Pressure was found to have negligible effect on the etch rate. In
the tool used for this study, the effective DC bias on the electrode was decreased by
pressure increase. This drop in the bias voltage will result in decrease in the etch rate. On
the other hand, the density of the radicals increases by increasing the pressure, which will
result in higher etch rate. Therefore, the net effect of pressure was found to have no effect
on the etch rate. The selectivity of the CYCLOTENE etch rate to photoresist etch mask
increased by increasing SF¢ concentration (oxygen etches photoresist, therefore the higher
the oxygen concentration is, the higher the etch rate of photoresist will be). The lateral
etch rate, cleanliness, and uniformity were also found to increase with increase in SFg
concentration. However, the etch rate of CYCLOTENE decreased with increase in SFg
concentration. The recommended etch recipe was 15% SFq, 200 W power, 250 mTorr
pressure. The etch rate was found to be 0.6 um/min. Different etching chemistries have
been reported for CYCLOTENE reactive ion etching. Vitale et al. reports on using Cl,/O;
and F,/O, gases with high density plasmas [75]. O,/NF; has also been reported for
CYCLOTENE etching in after-glow plasma [76] as well as O,/CF4 [21]. CYCLOTENE
can also be etched using an inductively coupled plasma etcher [77]. This technique is
expected to provide vertical profile (very close to 90°) with smoother side walls.

We tried the RIE of CYCLOTENE with O,/CF4 gases with different etch masks.
The selectivity of CYCLOTENE to photoresist was found to be less than 1 where etch

selectivity is defined as CYCLOTENE eich mte. Therefore, for etching thick

Photoresist etch rate

CYCLOTENE film (>10um) the thickness of the photoresist mask should be at least 15

um thick. There are couples of thick photoresist available for such applications. AZ9245
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from Clariant (Somerville, NJ) can be spun to get 10-um-thick resist. For thicknesses less
than 25 um, AZ P4620 and Shipley SPR 220 are available. JSR THB 611P can be
deposited up to 65 pm thick and AZ PLP 100XT up to 50 pum thick. SU-8 (Microchem,
SOTEC) which is a photo-patternable epoxy covers the thickness range of 2-1000 pum.
There are, however, several problems associated with thick photoresist that include
complexity of resist coating equipment, uniformity, exposure out-gasing, bubbling,
blurring effects, and stripping [78].

Another important issue is the low selectivity of the RIE. Since oxygen is used as
a main gas in etching the CYCLOTENE, the etch rate of photoresist is high (selectivity is
low). The degradation of the photoresist mask directly influences the etch profile of the
CYCLOTENE. The lateral etch of the thick photoresist mask in the RIE process, is
transfered with some coefficient (selectivity) into the film. This phenomenon decreases
the slope of the etched CYCLOTENE (less vertical side wall). The base recipes for
silicon nitride, silicon and CYCLOTENE etching developed at MEMS Sensors and

Actuators Lab (MSAL) are listed in Table 2.3.1.

Table 2.3.1: Etch recipes for reactive ion etching of Si, SiN, CYCLOTENE, and
chamber cleaning.

Meterial Power [W] | Pressure [mTorr] | Gas 1 [Sccm] Gas 2 [Scem]
Silicon 100 200 SFs, 20 0,, 20
Silicon nitride 100 250 CF4, 50 0,5
CYCLOTENE 100 250 0,, 70-90 CF4, 10
Cleaning 200 250 0,, 50 -
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For the fabrication process development explained in Section 2.1 and for the unit
process development which will be discussed in Chapter 3, the RIE of silicon nitride and
CYCLOTENE are needed. The etch rate of SiN is on average 1982 A/min with
uniformity of 12.8%. The selectivity of the SiN to photoresist (Shipley 1813 baked at 120
°C for 10 min on hotplate) is 0.71. The silicon etch rate is given for comparison and
results in a selectivity of 7.7. The etch results for the CYCLOTENE film with the
thickness of 12.8 um are shown in Figure 2.3.2.

The sample was prepared on p-type silicon. Low stress LPVCD silicon nitride was
deposited on both sides of the wafer. The thickness of the nitride was 2500 A.
CYCLOTENE was deposited next. It was spun at 500 rpm for 8 sec and 3000 rpm for 30
sec. The film was cured at 210 °C in the box furnace for 40 min inside the nitrogen
purged quartz tube. The thickness of the CYCLOTENE film was later measured to be
12.8 um. The Cr/Au was then deposited by electron beam evaporation. The base pressure
(before deposition) was 4.5x10”. The thickness of the Cr and Au was 200 A, and 0.5 pm
respectively. The deposition rate of Cr and Au was about 7.8 A/sec and 12.5 A/sec. The
wafer was dehydrated on a hotplate at 120 °C for 10 min. The photolithography was
performed with 1.6-um-thick Shipley 1813 spun at 3000 rpm for 30 sec. The resist was
soft baked at 100 °C for 1 minute on a hotplate. The exposure dose of 180 mJ/cm” was
used. The optical mask used in contact lithography (using Quintel Q400) is shown in

Figure 2.3.1. The actual mask is composed of several dies shown in the figure.
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Figure 2.3.1: Schematic top view of test
structures. The dimensions are not to
scale.

After lithography the Au is etched by wet etchant type TFA (Transene Inc.). The
Au etchant is composed of iodine complex, potassium iodide, and water. The nominal
etch rate of Au at room temperature is 28 A/sec. The exact etch rate depends on the
geometry of the structure (loading effect), density of Au, and amount of solution
agitation. The wafers were etched inside the solution for 2 min.

The Cr etching is performed by wet etchant type TFD (Transene Inc.). This
etchant is composed of ceric sulfate, nitric acid, and sulfuric acid. The nominal etch rate
of Cr at 40 °C is 25 A/sec. The Cr was etched inside the solution for 15-20 sec. The
solution was heated up to ~40 °C on a hotplate.

The wafer was then etched inside the RIE system (mini-lock, Trion Inc.). Prior to
the etching, the RIE chamber was cleaned by oxygen plasma for 30 min (see Table

2.3.1). The wafer was etched for the total time of 6, 9, 10.5, and 12.5 min. After each etch
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cycle, the etch depth was measured by contact profilomter. The chamber was cleaned for
10 min between resuming each etch step. Figure 2.3.2 shows the etch depth

measurement.

SiN starts to
etch

Etch deoth [um]

0 2 4 6 8 10 12 14
Etch time [min]
Figure 2.3.2: Etch depth of thick CYCLOTENE using RIE,

measured by contact a profilometer. The average etch rate was
1.2 pm/min.

The etch rate of the CYCLOTENE was measured to be 1.2 um. Figures 2.3.3 and
2.3.4 show the scanning electron micrographs (SEM) of top and side views of the etched
trench. The wafer was prepared exactly in the same fashion, except the thicker
photoresist was used to minimize the sputtering of the Au mask during the etch process.
The sidewall angle was measured inside a dual-beam focused ion beam/SEM system (FEI
620). Figure 2.3.5 shows the sidewall angles of 68° and 41°. Figures 2.3.6 and 2.3.7
show a closer view of the wall morphology. The etched walls show significant surface
roughness. The etch cleanliness is shown in Figure 2.3.8. Significant amount of etch

residue remains on the etch areas. The SEM was taken without any cleaning process on
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the wafer after the reactive ion etching step. The etch cleanliness can be improved by
altering the RIE parameters or using a hard etch mask such as Al. Figure 2.3.10 shows
the surface of the Au attacked by CF4/O; reactive ion etching. White spots are observed

on the Au layer.

Etched BCB
(Silicon surface)

13-um-thick BCB
masked with
Cr/Au.

E Beam Spot Magn Det WD Exp 1 200um
100Ky 30 260x SE 3141 UMD/MSAL

Figure 2.3.3 SEM of a wide trench etched in
CYCLOTENE using an optical mask similar to one
shown in Figure 2.3.1. 13-um-thick CYCLOTENE is
masked with photoresist/Au/Cr layers and etched with
0,/CF4 gases using reactive ion etching. Photoresist is
striped after etch. SEM is taken with ~15° angle.

To avoid the problem of CYCLOTENE side wall tapering during the reactive ion etching,
implementation of the hard mask instead of the photoresist was investigated.
Metallization of BCB was done by Au, Cr, Al, and titanium (Ti). The objective of this

study was to test different hard mask materials for the RIE of the thick (10 um) BCB.

28



Au/Cr (peeled-
off after cleaving
the sample for
SEM)

Etched BCB wall

Silicon substrate

E Beam Spot Magn Det WD Exp F——— 10um
10.0kV 3.0 5000x SE 3101 UMD/MSAL

Figure 2.3.4: SEM of the cross section of the etched
CYCLOTENE. The CYCLOTENE thickness is 12.8 pm
masked by ~0.5-um-thick Au/Cr. The etched profile
(wall) has two angles. Photoresist was removed before

taking the SEM.

\ 41°

12.8 um

68° 8.1 um

N ,,

Figure 2.3.5: The etch profile of 12.8 um BCB
(shown in previous figure) masked with 1.6-
um-thick  photoresist and  ~0.5-um-thick
Au/Cr. The angle measurement was performed
inside a focused ion beam/electron beam
system.
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Au surface

Silicon surface
underneath etched

BCB Wall profile of

the etched
BCB

EBéam Spot Magn Det WD Exp 1 &um
N100kY 3.0 8000x SE 2051 UMD/MSAL

Figure 2.3.6 SEM of the etched profile (angled
view).

Silicon surface
underneath
etched BCB

Wall profile of
the etched
BCB

eam Shbt Mag.n et WD Exp 1 2m

10.0 KV 3.0

20000x SE 199 1 UMDIMSAL

Figure 2.3.7 SEM of the etched BCB profile (angled
view).
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Det WD Exp
SE 342 1 UMD/MS,

Figure 2.3.8 SEM of silicon surface shows the etch
by-products (residue) on the silicon after the removal
of 12.8 um CYCLOTENE.

E Beam Spot Magn Det WD Exp F——— 2-um
SN100kYV 30 26000x SE 341 1 UMD/MSAL

Figure 2.3.9: SEM of the Au surface shows the Au
is sputtered after the long RIE with CF4/O,.
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We investigated the feasibility of using Au, Cr, Al, and Ti films as hard masks.
above materials were chosen based on the following reason: (1) availability or ease of
access to deposit the metal films, and (2) existing data obtained from literature on widely
used hard mask that use a similar gas recipe as BCB etch recipe. Previously in RIE
processes using O, as the dominate gas, NiCr, CuCr, and NiTi films were used as hard
masks [79].

From the SEM shown in Figure 2.3.3 we observed that if the etch time is long, Au
sputters from the surface. Cr was also tested where was found its etch rate in RIE process
using O,/CF4 was relatively high. For all these reasons we narrowed down choices to Al
and Ti hard masks. Two samples were prepared in the following manner. First 10-pm-
thick BCB was spun on a silicon wafer. The wafers were cured at 170 °C for 40 min in
dry nitrogen. The curing temperature of BCB was chosen to be 170 °C. The lower the
curing temperature of the BCB the less polymerization (cross linking) takes place and
therefore more bonds will be available for enhancing adhesion between metal and BCB
layers. Metal deposition of Al and Ti were performed using sputtering system.

Al deposition (sputtering) was done and the film quality was visually inspected
afterward. The film was very uniform without any voids or ridges. The wafer was then
dehydrated on a hotplate, but just after 2-5 sec baking, the Al film started to distort and
pinholes and cracks appeared in the film. This is believed to be due to solvent
evaporation from BCB and shows that curing at 170 °C for 40 min is not enough to
evaporate all the solvent inside the thick BCB film. This problem is more severe for a

thicker film due to its volume capacity to store solvent.
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Ti film was also cracked right after or during deposition process. The Ti and Al
film were sputtered with the same recipe. The Ti deposition rate was 62 A/min and the Al
deposition rate was 135 A/min. Ti, compared to Al, has a very low deposition rate;
therefore the deposition time is very long. The longer the deposition time the higher the
substrate temperature will be inside the vacuum chamber of the sputtering machine. This
is due to the collision of the atoms and ions with the substrate that results in heat. Higher
substrate temperature results in forcing the solvent out while the metal is encapsulating it;
therefore the film cracks.

Curing the BCB film before metal deposition must be done at its minimum
allowed temperature that results in no (or negligible) solvent presence in the BCB film.
This is more critical for thick BCB films (>10um) since the volume of solvent stored in
the film will be greater than that of the thin (1 um) film. Presence of the solvent causes
the film to crack during the metal deposition or at any process step that involves high

temperatures.

2.4.  Anisotropic Etching of Silicon Using KOH

There is a variety of methods used for bulk etching (micromachining) of silicon.
The implementation of all these methods depends on the desired etch profile and specific
application. In general, two categories of bulk micromachining of silicon exist: Isotropic
and anisotropic. The names of these two methods describe the mechanism of the etching
process. Isotropic etching is not direction dependent and etches the silicon in all
directions with equal etch rates. Anisotropic etching of silicon is orientation dependent

and etches the silicon faster in one direction that the other.
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Silicon <100> is the most widely used type of silicon wafers. The indices refer to
the direction of which the silicon is grown and oriented (miller indices). Different
methods are used to grow the crystalline silicon. In the Czochralski crystal growth
(pulling) method, a silicon crystal seed is grown into a silicon single crystal by rotating
and pulling it slowly upward, at about 2-5 cm/h, from a molten and ultra pure silicon (Si
melts at 1410 °C) [10]. The silicon crystallizes around the seed while the seed is slowly
pulled upward. The characteristics of silicon strongly depend on the rotation speed of the
rod and pull-up speed, temperature, and chemical environment. Float-zone is another
technique, similar to Czochralski that results in less contamination of silicon [10].

In <100> silicon the direction perpendicular to the surface is [100]. In this type of
silicon, the <111> plane makes 54.74° angle with <100>, and <110> is perpendicular to

<100>. The schematic of the structure etched in KOH is shown in Figure 2.4.1.

Wi
[110]
, 19/' I [100] -
...............
W,

Figure 2.4.1: Anisotropic etch profile of
silicon. (111) plane is etched much slower
than <110> and <100> planes. The angle of
the side wall is fixed to 54.74°.

Due to the fixed angle between the <111> and <100> planes the etched geometry

follows the following relationship:
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W, =W, —2cot (54.74 ")x Z

Where W, is the width of the opening in the mask, W, is the width of the base of
the groove, and Z is the etch depth in [100] direction.

Anisotropic etching of silicon by potassium hydroxide (KOH) is the most
common wet silicon anisotropic technique. Appendix I describes a chemical model for
this type of etch proposed by Seidel et al. [50, 51].

The etch characteristics of silicon by KOH solutions are: 1) etch rate of <100>
plane, 2) surface roughness, 3) etch selectivity of <110>: <100>: <111> planes, and 4)
mask etch rate. The parameters affecting the etch characteristics are 1) KOH
concentration, 2) solution temperature, 3) solution agitation, and 4) purity of silicon and
solution. Each of the above parameters can be tuned to get the desired etch profile. For
example, Tanaka et al. showed very fast etch rate of about 9.7 um/min for <100> using
50%W at 145 °C which is close to the boiling point of the solution [80]. Effects of KOH
concentration on etch profile are more discussed by Sato et al. [81]. The formation of
pyramids and the effect of isopropanol, nitrogen and oxygen saturation in smoothing the
etched surfaces were studied by Campbell et al. [82]. Metallic impurities of the KOH
solution also play a role in the smoothness of the surface [83]. Surfactants used for
removing the native oxide of silicon prior to KOH etching change the final surface

roughness and etch rate [84].
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Figure 2.4.2: Optical micrograph of the
top view of the groove etched with KOH.
The misalignment of the trench direction
with the (110) plane causes the wall to be
discontinued and have some non-ideal
characteristics.

The etch rate of around 1 pum/min is typical. Seidel et al. observed that KOH
concentrations above 30% results in the formation of vertical <100> crystal planes in
<100> wafers. The concentrations below 20% are also not recommended due to the
formation of residues on the surface and high surface roughness. Seidel et al. reported the
formation of white residue after etching in 15%W solution. Figure 2.4.2 shows optical
microscopy picture of a sample etched in 20%W, 80 °C KOH, for 8 h. The etch was
performed in a reflux condenser. Small misalignment in lithography has caused the
formation of steps on the walls of the groove. The KOH etch rate was measured to be 0.8

pm/min. Selectivity of <100> to <111> was measured to be fifty to one. As a result the

mask (silicon nitride) undercutting was observed. The length of the undercut for 280 um
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wide opening in the mask was 5.6 um. The etch recipe presented here is used in all the

experiments discussed in Chapter 3.

2.5.  Summary

The fabrication process steps of a bottom-drive linear variable-capacitance
micromotor were described in Section 2.1. The stator fabrication process, with 17 major
steps, was explained. Basic unit processes, which are repeated in the micromotor
fabrication process, are: (1) BCB deposition and cure, (2) reactive ion etching of BCB
using appropriate etch-mask, and (3) anisotropic etching of silicon with KOH.

BCB film thickness variation with spin speed, cure profiles for full and partial
polymerization, and uniformity of film deposition across the wafer are discussed in
Section 2.2. Reactive ion etching of BCB using O, and fluorine gases, together with
summary of etch test results for thick BCB films (10-pum-thick) is discussed in Section
2.3. Etch characteristics of silicon with KOH solution is briefly explained in the last
section. Further details are given in the appendix.

As a part of micromotor fabrication process, silicon etching with KOH is
performed after deposition of multiple metal and BCB layers. Feasibility of this process
requires strong adhesion between metal and BCB films. Adhesion improvement and

experimental results are discusses in Chapter 3.
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3. Adhesion Improvement

3.1. Adhesion of CYCLOTENE and Metal Mask

The importance of the adhesion between (1) the metal etch mask for masking the
KOH solution during the silicon etch and, (2) the BCB low-k film used to minimize the
stray capacitive losses in the micromotor, was explained briefly in Section 1.4. Figure
3.1.1 shows the concept behind integrating these two elements. The purpose of this
research is to integrate the fabrication process of the low-k polymer (BCB) with the most
commonly used wet silicon bulk micromachining technique: anisotropic etching of
silicon with KOH. The BCB deposition process was discussed in Section 2.2 and etch
characteristics of KOH were discussed in Section 2.4. The critical issue is to deposit a
KOH etch-mask on top of the BCB film that can protect the BCB film during the long
etching process. Since KOH solution is extremely corrosive, the adhesion between the
etch mask and BCB film is very critical in this process. If the adhesion of the mask film

is lost during the etch process, etching or delamination of the BCB film can occur.

NN&——— Au/Cr mask
*T— BCB

= Silicon nitride
o Silicon
[ Silicon nitride

Figure 3.1.1: Cross section of a test structure composed of
(1) patterned metal etch mask, (2) BCB film, and (3) silicon
nitride on silicon substrate.
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3.2.  Surface Treatment of CYCLOTENE

3.2.1. Literature Review

One of the most commonly used techniques for improving the adhesion of metal
to polymer is surface treatment of the polymer. This is done by sputtering the polymer
surface, reactive ion etching (RIE), and ultra violate/ozone (UV/Os3) treatment. These
types of surface treatments usually alter the surface chemistry and morphology of the
polymer, which potentially improve the adhesion of metal to polymer. There are variety
of techniques available for this modification [85, 86]. Some of them are discussed in the
following section.

UV/O; treatment is believed to increase the surface tension and slightly improve
the adhesion of CYCLOTENE to underfill [87] . In this work Lou et. al. found that the
large increase in the base component of surface tension is due to the oxygen element
induced during UV/O; treatment. However, there was no correlation between
thermodynamic work of adhesion and measured die shear strength. The surface tension
change due to UV/O; treatment decayed with time after treatment. Therefore, the
adhesion improvement was not significant. It is also believed that this treatment forms a
near-Si0O; composition at the surface and degrades the polymer structure [88]. It was also
found that this type of treatment decreased the surface roughness by half. The thickness
of the film which is rich in oxygen with low carbon and hydrogen concentration was
measured to be less than 250 nm.

Low energy (3-6 keV) N," beams and N, plasma were reported to improve the
adhesion of Cu to CYCLOTENE [89, 90]. Sputtering the surface of CYCLOTENE using

N results in the formation of N-containing groups on the surface. It was found that such
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groups react with Cu to form Cu-N bond. N, plasma also improves the
CYCLOTENE/SiO; adhesion [91]. Adhesion was reported to improve by three fold using
N, plasma. From XPS results it was concluded that N, plasma removes a thin oxide layer
on the CYCLOTENE surface and implants nitrogen in the form of amines which then
bonds to the deposited oxide.

Adhesion of evaporated Cu was improved by pre-deposition treatment of
CYCLOTENE surface with Argon ion (Ar") sputtering [92]. Adhesion improvement is
known to be due to chain fragmentation and loss of electron delocalization. The
CYCLOTENE surface treated by Ar” beam reacts with evaporated Cu to form Si-O—Cu
and C—Cu bonds. Similar experiments were performed for metallization of BCB with Al
[93].

Tuning the sputtering process in which Ar acts as both the carrier gas and the
sputtering ion improves Ti and Cu adhesion to CYCLOTENE [94]. This study revealed
the effect of relatively high-energy particle (i.e. Ar’, Cu’, Ti’) treatment of the
CYCLOTENE surface on the adhesion of deposited metals. XPS results revealed that all
the particles damage the surface in the same manner, limiting the ability of the Cyclotene
structure to delocalize electrons. In addition, Cu’ and Ti’ react with the CYCLOTENE to
form new chemical species; the extent of reaction being proportional to the metal
reactivity. Atomic force microscopy (AFM) and transmission electron microscopy (TEM)
revealed that both metals penetrate to substantial depths below the CYCLOTENE surface
before diffusing out in the annealing process. Adhesion tests showed substantial increase

in shear adhesion for both Cu and Ti, as well as an increase in tensile adhesion for Ti

40



alone. This increase in the tensile adhesion was shown to be due to the extensive
chemical reactivity of Ti [94].

Plasma etching of CYCLOTENE with O, and halogen gases (Cl, F;) also
modifies the surface [21, 76] and plays a role in adhesion improvement. Reactive ion
etching (RIE) with O,/N, was also found to be useful prior to Cr and Cu evaporation
[95].

From the above results one can make the conclusion that the surface treatment of
the CYCLOTENE does not have a standard process. The adhesion after this treatment is
not always improved. The type of gases and surface treatments used strongly depend on
the type of metals employed in experiments. We have tested different techniques for
adhesion improvement between Cr/Au and CYCLOTENE. The experiments performed

are discussed in sections 3.2.2-6.

3.2.2. Experiment I: Surface Treatment by Plasma

In order to choose the best surface treatment technique suitable for enhancing the
surface of CYCLOTENE for Cr deposition, plasma etching of the film has been
performed with two different gases. For this purpose samples with 1-pum-thick
CYCLOTENE were prepared. The cross section of the structure is shown in Figure
3.2.2.1. Low pressure chemical vapor deposited (LPCVD) silicon nitride is deposited on
both sides of a silicon wafer. This layer has a low intrinsic stress of 250-350 MPa (on
silicon) and is suitable for KOH etching of silicon. The thickness of silicon nitride was
measured to be 2500 A. The silicon nitride deposition, along with measuring its thickness

and stress, were performed at the Electronics Research Laboratory, at the University of
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California-Berkeley. A layer of 1-um-thick CYCLOTENE film was then spun on the
wafers and cured at 250 °C for 1 h in nitrogen environment inside a quartz tube in a box

furnace. The curing profile was described in Section 2.2.

Metal mask: 0.5 pm

BCB: 1 um
300 um
200 pm
LPCVD SiN
<100> p-type

. silicon

Figure 3.2.2.1: Cross section schematic of desired structure.
CYCLOTENE and metals (Cr/Au) were deposited. Au/Cr
films were patterned, CYCLOTENE and SiN were etched
by RIE, and Si was etched in KOH. CYCLOTENE layer
was masked by Au during Si etch process.

The surface of the CYCLOTENE was then treated by reactive ion etching. As
mentioned in the previous section, oxygen plasma on CYCLOTENE oxidizes the surface.
This oxidized surface, which is called near-SiO, surface, is likely to have better adhesion
to Cr, because normally Cr bonds with oxygen to form chromium oxide bonds. Several
experiments were performed to verify this theory. Table 3.2.2.1 summarizes the

experiments performed in this step.
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Table 3.2.2.1: Summary of surface treatment experiments and test results.
Cr/Au films were deposited using e-beam evaporation in all experiments.

Sample Gas type .
# Substrate / and Adhesion A}l Layer Tape KOH
film#1 plasma . layer thickness, test test
; . thickness, A A
time, min
1 BCB - 100 5000 Fail -
2 BCB - 200 5000 Fail -
3 SiNy - 200 5000 Fail -
4 SiNx 02,1 200 5000 Pass Pags;>
Fail <
5 BCB 02,1 200 5000 Pass 2h
6 BCB 0p,,2 200 5000 Fail -
7 BCB Ar, 1 200 5000 Fail -

The first column of the above table is the number of experiments in historical
arrangement. The second column describes the types of film on which the metal was
deposited. The gas types and time of plasma treatment are listed in the third column.
Cr/Au films were used as KOH etch mask and adhesion layer. All metallization were
performed using an e-beam evaporation system. Metal thicknesses are shown in the next
two columns. The results of the tape tests are shown next. The tape tests were done by
sticking scotch tape to the metal and trying to peel the metal off the wafer. This was done
on multiple parts of the wafer (from the edge to the center). The KOH test was done after
the tape test for those wafers that passed the tape test. Test results are listed in the last
column. The samples discussed throughout this chapter were not patterned unless
specifically mentioned. For such samples, one level photolithography was done using

Shipley 1813 photoresist before the KOH test. Au and Cr were etched with wet etchant as

43



described in Chapter 2. Reactive ion etching of CYCLOTENE and silicon nitride was
performed afterwards. All these processes are discussed in sections 2.3 and 2.4.

The first experiment (#1 in Table 3.2.2.1) is performed by deposition of
CYCLOTENE and metal layers without any surface treatment. The Cr was chosen to be
100 A thick. The thickness of the Cr which is used as an adhesion layer between Au and
CYCLOTENE is important. Since the deposition was done in an e-beam tool and the
deposition rate was relatively high (specific tool feature), monitoring the thickness of the
Cr film was difficult. This is not the inherent characteristics of the electron beam
evaporation system, but it is more the characteristics of the used tool. The high deposition
rate has the disadvantage in making film more non-uniform because the system does not
reach the steady state in short time (1-2 sec). On the other hand, the fast deposition results
in less contamination of the film because of the short exposure of the metal atoms to the
contaminants (i.e. oxygen and water) inside the vacuum chamber [96, 97]. The tape test
failed on sample #1. Sample #2 was prepared with a 200-A-thick Cr layer which showed
slightly stronger adhesion (observed qualitatively from the tape test), but still failed the
test. In order to verify the correct deposition procedure of the Cr/Au films, the next two
experiments were done without any CYCLOTENE film. The Cr and Au films were first
deposited on silicon nitride (sample #3). The tape-test result was not satisfactory. Short
oxygen plasma was performed on the sample # 4. This was done in a RIE chamber. The
pressure, gas flow, and power were 500 mTorr, 40 sccm, and 150 W respectively.

Between the metallization and surface treatment steps, sample #4 was exposed to
air for at least 5 minuets. This is inevitable because the sample needs so be transported

from the RIE chamber to the e-beam chamber. This includes the time that takes to vent
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the RIE chamber and for e-beam to go under vacuum. Although the tape test showed a
good result for the adhesion of the metal and silicon nitride for sample #4, the
effectiveness of this method is limited by samples being exposed to air before
metallization. In some types of electron beam tools the plasma etcher is integrated inside
the system to prepare the surface of the sample prior to metallization. Such a system was
not available at our facility for this study.

To further investigate the adhesion, sample #4 was placed inside the KOH
solution (20%W, 80 °C) for 8 h and no metal peel-off was observed. To further test the
adhesion, the wafer was left inside the solution at room temperature for 24 h. No metal
peel-off was observed. Sample #4 showed that the oxygen plasma of the silicon nitride
improved the adhesion of Cr layer. Surface cleaning of the silicon nitride, together with
possible chemistry alteration at the surface (mainly in the form of oxidation) were the two
main reasons for the adhesion improvement. Since the film stack (silicon nitride/Cr/Au)
reported here is not of interest for this project, no further study was performed to
understand the causes for their adhesion improvement.

Sample #4 confirmed that the metal deposition step was not flawed. Previous
experiment was then repeated for sample #5 with a 1-um-thick CYCLOTENE film. The
film stack is shown in Figure 3.2.2.1. The surface of the CYCLOTENE was treated in the
same way as sample #4 with oxygen plasma. The tape-test result for this sample was
satisfactory. No metal peel-off was observed in this test. The blanket film was then put
inside the KOH solution (20%W, 80 °C). Metal (Cr/Au) started to peel-off from the
CYCLOTENE surface only after 2 h. The metal peel-off started from the perimeter of the

wafer and expanded towards the center part. This experiment showed significant
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adhesion improvement over previous results (samples #1-2). However, since the etch
time of MEMS devices in KOH is normally longer than 2 h (refer to Section 2.2.5), the
adhesion improvement is not adequate for typical silicon micromachining processes. The
wafer in this experiment was not patterned. The sample was checked under microscope
and it was confirmed that the peel-off was between CYCLOTENE and Cr/Au. The
significant adhesion improvement observed here was also attributed to the oxidation of
the CYCLOTENE surface and formation of near-SiO; surface which normally results in
stronger adhesion with Cr due to formation of chromium oxide species at the
CYCLOTENE/Cr interface. The analysis of the interface of CYCLOTENE and Cr is
discussed in detail in Chapter 4.

The next experiment was performed to evaluate the effect of plasma etch time on
adhesion. Sample #6 was etched for 2 min with the same recipe given earlier. The tape-
test results shows less adhesion strength compared to sample #5. Sample #7 was also
etched with argon (Ar) instead of the oxygen and poor adhesion was observed in the tape
test. The etch condition (power, flow rate, and pressure) was exactly the same as previous
experiments. It was concluded the Ar plasma performed under the same conditions as
oxygen plasma did not improve the adhesion. Also, extended oxygen plasma experiment
did not improve the adhesion. No further analysis was undertaken to optimize the plasma

etching parameters.

3.2.3. Experiment II: Adhesion Layer

Adhesion of the CYCLOTENE/Cr film depends on both Cr and CYCLOTENE
properties. One method to enhance the adhesion is to optimize the thickness of the

adhesion layer. The alternative is to use another type of adhesion layer instead of Cr.
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Table 3.2.3.1 summarizes the next set of experiments performed for adhesion
improvement. Sample #5, which was discussed in the previous section, was the only
sample that provided relatively good results. Therefore, the process optimization was
based upon this sample.

In the first set of experiments, the thickness of the Cr layer thickness was
increased by a factor of four (compared to previous samples) to 800 A. Two samples
were prepared for this study. Sample #8, which was a monitor sample for sample #9, was
prepared with a 800-A-thick Cr layer on silicon wafer. Sample #9 was prepared with
extra 1-um-thick CYCLOTENE on Si. Test results showed that the increase in Cr
thickness from 200 to 800 A deteriorated the adhesion. The result from samples #4 and
#8 verified the correct method of Cr deposition (on the silicon substrate). Therefore the
metal peel-off resulted from the tape test on sample #9 was mainly due to CYCLOTENE
layer underneath Cr.

Table 3.2.3.1: Summary of adhesion layer experiments and test results. All
metal depositions were performed using e-beam evaporation.

Gas
Sample Substrate type, Adhesion | Au layer Tape
# /film#1 | Plasma | Metal film layer, A A test
time,
min
8 Si 02,,1 Cr/ Au 800 5000 Pass
9 BCB 02,,1 Cr/ Au 800 5000 Fail
10 Si 02,,1 Ti/ Au 200 5000 Pass
11 BCB 02,,1 Ti/ Au 200 5000 Fail
12 BCB 02,,25 Ti/ Au 200 5000 Fail
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Titanium was used as an adhesion layer between Au and CYCLOTENE in
samples 10-12. A layer of 200-A-thick Ti was deposited using e-beam evaporation on
samples 10-12. Considering the summary given in the Table 3.2.3.1, Ti provided less
adhesion compared to Cr. A long oxygen plasma (2.5 min) was performed on sample 12
which did not improve the adhesion. Therefore, Ti was not a better adhesion layer than
Cr. No KOH test was tried in this section because all the experiments failed the tape test;
the one sample that passed the tape test did not have a CYCLOTENE layer and the films

were simply deposited on silicon substrate.

3.2.4. Experiment Il1: Gold Thickness and Annealing

Gold has an insignificant etch rate in KOH solution [98]. Therefore, it is a good
masking layer for KOH etching. A protective polymeric film that adheres well to other
polymers is another choice of material for masking material in KOH solution. These
types of polymers that are currently under development have several limitations; e.g.
films can not be patterned or stripped [99].

Two experiments were performed to study the role of Au layer thickness used as
KOH etch-mask. Using thin Au film (1000-A thick) has two benefits: (1) less expensive
fabrication process, and (2) reduced chance of film cracking caused by stress. Samples
#13-14 were prepared with 1000-A-thick Au layer (one fifth of the original thickness).
Sample #13 was identical to sample #5, except for the Au thickness. Table 3.2.4.1 shows

the summary of processes for samples #13-14.
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Table 3.2.4.1: Summary of Au thickness and annealing experiments and test
results. Cr/Au films were deposited using e-beam evaporation in both
experiments.

Sample | Substrate Ptlflnslr;la Crlayer, | Au layer, Post Tape KOH

# /film#1 7 A A deposition | test test
min

13 BCB | 02,1 200 1000 - Pass Fail

14 BCB 02,,1 200 1000 Anneal Pass Fail

Results from sample #13 reveal that the masking strength of the Au layer strongly
depends on its thickness. KOH etching of silicon can be performed in complementary
metal-oxide-semiconductor (CMOS) process after completion of the CMOS component.
In such a process, Au bumping is used as KOH etch-mask with an effective thickness of
approximately 0.5 um [100]. Au film however, is not perfectly uniform and has pin holes
which reduces its (Au) masking effect against KOH solution. Therefore, it is necessary to
deposit Au layers at least 0.5 um thick for this particular application.

Sample #14 was prepared similar to sample #13, but was annealed at 300 °C for 1
h before the tape test. This was done using standard hard cure process of CYCLOTENE
(explained in Chapter 2) at a temperature of 300 °C instead of 250 °C in the final step.
The results showed a slight improvement in the adhesion (compared to sample #13). The
tape-test result for sample #14 was satisfactory; however, previously KOH etch test of
sample #13 revealed that 1000-A-thick Au film was not suitable for KOH etching. While

sample #14 failed the KOH test, it lasted longer than sample #13. This suggested that
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cure management of CYCLOTENE might be an important factor for improving the

adhesion.

3.2.5. Experiment IV: Cure Management of CYCLOTENE

The results from experiment #5 show that the adhesion improvement was
accomplished using surface treatment (O, plasma). However, the level of adhesion
improvement was not sufficient to prevent metal from peeling off from the substrate
during the KOH etching process. Sample #5 lasted for less than 2 h in the KOH. In order
to improve the adhesion between CYCLOTENE and Cr/Au other techniques were
investigated. In all previous experiments the CYCLOTENE film was fully cured (95-
100%) prior to surface treatment or metallization. Therefore, we investigated alternative
curing techniques.

A series of experiments were performed to verify the best possible method for
adhesion improvement. In these experiments the process for sample #5 was considered to
be the base process and results from other 13 samples were taken into consideration. The
summary of new experiments is shown in Table 3.2.5.1. The CYCLOTENE film was
only partially cured (75% polymerization) at 210 °C for 40 min in the first experiment
(sample #15). Since the film was partially cured, the polymerization process and cross-
linking of the monomers was not complete. Therefore, it was expected that more bonds
be available to adhere to metal film. Oxygen plasma was performed on the
CYCLOTENE surface after soft curing the film. The metallization was done in the same
fashion as before. The tape test showed unsatisfactory results. Sample #15 did not exhibit

adhesion improvement.
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In the next experiment, sample #16 was fabricated similar to sample #15 with the
exception of the oxygen plasma step. The surface treatment on this sample was not
performed. The tape-test result was satisfactory and the KOH test showed the film could
last inside the KOH solution for less than 4 h with negligible peel-off.

Sample #17 was prepared based on the results from sample #16 with only one
change; a complete CYCLOTENE cure was performed after metallization on the soft-
cured film. This was done at 250 °C for 1 h. Both the tape and KOH test showed the
same results as obtained for previous sample; no significant improvement was observed

for sample #17.

Table 3.2.5.1: Summary of cure management experiments and test
results. Cr/Au films with 200/5000 A thickness were deposited
using e-beam evaporation in all experiments.

Sample # Sué)ls;lrztle / BCB cure trsel;i(;t BCB cure ];le) te KOH test
15 BCB Soft 0,, 1 min - Fail -
16 BCB Soft - - Pass Faﬂhm 4
17 BCB Soft - Hard Pass Fail in
35h
18 BCB Soft AP3000 | Hard | Pass Pasfl >4
19 BCB Soft | AP3000 | Hard | Pass Pasfl 8

Adhesion promoter was used in the next set of experiments. AP3000 was spun on
soft-cured CYCLOTENE (samples #18-19). AP3000 is a silane-base adhesion promoter
from Dow Chemical. The molecular structure of the AP3000 is discussed in Chapter 4.

AP3000 was developed for improving the adhesion of CYCLOTENE with inorganic
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substrates like silicon, silicon nitride, silicon dioxide, Al, Cu, and TiW [101, 102].
AP3000 is normally deposited prior to the CYCLOTENE spin. The thickness of the
adhesion promoter measured by different techniques was reported to be 0.5-15 nm [101,
102]. CYCLOTENE is then deposited on a few monolayers of adhesion promoter. In the
past, other types of adhesion promoters were recommended (by Dow Chemical) for
CYCLOTENE, such as AP8000 and AP2500. However, AP3000 has exhibited better
bonds with a variety of materials.

AP3000 it is typically used before spinning and curing CYCLOTENE and not on
top of the cured CYCLOTENE film. In this experiment, AP3000 was employed in non-
conventional fashion. Our purpose was to test the effect of the AP3000 on the adhesion of
CYCLOTENE/Cr/Au. Samples #18-19 were prepared with a slight modification.
CYCLOTENE was first deposited on SiN. The standard deposition of CYCLOTENE
(explained in Chapter 2) includes spinning adhesion promoter on the substrate. This was
done by spinning AP3000 at 3000 rpm for 30 sec. After curing the CYCLOTENE,
AP3000 was dispensed at 200 rpm and then spun at 3000 rpm for 30 sec. When AP3000
was left on top of the partially cured CYCLOTENE for 5-20 sec without spinning the
wafer, it resulted in discoloration of the film. This may be due to chemical reaction
between partially cured CYCLOTENE and AP3000. In order to avoid this problem,
dynamic dispense of the AP3000 is recommended. After the deposition of AP3000,
metal deposition using e-beam evaporation was performed. The samples were then cured
at 250 °C for 1 h. Tape tests were performed on both samples. Sample #18 was etched
inside the KOH solution for 4 h and sample #19 was etched for 8 h. No metal peel-off

was observed after the KOH etching. The samples were then rinsed with DI water.
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The method developed above is summarized in Table 3.2.5.1. Several samples,
similar to sample #19, were prepared; however, we were not able to repeat the process
results. The reproducibility problem was mainly due to difficulties involved with the e-
beam evaporation system. The e-beam system used in this study was not reliable and
could not provide metal deposition with consistent properties. The success of our
experiment was mainly due to the state of the interface between metal and polymer;
therefore, the metallization was an important step. Condition of the chamber, purity of the
target, cleanliness of the crucible (tungsten crucible for Au target, and vitreous-carbon for
Cr target), and controllability of deposition rate are all important factors that change the
metal properties at the interface. Different practices were implemented for addressing this
problem but none were successful. To solve the reproducibility issue, sputtering of the
metals was investigated instead of e-beam evaporation. These results are discussed in the

next section.

3.2.6. Experiment V: Optimization of Metal Deposition

Adhesion enhancement by using metal sputtering was pursued instead of e-beam
evaporation. Sample #20 was prepared based on results from samples #18-19. The only
difference was the method by which metal was deposited. Table 3.2.6.1 summarizes the
experiments performed in this stage.

Sputtering of the metal was done using an ATC 1800-V model from AJA
International (North Scituate, MA). The system was a DC/RF magnetron sputtering tool
with three separate targets. The chamber had a diameter of 18" (45.7 cm) and depth of
17" (43.2 cm). The wafer holder was 6” (152 mm) with rotation and heating capability.

The load-lock and the main chamber are separated by manual valves. Each chamber had
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one rough pump and one turbo pump that provide high vacuum. Most of the process
control parameters e.g. pressure of the main chamber and deposition time were manual.

Preparation of the wafer and chamber prior to metal deposition played an
important role in this study. The wafer was dehydrated at 120-125 °C for 10 min right
before insertion of a sample into the chamber. This step reduced wafer out-gases (e.g. O»
and H,0) inside the chamber. These gases play an important role on the interface of the
films. The low base-pressure inside the chamber was another factor. Even at a pressure as
low as 10 Torr the surface of the deposited film is struck by gas atoms to form a
monolayer film in a few seconds. In our setup chamber base pressure was 5x107- 2x107
Torr.

Deposition of Cr and Au was done in the following fashion. A 200-A-thick Cr
layer was deposited at room temperature. The average deposition rate was measured to be
122.4 A/min. The minimum and maximum deposition rate across the 4-inch wafer was
measured to be 114 and 128.4 A/min, respectively. The DC power of the gun (cathode)
was 200 W with chamber deposition pressure of 5 mTorr. Ar was used as a carrier gas.
The Ar flow rate was measured to be 20 sccm. Deposition time for Cr was 98 sec. Base
pressure prior to the deposition was 1x107 Torr. Au was deposited with the same
parameters at room temperature. The average deposition rate of the Au was measured to
be 487.8 A/min with minimum and maximum rates of 481 and 495 A/min respectively.
The deposition time for a 0.5-pum-thick Au layer was 10 min and 12 sec.

After metal deposition on sample #20, the wafer was cured at 250 °C for 1 h
inside a furnace in nitrogen environment. The tape-test result was satisfactory but the

sample failed the KOH test. The result from this sample showed that switching from e-
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beam evaporation deposition method to sputtering could not simply solve the problem.
Sputtering parameters that result in strong adhesion between Cr and CYCLOTENE were

explored next.

Table 3.2.6.1: Summary of metal deposition experiments and their test
results. Cr/Au films with 200/5000 A thickness were deposited using DC
sputtering in all experiments.

Subs./ | BCB Surface Metal deposit. BCB Tape KOH
film#1 cure treatment method cure test test

20 | BCB Soft | AP3000 Sputtering Hard Pass Fail

21| BCB | Soft | AP3000 Sp‘;ggrflcg | Hard | Pass F;lsl "
Sputtering at

22 | BCB Soft | AP3000 200 °C Hard Pass | Pass8h
(modified)

There are different methods to enhance the properties of the sputtered metal. The
adjustable process parameters are: (1) carrier gas type, (2) chamber pressure, (3) gas flow
rate, (4) substrate temperature, (5) power, (6) distance between target and substrate, (7)
target material, (8) local gas around the substrate, (9) substrate rotation speed, and (10)
substrate DC/RF bias. In a magnetron sputtering system the configuration of the magnets
is also important because it changes the magnetic field and therefore the shape of the
plasma. The film deposition/process properties resulting from a sputtering process are:
(1) deposition rate, (2) thickness uniformity across the wafer, (3) surface roughness of the
film, (4) step coverage, (5) residual stress of the film, (6) film density, (7) microstructure
of the film [103], and (8) adhesion of the film to the substrate.

The deposition rate is roughly proportional to the sputter yield for a given plasma

energy [10]. Sputter yield is defined as the number of the atoms removed per incident
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ion. This yield is a function of (1) bombarding species (carrier gas), (2) target material,
(3) ion energy of bombarding species, (4) incident angle of the bombarding species, and
(5) electric charge of the bombarding species. The sputter yield has a linear relationship
with ion energy (ion with small energies only). The deposition rate is proportional to the
power of the cathode. It is also inversely proportional to the square of the distance
between the target and wafer.

Sputtering, compared to e-beam evaporation, provides more conformal films. This
is due to the isotropic deposition at higher pressures. At 100 mTorr the mean free path of
the sputtered metal atoms is about 1 mm. Because of the multiple collision of the metal
atom while traveling the distance between target (cathode) and wafer (anode), the atoms
arrive at the wafer at a random incident angle. Therefore, better step coverage can be
obtained (e-beam evaporation is performed at very low pressures, e.g. 10°-107 Torr in
our case). It is possible to make the sputter deposition more directional to avoid key-hole
void formation for Damascene or other processes [104]. The Damascene process utilizes
chemical mechanical polishing to produce planer films used for high density
interconnects [63].

The gas pressure is another important parameter that affects metal properties. Low
gas pressure results in the creation of higher energy atoms that improve the adhesion.
Additionally lower gas pressure results in less contamination and less trapped gas
molecules, which ultimately provides higher density film. Low pressure deposition tends
to produce compressive films, while high pressure tends to result in tensile films. The

transition between tensile and compressive regions is usually very sharp. Changing the
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gas content in Cr sputtering has been reported to enhance the adhesion and reduce the
residual stress [105] but was not available in our setup.

Heating the substrate can improve adhesion and reduce intrinsic stress. This
technique was tested in our experiment. Sample #21 was prepared similar to sample # 20,
except the deposition was performed at 200 °C. The temperature of the wafer was ramped
at a relatively high rate: 1 minute ramp to 150 °C, 15 minute soak at 150 °C, 60 minute
ramp to 250 °C, and 60 minute soak at 250 °C. The purpose of this profile (figure 3.2.6.1
(a)) was to heat up the substrate to 150 °C as fast as possible, and then slowly ramp up
the temperature up to the cure temperature of CYCLOTENE while depositing the metal
at 200 °C. The wafer was heated up by a high energy lamp inside the sputtering chamber.
The temperature of the wafer was controlled by a thermocouple (that replicates the
temperature of the wafer) and a proportional-integral-derivative (PID) controller (model
2408 from Invensys Inc.). Using this process it was no longer necessary to cure the
CYCLOTENE inside the furnace. Base pressures before metallization was 3x107 Torr.
Maximum and minimum pressure during heating period was 9.9x10° and 4.3x10” Torr,
respectively. Cr and Au layers were deposited with the same parameters as before.
Deposition was started at T=200 °C and ended at T=204 °C. The temperature was then
held steady at 250 °C for 1 h and the wafer was cooled down (for several hours) inside
the vacuum chamber. The chamber pressure (after the heater was turned off) was 1x107
Torr.

Sample #21 passed the tape test, but did not last inside the KOH for more than 2.5
h. The temperature ramp profile of the wafer was then changed to avoid inducing thermal

stress to the wafer. Sample #22 was fabricated using the enhanced deposition
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temperature. Figure 3.2.6.1(b) shows the new temperature profile of pre-deposition,
deposition, and post deposition cycles. The temperature was ramped up from room
temperature (25 °C) to 150 °C in 15 min. The temperature ramping rate in this period was
8.3 °C/min. The PID coefficients of the controller were set to follow the target
temperature with a small error. During this period the temperature difference between the
target and read temperature was less than 2 °C. The profile was similar to the cure profile
of the CYCLOTENE. Polymerization of CYCLOTENE film is known to start at around

200 °C [106].
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Figure 3.2.6.1: Temperature profiles of metal deposition and hard cure
for samples #21 (a) and #22 (b). Temperature ramp time from 25 °C to
150 °C was increased from 1 min to 15 min in (b). Temperature was kept
constant during deposition in (b). The deposition was done for 10 min at
T=200°C.

The wafer was soaked at 150 °C for 15 min. This part of the profile is similar to
the standard cure profile of CYCLOTENE (see Chapter 2, Figure 2.2.2). The third part of
the profile is to ramp the temperature to the deposition temperature. This was chosen to
be 200 °C, which is close the soft cure temperature of CYCLOTENE. This temperature is

about the temperature where CYCLOTENE starts to cure, but well below the hard cure
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temperature; therefore, there was a greater possibility of available bonds to adhere metal
to CYCLOTENE. The temperature was then fixed at 200 °C for 10 min (the time window
for the Cr/Au deposition). The total deposition time is less than 12 min. The deposition
was performed at a pressure of 5 mTorr and DC power of 200 W. The Cr target was
conditioned for 10 min prior to deposition. This was done to remove the native oxide on
the target and to reach the steady state temperature. The Au target was conditioned for 3
min. The base pressure (before the heater was turned on) was 8.1x10® Torr. Minimum
and maximum pressure with the heater on was 1x107 and 8x10® Torr, respectively. The
pressure after the turn-off the heater was 5x10™® Torr. Low pressure of the chamber is
necessary to avoid oxidation of the CYCLOTENE and Cr target.

Full cure of the CYCLOTENE film was performed in the sputtering chamber after
metallization. The temperature was ramped from 200 °C (deposition temperature) to 250
°C in 30 min. After the cure process (1 h at 250 °C), the heater was turned off and the
wafer was allowed to cool down inside the vacuum chamber for several hours. Since the
wafer was in vacuum, cooling took place only with radiation and conduction and not by
convection. The wafer was left inside the chamber for 12 h before being exposed to room
environment.

The tape-test result for this sample was satisfactory. The wafer was then patterned
(lithography, Au wet etching, Cr wet etching, RIE of CYCLOTENE, RIE of silicon
nitride) and put inside the KOH solution (80 °C, 20%W) for 8 h. After etching, only
negligible metal peel-off at the corners of the pattern was observed. The adhesion of the

metal/CY CLOTENE was superb.
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The integrity of the structure was investigated using optical microscopy and SEM.
Figure 3.2.6.2 shows the top view of two structures. Figure 3.2.6.2(a) shows sample #2
and Figure 3.2.6.2(b) shows the results of extensive adhesion improvement (sample #22).
The Au film had successfully protected the underlying CYCLOTENE film during the

long KOH etch process. Negligible metal peel-off was observed at the corners.

(a) (b)

Figure 3.2.6.2: Optical micrograph of a die with (a) SiN/hard-cured
CYCLOTENE/Cr/Au films etched in a 20 %w, 80 °C KOH solution. The metal
layers were peeled off after 10 min exposure to KOH and the underlying
CYCLOTENE layer was attacked by KOH (sample #2). (b) Negligible metal peel-
off after 8 h of etching. The CYCLOTENE film was soft-cured and covered with
AP3000 prior to metallization, and hard-cured afterwards (sample #22).

Figure 3.2.6.3 and 3.2.6.4 show the SEM of the cross section of the sample. The
wafer was cleaved by a diamond scriber. The cross sections in the two figures illustrate
different layers: silicon substrate, silicon nitride, CYCLOTENE, and metals (Ct/Au). The
thickness of the silicon nitride was approximately 250 nm. A metal (Ct/Au) thickness of

20/500 nm was used. CYCLOTENE thickness was measured to be 1 pm after deposition.
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Figure 3.2.6.5 shows a digital picture of the large area of the wafer after 8 h of KOH
etching. No metal peel-off was observed on test structures across the four inch wafer. The
developed fabrication process discussed earlier result in a yield of almost 100%. The
reproducibility of the process was examined by fabricating the second sample, prepared
with exact same recipe. Similar results were obtained for that sample. Therefore the

process was deemed reproducible.

Au surface

CYCLOTENE

Silicon nitride

Si substrate

E Beam Spot Magn Det WD Exp
100ky 30 8000x SE 31.01 MSAL/UMD

Figure 3.2.6.3: Scanning electron micrograph of the cross section of the
etched silicon structures. Silicon nitride is hanging on silicon. Au layer has
protected the underlying CYCLOTENE during 8 h KOH etching.
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Figure 3.2.6.4: Scanning electron micrograph of the cross section of
the etched silicon structure in presence of CYCLOTENE and metal
mask. CYCLOTENE was protected by metal mask during 8 h KOH
etching.

Figure 3.2.6.5: Optical picture of a 70x70 mm area on a test wafer after
8 h KOH etching. The metal (Cr/Au) was not peeled off after the long
etch. The orange/yellow areas are Au and the silicon etched grooves are
in black.
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3.3.  Summary

Successful integration of BCB polymer and silicon micromachined structures
fabricated with anisotropic wet etching (KOH) was demonstrated. Au was chosen as a
KOH etch-mask to protect the CYCLOTENE film during a long, high-temperature, and
corrosive etch process. Adhesion of the CYCLOTENE and metal (Cr/Au) was
significantly improved. The adhesion improvement is essential to preserve the integrity of
the masking scheme for the development of electric micromachines. A series of
experiments were performed to enhance the adhesion of Cr/Au to the CYCLOTENE
film. In the first series of experiments surface treatment of the CYCLOTENE using
oxygen and argon plasmas were tested. Substantial adhesion improvement was achieved
by performing one minute O, plasma before the metallization. The metallization step was
initially performed using e-beam evaporator. The adhesion improvement allowed the test
structures to be etched inside the KOH solution for less than 2 h but was not sufficient for
long (8 h) KOH etching.

Further adhesion improvement was achieved by: (1) partial curing the
CYCLOTENE film before the metallization, (2) depositing adhesion promoter at the
surface of the CYCLOTENE prior to metallization, (3) metallization (sputtering) at high
temperature, and (4) full curing the CYCLOTENE film after metallization. Metallization
using sputtering system produced repeatable results compared to e-beam evaporation.
The combination of the above parameters enhanced the adhesion drastically so that the
fabrication of deep anisotropically-etched silicon structures in presence of CYCLOTENE
films became possible. The test results shown previously demonstrated the integration of

200-um-deep silicon structures with 1-pum-thick CYCLOTENE film. The process
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described above was developed throughout a series of experiments that were discussed in
detail in this chapter. In order to understand the science behind the adhesion
improvement, surface and interface analysis were performed and is discussed in detail in

Chapter 4.
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4. Interface Study

4.1.  Objectives

To understand the role of cure management and adhesion promoter in improving
the adhesion, the interface chemistry of the CYCLOTENE/Cr/Au was studied. The
purpose of the study was to understand the effect of each processing parameter i.e. soft
cure and hard cure of polymer on the chemistry of the interfaces and adhesion between
CYCLOTENE/metal layers. A number of surface and interface analysis techniques
performed in this study are shown in Figure 4.1.1. Time-of-flight secondary ion mass
spectroscopy (ToF-SIMS), Auger electron spectroscopy (AES), secondary electron
microscopy (SEM), and atomic force microscopy (AFM) were analytic methods used for
this study. Sample preparation, instrumentation, and results of these studies are discussed

in this chapter.

Au surface: AES

v

Au, Cr, and BCB surface: AFM
Au surface: High lateral resolution ToF-

O/, SIMS imaging

Au/Cr interface: ToF-SIMS depth

Au: 0.5 pm profiling
Cr: 20 nm

Cr/BCB interface: ToF-SIMS depth
profiling

AP3000: 0.5-5 nm

BCB: 1 pm

Figure 4.1.1: Summary of interface studies performed at the surface or interface
of different films.
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Previous studies on Cr/CYCLOTENE adhesion and their interface confirmed the
formation of chromium oxide at the interface of metal/polymer [107, 108]. The effect of
different cure temperatures on thermal diffusion of Cr into CYCLOTENE was studied. It
was reported that the Ct/CYCLOTENE interface was irregular. Cr was detected in the
CYCLOTENE layer and its concentration was increased after a long annealing at 250 °C
for 17 h. Formation of CrSi; was confirmed. In similar study, the interface of Cu/BCB
(relevant to adhesion of Cu/BCB) was studied by Schuhler et al. using XPS [109].

To identify the key sources of adhesion improvement we studied the diffusion of
Cr into Au and CYCLOTENE films as well as the effects of different curing temperatures

on diffusion and interface chemistry of these films.

4.2.  Overview: SIMS and Auger

SIMS is a unique surface analytical technique in which all elements of periodic
table are detectable. The detection limit for most elements is around parts-per-million or
in some cases parts-per-billion [110] .

During a SIMS measurement the solid sample is placed in high vacuum and
bombarded by high energy primary ions. These ions will penetrate into the solid and
transfer energy to the target (sample) atoms. The bombardment of the solid with high
energy particles results in the displacement of the target atoms from their original lattice
positions. The collision may also result in sputtering of the target material. Figure 4.2.1
shows this phenomenon.

It is believed that secondary (sputtering) ion yield of a particular element depends
strongly on its chemical environment. Sputtering ion yield is defined as number of atoms

removed from the target in any state per incident particle. SIMS is based on the
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hypothesis that the secondary ion intensity of certain specie depends linearly on the

concentration of that specie.

Primary ions i o QO

Sample

Figure 4.2.1: Principle of secondary ion mass spectroscopy. Primary beam is
used to sputter the surface. Positive and negative ions, atoms or molecules
are sputtered from the surface. The secondary ions are detected by a mass
spectrometer.

A SIMS tool is physically composed of 4 major parts: 1) ion source e.g. O, ", Cs’,
or Ar’ accelerated to energy of 1-20 keV, 2) primary column, 3) ultra high vacuum
chamber, and 4) mass spectrometer. Different types of mass spectrometers are used for
different applications.

In the ToF-SIMS system, short ion beam pulses hit the sample. When this primary
beam hits the sample, secondary ions are generated. These ions (either positive or
negative) are accelerated to a constant energy over a very short distance, giving them
approximately the same kinetic energy. Ions enter a relatively long free path afterwards.

This path is called the flight path. Light ions will pass (fly) through this path much faster
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than heavy ions. The time, ¢, that takes the ion to reach the detector can be measured.

Figure 4.2.2 shows the basic concept of the ToF spectroscopy.

Detector

)
Sample

Figure 4.2.2: Concept of time of flight mass spectrometry
used for SIMS.

Assuming that the initial energy of the secondary ions do not affect the constant

kinetic energy given to them, one can write:

2

my
Kinetic =z Vac = 2

E [Eq. 1]

Where z is the electric charge of the ion, V. is the voltage that makes the constant

electric field, m is the mass of the ion, and v is the velocity of the ion inside the fly zone.

. m .
Therefore the ratio of — could be written as:
4

=l _ e [Eq. 2]

m 14 2V t2
z V2 )5

Where L= v ¢ is the known length of the time of flight spectrometer (¢ is the time

that takes the ion to reach the detector). In the above equation all of the parameters on the
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right side (V,., t, and L) are known. Therefore the ™ tatio can be obtained after

z
measuring f.
m_ 2Vt [Eq. 3]
z L &

ToF-SIMS systems have the following characteristics: 1) simultaneous mass
spectrometry, 2) high sensitivity, and 3) high mass resolution. In other types of
spectrometers only one ion type can be transmitted and counted [110]. The SIMS can be
performed in different ways. The main types are categorized as:

1. Surface spectrometry (mass spectrometry),

2. Depth profiling,

3. Imaging,

4. Three dimensional profiling.

The first method provides the information about the different masses on the
sample with their relative intensities. The second method is a dynamic analysis which
extra ion gun is used to sputter the surface and remove small layer of the sample. Depth
profiling of dopant concentration (like Boron) in semiconductors is one of the many
applications of this method. The third method is a high lateral resolution SIMS that
provides the information about the chemistry of the surface (not depth). This is done by
scanning the small area of the sample surface using a very narrow ion beam. The last
method is a combination of the second and third method to produce a 3-D profile.

The types of SIMS used and discussed in this study are ToF-SIMS depth profiling
and imaging. Depth profiling is a dynamic measurement that includes sputtering/etching

of the sample by ions while doing the data acquisition. The secondary ions are collected
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from different depths of the sample and the depth profiles are obtained. This method
results in obtaining the intensity (concentration) of the specific species versus the
sputtering depth, time, or cycle.

Positively or negatively-charged ions would charge up dielectric samples. In cases
where positive ions like Cs” are used as primary beam, surface charging of insulators
might become problematic. This positive charging can be compensated by simultaneous
bombardment with an electron beam. It is worth mentioning that SIMS is a destructive
method.

Auger electron spectroscopy (AES) is another surface/interface analysis technique
used here. When a solid is hit by an electron beam, atoms of the solid may get ionized.
An incident electron beam excites atoms on a solid surface, generating holes. These
electron vacancies can be filled by an outer electron and the difference in energy can be
released to a third electron (an Auger electron) or an x-ray photon (the x-ray is used in
other techniques) [111]. Basic concept of the Auger is shown in Figure 4.2.3.

If the target atom is very near to surface, the Auger electrons can escape the solid
and the energy can be analyzed and counted to produce a spectrum showing the number
of emitted electrons as a function of energy. Elemental identification is made from the
energy positions of the Auger peaks. In some circumstances, it is also possible to derive
chemical information from the peak position and shape. The intensity of an Auger peak
can be related to the amount of the element present in the analyzed volume using
appropriate sensitivity corrections. In the study of thin films, AES could be used to detect

certain elements at different depths; however, if depth resolution is deteriorated due to
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sputter-induced effects, the interface peak becomes broadened and the peak lowers

towards the noise level, therefore, sensitivity towards the target specie decreases [112].

(4) Auger electron is exited due —® o
to the difference in the energy

level of two electrons shown in
red and yellow
00 0000 »»

O &—— (2) Inner
shell

(3) An outer electron electron

(from 2S) fills the L 9g exited by

vacant place of the ! incident

exited electron (1S) electron

(1) Incident electron °

1S

Figure 4.2.3: Basic concept of the Auger electron spectroscopy is
demonstrated in 4 steps.

4.3.  Sample Preparation

We correlated the adhesion improvement obtained experimentally with the
diffusion and chemistry change at the interface due to the cure management of
CYCLOTENE and use of AP3000 adhesion promoter. Samples were prepared on 100-
mm-diameter, 550-um-thick silicon wafers. Table 4.3.1 shows the summary of interface
study samples fabricated for this purpose. The thickness of CYCLOTENE film in these
samples was measured to be 1 um. The soft and hard curing were done at 210 °C for 40
min, and 250 °C for 1 h, respectively. Cr (200 A) and Au (0.5 um) were deposited using
e-beam evaporation with thicknesses chosen based on the fabrication process explained

in Chapter 3.
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Table 4.3.1: Interface study samples

Sample Deposited films and process details
number
I Cr/Au

II Cr/Au, cured at 250 °C

111 CYCLOTENE (soft cured)/Cr

v CYCLOTENE (soft cured)/AP3000/Cr

\Y CYCLOTENE (soft cured)/Cr, cured at 250 °C
CYCLOTENE (soft cured)/AP3000/Cr, cured at

VI

250 °C

VII CYCLOTENE (soft cured)/Cr/Au

CYCLOTENE (soft cured)/Cr/Au, cured at 250

Vil |, C
CYCLOTENE (soft cured)/AP3000/Cr/Au, cured
IX
at 250 °C

4.4. Chromium/Gold Interface

ToF-SIMS was used to investigate the Cr diffusion into Au film after Au
deposition and cure at 250 °C for 1 h. This was performed using a 5-keV O," sputtering
beam together with a 25-keV Ga' primary beam for data acquisition. To minimize the

Sputtered area

: . 10
resolution loss by crater edge effects, the ratio of was set to beT. The

Analyzed area

m

mass resolution ( jwas higher than 4500 at 2*Si. Figure 4.4.1 shows the depth profiles

Am
of samples I and II. The profiles are given for Au, Cr, and Si in these plots. Figure
4.4.1(a) shows that Cr diffusion into the Au layer, as deposited, was negligible. However,
the Cr signal intensity, as shown in Figure 4.4.1(b), increases by three orders of

magnitude after cure.
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The quantitative value for Cr concentration at the Au film was obtained using
AES. Depth profiling was performed using a 3-keV Ar" sputtering beam together with a
3-keV electron beam for data acquisition. Figure 4.4.2 shows the AES depth profiles for
these samples. From these results, Cr concentration at the Au layer was estimated to be
about an average of one atomic percent which was calculated using tabulated sensitivity
factors.

To investigate the lateral distribution of Cr inside the Au layer, high lateral
resolution ToF-SIMS images were acquired on sample II. This was done using a finely
focused 25-keV Ga* beam. The mass resolution of this method was about 500 at **Si and
the lateral resolution was about 0.2 um. The analysis was done after mild sputtering of
the surface for 1 min to remove surface contamination (the complete removal of the film
required 30 min of sputtering). The analysis was undertaken after exploiting various
analytical approaches to maximize signal intensity. Simultaneous detection of Cr and Au
ion was biased by conflicting ion yields. Cr could be detected as Cr', while Au could be
detected as Au  [113]. Sputtering with O,  and detecting negative signals allows
simultaneous detection of Cr and Au in the oxide form of MOy~ with averaged efficiency.

The lateral distribution maps of CrO4 and AuO,, the superposition of these

uQO ) rO
2 ratio, and 4

rO, AuO,

signals, ratio are shown in the five images of Figure 4.4.3. In

this figure black shows the minimum concentration and white (yellowish) color shows
the maximum concentration of one specific ion in the images. It was found that Cr
diffusion (after curing) into Au layer was not homogeneous. Chromium-enriched grains

of 2 um or smaller were detected close to pure Au grains.
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Figure 4.4.1: ToF-SIMS depth profiles of samples I and II. (a) Shows insignificant Cr
concentration at the Au surface of sample 1. (b) Shows three orders of magnitude Cr
signal intensity increase after curing at 250 °C for 1 h for sample II. Curing has caused
the Cr diffusion into Au (sputtering cycles start at the Au surface)
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Figure 4.4.2: AES depth profiles of samples I (a) and II (b) show broader Cr distribution
for sample II. Concentration of Cr in the Au layer was also higher in figure (b). AES
was performed to quantify the Cr concentration at Au surface. Cr concentration was
found to be 1 atomic percent at the Au surface (sputtering cycles start at the Au surface).

74



(a) (b) (©) (d) (e)

Figure 4.4.3: High resolution ToF-SIMS imaging show lateral distribution of Cr and
Au ions of sample II. From left to right: a) Cr (116: CrOys), b) Au (229: AuOy’), ¢)
superposition of the first two (CrO4 in red, AuO, in cyan), d) AuO,/ CrOy4 ratio, and
e) CrO4/AuQ; ratio. The field of view is 15x15 um2 and lateral resolution is about 0.2
pm. Chromium-enriched grains of 2 um or smaller are visible in Figure (a). Cr
diffusion into Au layer was not homogeneous (figures (a)-(e)).

The diffusion of Cr into Au could deteriorate the masking strength of Au against
KOH solution which ultimately may cause the formation of pin holes in the Au film
during the KOH etching process. However, the Cr grains inside the Au layer were
irregular and had a small concentration. It is expected that the Cr diffusion will have an
insignificant effect on the masking strength of the Au. This argument is supported by the
experimental results discussed in Chapter 3, however, Cr diffusion is temperature and
time dependent; further curing of the films (above 250 °C for 1 h) may deteriorate the Au

masking function.

4.5. Chromium/CYCLOTENE Interface

The second part of the study concentrates on the effect of adhesion promoter at
the Cr/CYCLOTENE interface as well as the effect of curing before and after
metallization. As mentioned in Chapter 3, it was found that covering the partially cured
CYCLOTENE with AP3000 prior to metallization, followed by full curing of the film

drastically improves the adhesion. Previous studies did not provide a clear picture of the
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role of AP3000 adhesion promoter at the interface of CYCLOTENE and other inorganic
materials [59, 101]; however, it was experimentally proven that using AP3000 at the
interface of CYCLOTENE and other inorganic materials such as silicon, silicon nitride,
Al, Cu, and TiW significantly improved the adhesion of this polymer [101, 102].
Diffusion of metals into polymers, in general, are well known phenomenon [114]. The
molecular structure of CYCLOTENE [115] and AP3000 [116] are shown in Figure 4.5.1.
The thickness of the adhesion promoter measured by different techniques was reported to
be approximately 15 nm [101] and 0.5-5 nm [102]. The small thickness of this film,
together with the fact that the same elements were present in the molecular structure of

CYCLOTENE and AP3000, made the interface study challenging.
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(a) (b)
Figure 4.5.1: Molecular structure of (a) CYCLOTENE monomer, (b)

AP3000 (Vinyl-triacetoxy-silane) adhesion promoter.

Samples III, IV, V, and VI, listed in Table 4.3.1, were fabricated for this purpose
and analyzed by ToF-SIMS. Due to the similarity in chemical structures of
CYCLOTENE and AP3000, the markers of AP3000 on CYCLOTENE were not
noticeable; however, they could be detected by comparing the signal intensity of different

species of samples III and IV. The results from positive ToF-SIMS, performed using a
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low energy Ar' sputtering beam are shown in Figure 4.5.2. The two samples were

identical except that AP3000 was deposited on sample IV prior to metallization.

It is seen in depth profiles of Figure 4.5.2 that the intensity of specific species
(CrSi0, CrO, Si, SiH, and SiO) in the Cr layer was increased on average by 2-6 times in
sample IV when compared to III. The increased intensity in these signals was attributed
to existence of AP3000. The irregular Cr profile on both samples was due to higher
oxygen concentration at the Cr surface and the interface for both samples. Signal
intensity of Cr was biased by oxygen in this method.

The higher the oxygen concentration, the higher the probability of the positive ion
formation, and therefore, the higher the Cr signal intensity will be. From both graphs it is
observed that oxygen concentration was higher at the Cr surface (Cr oxidized at the
surface). The intensity of Si signal was also not independent from oxygen concentration.
That explains higher Si concentration at the surface for samples III and IV. The Cr profile
shows variations that are not related to an actual change in the material stoichiometry;
however, the fragments related to AP3000 were detected from these profiles (Figure
4.5.2). In summary, the following observations were made from Figure 4.5.2:

e The intensity of specific species was 2-6 times higher on sample IV compared to III.
These are: CrSiO, CrO, SiH, and SiO.

e Cr signal intensity was biased by matrix chemistry and oxygen content. The higher
the oxygen, the higher the probability of the positive ion formation and therefore the
higher the signal intensity will be.

e The strange Cr profiles on both samples were due to the high oxygen content at the Cr

surface and at the interface of both samples.
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Figure 4.5.2: Positive ToF-SIMS profile of (a) sample III, and (b)
sample IV. The profile of Cr, Si, CrSiO, CrO, and SiH are shown.
Adhesion promoter track marks were detected.
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e The intensity of Si signal was not independent from the oxygen concentration, which
explains the higher Si concentration at the surface. However, this argument could not
be applied to Si concentration at the interface because the concentration of Si in
AP3000 is different from CYCLOTENE.

In order to address the oxygen sensitivity issue, positive ToF-SIMS by Ar’
sputtering, together with O, flooding of the sample, was performed. This is a well-known
procedure in SIMS. This technique minimizes the signal intensity variations by
eliminating the dependability of the Cr signal on oxygen concentration. Figures 4.5.3
shows the depth profiles of different species including Si, SiO, SiH, and SiOH obtained
using this method for samples II1-VI.

Figure 4.5.3(a) shows depth profiles of samples III and 1V, and Figure 4.5.3(b)
shows depth profiles of samples V and VI. The signal intensity of Cr was the same for all
four profiles. This allowed us to compare the intensity of other species (e.g. Si) from
different profiles to evaluate the stoichiometry of the interface. The results obtained by
this method were in good agreement with previous results. The Cr signal intensity was
the same for all the profiles and the sensitivity was 20 times higher than previous results
shown in Figure 4.5.2. The Si signal intensity (from CYCLOTENE or AP3000 backbone)
inside the Cr layer was 10 counts/cycle in samples III and IV, 40 counts/cycle in sample
V, and 100 counts/cycle in sample VI. This showed that curing has caused the diffusion
of Si into the Cr layer. Furthermore, AP3000 enhances the diffusion of Si into Cr (Figure
4.5.3(b)). It is believed that Si diffusion into Cr, due to the cure and use of AP3000, was

one of the contributing factors for improving the adhesion. From the profiles of Figure
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4.5.3(b), it is seen that along with Si, the intensity of SiH, SiO, and SiOH signals had also
increased inside the Cr layer.

Figure 4.5.4 shows the negative ToF-SIMS depth profiles performed with a 3-keV
Cs' sputtering beam. Figure 4.5.4(a) shows depth profiles of samples III and IV, and
Figure 4.5.4(b) shows depth profiles of V and VI. Depth profiles of Si, SiO,, CrC, carbon
(©), CrO, and CrO, are shown in these two graphs. Concentration of C was very similar
on samples III and IV, but increased on sample V, and was even higher on sample VI.
Diffusion of C into the Cr layer was significantly increased after curing at 250 °C for 1 h
in sample VI. This suggests that the use of either AP3000 or the cure by itself does not
significantly enhance the diffusion of C. However, it is the combination of these two
factors that enhance the diffusion. Diffusion of C into Cr was therefore another reason for
adhesion improvement. Partial cross-linking of CYCLOTENE during soft cure and
before metallization facilitated the diffusion of Si and C atoms into Cr layer after curing
at 250 °C for 1 h. Figure 4.5.4 shows that from 10 nm beneath the Cr surface, signal
intensity of chromium oxide species (CrO™ and CrO;’) increased towards the Cr surface
and the interface. The increased intensity of CrO™ and CrO," at the interface confirms the
previous results showed in Figure 4.5.3 for the Cr oxidation. Intensity of CrO", CrO;’, and
Si0O, was increased near the surface after curing. This shows a chemical reaction of
CYCLOTENE or AP3000 with the Cr layer. It is believed that the oxidation process was
a contributing factor to the adhesion improvement between Cr and CYCLOTENE due to
curing of the film. These interface analysis results (shown in figures 4.5.2-4) provided
valuable information on the role of AP3000 at the metal/polymer interface as well as the

effect of soft cure (before metallization) and hard cure (after metallization).
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Figure 4.5.3 Positive ToF-SIMS depth profiles with Ar’ sputtering together
with O; flooding of (a) samples III (unfilled graph) and IV (filled graph), (b)
samples V (unfilled graph) and VI (filled graph). Diffusion of Si into Cr layer
after hard curing is enhanced by AP3000.
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Figure 4.5.4: Negative ToF-SIMS depth profiles with Cs" sputtering of (a) samples III
(unfilled graph) and IV (filled graph), (b) samples V (unfilled graph) and VI (filled
graph). Cr is oxidized at the interface and diffusion of C into Cr layer after hard curing
is enhanced by using AP3000.
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Adhesion improvement can also be correlated to the morphology of surfaces
involved in the adhesion. It was shown in previous section that a Cr/Au alloy forms
during Cr diffusion into Au. Formation of the Cr/Au alloy on CYCLOTENE was
confirmed by atomic force microscopy (AFM) on sample II, IV, and IX. AFM images of
these samples are shown in Figure 4.5.5. Sample IV with thin Au layer was not exposed
to 250 °C and had relatively smooth surface. The surface of the CYCLOTENE is shown
in Figure 4.5.5(a) after wet etching of Au/Cr. The peak surface roughness was about 50
nm. A much rougher CYCLOTENE surface was observed from sample IX, which went
through the hard cure process (Figure 4.5.5(b) and (c)). The morphology of the surface
was also changed. Cobweb-like structure was seen on the surface of the Cr (Figure
4.5.5(b)) and the surface of the CYCLOTENE (Figure 4.5.5(c)). The reaction of Cr with
polymer reported in this study was not unique and was previously reported for
Cr/polyimide [117]. Intermixing and cluster formation at the metal/polymer interface was
also reported previously [118].

The SEMs taken from samples II, III, and IX showed the same phenomena.
Figure 4.5.6(a) shows the Cr surface of sample II after wet etching of Au. Figure 4.5.6(b)
shows CYCLOTENE surface of sample III after Cr wet etch. The surface of sample IX is
shown after Au etching and Cr/Au etching in figures 4.5.6(c) and (d), respectively.

The increase in surface roughness can have several sources. The Cr/Au alloy
formation could be one of them. The increase in the surface roughness could also be due
to the wet etching process. The etch characteristics of Cr/Au alloy in wet etchant
solutions is different from Cr or Au. Therefore increase in surface roughness, can not be

correlated to one phenomenon. If the increase in the surface roughness was not due to the
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wet etching process, this could be another contributing factor to the adhesion

improvement by providing a mechanical inter-locking between the polymer and metal.

a 1008 2808 30688 46608 5600 6800 76688 8608 wM

(a) Relatively smooth surface of (b) Cobweb-like structure on Cr
CYCLOTENE (partially cured) surface after Au wet etching of
after wet etching of Au and Cr of sample IX. (Height range: 0-300
sample IV with a thin Au layer. nm)

(Height range: 0-60 nm)

(c) Cobweb-like structure on (d) Rough surface of silicon after
CYCLOTENE surface after wet wet etching of Au and Cr of
etching of Au and Cr of sample sample II. (Height range: 165-205
IX. (Height range: 40-90 nm) nm)

Figure 4.5.5: Atomic force microscopy (AFM) of the surface of
samples a) IV, b) IX, ¢) IX, and d) II. Image area in all four
figures was 10 x10 pum.
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a) Cr surface of sample II after wet b) BCB surface of sample III after wet
etching of Au etching of Cr

¢) Cr surface of sample IX After wet d) BCB surface of sample IX after wet
etching of Au etching of Au and Cr

Figure 4.5.6: SEM of the surface of samples a) II, b) III, ¢) IX, and d)
IX shows the surface morphology of different film stacks. Formation of
Cr/Au alloy was one of the reasons for the surface roughening.
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4.6. Summary

The Cr concentration at the Au layer was estimated from AES results to be an
average of 1 atomic percent. This calculation was done using tabulated sensitivity factors.
High lateral resolution ToF-SIMS imaging showed that the Cr diffusion (after curing)
into Au layer was not homogeneous. Chromium-enriched grains of 2 um or smaller were
detected close to pure Au grains. Small diffusion of Cr into the Au layer had insignificant
effect on the masking strength of the Au against KOH solution. Surface morphology of
the CYCLOTENE, Cr, and Au films were studied using AFM and SEM.

It was found that curing the CYCLOTENE film at 250 °C after metallization
together with use of adhesion promoter on partially cured CYCLOTENE before
metallization resulted in diffusion of Si and C from CYCLOTENE or AP3000 (or both)
into the Cr layer. Chemical interaction of CYCLOTENE and Cr at the interface, mainly
in the form of Cr oxidation, was also observed. The above phenomena were correlated to

the adhesion improvement.
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5. CONSLUSION

5.1. Summary

A new fabrication process for integration of CYCLOTENE and wet etching of
silicon using KOH was developed. This allows fabrication of highly-efficient MEMS
micromachines (micromotor or microgenerator) using CYCLOTENE as a low-k
dielectric material. The advantages of using a low-k dielectric, with excellent mechanical
and electrical properties, make CYCLOTENE attractive for microelectromechanical
devices. The advantages of CYCLOTENE as a dielectric material for MEMS applications
are: (1) low dielectric constant (k= 2.65), (2) easy deposition process (spin-on), (3) high
level of planarization, (4) high solvent resistant, (5) low curing temperature (250 °C), (6)
low residual stress (28 Mpa on silicon), (7) no outgasing during cure, and (8) ability to be
deposited in thick layers. The disadvantage of this dielectric film is a low glass
temperature of 350 °C.

CYCLOTENE, like other organic materials, has poor interfacial fracture
resistance (adhesion) to inorganic materials. Anisotropic etching of silicon with KOH is
performed in a very corrosive environment at high temperatures for a few hours.
Therefore, it is essential to protect the CYCLOTENE film during this process with an
etch mask. In this thesis it was shown that fabrication of deep silicon etched structures

together with CYCLOTENE dielectric films can be preformed using appropriate metal
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etch masks (Au/Cr) with a modified process flow to enhance the meta/ CYCLOTENE
adhesion.

A series of experiments were performed to modify the fabrication process such
that the adhesion between metal and CYCLOTENE becomes strong. Adhesion
improvement of CYCLOTENE and Cr/Au mask was accomplished by partial cure of
CYCLOTENE prior to metallization, sputtering of the Cr/Au metal masks at 200 °C, and
full curing at 250 °C. An adhesion promoter, AP3000, was proven to enhance the
adhesion of these films if applied prior to metallization.

Metal/CYCLOTENE adhesion was tested to be very strong. Adhesion strength
was experimentally verified in qualitative manner. Deep structures (200 um) in silicon
were fabricated while the CYCLOTENE film was protected by metal mask. Long
exposure to KOH solution (8 h) had little or no effect on the adhesion of polymer- metal.
The process was repeatable, giving the same set of results.

In order to understand the effect of soft cure and adhesion promoter prior to
metallization and hard cure after metallization, the metal/ CYCLOTENE interface was
studied. Different surface/interface techniques were used. Time-of-flight secondary ion
mass spectroscopy (ToF-SIMS), Auger electron spectroscopy (AES), secondary electron
spectroscopy (SEM), and atomic force microscopy (AFM) were the methods exercised
along with 12 samples fabricated with different stacks of films for this study.

High lateral resolution ToF-SIMS imaging provided useful information about the
surface of the Au and Cr (grain sizes) inside the Au layer. These images showed that the
Cr diffusion (after curing) into Au layer was not homogeneous. Chromium-enriched

grains of 2 um or smaller were detected close to pure Au grains. The masking strength of
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the Au layer (against KOH) was not deteriorated by Cr diffusion. AES was used to
quantify the atomic concentration of Cr diffused into Au. The Cr concentration at the Au
layer was estimated to be about an average 1 atomic percent. Morphology of the
CYCLOTENE, Cr, and Au surfaces and the effect of hard cure on their roughness were
studied using AFM and SEM.

ToF-SIMS depth profiling was used for studying the interface of
Au/Cr/AP3000/CYCLOTENE. Concentration of different species at different depths
from the surface of the wafer was measured. It was found that curing at 250 °C, together
with use of adhesion promoter on partially cured CYCLOTENE results in diffusion of Si
and C from the CYCLOTENE or AP3000 into the Cr layer. Use of cure management or
adhesion promoter alone did not result in adhesion improvement. Chemical interaction
of CYCLOTENE and Cr at the interface, mainly in the form of oxidation of Cr, was also
observed. Diffusion of Si and C from CYCLOTENE or AP3000 into the Cr layer
together with the formation of chromium-oxide at the Cr/CYCLOTENE interface were

correlated to the adhesion improvement between CYCLOTENE and Cr/Au films [119].

5.2.  Future Work

The efficiency of electrostatic micromachines partially depends on the electrical
loss in the parasitic capacitors formed between the active elements of the device (metal
electrodes) and the substrate. In order to minimize this parasitic loss, small parasitic
capacitance is required. The capacitance is a function of the thickness of the dielectric
material on the substrate. The higher the thickness of the dielectric layer, the lower the

parasitic capacitance will be. Therefore, it is desired to have a very thick dielectric layer
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on the substrate. Fabrication of deep etched grooves in silicon with thicker layers of
CYCLOTENE is under investigation. The desired CYCLOTENE thickness is 20-30 pm.
The future work will address the integration of very thick CYCLOTENE film with deep
etched structures in the silicon. Due to the large thickness of the CYCLOTENE, KOH
solution undercuts the film, etching the CYCLOTENE and causing the metal to be peeled
off from the CYCLOTENE. This problem needs to be addressed by modifying the
process flow such as metal deposition temperature and metal coverage of CYCLOTENE
layer. Preliminary results obtained for 10-um-thick CYCLOTENE film showed that
similar masking design was feasible provided that the CYCLOTENE film walls (10-pum-
thick) were not exposed to KOH solution. A sample with modified metal deposition step
was fabricated and tested in KOH solution. The sample underwent 3 h of KOH etching
without metal peel-off. The robust and complete results require further study and testing.
The process discussed here is used for fabrication of micromotors and
microgenerators but can potentially be used for other microelectromechanical devices. In
this study, Au was used as an etch mask due to its insignificant etch rate in KOH
solution. Some other silicon etchants used in bulk micromachining like tetra methyl
ammoniumhydroxide, ethylene diamine pyrochatechol, and xenon diflouride are also
gold selective. Therefore, the developed process can potentially be used in fabricating
other microelectromechanical devices that require wet etching in presence of BCB films
using a variety of etchants. An example of such a device is a temperature (or humidity)
sensor that utilizes: (1) BCB as a thermal isolator/passivation layer, and (2) wet etching
of the substrate to release a membrane or remove a film. The developed etch-mask

scheme can be used to protect the BCB film during the wet etching process.
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APPENDIX: ANISOTROPIC ETCHING OF SILICON BY
POTASSIUM HYDROXIDE

Anisotropic etching of silicon by potassium hydroxide (KOH) is the most
common wet anisotropic etch technique. Several chemical models are proposed for
explaining the reasons for the anisotropic etching of silicon. Seidel et al. propose the a
model for this etching [50, 51]. Different silicon properties have been correlated to the
anisotropic etching. {100} silicon planes have the highest density of atoms per square
centimeter to the etchant and the atoms are oriented such that three bonds are below the
plane. These three bonds become chemically masked by OH ions or oxygen bonds at the
surface. The available bonding density of different surfaces in diamond crystals follows
the sequence of 1:0.71:0.58 for the {100}:{110}:{111} planes. The {111} planes also get
oxidized faster; therefore, they are masked against the solution. Seidel et al.’s model
correlates the different etch rates to the activation energy of different surfaces [50]. After
immersion of the silicon crystal into the KOH solution, a negative excess charge on the
silicon surface builds up due to the higher original Fermi level of the HO/OH™ couple as
compared to the solid. This leads to a downward bending of the energy band on the solid
surface, both for p-type and n-type silicon. The overall reaction of the KOH etching is
described as:

Si+20H + 2H,0 — Si(OH),” + 2H, [Eq. 1]

The above reaction is a result of a couple of steps. First the silicon is oxidized,
and 4 electrons are injected from a silicon atom into conduction band,

Si+20H — Si(OH),*" + 4e” [Eq. 2]
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In the above step, a silicon atom is removed from the surface through the reaction
of 4 hydroxide ions forming Si(OH)4 which is converted into Si(OH),*" due to the high
pH environment. This step is accompanied by the injection of 4 electrons into the
conduction band, originating from reacting hydroxide ions [50]. The 4 electrons injected
into the conduction band stay localized near the silicon surface due to potential well
provided by downward bending of the energy bands. The recombination of electrons in
this space charge layer is very low for silicon wafers with dopant (donor or acceptor)
concentration of 10" #/cm’ or less.

At the same time the water gets the excess electron,
4H,0 + 4e — 40H + 2H, [Eq. 3]

The silicon in the form of Si(OH),”" reacts with 4OH™ and becomes soluble in
water,

Si(OH),*"+40H — Si(OH),* +2H, [Eq. 4]
The equations mentioned above are all made of several equations and summarized in
one (Eq. 1).

For <100> silicon, the etch rate of {110} plane is faster than {100}. These two
rates are much faster (~ 400 times) than the etch rate of {111}. The etch rate of the
silicon in KOH solution can be found by the approximate formula suggested by Seidel et

al.:

1 -E

R =k, [H,O]'[KOH]* ¥ [Eq. 5]

In the above formula T is the solution temperature, ko is a constant value of 2460

pum/h.(mol/) **°, and E, is 0.595 eV for etching {100} plane. These two constants have
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a different value for {110} plane: ko = 4500 um/h.(mol/1) ~**, and E; = 0.60 eV. [H,0]
and [KOH] are the relative concentration of water and KOH (by weight) to the solution.
For the KOH solution of 20%W and temperature of 80 °C the etch rate of {100} and

{110} planes are calculated to be 86 and 133 um/h, respectively.
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