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We describe the fabrication and evaluation of platinum zone plates for 5-12 kV X-ray imaging and focus-
ing. These nano-scale circular periodic structures are fabricated by filling an e-beam generated mold with
Pt in an electroplating process. The plating recipe is described. The resulting zone plates, having outer
zone widths of 100 and 50 nm, show good uniformity and high aspect ratio. Their diffraction efficiencies
are 50-70% of the theoretical, as measured at the European Synchrotron Radiation Facility. Platinum
shows promise to become an attractive alternative to present hard X-ray zone plate materials due to
its nano-structuring properties and the potential for zone-plate operation at higher temperatures.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nanometer X-ray focusing and imaging is of growing importance,
at synchrotrons as well as with laboratory systems [1]. Zone plates
are often the preferred high-resolution X-ray optical element in such
microscopy systems, both in the water window (approx. 0.3-
0.5 keV) and in the hard X-ray regime (up to ~12 keV). The fabrica-
tion of such lenses presently relies on a limited number of materials
having the necessary combination of appropriate X-ray optical con-
stants and process parameters which allow nano-scale fabrication.
In the present paper we introduce a new material, platinum, for zone
plates, describe its fabrication and demonstrate its applicability for
the hard X-ray range.

Zone plates are circular diffraction gratings with radially
decreasing line width. Their imaging properties are determined
by two characteristics: the outermost zone width, dry, which sets
the resolution, and the optical material and its thickness, which
determines the diffraction efficiency [2]. Zone plates for the hard
X-ray regime typically employ heavy metals as the optical mate-
rial. Presently zone plates have been demonstrated in Ta [3], W
[4], Ir [5,6] and Au [7]. Fig. 1 depicts the theoretically calculated
efficiency at 8 kV as a function of material thickness for these
materials and Pt. Clearly a high thickness is important for high dif-
fraction efficiency and thus, a high aspect ratio becomes necessary
for operation at high-resolution. In brief, three fabrication methods
are used for patterning the metal, dry etching via a hard mask (Ta
and W), atomic layer deposition on a mold (Ir) and electroplating
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in a polymer mold (Au). The dry etching processes have typically
demonstrated 50-100 nm outer zone width, with aspect ratios
up to 12, while the atomic layer deposition of Ir presently allows
<15 nm and an aspect ratio of 25 due to the line doubling effect.
For the electroplating process, present state-of-the-art hard X-ray
gold zone plates have an outer zone width of 24 nm and a thick-
ness of 300 nm [7]. For comparison, electroplated zone plates for
the soft X-ray range are best made of nickel, presently allowing
13 nm outer zone width and 35 nm height [8].

The diverse fabrication methods and material choices that have
been used so far is a consequence of the quest for optics with high-
er resolution and improved diffraction efficiency. Pt is a high-Z me-
tal optical material that has not been investigated previously.
Although the efficiency for Pt is similar to the other materials (cf.
Fig. 1), it has other properties that make it interesting for zone
plate fabrication. First, Pt can be electroplated and is therefore suit-
able for similar processes as Au. Second, when comparing to Au,
the melting point of Pt is 2045 K as compared to the melting point
of Au at 1338 K. This would potentially allow operation at higher
temperatures, something that is of growing importance with the
emergence of high-power, high-brilliance 4th generation hard X-
ray synchrotron sources [9]. Third, the sputter etch resistance of
Pt is 2x that of Au, which can make it suitable for “multi-material”
zone plates. We have recently fabricated multi material zone plates
for soft X-ray applications [10]. Here an electroplated Ni zone plate
was used as mask for extending the pattern into at thick Ge layer
by dry etching, thereby doubling the efficiency compared to the
original Ni zone plate. Pt has potential to be a very good electro-
plated mask material for a similar process in the hard X-ray optics.
Finally, Pt is also an interesting material for dry etching. It forms


http://dx.doi.org/10.1016/j.mee.2011.06.011
mailto:anders.holmberg@biox.kth.se
http://dx.doi.org/10.1016/j.mee.2011.06.011
http://www.sciencedirect.com/science/journal/01679317
http://www.elsevier.com/locate/mee

3124 E. Chubarova et al./Microelectronic Engineering 88 (2011) 3123-3126

diffraction efficiency vs. thickness @ E = 8 keV

35

25}

25

20¢

151

efficiency [%]

10F

0 500 1000 1500
thickness [nm]

Fig. 1. Theoretical efficiency of hard X-ray zone plates at 8 kV for different heavy-
metal elements.

the volatile compound PtFg with a boiling point of 69 °C (NTP),
which makes it suitable for standard F-based dry etching. It could
therefore be interesting for new multi-material approaches as a
metal for dry etching. Thus, Pt appears to have a large potential
as a future hard X-ray optical material.

In the present paper we demonstrate the fabrication of Pt zone
plates down to 50 nm outer zone width and with high efficiency
using electroplating. We note that although Pt electroplating is
commonly used in a wide range of industrial coating applications
[11,12] the Pt plating of repetitive high-aspect-ratio nanostruc-
tures with <100 nm dimensions have not been achieved before.
Single platinum nanowires have been made using photolithogra-
phy patterning followed by platinum electrodeposition [13] or by
electrochemical fountain pen nanofabrication [14]. Platinum
nano-hole-arrayed electrodes have been synthesized by template
wetting [15]. Micro structured electro-plated Pt has been used
for biomedical and other applications [16,17].

2. Experimental methods
2.1. Nanofabrication process

The fabrication of the platinum zone plate is based on the pro-
cess depicted in Fig. 2. This process is suitable for high aspect-ratio
periodic structures like zone plates, gratings and test structures
[18]. In brief, the structures are made by electroplating platinum
into a polymer mold made out from a tri-layer resist that is struc-
tured by electron beam lithography (EBL) and reactive ion etching
(RIE).

Fifty nanometers silicon nitride membranes were used as sub-
strates and coated with a stack of materials (Fig. 2a). First, a plating
base was deposited by electron-beam evaporation (Edwards Auto
306 system, 10~° Torr base pressure). It consists of a 20 nm adhe-
sive layer of titanium covered by a 30 nm plating seed layer of gold.
Then the trilayer resist consisting of 550 nm thick polyimide as
plating-mold (PI-2610, HD Microsystems), a 50 nm SiO, hard mask
and a 110 nm thick electron-beam resist (Zep 7000, Nippon Zeon
Co.) was deposited. The polyimide and the electron-beam resist
were spun cast and baked at 350 °C for 2.5h and at 170 °C for
30 min, respectively. The SiO, hard mask was sputter deposited
(AJA Orion, 1078 Torr base pressure) at 3 mTorr pressure, 25 sccm
Ar flow, and 100 W power.

The samples were patterned by EBL at 25 keV (Raith 150 sys-
tem), with a typical dose of 150 uC/cm?, and developed in hexyl
acetate for 30 s (Fig. 2b). The pattern was transferred into SiO, hard
mask using RIE with CHF; (Oxford Instruments, Plasmalab 100) at
10 sccm flow, 3 mTorr pressure and 100 W power (Fig. 2c). The
selectivity between SiO, hard mask and electron-beam resist upon
these conditions is 1:1. 25 nm wide lines are clearly resolved in
such a processing. Then the pattern was transferred into the under-
lying polyimide layer by RIE with O, (Oxford Instruments, Plasma-
lab 80+) at 10sccm flow, 2 mTorr pressure and 50 W power
resulting in the plating mold (Fig. 2d). At the next step of the pro-
cess the platinum was electroplated into the mold (Fig. 2e). The
electroplating of platinum is discussed in Section 2.2. After electro-
plating the mold was removed by repeating the two RIE steps
(Fig. 2f).
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Fig. 2. The electroplating-based platinum zone plate fabrication process.
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Table 1
Summary of the parameters for the platinum electroplating bath.

Original bath Modified bath
H,Pt(OH)s 20/l 20g/1
KOH 15 g/l 9gll
Temperature 75 °C 60 °C
Current density 0.75 A/dm? 0.1 A/dm?
Anode Pt-plated Ti Pt-plated Ti

2.2. Platinum electroplating

Electroplating of Pt can be made from different complexes. Refs.
[11,12] review the most common plating bath compositions. For
this work we chose a modified hexahydroxyplatinic (H,Pt(OH)g)
based solution proposed in Ref. [12]. Table 1 summarizes the bath
parameters in its original and our modified form. During the initial
experiments it was found that the plating mold could separate
from the substrate if the plating did not start immediately or if
the plating rate was too low. Reducing the potassium hydroxide
concentration (KOH) to 9 g/l, thereby lowering the pH to 9.6, and
decreasing the temperature lead to a more sustainable mold with-
out a deterioration of the quality of the plated metal.

For the nanofabrication experiments only a small volume of
solution was prepared at the time. A solution of 200 mg of
H,Pt(OH)s and 90 mg of KOH in 10 ml of distilled water was pre-
pared in the following way. The bath components were first dis-
solved in 20 ml of water by stirring and heating at 90 °C for 1 h.
During this time the solution evaporated to the volume of 10 ml.
No precipitation was observed. In the case of extra evaporation
the volume was adjusted to 10 ml by adding distilled water. Then
the solution was cooled to room temperature and filtered.

During operation the bath was heated to 60 °C and constantly
stirred. A platinum plated Ti rod was used as anode. A cover en-
sured minimum evaporation of water. The plating was done with
direct current with a current density of 0.1 A/dm?. This resulted
in a plating rate of ~20 nm/min. The bath could be used over days
without any noticeable deterioration in quality of the plated nano-
structures. However, due to the small bath volume and repeated
immersion of new samples that contaminates and removes a small
amount of solution, the bath is routinely changed after plating ~10
samples.

3. Results and discussion

The process was evaluated by inspection of the electroplated
structures and zone plates in the scanning electron microscope
(SEM) and also by diffraction efficiency measurements at the Euro-
pean Synchrotron Radiation Facility (ESRF) [19].

Fig. 4. SEM image of a Pt zone plate with dry =50 nm and a thickness of 530 nm.
The high aspect ratio caused tilting in the outermost zones.

3.1. Fabricated zone plates optics

Pt zone plates with 100 and 50 nm outermost zones were fabri-
cated. Fig. 3 shows a SEM image of a dry = 100 nm zone plate with
a diameter of 75 pm and a thickness of 550 nm. In (a) an overview
of the full zone plate is shown and (b) depicts a close up of the out-
er part. The whole zone plate pattern is of the same quality. The
plated Pt has uniformly filled the mold. To increase the rigidity
of the plating mold, support bars were added to the design, which
results in the brick pattern of the plated Pt. The three rings were
also added to avoid the domino effect of collapsing that can occur
if the zones start to tilt at a certain location.

To test the limit of the present process, dry = 50 nm zone plates
were also fabricated. Fig. 4 shows the outermost part such zone plate
with a diameter of 75 pm and a thickness of 530 nm. The pattern
looks excellent until the outer support ring but after that, where
dry is between 60 and 50 nm, the pattern is slightly distorted. This
is a result partly due to the high aspect ratio (10.6:1) but also an ef-
fect of longer O,-etch of the polyimide mold. The O, etching of the
polyimide is aspect ratio dependent. To ensure a clearing of the out-
ermost narrow zones the etch time must be increased ~50% for the
50-nm compared to the 100-nm zone plates. This results in in-
creased lateral hard mask erosion and thereby a thinner and more
fragile mold. For the zone plate in Fig. 4, the erosion has also com-
pletely removed the support bar structure. In Fig. 5(a) the quality
of 50 nm structures is demonstrated by a result from plating in a
lower mold. The image shows a grating with 50 nm half period
and a height of 300 nm. In future work the SiO, hard mask thickness
will be increased to allow for higher aspect ratios.

3.2. Efficiency measurements

To test the performance of the fabricated zone plates we mea-
sured the diffraction efficiencies at 8 keV X-ray energy. The mea-
surements were performed at the IDO6 beamline at ESRF.

N
\Q&@\

\
.

5 um

Fig. 3. SEM images of a fabricated Pt zone plate. The zone plate has a dry of 100 nm and has a thickness of 550 nm.
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250 nm

Fig. 5. SEM image of a 50 nm width platinum plated grating structures with the
height of 300 nm.

Table 2
Efficiency measurements of 4 Pt zone plates.

drN Thickness Theoretical eff. Measured eff.
(nm) (%) (%)

Zone plate [ 100 600 11.7 7.7

Zone plate2 100 580 111 8.2

Zone plate 3 50 570 10.8 5.5

Zone plate4 50 590 113 4.6

Detuning of the monochromator ensured that the contributions
from higher undulator orders to the X-ray beam were kept to a
minimum. A homogeneous part of the beam was defined by a
100 pm diameter pinhole and the zone plate was placed down-
stream. The intensity in the first order focus was measured by
scanning a 10 um pinhole across the focus and recording the trans-
mitted intensity with a diode. The contributions from other zone
plate diffraction orders were removed by correcting the intensity
in the focus with the intensity just to the side of it. After this, the
zone plate and 10 pm pinhole was removed and the reference
intensity incident through the 100 um pinhole was measured.
The ratio between the first-order focus intensity and the reference
intensity, corrected for higher-order contributions and current
variations in the stored electron beam, gives the diffraction effi-
ciency. Table 2 shows the measured diffraction efficiencies for four
different zone plates. The table also includes the thickness of the
zone plates and the calculated theoretical efficiency for each zone
plate. The theoretical efficiency is corrected for the efficiency loss
from the fractional 10% area of the support structures as it was de-
signed in the exposure file. The support structure appears smaller
in Fig. 3(b) and is not visible in Fig. 4. This is due to an over etch of
the hard mask, which has partly or totally removed the uppermost
part of the support that is visible when imaging from above. The
measured efficiencies are about 70% of the theoretical values for
the 100 nm zone plates. This is about the same fraction of the the-
oretical value as we previously have obtained for soft X-ray nickel
zone plates [20]. For the 50-nm zone plates about 50% of the the-
oretical value was measured. The main reason for the reduced effi-
ciency is that the line-to-space ratio of the structures is not 1:1
over the whole zone plate. A further efficiency loss for the 50 nm

zone plates can be attributed to the fact that the smaller zones,
from about 60 nm and onwards, are increasingly tilted.

4. Conclusions

We have demonstrated platinum as a hard-X-ray zone plate
material. The electro-plating-based fabrication process provides
zone plates with high uniformity and the measured diffraction effi-
ciency is 70% of the theoretical for 100 nm zone plates. The prob-
lems of obtaining high aspect ratio for <50 nm zones appears to
be solvable. We plan to increase the hard mask thickness and im-
prove the etch process to get a mold with better line-to-space ratio
and profile. Platinum therefore appears to be an attractive alterna-
tive to, e.g., Au zone plates due to the higher diffraction efficiency
of Pt in the 5-12 kV range and its higher melting point and, thus,
better resistance to high-temperature operation. In addition, the
nanostructure properties of Pt show promise for multi-material
hard X-ray zone plates.
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