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ABSTRACT

We describe a process for the fabrication of a Ni stamp that is applied for microstructuring of polymers by hot embossing.
The target devices are microcontainers for the potential application in oral drug delivery. Each container is a three
dimensional, cylindrical, high aspect ratio microstructure obtained by definition of a reservoir and a separating trench
with different depths of 85 um and 125 um, respectively, in a single embossing step. The fabrication of the required two
leveled stamp is done by a modified DEEMO (Dry etching, electroplating and molding) process. Dry etching using the
Bosch process and electroplating are optimized to obtain a stamp with smooth stamp surfaces and a positive sidewall

profile. Using this stamp, hot embossing is performed successfully with excellent yield and high replication fidelity.

Keywords: Nickel stamp, Bosch process, electroplating, hot embossing, microcontainers

1. INTRODUCTION

Simultaneous with the development of new NEMS and MEMS techniques, the use of nano- and microstructures and
devices for biomedical and pharmaceutical applications has proliferated. The devices were fabricated in standard silicon
based materials or photosensitive polymers but recently the focus has changed to biocompatible polymers [1]. For low
cost and high throughput processing of polymers, hot embossing has emerged as a viable fabrication method [2]. In
order to define devices in polymers using the hot embossing technique, a microfabricated stamp is required. To achieve
a reliable, high fidelity embossing, a high quality stamp must be used and the embossing parameters have to be

optimized with respect to critical parameters in the application.

The target device in this work is a microcontainer based drug delivery device that has potential to increase bioavailability
of drugs when taken orally [3]. Such a microcontainer is a two-leveled structure consisting of a cylindrical container
bottom and a ring-shaped container wall defining the size of the inner reservoir [4]. Recently, we have for the first time
demonstrated embossing of microcontainers in the biodegradable and biocompatible polymer, Poly-L-Lactic Acid (PLLA)
using SU-8 stamps, but alas SU-8 stamps are not robust enough to last more than a few embossing runs [5]. For other
applications, new methods for preparation of stamps in more stable materials like steel, copper or nickel have been
developed [6-8]. Among the most frequently used stamp materials, Ni is very robust and can be easily electroplated on a
master template to create complex three dimensional structures at high resolution [9]. Another advantage of a Ni stamp

is that it can be used for mass production in roll-to-roll processing [10].
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Ni stamps can be fabricated with two well-known processes: LIGA (Lithography, Electroplating, and Molding) [9] or
DEEMO (Dry etching, electroplating and molding) [11]. In both processes, a master is first fabricated either in photoresist
by lithography or in Si by lithography and dry etching. Subsequently, Ni is electroplated and the master is removed. This
electroplated Ni structure is used for embossing in polymers. The availability of photoresists like SU-8 that allow
definition of high aspect ratio structures with very smooth surfaces without use of expensive X-ray synchrotron
lithography makes LIGA a viable option for the preparation of Ni stamps [9]. However, it is very difficult to completely
remove the SU-8 master from the electroplated Ni stamp in particular in narrow trenches and the resulting increased
surface roughness might affect the hot embossing process [12]. Guo et al. have been able to emboss single level

structures with a minimal width of 40 um and aspect ratio 8 using a Ni stamp prepared with the LIGA process [13].

In this work a microcontainer fabrication process based on DEEMO has been developed. The concept is illustrated in
Fig.1, which also defines the specific terms used throughout the paper. More specifically, we describe in details the
process that was developed for fabrication of Ni stamps with two-leveled cylindrical microstructures using DEEMO. Tanzi
et al. have fabricated two leveled microdevices with rectangular features using the DEEMO process [14]. Park et al.
presented the fabrication of a two-leveled Ni stamp with cylindrical features [15]. In both cases, the aspect ratio of the
microstructures is only around 2. Here we show, to our best knowledge, for the first time the fabrication of a Ni stamp
with two-leveled cylindrical microstructures with vertical dimensions > 80 um and aspect ratio > 8 using an optimized
DEEMO process.

Space between outer ring and inner disc Separation trench Container reservoir

. Inner disc Container wall
Outer ring

Fig. 1.Various features of the stamp and microcontainers and subsequent translation of the Si master (A) into a Ni stamp (B) and then

further into biopolymer microcontainers (C) with the inner reservoir, walls around it and the separation trench between the container and

the surrounding polymer film.

In order to obtain a good polymer replication of the stamp, the demolding forces have to be minimized to avoid the
damage of the replica during stamp removal. This poses a number of requirements for the fabrication of the Ni stamp
(Fig.2.A): a) the stamp must have very smooth sidewalls to minimize the frictional forces between the polymer structures
and the Ni stamp; b) the sidewalls of the stamp should preferably have a positive taper in order to minimize the
interlocking forces; c¢) there should not be any undercut at the top of the features to avoid mechanical interlocking [16].

Due to the high aspect ratio trenches and the depth dimensions of the microstructures (Fig.2.B), photolithography, deep
reactive ion etching (DRIE) and Si etching after electroplating has to be optimized. Additional challenges that the design
requirements pose during the fabrication process are: 1) the two-leveled geometry poses misalignment and masking

issues, 2) the deep circular geometry of the inner reservoir causes problems during the etching of the Si master to
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release the Ni stamp, and 3) the thin vertical walls of the Si master require minimization of the lateral etch to prevent loss
of structural integrity. In order to meet the design requirements of the Ni stamp, the deep reactive ion etching (DRIE)
process for Si was optimized and microstructures with high aspect ratio of 8 could be obtained. Finally, Ni was
electroplated to obtain stamps with the required features, smooth surfaces and sidewalls with a positive slope. The Ni
stamp was used to emboss microcontainers in PLLA films, and high fidelity replication of the stamp was demonstrated

with a process yield of 100%.

Lateral
Smooth and positively No  Dimensions
tapered sidewalls undercuts integrity

Cylindrical High aspect Two-leveled
shape ratio structure

Microcontainers

Fig. 2. Design considerations and critical dimensions for fabrication of the Ni stamp (A) and corresponding microcontainer patterns in Si
master or PLLA film (B). The two critical dimensions are: the reservoir depth in Si master (Dsi1) and PLLA (Dpi1a1) Or the corresponding
inner circle height on the stamp (Hwi1), and the separation trench depth in Si master (Dsiz) and PLLA (Dpa2) OF the corresponding height

of the outer ring on the stamp (Hniz)

2. METHODS

2.1. Stamp design

The stamp contains 16 square arrays with 20 x 20 individual stamp units. Each stamp unit corresponds to one
microcontainer and thus the stamp design enables fabrication of 6400 devices in a single embossing run. Fig.1.B shows
an individual stamp unit. It consists of two parts, an inner disc and an outer ring structure and there are three important
parameters (Fig.1.A-C): 1) The diameter of the inner disk, which translates into the microcontainer reservoir, 2) the space
between the inner disc and the outer ring that corresponds to the wall of the container and 3) the width of the outer ring
structure, which transforms into the separation trench between the microcontainer and the surrounding polymer film. The
inner diameter of the outer ring structure corresponding to the final diameter of the microcontainers is kept constant at
300 um. To achieve containers with different wall thicknesses of 10, 20, 30, and 40 um the diameter of the inner disc is
varied from 220, over 240, 260, to 280 ym. Furthermore, the width of the outer ring structure is varied from 20, over 30,
40, to 50 ym. The design variations are chosen to evaluate how thin the sidewalls can be made before losing their
mechanical stability. These values of the container dimensions have been chosen based on the previous work done [4,
17] and the constraints imposed by the aspect ratio that can be produced in polymer using a hot embossing process. The
PLLA microcontainer with the wall thickness of 10 um and reservoir depth of 80 um possesses similar volume for drug as
the SU-8 microcontainer discussed in Marizza et al. and Nielsen et al.



2.2. Stamp fabrication and hot embossing

The complete process flow is illustrated in Fig.3, which includes fabrication of Si master, stamp, and polymer replica.
First a 1 um thick SiO> film is grown on a 4-inch (100) Si wafer using wet thermal oxidation at 1100°C for 2 hr 40 min
(Fig.3.A) This SiO; thickness is required for the oxide layer to act as mask in the later Si dry etch process. Positive
photoresist AZ5214E (1.5 uym thick) is spin coated on a HMDS treated wafer at 4000 rpm and pre-baked at 90°C for 90
sec on a hotplate. AZ5214E is patterned on the oxide layer using a first photolithographic mask. This first mask (base
mask) is a dark field glass mask with chrome everywhere except the inner disc and the outer ring. This mask fully defines
the lateral geometry of the microstructure. The resist is exposed with a UV dose of 49 mJ/cm? and then developed for 60
sec in AZ351B developer (Fig.3.B). A short oxygen plasma descum process (0,=200 sccm, N>=70 sccm, at 300 W for 3
min) is run to remove residues of photoresist from the developed areas. The pattern is then transferred into the oxide
using a dry etch recipe (Fig.3.C) in a STS Advanced Oxide Etcher (AOE). The parameters used in the recipe are as
follows: Coil power=1300 W, platen power=200 W, platen temperature=0°C, He flow rate=174 sccm, C4Fs flow rate=5
sccm, H; flow rate=4 sccm, and pressure=4 mTorr. After the dry oxide etch, a 1 min dip of the wafers in buffered HF
(bHF) is used to remove residues of oxide left in the etched areas. Subsequently, the first layer of photoresist is stripped
using plasma ashing with the following parameters: 0,=400 sccm, N,=70 sccm, at 1000 W for 15 min (Fig.3.D). A
second photoresist layer is spin coated on the patterned oxide layer (Fig.3.E). This time, the 1.5 um thick resist is
exposed with the dose of 84 mJ/cm? using a second photolithographic mask (separation mask) and developed for 90 sec
(Fig.3.F). This second mask is also a dark field mask with chrome everywhere except the outer ring. After the second
photolithography, descum is done at higher oxygen flow rate of 300 sccm and power of 450 W, while keeping the N, flow

rate and the time as before.

With the combined patterns of the two masks (SiO, and photoresist, respectively), a DRIE of Si is performed to a target
depth of about 65 um (Fig.3.G) in STS Pegasus. Then, the photoresist is stripped and the reservoir pattern in the SiO; is
exposed (Fig.3.H). The second DRIE of Si is then performed to a target depth of another 60 um (Fig.3.1). The etch
parameters for both DRIE steps are described in detail in the next section on DRIE optimization. It should be noted here
that it is the oxide layer that acts as the pattern defining mask for the DRIE steps. The resist only protects the inner
reservoir of the Si master during the first dry etch. To avoid misalignment and minimize the risk of micromasking effects
due to redeposition of photoresist debris during the first etch step, the outer rings in the second mask were 10 um wider
than on the first one (Fig.3.F), The result of the two DRIE processes is a two level structure in Si (Fig.3.J). After removal
of the SiO, mask in bHF, another layer of 500 nm thick thermal SiO; is grown on this two-leveled Si structure and etched
in bHF. This step is performed to reduce the sidewall roughness in the form of vertical striations and horizontal scallops

due to the Bosch process [18].
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Fig.3. Process flow for the fabrication of Si master, Ni stamp and polymer replica: A. Spin coating of photoresist on a thermally oxidized

Si wafer, B. Exposure of AZ5214E photoresist using base mask and development, C. Pattern transfer to silicon dioxide using AOE, D.
AZ5214E resist stripping, E. Spin coating of second AZ5214E photoresist layer, F. Exposure of AZ5214E using separation mask and
development, G. First DRIE etch, H. AZ5214E stripping, |I. Second DRIE etch, J. Oxide mask removal, sacrificial oxide growth and
sacrificial oxide removal to make sidewalls smoother, K. Amorphous Si deposition on Si master, L. Au deposition on Si master and Ni
electroplating, M. Wet KOH Si etch to release the Ni stamp and coating with fluorocarbon, N. Embossing in spin coated PLLA film with

the Ni stamp, O. Demolding to finish replication of microcontainers in PLLA.



Next, the Si master is prepared for electroplating of Ni. First, a thin release layer of around 200 nm amorphous Si is
deposited on the master using low pressure chemical vapor deposition (LPCVD) in SiHs at 560°C for 1 hr 20 min
(Fig.3.K). Then 100 nm of Cr/Au are sputtered to get a conformal metal coating serving as a seed layer for electroplating.
Next, 500 um thick Ni is electroplated in a plating bath of aqueous nickel sulphamate, boric acid and sulfamic acid kept at
51°C and pH 3.5-3.8 (Fig.3.L). The current is linearly increased to 0.5 A during 15 min followed by ramping to 1.5 A
during additional 15 min. The current is maintained at 1.5 A for 30 min and increased to the final value of 6.5 A during 15
min. Then the electroplating is continued for approximately 3 hr until a final set-point charge of 26.8 Ah is reached. The
complete process takes around 12 hr to obtain 500 um thick Ni conformably electroplated on the Si master. The Si
master is then etched in 28wt% KOH at 80°C for 7-8 hr and a released Ni stamp is obtained (Fig.3.M). A molecular layer
of Perfluorodecyltrichlorosilane (FDTS) is deposited on the Ni stamp using molecular vapor deposition (MVD) [19]. This
improves the separation of the stamp and the molded polymer replica by reducing the adhesion forces between the two
parts [15].

Finally, hot embossing in PLLA is performed. A 15%wt solution of PLLA in dichloromethane (DCM) is prepared and spin
coated on a Si wafer at 500 rpm at an acceleration of 500rpm/min for 1min. This results in a polymer film with a thickness
of around 80 um. Two layers of PLLA solution are spin coated to achieve a thickness of around 150-160 ym. The spin
coated wafer is then left for 15 min to allow the solvent to evaporate. The Ni stamp is used to emboss the PLLA film at
90°C for 15 min 1.9 MPa (Fig.3.N) [20]. The pressure is maintained during the cooling stage. The stack of Ni stamp and
PLLA film is cooled down to 50°C, demolding is performed and the microcontainer patterns are replicated in the PLLA.

(Fig.3.0). The entire setup is kept at atmospheric pressure.

2.3. DRIE optimization

To perform the optimization of lithography and etching processes, test wafers were used. These wafers were Si wafers
with a 1 um thick oxide layer patterned with either the base or the separation mask. The parameters for photolithography
were the same as the ones described for the first lithographic step above. The test structures were used to identify the

dry etch parameters that result in smooth but tapered walls, while at the same time minimizing any undercut.

Etch cycle time (sec)
Change from
Number
i _ reference
First Final cycle of cycles
etch cycle (%)
cycle
24 2.64 10 230
2.4 252 5 270
2.4 2.46 25 290
24 24 0 300
24 2.34 -2.5 310
2.4 2.28 -5 330
2.4 2.16 -10 370
2.46 2.34 25t0-25 300
2.52 2.28 5to-5 300
2.64 2.16 10to -10 300




Table.1. Optimization of DRIE process by ramping the etch cycle time and adjusting the number of etch cycles. All the other parameters

are kept constant. The duration of the reference cycle in Process D is 2.4 sec.

The standard process (called Process D), that is recommended by the manufacturer of STS Pegasus, was chosen as the
starting point for optimization. The etch cycle of Process D has the following parameters: SFs =275 sccm, O,=5 sccm,
cycle time=2.4 sec, pressure=26 mTorr, coil power= 2500 W, platen power=35 W, temperature=0°C. The passivation
cycle has the following parameters: C4Fg=150 sccm, cycle time=2.0 sec, pressure=20 mTorr, coil power= 2000 W,
platen power=0 W, temperature=0°C. Initial runs on test wafers using Process D were performed and resulted in

micrograss formation. Therefore Process D was modified by increasing the oxygen flow rate from 5 sccm to 15 sccm.

To optimize the sidewall tapering, the etch cycle time was ramped up and/or down from 2.4 sec as detailed in Table.1.
While keeping all the other parameters constant except the number of cycles, the experiments were done in with -10, -5,
-2.5, 0, 2.5, 5, 10 % change from the standard etch time of 2.4 sec. After initial measurements made on the Si test
wafers for the calculation of the etch rate, the number of cycles was adjusted to achieve a depth of between 110-130 um
for the separation trench. Micrograss formation had to be avoided at any cost since the surface roughness is more
important for the demolding forces than the wall profile [21]. After the optimization on test wafers, the results were used

for the fabrication of actual two-leveled microstructures.

3. RESULTS AND DISCUSSION

3.1. Etch mask patterning and removal

Initially an isotropic wet etch for 10 min in bHF solution was performed to pattern the SiO, etch mask. During the dry
etching of Si an unwanted ring was formed very close to the desired structures as shown in Fig.4.A. The isotropic nature
of the wet etch results in a non-vertical edge of the oxide mask. It was concluded that the ring occurs due to
micromasking caused by debris from the oxide layer. Hence, a dry etch was chosen for patterning the oxide layer in
order to avoid these micromasking issues. This gave improved results for the test structures as can be seen in Fig.4.B.
For photoresist stripping too, a dry etch process was preferred compared to wet stripping in acetone in order to remove

all photoresist residues.



Fig. 4. A. Unwanted ring formation during the first DRIE step after isotropic wet etch of the oxide mask in BHF, B. No unwanted ring
formation during the first DRIE when dry etch is done for patterning of the oxide mask.

3.2. DRIE optimization

With the oxygen flow fixed at 15 sccm, the DRIE process optimization was done by ramping the etch cycle as described
in Table.1. The basic concept behind ramping the etch cycle time is to vary the relative etch and passivation rates [22,
23]. Alternatively, this ratio could also be changed by ramping etch and passivation gas flows [22-24]. Fig.5 shows the
result of some of the optimization performed in this work. When the etch time was ramped down from 2.4 sec to 2.16 (-
10%), increased roughness close to the walls and formation of tall micrograss can be observed (Fig.5.A). When the etch
cycle was kept constant at 2.4 sec (0%), roughness at the bottom of the walls could be seen (Fig.5.B). On the other
hand, when the etch cycle was ramped up from 2.4 to 2.56 (+5%), micrograss formation could be completely avoided
(Fig.5.C). For the change of -10% and 0% in the etch cycle, the roughness increased because of the incomplete removal
of the passivation layer during the etch cycle. The absence of micrograss for 5% can be attributed to the complete
removal of the passivation layer deposited in the previous passivation cycle during the etch cycle. However, ramping up
(+5%) resulted in completely vertical sidewalls, a slight undercut at the top of the structure and larger scallop sizes. On
the other hand, ramping down (-10%) resulted in positive tapering of sidewalls at the cost of increased surface
roughness and micrograss formation (Fig.5.D-F).
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Fig.5. SEM images of 40 um wall microcontainers with a separation trench width of 30 um illustrating the effect of etch cycle ramping on
the surface roughness (A-C) and sidewall tapering (D-F). A,D represent -10%, B,E represent 0% and C,F represent +5%, changes in
etch time from standard 2.4 sec. 3D optical profilometer analysis (G). The DRIE process was optimized to get smooth and positively
tapered wall profiles as shown in the optical profilometer line-scan (H).

Using these results, it was decided to ramp down the etch cycle from 2.52 to 2.28 sec for 300 cycles. When ramping
from 2.52 to 2.28 sec, the process started with a longer etch cycle time compared to the standard process D, thereby
allowing smooth wall formation (Fig. 5.G) while the ramping down of the etch time allowed formation of a positive profile
Fig.5.H). From the optical profiler measurements, it can be concluded that aspect ratio dependent etching (ARDE)
occurred. The centre reservoir of the Si master which has a diameter ranging from 220-280 um etched faster than the
thin separation trench with a width of 20-50 um. This difference in etch depth was around 20 um. Taking ARDE into
account, after some corrections for etch rate, 150 cycles for each dry etch step were chosen such that separation trench
depth of around 120 um and a reservoir depth of around 80 um could be achieved.

Finally, the dependency of the etch process on the mask material was evaluated. While keeping all the parameters
constant, only the masking layer was changed. Two types of test wafers were fabricated, either with the patterned oxide

layer or with the resist layer as the main masking layer. No apparent difference between the wafers was observed in



SEM and it was concluded that the masking material should not have a significant impact on the microstructures for the
selected process parameters.

3.3. Si master fabrication

The experiments were transferred from the test structures to the actual process with two etching steps to achieve the
two-leveled structure. In a first run, the parameters for both photolithographic steps were kept the same with an exposure
dose of 49 mJ/cm? and a development step of 60 sec. However, after the first DRIE step, high roughness and micrograss
were seen (Fig.6.A), which deteriorated the structures even further during the second etch step. This roughness arises
from incomplete development of the photoresist during the second photolithography step. Compared to the test
structures, the second photoresist layer is spin coated on a substrate with an oxide layer with 1 pm deep trenches. Thus,
when it is exposed and developed, residues are left at the edges of the trenches, which results in

Fig.6. A. Micrograss close to the walls after the first step of DRIE, B. Improved structures after the first step of DRIE for the same etch

parameters with modified second photolithography..

micromasking and increased roughness during the DRIE step. The second photolithography step was modified
accordingly. The 1.5 pm thick AZ resist was exposed at a higher dose of 84 mJ/cm? and developed for longer time (90
sec). The descum was made harsher by increasing the oxygen flow rate (300 sccm) and power (450 W) while keeping
the rest of the parameters constant. Even though more resist was sacrificed in the descum process by this measure, the
remaining thickness was still sufficient to protect the reservoir of the Si master during the first DRIE step of 150 cycles.



With the modified photolithography steps, the microstructures improved considerably and results identical to the test
wafers could be obtained (Fig.6.B).

The etch cycle time was ramped from 2.52 to 2.4 sec for the first 150 cycles. The photoresist was stripped and then the
second etch was ramped from 2.4 to 2.28 sec for the next 150 cycles. By ramping the etch cycle like this a positive taper
with an angle of around 87.8 °© was obtained as shown in the cross section image (Fig.7.A). It is important that after
stripping of the photoresist, the second DRIE process starts with a passivation cycle. In the oxygen plasma both the
resist and the fluorocarbon passivation on the walls of the Si structure are removed. Without an initial passivation cycle,
the first etch cycle of the second DRIE step starts etching the newly exposed walls, which results in high surface
roughness.

A YT

Fig.7. A. SEM image showing a positive sidewall profile for the Si master with 10 um wall thickness and 40 um separation distance, after
300 cycles of two-step DRIE etch, B. Roughness of the walls of Si master: Upper inset - without any surface treatment and lower inset -

with the oxide cleaning.

With the optimized DRIE process, without any additional surface treatment, we achieved scallops that are around 50 nm
tall as shown in Fig.7.B (Upper inset). Apart from the scallops that appear due to the Bosch etching process, vertical
striations due to line edge roughness of the etch mask are visible. This effect is enhanced after the plasma etching of the
oxide layer and continues to increase further during DRIE [25, 26]. It has been shown that, after the dry etching and
mask oxide removal, the rough surfaces can be smoothened significantly by wet etches such as an isotropic Si etch [27].
Another interesting technique is to grow 500 nm oxide on top of the Si master and then etch this sacrificial oxide. In this

way, the rough corners of Si, those have been consumed when growing the oxide layer, can be removed. In Fig.7.B



(Lower inset), it can be observed that after the sacrificial oxide growth and etching process, the sidewalls of the structure
have become substantially smoother.

The final Si master is shown in Fig.8.A-B. The etched structures have smooth walls and a high aspect ratio. Fig.8.C
shows the cross sectional profile obtained with a PLu Neox 3D Optical Profiler from Sensofar. The total depth of the
separation trenches is measured to be 125 ym with the reservoir depth being 85 ym. Thus for a 10 ym thick wall, a high

aspect ratio close to 8 is achieved.

Fig.8. A. Final Si master with 10 pm wide walls and 50 ym wide separation trench, B. Close up view of one structure on the Si wafer, C.

3D optical profilometer analysis, D. Optical profilometer line-scan

3.4. Ni stamp fabrication

After fabrication of the Si master the Ni is electroplated. This is followed by the removal of the Si master in KOH. Since
the geometry of the microcontainers is cylindrical, the Si etch stops on the {111} planes as shown in Fig.9.A. Since
alkaline solutions all have a low etch rate in {111} planes, Polysilicon etch solutions (HF/H,O+an oxidizing acid like
HNO3) were considered to remove the remaining Si at a reasonable rate. However, these wet etch solutions also etch Ni



Fig.9. A. SEM image showing remaining unetched Si {111} planes after electroplating Ni and attempted release in KOH, inset: Close up
of one structure, B. Dry etching of Si {111} planes after electroplating and KOH release, inset: Close up of one structure.

[28]. Instead, dry etching of the remaining {111} Si plane in CF4 plasma was tried but this process left a thin layer of
residues on the stamp surface as shown in Fig.9.B. since fluorine reacts with Ni.

Finally, an alternative approach was developed where a thin release layer was deposited on the Si master prior to the Ni
electroplating. Since it was undesirable to increase the roughness of the Si surface, a 400 nm layer of LPCVD polysilicon
is deposited at a very low temperature of 560 °C, where it becomes almost amorphous. The roughness of the amorphous
Si layer on a standard Si wafer evaluated using ellipsometry was 2 nm. Thus, deposition of the amorphous Si release
layer adds negligibly to the overall roughness of the Si master sidewalls. After the release layer deposition, deposition of
a Cr/Au seed layer and then Ni electroplating proceeded as described above. During the KOH etch, the KOH attacks the
amorphous Si and then the {111} residues are eroded. As a result a Ni stamp with smooth walls and positive sidewall
profile is achieved as shown in Fig.10.A-B.



Fig.10. A. SEM micrograph of final Ni stamp, B. Close up of one structure on Ni stamp (220 um inner disc and 30 pm separation

distance), C. Imprinted microcontainer in PLLA, D. Close up of one microcontainer (10 um walls and 20 pm separation distance)

3.5 Hot embossing and structure replication

As described in section 2.1 the diameter of the inner disc is varied from 220, over 240, 260, to 280 um and the width of
the outer ring structure is varied from 20, over 30, 40, to 50 ym on the Ni stamp. The effect of these variations on the
etch depth on the Si master and subsequent Ni stamp and PLLA microcontainer replication has been analyzed using an
optical profilometer. There are two dimensions we are mainly interested in: The reservoir depth in Si master (Dsi1) and
PLLA (DpLLa1) Or the corresponding inner circle height on the stamp (Hni1), and the separation trench depth in Si master
(Dsiz) and PLLA (DeiLa2) Or the corresponding height of the outer ring on the stamp (Hniz) as depicted in Fig.3. As shown
in Fig.11, it can be observed that there are minor variations of the total etch depth of reservoir and separation trench in
the Si master. The design variations of the patterns in the mask lead to the variations in etch depth of the Si master due
to ARDE [29]. Since the aspect ratio for the separation trench is more that the aspect ratio for the reservoir, the
differences in the depth are higher for the former. When the replication of Ni stamp from Si master and the PLLA
microcontainer from the Ni stamp is considered (Fig.10.C), it can be seen that there is good replication fidelity (Fig.11).



We have successfully replicated all the microstructures with varying dimensions on the Ni stamp into the PLLA film. This
includes fabrication of microcontainers with 10 pm wall thickness with an aspect ratio of 8 (Fig.10.D).
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Fig.11. Measurements and comparison of the critical dimensions on Ni stamp and in Si master and PLLA using optical profiler (W=wall,
ST=separation trench): A. The reservoir depth in Si master (Dsi1) and PLLA (Dpuia1) OF the corresponding inner circle height on the
stamp (Hwiz), B. the separation trench depth in Si master (Dsi;) and PLLA (Dpua2) Or the corresponding height of the outer ring on the
stamp (Hniz). The standard error is < 1 um for all the samples and is not shown in the graph.

4. CONCLUSION AND OUTLOOK

We have successfully fabricated a Ni stamp with two leveled cylindrical microstructures for hot embossing in polymers.
For this purpose, we have optimized the fabrication process flow and in particular the deep reactive ion etch process.
The standard Bosch process is optimized by ramping the etch time and modifying the oxygen flow. Finally,
microstructures with the desired features: smooth walls, positive taper, minimum undercut and no lateral etch are
fabricated in Si to obtain a master. On this master, Ni is electroplated and a Ni stamp is achieved. This stamp is then
molded into PLLA polymer films and good high fidelity replication of the Ni stamp is observed for trenches with a width of
20 um and a depth of 120 um, and for walls with a width of 10 um and a height of 85 um. Hence, microcontainers are
successfully fabricated in a biopolymer layer. In future, the Ni stamp can be fabricated as thin shims for roll-to-roll printing
in order to mass produce oral drug delivery microcontainers. The process can be easily used for various kinds of shapes,

sizes and dimensions with minor changes in the process flow.
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