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2. Tipsy

Figure 4: The corrugated membrane are suspended within a silicon frame with a dimension of
20 mm by 20 mm. For the hexagonal pattern, 16 square windows are opened in the silicon frame.
Each corrugated membrane has an active area of ⇠ 1 mm2 . For the octagonal pattern, the silicon
frame has a single window in which a membrane with an active are of ⇠ 16 mm2 is suspended.
Figure 2.1: Schematic image of the basic working mechanism of Tipsy. The top grey plate represents the photo-cathode, the tynodes are
orange plates (the shape is discussed later on) and the gold octagons are the anodes on which the electrons (red tracks) are collected.
Image from [14], to get a sense of the dimensions: one column is 55 µm by 55 µm and the spacing between the plates is approximately ±
100 µm.

simulation of the timing of the electrons.

188
189

Also, the height is sufficient in this case for focussing. The cell diameter is 50 µm and has a pitch
of 55 µm, which is the same pitch between pixels on a TimePix chip. The film is a tri-layer Al2 O3

Figure 3: COMSOL simulation of a TiPC detector with two tynode stages. For the
simulation,
composite
with a thickness of 10/5/15 nm. This multilayered film is engineered as a SEE membrane
by encapsulating a TiN layer, which provide in-plane conductivity that is needed to sustain electron
two modules of COMSOL was used: AC/DC and Charged Particle Tracing (CPT). The
first module
emission for prolonged operation [6].
is used to simulate the static electric field. The potential difference * between each stage is
3 Fabrication
1000 V. The second module is used to simulate transmission secondary electron emission
from the
A photo-electron is accelerated towards and incident on the first tynode. As a result of this impact there
are Y electrons emitted on the other side, so for N tynodes the total charge Q that
is collected
the anodePhotoelectrons are released uniformly from the photocathode. Each
two
tynodeonstages.
Wafers incoming
(4-inch, p-type with 5-10 ⌦ cm) with a thickness of 500 ± 15 µm is used as substrate. The
can be calculated with
wafers
are
cleaned
with a standard cleaning procedure before a zeroth layer is added with markers
electron generates one transmission secondary electron on each tynode. Each PE and the SEs
that
for contact alignment. The sequence of the cleaning procedure is as follows: a plasma oxygen etch,
they generate on each tynode will form a ’path’, enabling us to estimate the collection
efficiency
a HNO
100% bathof
for 10 min, a demineralized water rinse for 5 min, a HNO 65% bath at 110 °C
for 10 min and another water rinse.
a TiPC detector. (2.1)
Q = eY N
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The process can be divided in three parts. In the first part, a 3D mold is etched within the
silicon substrate (figure 5a). A 3-µm-thick photoresist (PR) layer is used as a masking layer for a
deep-reactive-ion-etch (DRIE) in a Rapier Omega i2L DRIE etcher. The hexagon/octagon pattern
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is transferred to the PR and trenches with a depth of 5 µm are etched into the silicon substrate. The
173
haveto gain
beenenough
simulated
where e is the electron charge. Between the tynodes the electrons must be accelerated
energy with COMSOL (figure 3). A cell with a height of 5 µm is already sufficient
203
wafers are then cleaned with oxygen plasma to remove residual polymers from the DRIE process
to induce the emission of electrons on the emission side. Therefore a potential
difference
inSEs,
the order
1
174
to focus
butofthe
focusing point can be tailored by varying the height of the204 unit
cells.
The cleaning procedure. Afterwards, the wafers are put in an oven at 1100 °C
followed
by a standard
7V
kV is put between each tynode. For a tynode spacing of 100 µm a electric field of ±10 m is forced between
205
to wet thermally
grow a silicon dioxide layer with a thickness of 500 nm. This layer will act as a
175 only
simulation
also shows
that PEs and SEs that enter the small square cups in the
corner
of each
the tynodes. If a value of 5 for Y can be
realized a gain of 3 · 103 is reached with
5 tynodes according
to
(a) Front
(b) Back
206
sacrificial and stopping layer.
equation 2.1, which is enough to activate electronic circuitry.
176
octagonal tends to land next to the pixel pads. This needs to be taken into consideration
when
207
In the second
part, the tri-layer film material is deposited conformally on the mold (figure
Figure 9: SEM images of a metamaterial film with an octagonal pattern.
208
5b). First, a layer of Al2 O3 is deposited by atomic-layer-deposition (ALD) in a thermal ALD ASM
177
estimating the collection efficiency.
209
F-120 reactor at 300 °C using trimethyl-aluminum (TMA) and water as a precursor and reactant,
2.1.2. Tynode shape
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The die size of the samples are 2 by 2 cm in which windows are opened by DRIE etching as

As can be seen in figure 2.1 the tynodes consist of and array of domes. This
dome
shapein
is figure
advantageous
179
shown
4. For the hexagonal honeycomb pattern, there are 16 square windows with a width
for multiple reasons: first the curved shape increase the strength of the domes making them less vulnerable
180
ofby1.25
mm.
For
the octagonal pattern, there is a single square window with a width of 4.2 mm.
for mechanical stresses and easier to handle. The other reasons can be explained
how the
dome
shape
influences the electric field. As can be seen in figure 2.2 on both sides of the dome the shape causes a electric
181
These window sizes are defined on the back side of the silicon wafer, but will be 0.2 mm smaller
field component towards the center of the dome. This causes the electrons to accelerate towards the center
of the column creating a focusing effect.
182
on the front side after etching since the DRIE process is not entirely anisotropic. The active surface
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is thus 1 mm2 and 16 mm2 , for the hexagonal and octagonal pattern respectively.
(a) Front Each unit cell in
(b) Back
the corrugated membrane has a rib height and width of 5 µm, which is relatively shallow and open.
Figure 7: SEM images of a metamaterial film with a hexagonal pattern. (a) The contrast between
185
Incoming electrons can still reach the bottom of the rib and
to the
electron
thecontribute
active area and
windowmultiplication.
frame is due to the transparency of the film for 5 keV electrons.
(b)would
On the backside,
the ribs
protrudefor
outwards
and appear brighter since SEs are generated closer
186
The
create deep
trenches
which
(a)
(b) ratio of 1:1 is ideal, since increasing the height further
towards
the
SE
detector
of
the
SEM.
On the edge, the ribs disappear into the silicon substrate.
187octagonal
it is pattern.
more The
difficult
Figure 10: SEM images of a broken metamaterial film with an
etch linesfor electrons to reach the bottom, i.e. the angle of incidence becomes smaller.
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of the DRIE process is visible on the ribs. (a)
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therefore the ribs are dark in the image. In figure 7b, the backside of the film is shown. In this case,
the ribs protrude out of the plane and are brighter than the film. The difference between both sides
is more apparent in figure 8, which shows a broken film that curled up after release.
In figure 9, SEM images of a metamaterial tynode with an octagonal pattern is shown. The
black dots on the surface are residues from the fabrication process. On a different sample, a close-up
of a broken film shows flakey residues on the film and the ribs (figure 10). These are residues of
the HF vapor etch. In figure 10b, the etch lines of the DRIE process is visible as indentations in the
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Tynode stacking at Nikhef
In order to produce a prototype of the Tipsy detector a method needs to be found to create a aligned stack
of tynodes. A ZEISS Axio-zoom V16 light microscope in combination with two µm precision manipulators
placed in a clean room at Nikhef in Amsterdam were used for this task. The stacks were aligned using a
self align mechanism that will be discussed first. After this the microscope and how it’s used to confirm the
alignment will be explained. Finally the manipulators and their advantages will be discussed.

6.1. Building a stack

(a)
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(b)

An image
of a6:tynode
can besetup.
seen in
6.1 on
the left.
Thecollector.
first thing
out are the straight lines
Figure
Experimental
(a)figure
schematic
drawing
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(b)that
The stands
copper collector
on thewith
sides
that
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to the metamaterial
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grooves
act as a self alignment mechanism.
one
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octagonal
membrane
mounted
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samplethat
holder.
By placing a 200 µm diameter glass wire in these grooves the domes of the stacked tynodes should align if the
distance from the domes to the grooves is the same. This is an assumption and to check this the displacement
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Figure 8: A SEM image of a broken film curled up after release. It clearly shows the ribs of the
honeycombs on the front- and backside.

The synchronized measurement of a SEM image and the
transmission secondary electron yield (TSEY)

6. Tynode stacking at Nikhef

a (single) SEM image is taken, the (transmission) emission current will vary across the surface of
the sample. A yield map will show the difference in electron emission and can be compared to the
SEM image. The method is described in appendix A and operates on the same principles as SEM
image construction. The SEM settings are chosen such that the Keithley 2450 sourcemeters are able
to map the measured current (as of function of time) to the pixels in the SEM image.This method
require a much slower scan speed compared to the method presented in section 4.1. Also, only one
image frame is acquired. A dwell time of 1 ms is used, which is a compromise between speed and
accuracy. A larger dwell time might cause charge-up effects and/or surface contamination. The
resolution of the image is 512 x 442 acquired with a dwell-, line- and frame time of 1 ms, 560 ms
and 4.2 min respectively. The electron beam energy used to acquire the image is 3.2 keV with a
current of 0.29 nA, which have the highest transmission yield for the membranes considered in this
paper. The magnification is 500X or 1000X, which shows the difference in yield across the 3D
structure of the corrugated membrane more clearly.

Figure 6.1: Left: picture of tynode (taken with phone camera, not the microscope). Tynode’s provided at courtesy of Violeta Prodanovic
[6]. Right: Schematic drawing of self alignment mechanism.
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Results & discussion

Figure 6.5: Final stack of 5 tynodes, picture taken with phone camera.
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5.1 Fabrication
thing that stands out when looking at the tynode is the small square on the left side. This is the
place
where
high
voltage
be frontapplied.
active
which contains
the adomes
is the square in the The active area in the middle of one tynode consists of 64 by 64 domes, the alignment of these domes
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cause electrons
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array
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64 image
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286
pattern
is shown.
contrast
to the 3D structure
of the
In figure
tynode. Some misplacement can be compensated by the focussing effect but this has a limit, for Tipsy a
the measurements with tytest! The first step is placing a glass rod aligned with a groove between the active
287
the ribs extrude into the plane and behave as trenches from which it is difficult for SEs to escape,
displacement better than 5 µm is preferred. To measure the alignment four domes are chosen, one in every
area and the groove. Using tweezers this rod can be rolled inside the groove. When a rod is placed in all four
corner. The chosen dome is on the 5th place diagonally (5th row and 5th column from each corner), for the
grooves the next tynode is placed on top. By moving the upper tynode around until it settles in place a stack
bottom right corner this is shown in figure 6.6. As discussed above, feature of the Zeiss microscope is that it
can show where the optical axis is located with respect to the image. By carefully aligning the optical axis with
is created. This was first done using dummy tynodes without a active area, see figure 6.2. Note these tynodes
the center of a dome, the dome position can be saved. This was not straight forward because mechanical
were stacked by hand.
vibrations of the microscope table caused the image to shake a bit. These vibrations had an amplitude of ª
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2 µm. As can be seen if figure 6.6 the image of the upper tynode (left) is much clearer that the image of the
fourth tynode (right). Therefore the uncertainty of the upper tynode is 3 µm and the uncertainty of the fourth
tynode is 4 µm.

Figure 6.2: Left: dummy tynode stack with focussed on the grooves, right: dummy tynode stack focussed on the edge.
Figure 6.6: Left: microscope image of the upper (fifth) tynode. Right: fourth tynode, image obtained by looking trough the fifth tynode.
The 5th diagonal dome is shown with a red square, for these domes the position was determined.

Here the first stack of tynodes can be seen. The first thing to note is that the glass wires don’t extend

