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Economic	  perspecIve	  

•  >	  10	  000	  ion	  accelerators	  have	  been	  produced	  over	  last	  30	  years	  
	  

•  Annual	  sales	  of	  ion	  accelerators	  1	  BCHF/year	  
	  

•  Market	  value	  of	  devices	  produced	  with	  accelerators	  300	  BCHF/year	  
	  

Source:	  R.W.	  Hamm,	  M.E.	  Hamm,	  (eds);	  Industrial	  Accelerators	  and	  their	  applica%on;	  
(World	  ScienIfic,	  Singapore,	  2012)	  

•  24000	  parIcles	  accelerators	  for	  materials	  applicaIons	  over	  past	  60	  
years	  

•  +17	  000	  electron	  accelerators	  for	  cancer	  therapy	  
•  1100	  new	  systems	  a	  year	  –	  market	  value	  2.2	  BCHF/year	  
•  500	  BCHF/year	  added	  value	  from	  accelerators	  
	  

•  Sales	  of	  Swiss	  watchmaking	  industry	  in	  2011:	  35	  BCHF	  
Source:	  F.	  Eschmann;	  W	  The	  Journal	  	  about	  high-‐end	  watches,	  27	  Nov.	  2012	  

n.b.	  Billions	  are	  US	  billions	  
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proach. The limits are governed by !a" the roughness and
alignment of the aperture blades, !b" the positioning accuracy
of the aperture and the XYZ sample stage, !c" thermal effects,
!d" spreading of the dose at the edges of the irradiated area
associated with multiple scattering, !e" penumbra broaden-
ing, and !f" aperture edge scattering. Considering !a", close
inspection of Fig. 7!a" reveals that #100 nm roughness fea-
tures on the edges of the aperture blades are faithfully repro-
duced. This roughness sets one limit to the minimum feature
size and improvement of polishing technique; using e.g.,
electropolishing could reduce the roughness to 10 nm rms or
so. Angular missalignment of the aperture blades will lead to
a tapering of the rectangular pattern elements. Conventional
metal machining practices can easily achieve an alignment
accuracy of 0.1° over 20 mm. This corresponds to 10 nm
over 5 !m. Thus the taper will not be a major problem for
short pattern elements but becomes critical for long thin rect-
angular elements, e.g., a 100 nm wide and 500 !m rectan-
gular line. The accuracy of the linear-motion drives !b" is of
crucial importance. It is quite difficult to predict this perfor-
mance because it depends on details of the control scheme
and the position encoder and moreover, the data are gener-
ally given in terms of the entire range of travel rather than
over small increments of motion. The minimum incremental
motion is an indicator of this accuracy, which is 100 nm for
our linear-motion drives. This could be improved by a factor

of 10 if piezoelectric linear-motion drives were used instead.
These are capable of fine movements with an accuracy of
10 nm or below. Thermal drifts !c" can also limit the accu-
racy and are difficult to estimate for our system because of
the complex structure of the aperture blade mounting. A
simple estimation, based on a thermal resistance of
0.5 K /W cm2 !typical for a transistor mounting" between the
aperture blade and the aluminum block, shows that a current
of 10 nA of 3 MeV He ions will lead to an expansion of a Ta
blade anchored 3 mm from the Al block edge by 100 nm.
This corresponds about ten times greater current than that is
usually employed.

The effect of multiple scattering is subtle because, as
mentioned above, it can lead to over-and undercutting of the
edge or even no effect at all. The penumbra spreading and
edge scattering have potentially the largest contribution to
the resolution. Penumbra broadening is associated mainly
with beam divergence which can be minimized by close
proximity of the aperture and target. For 1 mrad beam diver-
gence, the fluence spreading at the edge of the irradiated area
is 1 !m.21,24,37 Similarly spreading from the aperture
edges21,24 also limits the broadening and hence the smallest
sized features that can be written. However, by choice of a
high contrast resist and careful control of fluence, the effects
of broadening can be mitigated in a similar way to control
the proximity effect in electron beam lithography. Thus on
the basis of the above, with careful control of the divergence
and mechanical movements, structures on a scale of hun-
dreds of nanometers in thick resist should be achievable.

VI. CONCLUSIONS

We have developed a MeV ion beam PPAL system at
University of Jyväskylä as a powerful lithographic instru-
ment. This system enables the use of ion beam over a wide
energy range to fabricate channel structures and lithographi-
cally defined regions with nanometer-scale ion-track struc-
tures. At present, the smallest structure produced by our sys-
tem was an approximately 700–800 nm wide wall in 7.5 !m
thick PMMA with a corresponding aspect ratio of about 10.
In the future, the aspect ratio can be increased by producing
structures in thicker resists or reducing structure dimensions.
This system is suitable for making the structures for funda-
mental cellular or subcellular biomedical research in our
group. Multiple scattering leads to a spreading of the fluence
distribution at the edges of the irradiated regions on a scale
of 50 nm after penetrating 7.5 !m of PMMA.
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FIG. 7. !a" SEM image of 1.6 !m wide channels. !b" SEM image of a detail
of the smallest structure !a 700–800 nm thick freestanding wall" produced
by using 3 MeV 4He2+ ions in a 7.5 !m thick PMMA.
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•  Lab-‐on-‐chip	  test-‐kits	  
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•  Nanofluidics	  
•  OpIcal,	  electrical,	  magneIc	  
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The use of high-energy (MeV) ion implantation
to fabricate polymer waveguides has been reported
by Ruck et al. and Hong et al. Ruck et al. fabri-
cated buried channel waveguides in poly-methyl-
methacrylate (PMMA) by irradiating PMMA
through a Si mask as well as by direct masking of
the PMMA substrate using a Ni shim, while Hong
et al. fabricated planar waveguides in PMMA
using ion implantation [8,9]. Direct-writing with a
focused MeV proton beam to fabricate linear
buried channel waveguides in fused silica have been
reported by Roberts and von Bibra [10] and von
Bibra et al. [11]. The advantage of using a direct-
write focused ion beam of high-energy (MeV) light
ions (e.g. Hþ) is that buried channel waveguides
can be fabricated without the need of a mask.

In this paper, we report on the application of
proton beam writing to fabricate symmetric
y-branch buried channel waveguides in PMMA.
Proton beam writing uses a focused sub-micron
beam of high-energy protons to direct-write on a
suitable material, such as polymers, fused silica,

quartz, sapphire, etc. Unlike proton beam mi-
cromachining [12–14], proton beam writing of
polymers does not involve any chemical develop-
ment processes after the irradiation.

Proton beam writing can be used to fabricate
any arbitrary waveguide pattern (e.g. the Mach-
Zehnder interferometer, directional couplers etc.).
A symmetric y-branch design as shown in Fig. 1(a)
was chosen to demonstrate the light guidance in
the two branches. Sub-micron beam resolution is
extremely critical for proton beam writing as it is
important to direct-write the optical pathways
accurately in order to realize the optimal design
and to minimize optical losses. For the case of a
symmetric y-branch, this is crucial for the cosine
S-bend segment near the intersection with the lin-
ear taper segment.

One other objective of this study is to optimize
the conditions to fabricate waveguides in PMMA
using a focused proton beam. Unlike fused silica,
the damage threshold of PMMA is much lower. It
is important to find out the optimum irradiation

Fig. 1. (a) Schematic of the y-branch waveguide design used in the fabrication. Both 1.0 and 2.0 mm waveguides were fabricated. (b)
Differential interference contrast (DIC) image of a y-branch waveguide of length 1.0 mm fabricated using 1.5 MeV protons and a dose
of 75 nC/mm2 (i.e. "4.7# 1013 ions/cm2).
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across laterally and vertically. It is located at a
distance of 39 lm below the PMMA surface, in
agreement with TRIM simulations. Interference
fringes, which are faintly visible, are caused by the
internal reflections from the surface of the PMMA
substrate due to the scattering of the laser light
into the cladding. The normalized intensity distri-
butions of the two branches shown in Fig. 3(a) are
given in Fig. 3(b). The intensity distribution for
each branch was fitted using a gaussian fit as in-
dicated by the solid lines. By integrating the area
under each gaussian, the ratio of the distributions
from each branch was found to be 0.45/0.55.

Fig. 4 shows an 82! 82 lm2 AFM surface scan
over the surface of a buried y-branch waveguide.
The AFM images were flattened using a low order
polynomial fit. Such manipulation of raw AFM
data is usually performed to remove the image
artefacts (i.e. vertical offsets between scan lines),
which may be caused by vertical (Z) scanner drift,
image bow or any non-linear behaviour in the
piezo scanning mechanism.

Fig. 5 shows the measured surface compaction
of the waveguides as a function of dose for both
1.5 and 2.0 MeV protons. The data for each series
was fitted by a least squares fit and the uncertainty
in the measured values were estimated from the
standard deviation of the surface roughness and
the differences in the processed images as a result
of the flattening process. The amount of compac-

tion of the polymer surface increases as the dose
increases. From these results, it can be seen that
the degree of compaction for the two different
energies are rather similar. For an incident beam
of 1.5 and 2.0 MeV protons and a dose of 100 nC/
mm2 (i.e. "0.63! 1014 particles/cm2), the com-
pacted depth of the PMMA is measured to be ap-
proximately 140 nm. This compaction value is very
small compared to the range of 1.5 and 2.0 MeV
protons in PMMA (i.e. 39 and 62 lm respectively).
Hence, based on the current dose, the surface
shrinkage of PMMA due to modification would

Fig. 2. DIC image of the cross-section of a y-branch waveguide
of length 2.0 mm fabricated with 1.5 MeV protons and a dose
of 75 nC/mm2 (i.e. "4.7! 1013 ions/cm2).

Fig. 3. (a) 633 nm light emitted from the branches of a 2.0 mm
long y-branch waveguide. The waveguide was fabricated with
1.5 MeV protons and a dose of 75 nC/mm2 (i.e. "4.7! 1013

ions/cm2). (b) Normalized intensity distribution of the emitted
light of y-branch shown in (a). The solid lines represent the
gaussian fits for these distributions.
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Y-‐branch	  waveguide	  wrieen	  directly	  in	  PMMA	  using	  MeV	  protons.	  
(a)	  waveguide	  structure,	  (b)	  Intensity	  of	  emieed	  633	  nm	  radiaIon.	  	  
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be controlled over a wider range by varying the irradiation flu-
ence [24]. Wafers were coated with hexamethyldisilazane
(HMDS) by vapor priming to create adhesion between the sample
and photoresist. A 7 lm thick photoresist, AZ p4620, was spin-
coated onto the wafer and then pre-baked to 95 !C for 4 min. A
chrome mask containing the computed CGH patterns was fabri-
cated by laser lithography and transferred to the photoresist by
standard UV photolithography resulting in two-step (resist and
silicon step) binary CGH pattern on the photoresist. The sample
was then exposed to a 600 keV helium ion beam which was uni-
formly distributed over an area of 1.5 ! 1.5 cm. Helium ions were
used owing to their greater defect generation rate compared with
protons, hence shorter irradiation time. Helium ions (600 keV)
have a range of 4.0 and 2.3 lm in photoresist and silicon respec-
tively, so the photoresist is thick enough to prevent irradiation in-
duced-damage to the underlying silicon. The fluence was 5!1014

ions/cm2, high enough to greatly reduce the subsequent rate of
PSi formation in silicon. In this way, no defects are introduced
to the un-exposed/un-irradiated areas and during the subsequent
anodisation step the PSi formation rate is not reduced in these
areas compared to the irradiated regions. For a typical beam cur-
rent of 100 nA the irradiation time for each sample was about
30 min. After irradiation, the photoresist layer was removed using
nanostripper and the wafer anodized at a current density of
70 mA/cm2. Finally, the wafer was immersed in KOH solution to
remove the PSi layer, leaving behind a micromachined two-step
silicon binary surface relief CGH pattern. Image reconstruction
was carried out by reflecting a 5 mW red (650 nm) laser off the
CGH patterns onto a viewing screen.

3. Binary phase and amplitude CGH patterns in silicon

Fig. 1(a) shows a binary phase CGH pattern of the letters NTU
comprising 1024 ! 1024 black and white pixels. Fig. 1(b) shows
an optical image of the binary phase CGH pattern in Fig. 1(a) trans-
ferred onto Si as described above. Binary phase modulation is
achieved by the two micromachined step heights; the higher steps
are the irradiated regions while the lower steps are the unirradi-
ated regions where the anodisation rate is higher. These irradiated
and unirradiated regions correspond to the black and white pixels
in Fig. 1(a) respectively. From atomic force microscope (AFM) mea-
surements, the difference in step height is approximately 700 nm.
This causes incoming light to travel through different optical path
lengths, hence modulating the phase. Fig. 1(c) and (d) are enlarged
images of the generated CGH and the optical image of the CGH pat-
tern on silicon respectively. The smallest feature size on the sample
is 4 ! 4 lm. Good pattern transfer is achieved, demonstrating the
precision and accuracy that may be achieved, resulting in a good
reconstructed binary image in Fig. 2.

Fig. 3(a) shows a binary amplitude CGH made up of 300 ! 300
black and white pixels. The CGH pattern was transferred into sili-
con over an area of 1.5 ! 1.5 mm, with a pixel size of 5 ! 5 lm.
There are two distinct intensities of reflected light which differ
by 30% as measured from a line profile using a microscope, result-
ing in modulation of the amplitude of incoming light. The irradi-
ated regions (black pixels) are less reflective while the
unirradiated regions (white pixels) are more reflective owing to a
variety of factors discussed below. Good pattern transfer is again
observed, resulting in a good reconstructed image in Fig. 3(d).

Fig. 3. (a) Binary amplitude CGH pattern consisting of 300 ! 300 pixels. Panels (b) and (c) respectively show an optical and SEM image of part of the transferred CGH pattern
in silicon. (d) Reconstructed image of a phase CGH. Inset shows the original encoded image.
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Fig. 18. RBS spectrum from a TiO2 film on a diamond-like carbon substrate. The
inset shows the geometry. The energies associated with scattering from elements at
the surface are denoted by vertical arrows.

each sample with the ion beam makes the method unsuitable for industrial1

QC. It is, however, useful for industrial development for modest numbers of2

samples.3

In order to illustrate the quantitative nature of the RBS technique for4

analysis of thin films, a step-by-step guide is given below. This again is quite5

technical and readers may wish to move directly to Sec. 4.5. Consider the6

RBS spectrum in Fig. 18 that was measured from a sample consisting of7

a thin film of titanium oxide with a nominal composition TiO2 on a sub-8

strate of diamond-like carbon (DLC). This example was chosen because of9

the industrial importance of TiO2. The properties and some industrial appli-10

cations of thin film TiO2 are given in Table 6. Inspection of Fig 18 shows11

three regions in the spectrum. The highest energy backscattered ions cor-12

respond to backscattered ions from Ti (the heaviest element in the sample)13

from the surface of the TiO2 layer. As the ions penetrate deeper, they lose14

energy according to Eqs. (8), (9), and (12). This gives rise to the “plateau”15

in the channel interval 362–420. The low energy (rear) edge of the plateau16

arises because once the ions penetrate through the TiO2 film and into the17

DLC layer underneath, they do not encounter any more Ti atoms and conse-18

quently they cannot be backscattered with high energy anymore. A similar19

plateau is seen between channels 167–215 which corresponds to oxygen in20

RBS	  of	  a	  TiO2	  film	  on	  DLC*	  

*	  DLC	  =	  diamond	  like	  carbon	  

R.	  Hellborg,	  H.J.	  Whitlow,	  Industrial	  aspects	  of	  ion	  beam	  analysis,	  in	  Industrial	  Accelerators	  and	  their	  
applica%ons,	  (Eds.)	  R.W.	  Hamm	  and	  M.E.	  Hamm,	  (World	  ScienIfic,	  Singapore,	  2012).	  	  

Signal	  heights	  give	  film	  
composIon	  

Energy	  
widths	  

gives	  film	  
thickness	  

Energy	  posiIons	  
give	  element	  

idenIty	  



IONLAB-‐Arc	  High	  resolu=on	  magne=c	  RBS	  /	  ToF-‐E	  ERDA	  spectrometer	  
(under	  commissioning)	  

Si	  substrate	   15	  nm	  
Ta	  



RBS	  vs.	  ERDA	  

•  RBS	  
–  Detected	  parIcle	  is	  ion	  from	  

accelerator	  ion	  source	  
	  

–  Depth	  and	  mass	  informaIon	  
encoded	  on	  detected	  parIcle	  
energy	  

•  ERDA	  
–  Detected	  parIcle	  is	  target	  atom	  

	  
–  Depth	  informaIon	  encoded	  on	  energy	  

	  
–  Isotopic	  idenIty	  carried	  directly	  by	  recoil	  

Detector	  

BackscaFering	  
Spectrometry	  

(	  a)	  

M1 

M2 

Ion	  from	  
accelerator	  

Detector	  
Elas=c	  Recoil	  
Detec=on	  

(	  b)	  

M1 

M2 Recoil	  atom	  
from	  sample	  

Ion	  from	  
accelerator	  



ERDA	  measurement	  of	  hydrogen	  

Detector	  

Stopper	  foil	  (10	  µm	  Mylar)	  

2	  MeV	  4He+	  

Sample	  

T.	  Sajavaara	  in,	  H.	  J.	  Whitlow,	  Y.	  Zhang	  and	  R.	  Hellborg	  (eds.)	  Ion	  beams	  in	  nanoscience	  and	  –technology,	  (Springer,	  Heidelberg,	  2010)	  

Recoil	  1H+	  



Instrument	  de	  microscopie	  par	  ions	  MeV	  



Example	  PIXE	  spectrum	  
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Figure 1.3: 2 MeV H+ PIXE spectrum from 20 µm section of rat brain tissue. A 300 µm
perspex magic filter was used to supress the intense low energy X-ray lines. From [6]

Figure 1.4: PIXE calibration curve for Ca K� against molar Ca concentration. (Unpublished
data: H.J. Whitlow, O. Chienthavorn, L.K. Gilbert, H. Eronen, R. Norarrat, T. Sajavaara,
M. Laitinen)

2	  MeV	  H+	  PIXE	  spectrum	  from	  20	  µm	  secIon	  of	  rat	  brain	  Issue.	  The	  peaks	  correspond	  
to	  the	  different	  characterisIc	  X-‐ray	  from	  different	  elements	  in	  the	  sample.	  
	  
	  

H.J.	  Whitlow	  and	  M.-‐Q.	  Ren	  Ion	  Beam	  Analysis	  in	  Biomedicine,	  in:	  Ion	  Beam	  Analysis;	  principles	  and	  applica%ons,	  
(eds)	  M.	  Nastasi,	  J.W.	  Meyer	  and	  Y.	  Wang,	  CRC	  Press	  (In	  press).	  



Colocalised	  X-‐ray	  maps	  of	  Pb-‐Sn	  solder	  wedng	  copper	  

Red:	  Cu	  
Green:	  Pb	  
White:	  co-‐localised	  Cu	  and	  Pb	  

Red:	  Cu	  
Green:	  Sn	  
White:	  co-‐localised	  Sn	  and	  Pb	  

Unpublished	  work:	  E.	  Guibert,	  P.	  Jeanneret	  and	  H.J.	  Whitlow,	  2012	  



STIM	  image	  of	  Re	  coated	  Cu	  grid	  

40	  μm	  Cu	   Pd	  

Harry	  J.	  Whitlow,	  Minqin	  Ren,	  Xiao	  Chen,	  Thomas	  Osipowicz,	  J.	  A.	  van	  
Kan,	  Frank	  Wae	  (unpublished	  data)	  
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