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Abstract: Following the demand for three-dimensional
(3D) micromachined structures, additive and subtrac-
tive processes were developed for fabrication of real 3D
shapes in metals, alloys and monocrystalline Si (c-Si). As
a primary structuring step for well-defined 3D structuring
of the photoresist, grayscale lithography by laser direct
writing was used. For additive fabrication of 3D micro-
structures, structured photoresist was used as molds.
They were sputtered and subsequently electroplated by a
metal (Cu) and an alloy (NiCo). The derived electroplated
structures were demolded from the photoresist using an
organic stripper. These metal structures are satisfactory
replicas of the photoresist pattern. For subtractive pat-
tern transfer of 3D structures into c-Si, reactive ion etch-
ing (RIE) was used to transfer the 3D photoresist structure
into c¢-Si with 1:1 pattern transferability. The process
parameters of RIE were optimized to obtain a selectivity
of 1 and an anisotropy factor close to 1. Whereas conven-
tional X-ray lithography (LIGA) and nanoimprint lithog-
raphy result in 2.5D patterns, these techniques allow the
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fabrication of almost any arbitrary 3D shapes with high
accuracy. In many cases, 3D structures (‘free forms’) are
required, e.g. for molding of optical components such as
spheres (or aspheres), channels for lab-on-a-chip and pil-
lars for biological applications. Moreover, 3D structures
on Si could be used as optical gratings and sensors.

Keywords: 3D structuring; grayscale lithography; gray-
scale technology; laser direct writing; microelectroplat-
ing; photoresist mold; reactive ion etching.

1 Introduction

The fabrication of complex three-dimensional (3D) struc-
tures in the micrometer range is usually limited by the
processes available. Especially, the standard subtractive
structuring process used in microtechnology provides only
2D structures due to limitations in normal photolithography
(limited depth of focus and small photoresist thickness),
thin film deposition techniques (typical thickness less than
1 um) and transfer process via physical and/or chemical
etching. Bulk micromachining using anisotropic electro-
chemical etching of c-Si provides 3D structures. However,
the shapes of these structures are restricted to specific
crystal planes, e.g. the (111) planes. Molding of metals into
deep photoresist patterns with vertical sidewalls derived
either by X-ray lithography (LIGA) [1] or standard photoli-
thography using SU-8 [2] provides only 2.5D structures, i.e.
structures with vertical sidewalls and constant structure
width over the full depth of the structure. A further option
is the usage of nanoimprint lithography, but it allows the
generation of 3D structures only at some specific boundary
conditions [3]. However, such structures do not fulfill the
requirements of several applications: microlens arrays for
optoelectronic devices [4-6], diffractive gratings [7, 8], thin
film transistors [9], very complex micro- and nanofluidic
devices [10, 11] and micro-helices [12]. Therefore, several
research groups have been investigating processes which
allow 3D microstructuring [13-15]. An example is the use of
diffraction from an excimer laser system to obtain conical,
trihedral and pyramidal 3D structures [16]. The problem is
that the machining principle does not allow very precise
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fabrication of sharp profiles (i.e. points, corners and
edges). The same type of laser has also been used for the
manufacturing of hexagonal arrays [17]. In this case, areas
far away from the structure center had larger discrepancies
than the expected geometry. Another approach is to use
thermal reflow process to obtain the desired shapes such as
3D photoresist structures for optical lens application [18].
However, the accuracy of the resulting 3D geometry is very
difficult to control; it strongly depends on hard bake dura-
tion and temperature. Furthermore, grayscale lithography
is reported to realize 3D photoresist structures, wherein the
exposure dose is modulated in the depth of the photoresist,
thereby resulting in 3D structures after development. Gray-
scale masks can be used to reach different local exposure
intensities for photoresist structuring, which is, however,
a tedious job [13]. Additionally, laser direct writing lithog-
raphy (DWL) systems are well appropriated for such pro-
cesses due to their accuracy, flexibility and capability of
generating complex structures within thick resist layers.
Such systems normally consist of an XY stage which moves
during the process and a fixed optical unit responsible for
the exposure of the sample with a desired pattern [15]. Fur-
thermore, this process is not limited to a single photoresist,
but it can be used for any photoresist. Therefore, a calibra-
tion of depth as a function of laser dose is required for new
combinations of photoresists and processes (i.e. spinning
and hardening process parameters).

In this research, a DWL system was used to produce 3D
photoresist structures with a very simple method: varying
the intensity of the laser writing source during exposure.
Exposed and developed photoresist structures were trans-
ferred using additive and subtractive approaches. The
former was done by the microelectroplating of Cu and
NiCo alloys, thereby resulting in 3D metal free forms. On
the other hand, the latter was realized using reactive ion
etching (RIE) with an optimized process with a selectivity of
1 and an anisotropy close to 1, enabling a 1:1 pattern trans-
fer of the structured photoresist to the Si substrate with
high dimensional accuracy and with high surface quality
(i.e. low surface roughness) of the etched structures.

2 Experimental

In this work, the AZ 4562 (positive photoresist) and AZ 351B (devel-
oper) (both from Microchemicals GmbH, Ulm, Germany) were used
for both additive and subtractive pattern transfer of 3D photoresist
structures. A total thickness of 8 um was defined by conventional
resist spinning at 2800 rpm for 30 s and acceleration of 2000 rpm/s.
Prior to photoresist coating, Ti Prime adhesive coating (Microchemi-
cals GmbH, Ulm, Germany) was spin coated at a speed of 4000 rpm
for 20 s and an acceleration of 2500 rpm/s. Grayscale lithography
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was realized by a laser direct writing system (DWL 66FS, Heildelberg
Instruments Mikrotechnik GmbH, Heidelberg, Germany). The system
allows photoresist exposure with up to 128 grayscales, a lateral reso-
lution of 0.6 um and an alignment accuracy of 200 nm (36) [19]. The
optical setup uses a blue diode laser with a wavelength of 405 nm.
The development of the exposed photoresist was done using a rocking
table of type REAX3 (Heidolph Instruments GmbH & CO., Schwabach,
Bayern, Germany) for 3.75 min. The developer was diluted in a volu-
metric ratio of four parts of water and one part of AZ 351B. After devel-
opment, the samples were hard baked using a hotplate or an oven.
For the additive pattern transfer, concave and convex structures
were fabricated. Pd (100 nm) was sputtered on the 3D patterned (con-
vex and concave) photoresist using a sputter coater Bal-Tec SCD 004
(BAL-TEC AG, Balzers, Liechtenstein) with a current of 60 mA for 120 s.
This Pd layer provided the plating base for the later electroplating pro-
cess. The samples were placed at a distance of 5 cm from the target
in a vacuum of 5x 1072 mbar, and Argon plasma was used. A process
trade-off is the formation of cracks in the Pd plating base on the 3D
photoresist patterns. Therefore, an optimization of the hard baking
conditions was required to reach a plating base with neither defects
nor deformation of the structure geometry. 3D patterned photoresist
structures were deposited by thick metal layers during the electro-
chemical deposition processes. A mechanically hard NiCo alloy [20]
and Cu were selected for the additive pattern transfer. NiCo alloys
can be used to fabricate ferromagnetic devices, while Cu has great
electrical properties. Microelectroplating processes were realized
with a Biologic SP-150 potentiostat (Bio-Logic Science Instruments,
Seyssinet-Pariset, France). Cu deposition was done in a glass beaker
using an acidic copper sulfate electrolyte (CupraBase50) from Atotech
Deutschland GmbH (Berlin, Germany). A soluble Cu counter electrode
was used to avoid an ionic metal concentration drop in the solution
during electroplating and a self-made holder with an opening of
0.5 cm? for the working electrode. Electrochemical measurements
were done using the counter electrode as a reference. The distance
between electrodes was around 5 cm. NiCo alloy microelectroplating
was carried out using a bath consisting of sulfamate salts of Ni and Co.
Boric acid and nickel chloride were used as a buffering agent and to
avoid passivation of the Ni anode, respectively. In addition, saccharin
was added to the electrolyte to coat stress-free deposits, and sodium
lauryl sulfate was used as an anti-pitting agent to ease the hydrogen
evolution during cathodic reduction in order to produce smooth pol-
ished electrodeposits in the case of NiCo. All the chemicals for the
NiCo electrolyte were purchased from Subolab GmbH (Pfinztal, Ger-
many). The electrolyte was prepared to obtain an alloy with a ratio of
30 wt% Co and 70 wt% Ni. This alloy combination shows better mag-
netic and mechanical properties (microhardness ca. 600 HV1). A 400-
ml three-electrode electrolytic cell was used for deposition processes.
The counter and reference electrodes were 99% pure Ni plate (800 um
thick, 3 cm?) and Ag/AgCl in 3 M KCl, respectively. The electrolyte com-
position and operating parameters are described in [20]. The desired
thickness was pre-calculated using Faraday’s law of electrolysis. For
all the experiments (Cu and NiCo), a magnet stirrer was used to keep
a homogeneous ionic metal concentration in the bath. The separation
process of the electroplated metal from the photoresist mold was done
by dipping the probe into an inorganic stripper, Micro D350 (DMSO)
from Microchemicals GmbH (Ulm, Germany) using ultrasound.
Subtractive patterns into c-Si were realized by an optimized RIE
in Plasmalab 100 (Oxford Instruments, Yatton, Bristol, UK) with a
selectivity of 1 and an anisotropy factor close to 1. The process settings
were temperature of 10°C, pressure of 10 mTorr, radio frequency (RF)
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power of 100 W and flows of 3 sccm for SF, and 35 sccm for CHF,, as
described in detail in [19]. An array of 3D micropyramids with differ-
ent heights (2-8 um in steps of 1-um height increment) were exposed
in AZ4562 and transferred into c-Si by RIE with selectivity of 1:1.

The 3D patterns were characterized by a scanning electron
microscope (SEM) (JEOL 5400, Jeol Ltd., Akishima, Tokyo, Japan),
a white light interferometer (Zygo’s NewView™ 7100, Zygo Corpo-
ration, Middlefield, CT, USA) and a profilometer (Dektak 150 from
Veeco Instruments Inc., Plainview, NY, USA), and the surface quality
by an Autoprobe CP atomic force microscope (AFM) from Park Scien-
tific Instruments (Sunnyvale, CA, USA).

3 Concept of the 3D micropattern
transfer using grayscale
lithography

3.1 Principle of grayscale lithography

Grayscale lithography using the DWL 66FS from Heidel-
berg Instruments exploits the ability of modulating the
intensity of the laser source, which is used for the mask
manufacturing and the maskless direct writing on the
wafer. On contrary to conventional lithography, which
is binary in nature (i.e. after development, the exposed
resist is completely removed at the exposed areas in case
of a positive resist), grayscale lithography using direct
writing operates with continuous variation of the laser
intensity. The laser penetrates the photoresist with dif-
ferent depths, thereby enabling the exposure of any
arbitrary real 3D shapes. Figure 1 shows the principle of
grayscale lithography, wherein the thick positive photore-
sist that coats the Si wafer is exposed with variable laser

CAD mask design layout
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intensities, resulting in the 3D exposure of the photoresist
after development as shown by the dark red region, while
the light red region is fully exposed until the base of the
photoresist, which is removed during the development.
The variable laser intensities of the DWL are associated
with the so-called ‘gray values’; the smaller this value is,
the lower the laser intensity is, and vice versa. In Figure 1,
the blocks of rectangles above the photoresist represent
the CAD mask design. Each rectangle is assigned with a
specific gray value, and hence, a specific dose is exposed
in the photoresist as shown by the length of the arrows;
wherein, the longest arrow refers to the dose to clear. In
this schematic representation, the center square block is
assigned the least gray value. Therefore, the photoresist is
exposed with the least laser intensity in the middle square,
and the specific dose increases moving further away from
the center square, thereby resulting in a controlled gradi-
ent in the exposure profile, which consecutively results in
the 3D exposure of the photoresist as shown by the dark
red region in Figure 1.

Contrary to the conventional 2D lithography, wherein
the CAD mask design for the single exposure is designed
in a single layer, in the case of the grayscale exposures,
the CAD mask design must be designed in multiple layers
considering the required 3D photoresist profile. For
example, in Figure 1, the CAD mask design shows differ-
ent blocks of rectangles with varying colors, wherein the
blocks of rectangles with a similar color are designed in
the same layer of the CAD software. Furthermore, in the
user interface of the DWL 66FS, the layers of the CAD mask
design are assigned to a particular gray value considering
the required dose of exposure to realize the required 3D
profile in the photoresist. The blocks of rectangles within

A

Gray values

v

The largest gray value =
the largest depth for ‘dose
to clear’ condition

Figure 1: Schematic showing the concept of gray scale lithography using direct writing laser.
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similar layers are exposed with a single gray value. There-
fore, any arbitrary 3D profile geometry can be exposed by
an appropriate CAD mask design and the association of
the gray values with the layers in the CAD mask design
in the exposure software of the DWL 66FS tool. The user
interface of the DWL 66FS provides the modulation of
128 gray values for a one-time exposure. However, up
to 12 times exposures are possible; thereby, much more
than 128 gray values can be, in principle, obtained, i.e.
a very smooth gradient in the 3D profile can be realized.
The relation of the gray value numbers with the respec-
tive dose to clear is obtained by the grayscale calibration
curve, which is specific to a given photoresist with respec-
tive processing conditions. The intensity and the focus of
the laser are fixed, and the photoresist is exposed with
variable gray values. In this work, the calibration curve
is obtained by the exposure of AZ4562 photoresist with
32 well-separated rectangles, wherein each rectangle is
exposed with a specific gray value for a fixed laser inten-
sity and focus. The CAD mask design for this exposure had
32layers with an array of rectangles, wherein each rectan-
gle was assigned with an individual layer, respectively.
Ensuing, the layers were associated with respective gray
values from O to 127 (in steps of 4) and were exposed in
the 8-um-thick AZ4562 photoresist. Subsequently, it was
developed, and the exposed profile was characterized to
measure the depth of exposure in the photoresist by a
profilometer as shown in Figure 2A. The depth of expo-
sure increases with gray values, which can be seen by a
stepwise transition in the depth of the photoresist, with
complete exposure of the photoresist at the highest gray
value of 127. Figure 2B represents the calibration curve,
wherein the gray values are related with the measured
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depth of exposure from Figure 2A. Moreover, the obtained
exposure depths for the respective gray values are fitted
by a second-degree polynomial curve to obtain the
respective polynomial equation as shown in Figure 2A.
Therefore, with the help of the obtained calibration equa-
tion, gray values for any required depth of exposure can
be obtained, and hence, any arbitrary 3D microstructure
can be easily exposed using this method. Furthermore, it
can be observed from the curves in Figure 2A and B that
at lower exposure depth, there is an abrupt transition in
the depth with respect to the gray values. This effect can
be attributed to the inhomogeneity in the thick photore-
sist profile; however, it can be optimized by decreasing
the gray value step size to get a more accurate calibration
curve. Finally, the pattern transfer of the 3D structured
photoresist into c-Si is done by subtractive fabrication
using a special RIE process [19], whereas for metals and
alloys, the transfer process is realized using additive fab-
rication by microelectroplating as shown in Figure 3. The
exact replica of the 3D structured photoresist is obtained
in c-Si by subtractive fabrication, while its negative
replica is obtained in metal and alloys by additive fabri-
cation using microelectroplating.

3.2 Principle of the subtractive pattern
transfer by RIE

The combination of grayscale lithography with RIE for
subtractive pattern transfer is referred to as grayscale
technology [21]. The 3D photoresist profile can be trans-
ferred into c-Si by RIE within a process window which
results in a selectivity (S) exactly equal to 1 (i.e. same
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Figure 2: Calibration curve of the direct writing system for the AZ 4562 (positive resist) and AZ 351B (developer). (A) Measured thickness
of the photoresist AZ4562 after exposure and development with 32 different gray values from 0 to 127 in steps of the 4. (B) The calibration

curve relating the gray values with their respective exposure depths.
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3D patterned photoresist by gray-
scale lithography

|

Subtractive pattern transfer

Etching in RIE SF, + CHF;
(1:1 selectivity)

3D patterned Si

B

%

3D patterned electroplated

.

Addtive pattern transfer

Microelectroplating

metal/alloy

C

Figure 3: Pattern transfer in Si by subtractive fabrication and in metal and alloys by additive fabrication, schematics (A) a patterned
photoresist, (B) transferred into c-Si by RIE, (C) transferred to a metal by means of electroplating.

etch rates in the photoresist as well as the c-Si) and an
anisotropy factor (Af= 1 - lateral etch rate/vertical etch
rate) close to 1; the importance of this fundamental
requirement for accurate pattern transfer and the opti-
mization of RIE parameters has already been explained
in detail [21]. The RIE process parameters include
etchant gas flow rate (in this study: SF,), passivation
gas flow rate (in this study: CHF,), RF power, pressure
and temperature, which can be adjusted to attain S=1
and anisotropy factor close to 1. Furthermore, the ani-
sotropic profile can be adjusted by controlling the CHF,
flow rate, which partially passivates the surface, thereby
hindering the lateral etching in both the photoresist and
the c-Si substrate. The principle of the 1:1 pattern trans-
fer is depicted schematically in a cross-sectional view
in Figure 4A-E, wherein a 3D structured photoresist
in the form of a triangle using grayscale lithography is
shown on the c-Si substrate. Figure 4A shows the direc-
tion of etching (represented by arrows) of the Si atoms
from the photoresist-free regions on the c-Si wafer and
the photoresist by RIE. At the point in time when the

Figure 4: Concept of subtractive pattern transfer using RIE with S=1
and A=1, (A) Si and PR atoms are etched away, (B) profile gradient is
formed, (C) etching continues with well-maintained gradient in profile,
D) Af= 1, no lateral etching, (E) pattern transferred 1:1 into c-Si.
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thinnest photoresist is etched away completely, the
open c-Si surface around it is already etched away,
thereby resulting in a profile gradient between them as
shown in Figure 4B. For A=1, the etching is strictly in
the vertical direction; thereby, the gradient in the profile
(between the Si surface and the etched structure) is well
persevered during the etching because of the uniform
removal of Si atoms and photoresist atoms (i.e. S=1),
consecutively resulting in the well preservation of the
geometric profile of the 3D structured photoresist during
the pattern transfer as shown in Figure 4C-E. Subse-
quently, the pattern is successfully transferred 1:1 from
the structured photoresist to the c-Si wafer. Therefore,
the resulting pattern is an exact replica of the 3D struc-
tured photoresist profile in the c-Si wafer for the given
conditions of S=1and A=1.

3.3 Principle of the additive pattern transfer
by microelectroplating

The 3D structured photoresist was coated by a thin con-
ductive seed layer (plating base) usually 50-100 nm thick
as shown in Figure 3C. Microelectroplating was used to
deposit metals or alloys onto/into the 3D structured pho-
toresist, owing to its ability to deposit thick stress-free
structures [22]. Different to the LIGA technique, in this
technique, the seed layer is coated after the 3D structuring
of the photoresist. After deposition, the photoresist mold
is removed by dissolution in a suitable liquid organic
stripper, or, depending on the structure geometry, it can
be physically peeled off from the mold. Furthermore, the
obtained microstructure is a negative replica of the 3D
structured photoresist pattern using grayscale lithogra-
phy as shown in Figure 3B.

4 Results and discussion

For the fabrication of the 3D structures, the calibration
curve from Figure 2B was used to obtain the required gray
values for the respective grayscale exposures for the addi-
tive (i.e. convex and concave lenses) and subtractive fab-
rication (3D micropyramids) in this work. The resulting
equation of the second-order polynomial fit from Figure 2B
is shown in Equation (1), which was used to compute the
gray values for the exposures in this work.

y=0.1097 um x* -0.00032 pum x —0.288 um )

where x is the grayscale value.
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4.1 Additive fabrication of the 3D free forms

4.1.1 Photoresist structuring, plating base deposition
and microelectroplating

Convex and concave 3D microstructures were exposed
using grayscale lithography having a diameter of 600 um,
with 4- to 5-um height and depth, respectively. The pat-
terned photoresist structures were initially hard baked
using a hotplate at a temperature of 120°C for 2 min.
However, as the change from Pd to Pt did not show any
reduction in crack formation, we suppose that the crack
formation is mainly a result of the different thermal
expansion coefficients of the photoresist and metal film.
Moreover, the role of photoresist processing, especially
hard baking, was investigated in detail to avoid cracks.

Hard baking using a hotplate was determined as
inappropriate for such a process due to an inhomoge-
neous heat gradient in the photoresist. This behavior is
addressed in the evaporation of solvent, limiting the pho-
toresist to reach a minimum required stability. Therefore,
cracks were observed through the sputtered Pd layer. To
avoid this problem, the hotplate was replaced by an oven
for hard baking. The latter can offer a more gentle temper-
ature increase during heating and a more homogeneous
temperature gradient and, consequently, an appropriate
evaporation of the photoresist solvent. Following the post
process steps, no cracks were observed on the sputtered
Pd layer. However, a critical process window must be con-
sidered within which crack formation can be neglected.
A small change in time, temperature and room environ-
ment can cause deformation of the photoresist patterns
or cracks. Such morphology dependence on the baking
process is exemplified in Table 1, showing an optimal
process window at baking temperature of 125°C and a
hard baking time of 28 min.

Even before sputtering, shape deformation of the resist
pattern can be easily observed. This effect was quantified
using measurements with a white light interferometer.

Table 1: Influence of hard baking parameters in an oven on Pd
sputtered layer and patterned photoresist.

Hard bake Hard back Observed morphology
temperature (°C)  time (min)

100 4 Surface with minor wrinkles

100 60  Surface predominantly wrinkled
120 30  Minor cracks, structure deformation
122 28 Small cracks all over the area

125 28  No cracks, neither deformation

130 22 No cracks, structure deformation
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Measurements done prior and after hard baking for the two
cases listed in Table 1 are displayed in Figure 5. Patterned
photoresist structure deformations were observed already
after hard baking for the following experiments: 100°C for
60 min, 120°C with duration of 30 min and 130°C for 22 min.
For lower temperatures, wrinkled surfaces were observed
after sputtering. During sputtering, the photoresist suf-
fered a volume increase. Afterward, it decreased, causing
the sputtered layer to obtain a wrinkled surface. This sug-
gests that the photoresist did not harden enough to support
the sputtering conditions. On the other hand, cracks were
formed during Pd sputtering for samples hard baked at tem-
peratures of 120°C and 122°C for 30 and 28 min, respectively.
For higher temperatures, the time can be reduced, but the
structure still suffers from deformation, though cracks are
not further observed. The SEM micrographs of these samples
are shown in Figure 6. We conclude that for the used AZ
4562, only a tight process window exists in which both crack
formation and pattern deformation can be avoided. Similar
photoresist deformations have been reported, and the cause
was stated to be the dominance of the resist crosslink reac-
tions over surface tensions during hard baking [23, 24]. This
explanation fits well for the cases shown in this work.

Cu microelectroplating was done using a fixed current
density of 60 mA/cm? for 45 min. Such parameters were
determined to reach a layer thickness of 60 um. Images of
a patterned photoresist and its final demolded Cu struc-
ture can be seen in Figure 7. NiCo microelectroplating was
carried out galvanostatically with a low current density
(10 mA/cm?) for 5 h. This helps achieve a uniform deposi-
tion onto the 3D photoresist mold.

Before hard bake

327
I

pm
7 900

0
0 Hm 900

3.65
Before hard bake

900

0 pum

Hard bake: 120°C
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4.1.2 Transfer characterization

The transfer quality was characterized using cross
sections from the center of the structures. They were
obtained from white light interferometer 3D measure-
ments (see Figure 7) and compared after development,
hard baking, sputtering and for the demolded metal
structure (see Figure 8A). The demolded Cu structure
measurements were inverted to allow an easier com-
parison. For an optimal hard bake process (T=125°C,
28 min), the differences generated due to the single
processes and the final transfer change can be seen
in Figure 8B. The most pronounced changes occurred
during hard baking. The largest height difference was
observed at the structures’ peak with a deformation
of around 860 nm. This reflow effect has been already
explained and modeled by [25]. A possible way to reduce
reflow process is to hard bake the photoresist under
vacuum [26] or UV hardening to increase the soften-
ing point of the photoresist [27], but these approaches
were not tested in this work. Only slight differences
were observed due to sputtering the plating base (thick-
ness of 100 nm) and demolding. As the two latter steps
show a positive change of height, they partially com-
pensate the negative value of the first step, reducing
the deformation created during hard baking to about
600 nm at the peak. As it was shown in Figure 6, the
peak suffers such a large deformation that it can even
be optically observed. This effect was observed after
different hard baking processes. So, either higher tem-
peratures or process durations can cause a non-uniform

Figure 5: Patterned photoresist before and after hard baking in the oven, white light interferometer measurements.
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100°C, 4 min N, 7 100°C, 60 min

120°C, 30 min 122°C, 28 min

125°C, 2B min 130°C, 22 min

Figure 6: Sputtered samples after hard baking with different temperature values and process duration.

Figure 7: White light interferometer 3D plots: patterned photoresist (left image) and casted Cu after demolding from the photoresist
(right image).

deformation. This was observed for both cases of non- 37% (1.45 um) of the maximum height. Similar results
appropriate process settings (see Figure 9), causing a as that for Cu microelectroplating were obtained for
large structure change. The largest variation was about NiCo microelectroplating as shown in Figure 10A and B.
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Figure 8: Cross section measurement from the 3D structure (A) after development, hard baking at a temperature of 125°C for 28 min
(optimal hard bake conditions), sputtering, the final demolded sample Cu electrodeposited, and (B) the difference between these
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measurements.

— Grayscaled - - - -Hard baked

Height (um)

-300 -200 ~-100 0 100 200
Width (um)

Figure 9: Photoresist deformation after hard baking at a
temperature of 120°C for 30 min (non-optimal hard bake conditions).
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The differences generated by every process step can
be seen in Figure 10A, as well as the total difference. Once
again, the most pronounced change occurred during
hard baking, and the largest height deformation (around
680 nm) at the structure’s peak. A difference of 180 nm
was observed between the largest deformations from
Figures 8B and 10B. The largest part of this deviation can
be attributed to the grayscale exposure steps. Height dif-
ference fluctuations above 100 nm were observed when
subtracting the exposure photoresist profile by the hard
baked one. Moreover, process conditions and measure-
ment misalignment can add up to this value. After micro-
electroplating, the difference has remained practically the
same, showing the excellent pattern transformation of the
microelectroplating process used. The following analysis
was done taking a concave pattern under consideration.
However, for the concave pattern, it was not possible to
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Figure 10: Cross section measurement from the 3D structure (A) after development, hard baking at 125°C for 28 min, sputtering, the final
demolded NiCo electrodeposited sample, and (B) the difference between these measurements.
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use a light interferometer due to the transparent proper-
ties of the photoresist and the shape under investigation.
Therefore, a mechanical stylus profilometer was used
with a scanning area of 1200 um by 1200 um. The meas-
urement cross section after each process step is displayed
in Figure 11A. Differently than the previous measure-
ments, the reference for curve alignment was chosen to be
at the bottom of the concave photoresist pattern (i.e. 0 um
in the x axis; see Figure 11A). This point has a photoresist
thickness of roughly 1 um, and it is assumed to suffer the
lowest shrinkage during hard baking because it has the
thinnest region. The photoresist’s sharp corners became
rounded, and a shrinkage of around 1 um can be observed
after hard baking. The largest deformations were observed
at the sharp corners, and this can be clearly seen when
displaying the difference between the measured curves
(see Figure 11B). Very small changes can be noticed due to
sputtering. However, this difference becomes even more
pronounced (a total of around 1.9 um) after microelectro-
plating due to the higher current density concentration
incident at such corners. This effect could be reduced
using techniques such as pulse plating.

4.2 Subtractive fabrication of 3D free forms
4.2.1 Photoresist structuring and pattern transfer by RIE

In comparison to the similar concept reported in [21],
the concept of grayscale technology is further developed
to fabricate an array of 3D microstructures into c-Si sur-
faces in this paper. The concept was implemented by the
grayscale exposures of an array containing seven micro-
pyramids with variable heights ranging from 2 to 8 um

A B

DE GRUYTER

(interval of 1 um), width of 74 um, which are 10 um apart.
The height of the pyramids was defined with the respec-
tive gray values computed from the calibration curve (see
Figure 2B) using Equation (1). Figure 12 shows the CAD
mask design for the layout containing 8 square blocks,
with each block containing 19 square frames, wherein
the varying colors in each square block signify a spe-
cific square frame which belongs to a specific layer. The
desired 3D micropyramid profiles were defined by assign-
ing the respective gray values to each individual layer. The
CAD mask layout from Figure 12 was exposed, developed,
hard baked and characterized to measure the resultant
dimensions and 3D profile using an optical microscope, a
profilometer and an SEM, respectively. Furthermore, con-
sidering the optimized hard bake conditions obtained in
Section 4.1, the developed 3D micropyramids were hard
baked in oven for 115°C for 60 min. Again, the hard baking
condition was found to have a profound influence on the
3D micropyramid profile geometry, wherein the structure
height decreased. The 3D micropyramids after the hard
bake were etched in RIE with optimized process condi-
tions as mentioned in Section 2. The RIE etching time
was set corresponding to the highest thickness of the 3D
pyramid (i.e. 8 um in this study).

4.2.2 Transfer characterization

Figure 13A-C shows the SEM micrographs of the 3D micro-
pyramids in the photoresist after development, after hard
bake and after transfer into c-Si, respectively. The steps
of the gray values corresponding to the 19 square frames
in the CAD mask layout design as shown in Figure 12
can be seen in Figure 13A. However, the transition in the

T T T T T T T
Hard baked
Demolded

T
— Grayscaked
= = = -Spultered

o
o

—— Hard baked - grayscaled
F---D

Sputtered - hard baked

iHad - Dy Idad - led |

Height (um)
Height difference (um)

0k

100 200 300

-300 -200 -100 O
Width (um)

-300 =200 -100 O

100 200 300
Width (um)

Figure 11: Cross section (A) measurement of the concave pattern after development, hard baking, sputtering, the final demolded Cu
electrodeposited sample, and (B) the difference between these measurements.
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Figure 12: CAD mask design to expose 3D micropyramids with
different heights using grayscale lithography, each block contains
19 designs and is 74 um?2.

micropyramid shows a step that can be attributed when
two adjacent layers were allotted to a same gray value,
which can be optimized by coding the gray values to the
corresponding layers in the DWL 66FS CAD conversion
software. Furthermore, the 3D micropyramid undergoes
a very significant reflow during the hard baking step in
the oven, wherein the structure geometry and the dimen-
sion are found to be profoundly affected as shown in
Figure 13B. The surface of the 3D micropyramids is found
to be more smoothened without sharp edges in contrast
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Figure 13: 3D micropyramids with variable heights 2-8 um (A) exposed in AZ4562 by grayscale lithography by DWL before hardbake

(B) after hardbake and (C) 3D micropyramids transferred into c-Si.
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to Figure 13A. The influence of the reflow process on the
structure dimension is measured using the profilometer
as shown in Figure 15. The peak corresponding to the 3D
micropyramid with 8-um height (CAD) shows effectively
about 8.5 um in measurement because of the sharp peak
of the pyramid that spikes up the height profile in the
measurement as the profilometer tip traverses the peak
region, which is also the case for other 3D micropyramids.
However, this effect is not so prominent for shorter-height
3D micropyramids. The reduction in the height of the 3D
micropyramids as a result of the hard bake can be clearly
seen in the profilometer measurements in Figure 15. The
height reduction during the hard bake (which heats up the
photoresist) is due to the reflow process, thereby chang-
ing the geometric profile of the 3D structures. Moreover,
the reflow process is more prominent in the case of the 3D

A um

Figure 14: Measured profile of the 3D micropyramids using a Dektak
profilometer (A) in photoresist in AZ4562 after hard bake and (B) in
Si after RIE 1:1 transfer.
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---—- 3D pyramids in Si after RIE

Height of the photoresist
AZ4562 (um)

400 600 800 1000

Scan length across the chip (um)

200

Figure 15: Comparison of the 3D micropyramid height in photoresist
(before etching), after hard bake and Si (after RIE).
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micropyramids, which have steep side walls and a sharp
peak compared to the convex and concave structures
as shown in Section 4.1. This effect can be attributed to
the higher energy gradients between the micropyramid
peak and the base as compared to similar-height convex/
concave structures; the reflow process in polymers is
modeled and comprehensively elucidated by Kirchner
et al. [28, 29], where the authors explain the mechanism
behind the polymer reflow process. Therefore, similar to
the additive process reported in Section 4.1, hard baking of
the structured photoresist is a critical process for grayscale
technology, as it has been previously reported [21] that the
hard bake with a hotplate served as better approach than
the oven for the subtractive fabrication using RIE. The
postbake time (1 min) and temperature (80°C) were signif-
icantly smaller with the hotplate as compared to the oven,
thereby preventing the reflow of the photoresist.

The 3D micropyramids after the hard bake were
etched in RIE using the optimized process conditions [19]
to attain 1:1 selectivity, and Figure 13C shows the SEM
micrographs of the transferred pattern in the c-Si. The
pattern transfer in the c-Si is a replica of the pattern in the
Figure 13B. The 3D profile measurement of the 3D micro-
pyramids after the hard bake and after the RIE is shown
in Figure 14A and B, respectively. Furthermore, Figure 15
shows the dimensional comparison of the 3D micropyra-
mids after the hard bake and the pattern in the c-Si after
transfer for the optimized process settings. It can be seen
that the structure height, the width and the 3D profile
are well preserved during the final pattern transfer, and
the 3D micropyramids are transferred with high accuracy
into the c-Si. Additionally, the surface roughness of the
c-Si after RIE etching was measured using AFM, wherein
the arithmetic average roughness value, which were cal-
culated from areas of 5 and 2 um? was 4.6 and 4 nm,
respectively. The resultant average roughness values are
about 10 times larger than those of a polished c-Si wafer,
however smooth enough to enable the fabrication of 3D
optical microcomponents using this approach.

5 Conclusions

Complete processes were developed to produce 3D micro-
structures using additive and subtractive pattern transfer
methods. Grayscale lithography is combined with micro-
electroplating for additive fabrication of 3D free forms
in Cu and NiCo alloys. Furthermore, it is combined with
RIE for 1:1 pattern transfer by the subtractive method
into c-Si using optimized process conditions to attain



DE GRUYTER

a selectivity=1 and an anisotropy factor close to 1. 3D
convex lens-like structures were exposed in AZ4562 posi-
tive photoresist and used for additive fabrication, thereby
resulting in concave replicas in Cu and NiCo, respectively.
As a proof of concept, an array of 3D pyramids with vari-
able heights was exposed in AZ4562 positive photoresist
and used for subtractive fabrication by RIE into the c-Si.
Exact replicas of the 3D patterned photoresist can be
obtained in c-Si using subtractive fabrication, while nega-
tive replicas can be obtained in metals and alloys using
the additive fabrication method. The hard bake condition
is found to be a very crucial step in both the additive and
subtractive fabrication; for the former case, it influences
significantly the adhesion of the seed layer, and in the
latter case, it significantly affects the 3D profile geom-
etry and the dimensions of the 3D microstructures. Using
both the additive and subtractive fabrication processes,
the pattern transfer can be attained with high accuracy.
The main drawback of this process is a narrow process
window to maintain a quasi-perfect structure and to avoid
both crack formation and wrinkled surfaces during hard
baking of the used positive photoresist. Results of hard
baking using different parameters are shown during this
work, as well as their optimization. Furthermore, a com-
pensation for the designed structures or the use of differ-
ent photoresists such as the negative working SU-8 might
be required depending on the accuracy required by the
final application. This process is an efficient tool for hot
embossing, molding and imprinting, as well as for direct
functional structuring in silicon microsystems.
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