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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).
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(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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