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Abstract— Spin-on polyimide is an organic thin film often
used as a sacrificial layer for surface micromachining due to
its high thermal stability, ease of removal, and compatibility
with many materials and processes used in the realization of
microelectromechanical systems (MEMS). The incorporation of
sloped sidewalls in polyimide for fabricating pedestal struc-
tures is crucial in order to provide strong anchors in free-
standing MEMS devices, especially in cases having a high aspect
ratio and/or where structural materials have limited deposition
conformality. This paper demonstrates a reliable reactive ion
etching (RIE) methodology for tuning the polyimide sidewall
angle, ranging from a vertical sidewall up to an angle of about 25°
from the vertical. The key modifications to the process parameter
space include changes to the process temperature and chamber
pressure. This paper also presents a novel lift-off process, which
is based on the use of an interfacial polymer layer to facilitate
removal of an overlying silicon oxide hard mask. This procedure
allows polyimide sacrificial layers employing a silicon oxide hard
mask to be used on samples that have exposed silicon oxide layers
elsewhere on the chip that are required to remain intact during
hard mask removal. Therefore, this lift-off process is applica-
ble in situations where the silicon oxide hard mask removal
cannot be accomplished by wet etching in hydrofluoric acid
solutions. [2016-0314]

Index Terms— Polyimide, plasma etching, reactive-ion etching,
sidewalls, lift-off, sacrificial layer.

I. INTRODUCTION

RGANIC sacrificial layers are commonly used to
Osupport structural layers during surface micromachin-
ing of microelectromechanical systems (MEMS). They pro-
vide controllable layer thickness using a simple spin-on
process, can survive a wide variety of surface micromachin-
ing processes, and can easily be removed through a dry-
release method in order to avoid the stiction issues associated
with wet release processes. Organic polymer sacrificial layers
include standard lithography photoresists [1], [2], polyimides
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(e.g., HD Microsystems PI-2610, PI-2611 or Brewer Science
ProLIFT) [3], [4], epoxy-based photoresists (e.g., SU-8) [5],
and water-soluble polymers [6]. Of these, HD Microsystems
polyimides are of considerable importance for micromachining
applications since, in addition to being able to be removed
with a pure oxygen plasma, they can withstand processing
temperatures of up to 400 °C.

Dry etching of polyimides has been extensively explored
with the aim of controlling the sidewall angle of the anchors
used to support suspended structural layers. Mimoun et al. [7]
developed an etch recipe which combined isotropic and
anisotropic plasma etching to obtain a wine glass shaped
sidewall profile in polyimide vias using sequential etching in
two separate chambers. In comparison, the recipes developed
in this paper use only a single etch process in a single chamber
to achieve tapered sidewalls.

Deschler and Balk [8] investigated the influence of
0,/CF4 gas composition on the sidewall profile of etched
structures in 2 um thick polyimide layers using photore-
sist as a mask. Their approach was similar to that of
Till et al. [9], who developed a recipe for RIE etching of
polyimide (Hitachi PIQ) in a pure oxygen plasma to control
the sidewall slope. Till et al. [9] achieved control of the
sidewall profile through the use of a photoresist erodible mask
on a 1.5 um thick polyimide layer by careful control of the
etching conditions, although the presented process is limited
by the thickness of the photoresist mask. However, for thick
polyimide films (> 5 xm) a thicker photoresist masking layer
is required, and the process that provides high selectivity to
the photoresist mask is characterised by a low polyimide etch
rate (maximum about 180 nm/min). Pham et al. [10] presented
an etch recipe based on pure oxygen plasma for relatively thin
1.0 yum — 2.5 um thick HD Microsystems PI-2610 polyimide
sacrificial layers. However, their process leads to the formation
of unwanted residues, which is a major issue. They also
investigated the use of Oy/He gas mixtures to reduce the
residue level, but those mixtures affected the anisotropy of the
etching profiles. Chen et al. [11] developed several polyimide
etch recipes to investigate the influence of O,/SFg gas ratio on
the etch rate and sidewall profile. They investigated relatively
high pressure RIE recipes (600 mTorr) in which the ratio of
0, to SFg varied from 50% to 100%, and reported on the
resultant unusual sidewall profiles. Lee et al. [12] investigated
similar polyimide dry etch recipes for the fabrication of thin
film transistors (TFT), based on an O/SFg chemistry, but
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with the addition of Ar gas. Etching was performed using
capacitively coupled plasma reactive-ion etching (CCP-RIE)
at a pressure of 100 mTorr and RF power of 100 W, whereas
Chen et al. [11] used 300 W. In addition, Lee et al. [12]
investigated the details of the plasma chemistry during the
etching process using optical emission spectroscopy (OES).

The avoidance of any post-processing residues is an impor-
tant issue during polyimide etching [13] which, in general,
can be avoided by using gas mixtures other than pure oxy-
gen. Various gas mixtures have been proposed to avoid the
formation of contaminant residues. Turban and Repeaux [14]
used O2/CF4 and O,/SFg plasmas to etch polyimide for a
desmearing process during printed circuit board production,
and analyzed the influence of different gas mixtures on the
etching process. Bliznetsov et al. [15] also considered different
gas mixtures at various plasma power levels to achieve a
vertical polyimide sidewall profile, based on a high-throughput
polyimide etching process using O2/CF4 chemistry in a dual
frequency RIE tool. In addition, Ma et al. [16] investigated the
influence of the bias plate power on the residues remaining
after etching in pure O, plasma.

Dry etching of thick polyimide films with a standard
photoresist mask is not feasible due to the lack of dura-
bility of the photoresist in a plasma environment, and
thus other masking materials with higher etch selectivity
to polyimide are required. Bagolini et al. [17] investigated
0,/CF4 dry etching of HD Microsystems PI-2610 polyimide
(2 um — 4 um thick) using several different materials as a
masking layer, including aluminium, silicon carbide, and sili-
con oxide. In their study, silicon oxide was selected as the pre-
ferred option due to its better adhesion to polyimide compared
to aluminium, and because it is easier to remove than silicon
carbide. Additionally, they investigated the chemical resistance
of polyimide to the various solvents used for cleaning the
wafers between processing steps. Arevalo et al. [18] presented
a surface micromachining process that used a gold structural
layer as a hard mask for dry polyimide etching. For application
in which gold is suitable to serve as the structural layer, their
approach simplifies the fabrication process by avoiding the
need for a separate hard mask.

Zulfigar et al. [19] presented etching processes for 10 ym
to 30 um thick polyimide layers based on two different hard
mask materials (SiNx and Al). Their investigation included
the influence of plasma chemistry, RF and ICP power, and
chamber pressure on the etch rate of polyimide. Their analysis
covered plasmas with pure Oy, O2/Ar, O2/CF4 and O»/SFg
mixtures. Vertyanov et al. [20] presented etching processes for
25 pum and 76 pum thick polyimide films, where they examined
the influence of the gas composition (O», Ar and SF¢) and
RF power on the process etch rate. However, it needs to be
noted that the influence of chamber pressure on the etching
of polyimide layers thicker than 5 xm and at elevated process
temperature (in our case, 100 °C) has not been previously
documented in the open literature. Such thick sacrificial layers
are often necessary in order to reduce squeezed film damp-
ing of the fabricated free-standing structures, which may be
suspended several micrometres above the substrate sur-
face [21]. For example, high structures with tapered side-

walls are essential for MEMS ionization gas sensors [22].
The features of the proposed polyimide etch recipe can also
be used for fabrication of polyimide based variable focus
microlenses [23] as well as for angled mirrors for planar sili-
con photonics [24], [25] where tapered sidewalls are essential.

This work describes a residue-free anisotropic plasma etch-
ing process for thick polyimide layers, with the added ability
to precisely control the sidewall profile. The sidewall angle is
a key parameter required for fabricating free-standing struc-
tures based on thin films deposited with limited conformality
using thermal evaporation or most plasma-enhanced chemical
vapor deposition (PECVD) techniques. Although the steep
slope of the polyimide sidewall is likely to significantly
limit the layer thickness deposited on the sidewalls, the con-
trolled profile can be used to improve sidewall coverage to
some extent.

In this paper, we have studied the influence of chamber
pressure on the polyimide etching process at elevated process-
ing temperatures, and have investigated the mechanism which
determines the sidewall angle. In addition, this work introduces
a hard mask lift-off process based on an interfacial polymer
layer for removal of the overlying hard mask.

II. EXPERIMENTAL PROCEDURES

The polyimide etching experiments were performed
using an inductively coupled plasma reactive ion
etching (ICP-RIE) Plasmalab System 100 tool from Oxford
Instruments. In this system a 4-inch diameter, 300 um thick,
<100> silicon carrier wafer is mechanically clamped to the
heated sample table and back-side helium is introduced to
provide good thermal contact between the table and carrier
wafer. Before commencing the etching process, the sample
table temperature was set and allowed to stabilize. The
experiments were performed using polished square <100>
silicon substrates (2x2 c¢m?) of 300 um in thickness. The
experiments were also repeated on 2-inch diameter silicon
<100> substrates with the same thickness as the 2x2 cm?
samples in order to assess the influence of loading effects on
the etching process. A schematic of the adopted process flow
is shown in Fig. 1. The bare silicon substrates were covered
with Brewer Science APX-K1 adhesion promoter, which
was selected in preference to the VM-651 recommended by
HD MicroSystems (manufacturer of the PI-2611 polyimide)
due to easier storage and usage specifications. The APX-K1
adhesion promoter is premixed and ready to use, whereas
VM-651 needs to be diluted before each use. The adhesion
promoter was found to be necessary between each layer
in the procedure in order to avoid delamination of the
polyimide from the substrate, as well as delamination
between subsequently deposited layers.

The substrates were then spin-coated with a thick polyimide
layer (HD MicroSystems PI-2611) in a two-step spinning
cycle. Firstly, a rotation speed of 500 rpm for 5 seconds was
used to spread the dispensed material on the surface, followed
by 2000 rpm for 40 seconds to achieve the desired thickness,
typically in the range of 8 um — 9 um thick. After spin-
coating with PI-2611, the samples were soft baked in ambient
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Fig. 1. Polyimide sacrificial layer fabrication process: (a) spin, bake and cure
of HD Microsystems PI-2611 polyimide layer, followed by spin-coating of
Brewer Science ProLIFT 100, followed by deposition of SiOx hard mask;
(b) SiOx patterning using reactive-ion etching and a standard photoresist
mask; (c) polyimide etch process using one of the specific recipes developed
in this paper; (d) hard mask removal via lift-off in positive photoresist
developer, leaving the polyimide sacrificial layer with tapered sidewalls for
subsequent processing. The thick (red) interlayer lines represent layers of
APX-KI1 adhesion promoter.

laboratory conditions on a hotplate for 90 seconds at 90 °C,
followed by another 90 seconds at 150 °C. Subsequent curing
of the polyimide was completed in a nitrogen atmosphere on
a hot plate using the heating/cooling profile shown in Fig. 2,
and completely cured at a temperature of 400 °C for one hour.
The initial soft bake at 90 °C and 150 °C allows stacking
of multiple layers of polyimide in order to achieve very
thick sacrificial layers [26], whereas the later high-temperature
curing process given by the temperature profile in Fig. 2
produces a stable film with the desired parameters.

A layer of Brewer Science APX-KI1 adhesion promoter
was applied on top of the PI-2611 polyimide layer to obtain
adequate adhesion of the overlying Brewer Science Pro-
LIFT 100 layer, and thus avoid the risk of delamination
at the interface, as schematically indicated in Fig. 1 by
the thick red interfaces. The etching mask consisted of the
ProLIFT 100 polyimide layer (about 3.5 xm thick) and an
overlying silicon oxide thin film layer (about 1 xm thick).
The ProLIFT 100 was spin-coated on the surface of the
PI-2611 polyimide, soft baked at 135 °C for 90 seconds
and then cured at 300 °C for 30 minutes. Next, a layer of
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0 60 120 180 240 300 360
Time [min]
Fig. 2. Temperature profile for curing polyimide in a nitrogen atmosphere.

A ramp rate of 3 °C/min was used for the heating and cooling steps. The
hold times consist of 5 minutes at 170 °C for solvent evaporation, and 1 hour
at 400 °C for complete polyimide curing.

APX-K1 adhesion promoter was deposited just before silicon
oxide deposition in an inductively coupled plasma chemical
vapor deposition (ICP-CVD) system at a substrate temperature
of 275 °C (see Fig. 1). Brewer Science ProLIFT 100 [4] are
polyimides that are soluble in positive resist (alkaline) devel-
opers after imidization by baking, but retain high resistance to
acid etchants, organic solvents, and high process temperatures.
PI-2611 is a non-photodefineable, dry etch polyimide, which
in contrast to ProLIFT 100, is not soluble in positive resist
developers after full curing. The solubility of ProLIFT 100 in
positive resist developers allows lift-off of the silicon oxide
hard mask in a wet process after dry etching of PI-2611
polyimide has been completed, without affecting the PI-2611
sacrificial layer.

The silicon oxide hard mask was patterned using a pho-
toresist mask and etched in CFs using an Oxford Plasmalab
System 100 ICP-RIE system. The developed process flow does
not require a separate step to remove the photoresist used to
pattern the silicon oxide hard mask before commencing the
polyimide etching process, since the polyimide etch process
will also rapidly remove the photoresist and leave a residue-
free top surface. The etch rate of the SiOx hard mask was
determined to be between 15 nm/min and 20 nm/min, and
the thickness was set to 1 um in order to ensure good
edge definition in subsequent imaging processes. For routine
processing, the thickness of the hard mask can be reduced,
for example, to 400 nm of SiOx for a 9 um thick polyimide
film. A summary of all processing steps, preceding polyimide
etching, are listed in Table 1.

The adopted polyimide etching chemistry was based on
the work of Mimoun et al. [7], which consisted of 80% O,
13% N>, and 7% CF4. In the present paper, the desired etch
characteristics were achieved by setting the substrate stage
temperature to 100 °C, and varying the chamber pressure
between 5 mTorr and 40 mTorr to tune the sidewall profile.
The temperature of 100 °C was chosen experimentally as
a minimum value to achieve stable and repeatable etching
results. Prior to commencing the etching process, the samples
were placed on top of the carrier wafer. Additional thermally
conductive material was not introduced between the samples
and the carrier wafer, since trial runs indicated adequate
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TABLE I
DETAILED FABRICATION PROCEDURE FOR POLYIMIDE SAMPLES PRIOR TO POLYIMIDE ETCHING

Clean silicon substrate wafer

Spin adhesion promoter Brewer Science APX-K1 (4000 rpm/40 s)

Bake APX-K1 on the hotplate (175 °C/40 s)

Spin HD Microsystems PI-2611 (500 rpm/5 s followed by 2000 rpm/40 s)

Soft-bake PI-2611 on the hotplate (90 °C/90 s, followed by 150 °C/90 s)

Cure PI-2611 on the hotplate (400 °C/1 hour, heating/cooling ramp rate 3 °C/min: see Fig. 2)
Spin adhesion promoter Brewer Science APX-K1 (4000 rpm/40 s)

Bake APX-K1 on the hotplate (175 °C/40 s)

Spin Brewer Science ProLIFT 100-24 (500 rpm/5 s, next 4000 rpm/90 s)

Soft-bake ProLIFT 100-24 on the hotplate (135 °C/90 s)
Cure ProLIFT 100-24 on the hotplate (300 °C/30 min)

Spin adhesion promoter Brewer Science APX-K1 (4000 rpm/40 s)

Bake APX-K1 on the hotplate (175 °C/40 s)

Deposit SiOx hard mask using ICP-CVD deposition tool (275 °C/1 hour)
gas flow: SiHy = 6.5 sccm, He = 123 sccm, Ar = 126 sccm, NoO = 70 sccm; pressure: 2 Pa; ICP power: 450 W.

Sample at this stage corresponds to that shown in Fig. 1(a)

Pattern SiOx hard mask using ICP-RIE etching tool with photoresist mask (20 °C/26 min)
gas flow: CF4 = 34 sccm; pressure: 10 Pa; RF power: 100 W; ICP power: 400 W.

Sample at this stage corresponds to that shown in Fig. 1(b)

TABLE 11
POLYIMIDE PLASMA ETCH RECIPE DETAILS

Parameter Value
0, flow 60.0 sccm
N, flow 9.8 sccm
CF,4 flow 5.2 sccm
ICP Power 200 W
RF Power 100 W
Stage temperature 100 °C
Pressure 5 — 40 mTorr
He backing pressure 10 Torr

process stability and performance. The carrier wafer was
loaded into the etching chamber and mechanically clamped
to the heated table. Helium gas was introduced between the
carrier wafer and the heated table to achieve good thermal
contact and allow efficient heating of the carrier wafer. The
samples remained in that condition for 15 minutes for tem-
perature equilibration before processing commenced. During
the etching process the temperature on the surface of the
sample may increase due to plasma heating, which can be
an advantageous characteristic since the localized increase
in temperature may locally speed up the etching reactions.
This phenomenon could be explored further to achieve local
sidewall tapering just under the hard mask, if desired. The
ICP and RF power were chosen experimentally in order to
achieve a stable and repeatable etch profile with relatively high
etch rates. The chamber pressure during the etching process
has a significant influence on the resulting polyimide pedestal
slope [27]. Mimoun et al. [7] did not provide any additional
details on their recipe or the equipment they used. The details
of the plasma etch recipes developed in the present study are
summarized in Table II.

After the polyimide etching experiments, the samples were
placed in an AZ326 photoresist developer bath (an aqueous
solution of 2.38% tetramethyl ammonium hydroxide (TMAH))
in order to dissolve the ProLIFT 100 layer and lift-off the
silicon oxide hard mask. This process required up to a few
hours to complete when polyimide etching was performed
through small openings in the hard mask. However, it is noted
that the process consistently resulted in a residue-free and
undamaged surface of the PI-2611 polyimide, and guaranteed
removal of the hard mask.

III. RESULTS AND DISCUSSION

To evaluate the etching process, two series of experi-
ments were performed, each having multiple samples that
were prepared and etched in a separate fabrication process,
and the cross-section of each sidewall profile was obtained
using a focused-ion beam (FIB) and a scanning electron
microscope (SEM). During the first series of experiments,
the samples were etched with a common recipe but with
the etching time being varied between 1 and 20 minutes.
This allowed the progress of the etching of the polyimide
sacrificial layer to be evaluated. During the second series of
experiments, each sample was etched until all the polyimide
was removed under different chamber pressure in the range
between 5 and 40 mTorr for individual samples.

A. Etch Profile Time Evolution

The first series of experiments consisted of ten samples,
each etched for a different etching time, with the first sam-
ple being etched for 1 minute. The etching time for the
remainder of the samples was progressively increased from
4 to 20 minutes in steps of 2 minutes. Fig. 3(a)—(c) show
SEM images of the cross-sectional etch profiles for three
selected samples. The profiles of the etched structures shown
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Fig. 3. Cross-sections of the etched sample structures for different etching times. Ten separate samples were etched using the same recipe (see Table II,

with pressure = 10 mTorr) for different etch times, starting with 1 minute and then from 4 minutes up to 20 minutes in 2-minute increments. The measured
profiles were aligned to the bottom surface of the SiOx hard mask. The indicated scale is common to (a)—(c) images.

in Fig. 3(d) were extracted from the SEM images by an edge
detection filter using ImageJ 1.50i software in order to allow
for a precise comparison between the samples. The obtained
profiles were stacked together on one image to show the time-
evolution of the etching profile (see Fig. 3(d)).

As evident from Fig. 3(d), two distinct slopes (a and f)
can be distinguished on the sidewall of the PI-2611 poly-
imide layer. The ICP-RIE etching process consists of two
components: physical and chemical etching. The physical
etching component is associated with close to vertical ion
bombardment of the exposed part of the polyimide and is
mainly responsible for obtaining straight vertical sidewalls.
The chemical etching component is associated with the
reactive species of the plasma chemically etching the poly-
imide material equally in all directions, and is primarily
responsible for the horizontal etching of polyimide since the
sidewalls are partially protected from ion bombardment by
hard mask shadowing. Both physical and chemical etching
components are associated with vertical etch of polyimide.
As the polyimide is etched vertically, an increasing amount
of sidewall depth is exposed which then allows horizontal
chemical etching to occur. Since both the horizontal and
vertical etching occur simultaneously, the horizontal etching
of the sidewall creates sloped sidewalls as the upper parts of
the polyimide sidewall are progressively exposed and etched
for longer than the lower sidewall parts (angle o for PI-2611
polyimide). The same reasoning can be used to explain the
angle of the main sidewall slope of the overlaying ProLIFT
layer (lower portion of the ProLIFT sidewall). Note that the
ion bombardment enhanced vertical component of the etching
process dominates the horizontal component more prominently
for ProLIFT than for PI-2611, which results in a steeper
sidewall profile for the ProLIFT layer. The upper sidewall
slope of the PI-2611 polyimide layer (angle f in Fig. 3(d)),

is a consequence of the difference in the etch rates between
the ProLIFT and the underlying PI-2611 polyimide. Since the
horizontal etch rate of the ProLIFT is significantly higher than
the PI-2611 polyimide layer, progressively more PI-2611 top
surface is exposed for chemical etching. This allows chemical
etching of the exposed upper surface of the PI-2611 to progress
at the same time as etching in the horizontal direction, which
results in the formation of a slope angle £.

The slight undercut which is present just below the hard
mask in the ProLIFT 100 is likely due to localized heating of
the SiOx hard mask caused by ion bombardment during the
long etching process. Although the ion energy does not cause
significant etching of the hard mask, it can increase the tem-
perature of the masking layer. Since this heat is not dissipated
efficiently to the substrate due to low thermal conductivity of
the thick underlying polymer layers, there is likely to be a
significant increase in the local SiOy temperature [28], [29].
Thus, in comparison to the bulk of the ProLIFT, the increased
temperature just under the SiOx hard mask will result in faster
chemical etching of the ProLIFT surface [30], [31], resulting
in an increased lateral etch rate directly under the mask. The
faster etch rate directly under the mask is observed on the
cross-sectional profiles presented in Fig. 3(d) to commence
after a few minutes of etching once the temperature of the
hard mask has increased sufficiently.

B. Etch Profile Slope Control

The second series of experiments investigated the influence
of the chamber gas pressure on the sidewall profile of the
etched polyimide layers, with the chamber pressure being
varied between 5 and 40 mTorr. The SEM images showing the
cross-sections of the etched structures are presented in Fig. 4,
which indicate that pressure has a significant influence on
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Fig. 4. SEM images of cross-sections of etched patterns of ProLIFT/PI-2611 polyimide stacks with SiOx hard mask on top for various etching chamber
pressures. Note that there are no organic residues on the silicon substrate after polyimide etching. The white layer visible on the images on the underside of
the SiOx hard mask as well as on the substrate, is gallium residue deposited during FIB milling used to prepare the cross-sections of the etched profiles. The

indicated scale is common to all images.
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Fig. 5. Polyimide plasma etching (a) sidewall profile angle (angle a as

defined in Fig. 3(d) for the main lower portion) and (b) etch rate as a function
of chamber pressure for an etching temperature of 100 °C.

the sidewall profile. The a angle for the lower part of the
PI-2611 polyimide slope varies significantly as a function of
chamber pressure, and this relationship is shown in Fig. 5(a).
Our observations indicate that an overall increase in the etch
rate of PI-2611 is associated with increasing process pressure,
and that the i+ angle of the PI-2611 polyimide can be modified
by chamber pressure control.

The a angle of the PI-2611 sidewall profile was found to
vary from 8° from the vertical for 5 mTorr pressure to about
25° for pressures of 30 mTorr and above. In contrast, the angle
of the upper portion of the PI-2611 sidewall was found to be
independent of the chamber pressure, and found to be close
to 40° from the vertical.

In addition, and as presented on Fig. 5(b), within the range
of the investigated process pressures, we observed a strong
positive correlation between the etch rate and chamber pres-
sure. The lowest etch rate of PI-2611 polyimide (570 nm/min)
was achieved for the lowest process pressure (5 mTorr), and
the highest etch rate of PI-2611 polyimide (860 nm/min) was
achieved for the highest process pressure (40 mTorr).

To verify the influence of loading effects on the etch rate,
we repeated selected experiments on 2-inch diameter silicon
wafers. The etch rates and sidewall profiles of the polyimide
measured on 2-inch wafers were found not to be noticeably
different in comparison to the smaller samples examined in this
paper (2x2 cm?). While isotropic etching of larger samples
may give rise to edge effects, our observations agree with the
findings of Turban and Repeaux [14], where no noticeable
loading effects were observed in the low-pressure regime.

The overall positive correlation between the i+ angle and
process pressure can be attributed to increasing chamber
pressure enhancing the chemical etch rate component, whereas
the ion bombardment enhanced vertical component of the etch
rate remains unaffected or increases at a lower rate than the
chemical etch rate [32]. These differences appear to be the
principal reasons for sidewall profile variability with chamber
pressure.

C. Hard Mask

An additional outcome reported in this paper is the hard
mask lift-off process used to remove the SiOx hard mask
subsequent to the etching of the polyimide. This process allows
patterning of the polyimide sacrificial layer and removal of the
silicon oxide hard mask in a positive photoresist developer, i.e.
a weak base solution. We avoided the use of hydrofluoric acid
solutions to remove the oxide mask due to the fact that any
exposed oxide layers that may be required to remain elsewhere
on the chip would also have been etched.
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During our process development, the SiOx hard mask was
liable to delaminate causing under-etch around the mask pat-
tern. This phenomenon was similar to that previously reported
with the usage of metal hard masks [17]. Such delamination
is often attributed to residual stress in the deposited masking
thin film, as well as to any differences in thermal expansion
coefficients between the layers, which can lead to cracks and
delamination near the etch holes [33]. All of these issues were
eliminated using the adhesion promoter APX-K1, which was
applied between all interlayers. Application of an adhesion
promoter is recommended by the PI-2611 polyimide manu-
facturer [3].

IV. CONCLUSIONS

We have demonstrated a novel approach for the fabrication
of polyimide sacrificial layers through polyimide etching at
elevated temperatures. The developed recipes allow residue-
free etching with a controlled sidewall profile, and result in
high-quality surfaces. The sacrificial layer sidewall angle can
be controlled by varying the chamber pressure during the
etching process. The etching was conducted with a double
layer mask consisting of a SiOx hard mask and a ProLIFT
underlayer that was subsequently used to lift-off the SiO
thin film hard mask after etching of the PI-2611 polyimide
layer. As such, the mask removal process was carried out
in non-agressive positive photoresist developer, which allows
fabrication of sacrificial layers with high-quality surfaces that
are not attacked during hard mask removal.

We have achieved etch rates up to 0.86 um/min, while
the sidewall angle from the vertical can be controlled from
between 8° to about 25°. A single etch of 9 um thick
polyimide layer takes between 10 to 16 minutes, depending
on the pressure of the process; however, higher etch rates may
be possible by increasing the RF and/or ICP power.
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