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Abstract

Here is presented my work during the DESY Summer Student Programme 2015 in
the FS-DS group. DESY is working on the development of a large area detectors. Nowadays
DESY has a module of large area detector which is called LAMBDA and is preparing for
experiments at high photon energies.

Signal Integrity on RDL and Optimization of DAC digital values are made and
presented in this report.

First, equivalent scheme of RDL was simulated in Multisim Software and checked for time
delay. Secondly, the quality of individual bump bonds on Ge sensor was determined by
sweeping DAC digital values.
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1. Introduction

1.1. Hybrid pixel detectors for synchrotron applications

Hybrid pixel detectors[1] are currently the cutting-edge technology for a range of X-ray
scattering and imaging experiments at synchrotrons. Generally, hybrid pixel detectors for X-
ray detection such as Pilatus and Medipix2 work by comparing the signal pulses in each
pixel to a threshold level, and counting the number of hits over threshold. As a result, these
detectors can achieve excellent signal-to-noise performance, even when the X-ray flux
arriving at a pixel is low, and can discriminate against lower-energy background photons.
These detectors can also achieve high frame rates, making it possible to exploit the
extremely high brilliance of modern X-ray beamlines (for example when performing time-
resolved measurements, or scanning a sample with a focused beam).

Most hybrid pixel detectors use a silicon sensor. However, silicon sensors have low
quantum efficiency at high photon energies, as shown in Fig. 1, which limits their use in
experiments with hard X-rays.
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Figure 1. Photon absorption efficiency of different semiconductors.

2. Short theory

2.1. High-Z sensors

It is possible to use sensors made from “high-Z” (high atomic number) [2]
semiconductors to achieve high quantum efficiency with hard X-rays.

Different high-Z materials have different strengths and weaknesses. One common
problem is that most high-Z materials are compound semiconductors, which means that they
typically have much higher defect densities than elemental semiconductors such as silicon.
Fig. 1 depicts the absorption efficiencies of several semiconductor materials such as Si, Ge,
GaAs and CdTe.

2.2. Germanium sensor

Germanium is an elemental semiconductor, which is available in reasonably large 6”
wafers of high uniformity, with a doping concentration as low as 10'°cm™ and negligible
charge trapping. As a result, Ge is widely used for spectroscopic X-ray detectors. However,
there are various barriers to using Ge in pixel detectors. DESY have worked with Canberra
(Lingolsheim) and Fraunhofer 1ZM (Berlin) to produce germanium pixel detectors and
bump-bond them to Medipix3 chips. The first disadvantage of germanium is its narrow
bandgap of 0.67eV. This means that it has high leakage current, and cannot be operated at
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room temperature. Typically, germanium photodiodes for spectroscopy are operated at
liquid nitrogen temperature, in order to obtain a very low leakage current and hence achieve
high energy resolution. However, photon-counting hybrid pixel detectors are more tolerant
of leakage current, for two reasons. Firstly, due to the small volume of each pixel, the
leakage current per pixel will be comparatively low. Secondly, photon-counting readout
chips such as Medipix3 count the number of signal pulses arriving in each pixel, rather than
integrating the total signal seen over the acquisition period, so leakage current will have less
effect on their performance. A pixellated germanium detector with pixels of 55pum should
have a leakage current of around 1nA per pixel at -50°C, which is safely below the design
limit of 25nA.

The need for cooling places additional demands on the engineering of the detector
system, and will tend to make the system more expensive and bulky. However, in
experiments on a synchrotron beamline, this can be tolerated. Secondly, the technology for
fabricating germanium sensors must be modified in order to produce small pixels. This is
done by Canberra. Canberra’s fabrication method first used lithium diffusion to create an
ohmic n-type contact on the back surface of high-resistivity n-type germanium. Hence, p-
doped diode junctions were produced on the front surface using photolithography and ion
implantation of boron. The detector was completed by depositing aluminium contacts on the
back surface and the pixel contacts, and then passivating the detector.

Indium was used to bump-bond this sensors to readout chip. This is for two reasons.
Firstly, when the detector is cooled during operation, there will be a mismatch between the
thermal contraction of the germanium sensor and the silicon readout chip. For a Medipix3-
sized chip and a germanium sensor, and a temperature change of 100K, the difference in
contraction at the edge of the sensor
assembly will be 3.5pum. This means
the bump bond must be composed
of a metal which remains ductile at
low temperature, so that the bond
flows to accommodate this small
shift in position rather than
cracking. Secondly, germanium is
extremely temperature sensitive;
heating it to above 100°C for
extended periods can allow
diffusion of impurities into the
germanium, and may also damage
the passivation. Due to indium’s
softness, it is possible to electroplate
In bumps on both the sensor and
readout chip, and then bond them together at less than 100°C using thermocompression. The
bump-bonding of these sensors was done by Fraunhofer IZM (Berlin).

Figure 2. Ge sensors produced by Canberra France

2.3. Medipix3 readout chip

Medipix3[3] is a new generation of photon-counting readout chip, developed at CERN.
It has a 256-by-256 array of pixels, with a reasonably small pixel size of 55 um.
Additionally, Medipix3 has a range of new features which make it attractive for experiments
at synchrotrons. Firstly, each pixel contains two counters. Since one counter can be used to
count photon hits while the other one is being read out, this means that the detector can
acquire and read out images continuously with negligible dead time. If the Medipix3 chip is
read out at its maximum rate, then a readout rate of 2000 frames per second can be achieved
with a counter depth of 12 bits, and even higher rates can be achieved by reducing the
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counter depth. Secondly, the Medipix3 detector has a “charge summing” feature. If a photon
generates signals in multiple neighboring pixels, the charge-summing circuitry can sum
these signals together to reconstruct a single hit. This can allow better energy discrimination
and ensures that no loss or double-counting of photon hits will occur.

2.4. LAMBDA module

Most synchrotron experiments require a larger detector area than can be provided by a
single Medipix3 chip, to apply this readout chip to synchrotron beamlines larger multi-chip
modules should be built. The LAMBDA (Large Area Medipix-Based Detector Array) [4]
module has been designed to meet these requirements.

The prototype LAMBDA[5] module consists of a detector head plus a digital board for
readout. The basic design of the detector head is shown in Fig. 3. It comprises a ceramic
“module holder” circuit board, on which detector assemblies can be mounted, and a voltage
regulator board, which powers the detector assembly and also carries the signal lines
between the detector and the readout system.

2 *hexa” high-Z sensors
Each 42 mm* 28 mm

6'2 Medipix 3 Voltage reg. board
chips Heat spreader

Module holder

Figure 3. Design of the LAMBDA detector head. Left picture is 3D model and right picture is real model of the detector head(Ge hexa(2x3)
chip)

The Medipix3 chip can be connected to readout electronics by wire-bond pads along
one side (Fig. 4), which means that an “N-by-2” chip module layout is possible. A 6-by-2-
chip layout was chosen. This means that the module can be used with a single large silicon
sensor or two “hexa” size high-Z sensors of 42 mm by 28 mm. This is the biggest Medipix3-
compatible sensor size that can be obtained from a 3 wafer, which is a typical size for high-
Z materials. The 12-chip module will generate approximately 18 W of heat during operation,
and some high-Z materials such as germanium require cooling during operation. As shown
in Fig. 4, the module ceramic is mounted on a cooling block, which can then be cooled to
low temperature. The voltage regulator board is connected to the back surface of module
ceramic with a high density connector. The voltage regulator board and the rest of the
readout system sit immediately behind the sensor, thus making it possible to tile multiple
modules together to cover a large area (albeit with some dead areas between modules). Then
the voltage regulator board is connected to a readout board. For the current system, a
prototype readout board has been developed which uses an FPGA to control and read out the
chip, and an USB2 interface to communicate with the control PC. The Lambda module is
read out at a high frame rate, using a readout board with 10 Gigabit Ethernet links.



2.5. RDL

TSV-through silicon vVid  _3 5mm
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a vertical electrical connection passing
completely through a silicon wafer or
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the future. Our module based on wire
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die so that solder balls can be applied
and the stress of mounting can be Figure 4. Cross-section diagram of the module holder with a sensor
spread. Another important application assembly mounted on it.

of RDL involves die stacking. In this application, similar die can be mounted in a single
package. In order to give each die a unique address, the address lines of each die can be
placed in a unique location. A third application for RDL is simply to move the bond pads of
a device to a position more convenient or accessible for subsequent bonding and packaging
steps. This may include matching the layout of an old die that is no longer being supported
and must be replaced by a newer design.

RDL is a process that generally involves one or two layers of metal and two or three
layers of a polymer dielectric material (Fig. 6).

Plating base (Ni/Au)
Isolation (BCB)

Cu metallization

Bond pad for readout electronics (UBM-- Cu)

Isolation (SiO2)

——— Si wafer (thinned)
M1 metal (Al)

Isolation (SiO,)

MA metal (Al)

Bond pad for sensor (UBM--Cu) — Plating base (Ni/Au)

—— VDDA ~— VDD
— GND —— D\DD Figure 6. Cross-section diagram of the RDL

Figure 5. Logic model of RDL



3. Experiments and results

3.1. Signal Integrity on RDL

Before taking images and dates from chip, we need determine the signal Integrity and
time delay on RDL.

Vin 1=3.5mA Lind R_Cu R_term
— W /
C_ox !
C_Si R_Si
h
GND GND L2
= fe— w —>{
Figure 7. Equivalent scheme of RDL Figure 8. Srtaight rectangular copper

Equivalent scheme of RDL is shown in Fig. 7. Lind is considered as a sraight
rectangular copper trace pair. Here radiocomponents C_Si, C_ox, R_Si, R_Cu and Lind are
capacitance of silicon, capacitance of oxide, resistance of silicon, resistance of copper trace
and inductance of copper pairs. To implement this scheme, it is necessary to know their
values.

Using the formulas shown below[6], we calculated each values:

Inductance of each copper trace:

L=21+107[log(%) - 1+%| = 2,1004 + 10~°H,

where [ = 15mm is a length of trace, R = 0,2235(h + w),w = 40um,
width and h = 5um height of trace.

Mutual inductance between copper pairs:

) 21 d )
M=20+10"7 [log(g> ~1 +7] = 1,4797 * 10~8H,

where d is distance of copper pairs comparing their center (d=2w).
Common inductance is
Lind = 2(L — M) = 1,2414 = 10~ 8H.

Capacitances of oxide and silicon:
€EYS
ox =g = 20,709pF; Csi = 0,31pF,
where € = 3.9 for oxide and € = 11.68 for silicon, d,, = 1um, dg; =
200um, S =1 w.

Resistance of copper and silicon:
l
Rgy = % — 1,260hm; R = 2500hm,

where p = 10hm * cm for Si, p = 1.68 * 107°0hm * cm.

Thus we simulated our scheme in software Multisim. Multisim is a wide spread
software and comfortable to use with its many tools. In our scheme we used
radiocomponents and measurement devices as shown in Fig. 9. Here Ul, U2, U3 are
amperemeters, XFGI is functional generator, XSCI 1is oscilloscope, XBP1 is bode plotter,
XNAL is network analyzer.
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Figure 9. Simulation of equivalent scheme of RDL in Multisim software.

With help of oscilloscope, we were able to see the time diagram of input and output

signals on RDL (Fig. 10).
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Figure 10. The time diagram of input and output signals on RDL

As shown above, the input signal is given as a rectangular signal from functional

generator (red line), and output signal (green line)

has some time delay. It takes

approximately Ins to approach from the positive edge of rectangular signal to 90% of

maximal value, this is the time delay. Ins is a small value

but not negligible.



In Multisim software using bode plotter, it is possible to determine the dependence of
Insertion loss of the signal on the frequency.

RDL -- differential signal loss des1
100 T T 1
ps, = 100 Qom . 100
95 0954
90 . 0904
—_ r pg = 1Qem
X 85 B 0.85
@ L
o 80 E 0.804
S L
'E 75 | - 0754
® b pg =10 Qcm
~ 70— Jlength=10 mm _ 070,
es d_ =1um i 0,651
r 060
EO 1 1 T T T T 1
50 100 150 200 50.00M 80.00M 110.00M 140.00M 170.00M  200.00M
Frequency (MHz)

Figure 11. Dependence of Insertion loss on frequency (left picture is analytic calculation and right picture is numerical
calculation)

We did numerical calculation and compared with analytic version, in Fig. 11 (we should
compare it with black line, because the parameter of our scheme is suitable with its
parameter, ps; = 1 Ohm * cm ). From the picture we can see that numerical calculation is
better than analytic calculation, because in analytic variant it is going down from 97% until
70%, but in numerical it is only until 83%. This explains the operation of RDL at high
frequencies.



3.2. Optimization of DAC digital values for Ge pixel detector testing

Cr

Toadjacentpixels

>
>

I_Preamp
I_lkrum
V_Fbk
V_Gnd
V_Cas

From adjacent

pixels

I_Shaper
V_Rpz
V_Cas

Figure 12. Scheme of the detector module for one pixel I
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The above picture, schematic of the module, depicts that each DAC digital value control
different part of the device. DAC is Digital-to-Analog Converter that produce reference
voltage or current in Medipix3 chip. To optimize the work of the detector and improve its
quality Optimization of DAC digital values is very important.

3.2.1. Readout software
Before Optimization we need to talk about readout software. It is called "HEXA test"
and written in C++. In Fig. 13 is shown its window. There are four tabs here: MATRIX,
DAC SETTINGS, TEST and Ge_TEST. But two of these are important for our experiments:
DAC SETTINGS and Ge_TEST. On the tab DAC SETTINGS we can set all of DAC digital
values independently, it makes easily to find optimal DAC values to get good images.

85! HEXA test
File Options Settings

Help

wa Single Image | Read Dac | SetDac | Create Test Pulses

5 HEXA test

File Options Settings Help

& Single Image  Read Dac ~ SetDac | Create Test Pulses

MATRIX| DAC SETTINGS ‘TEST | GEJEST‘ Ma | | MATRIX | DAC SETTINGS | TEST  Ge_TEST IMAGE | LOGBO) HEXAIMAGE
[ Medipxi [ Medip2 [ Medipbd — || HEXATest
[] Medipix12 ["] Medipix11 [ Medipix10 Load Matrix Matrix Loaded: NO
o o = Sweep Threshold
_Ref 2 Stop
Take Image =
GO!
Tp_RefB I Save Date Reset
oA I Current Threshold: XYZ
] Check o save sweep data:
FBK 190 =
Browse
TP_REF 20 2
3 Chip1: totalcount  Chip4: total count
GND 137 z
Chip2 totalcount  Chip5:  total count
RPZ 255 =
Chip3: totalcount Chip6:  total count
TP_Bufferin 128 o I o
Sweep lkrum lkrum value Temp
TP_BufferOut 1 z
- Temp value
Sweep FBK FBK value
Delay 30 z -
= Sweep
Sweep CAS CAS value Preamp
DAC_picel 0 = —_ —
[ S— Preamp
= Sweep GND GND value
ThresholdN 0 = e Shutter time [us]
Disc LS 25 = 100 images image # 1000
Disc 150 S i -
State: Ready Current Threshold: | Image Count: | State: Ready Current Threshold: Image Count: 0| Exposure Time: 0

Figure 13. The window of software intended to test Ge hexa sensor



And on the next tab, Ge. TEST, we can sweep DAC digital values, by changing from 0
to 255 one by one. Here it is possible to sweep DAC values such as Threshold0O, Ikrum,
FBK, CAS, GND, Temp and Preamp. The data coming from sensor will be shown as an
image on the big white window which is called HEXA IMAGE. Sweeping ThreshodlO is
realized clicking the button "GO!", if we need to save the images, we should click "Check to
save sweep data" and "Browse".

Before acquiring date we loaded zero values in counter 1 by clicking the button "Load
Matrix", this moved all thresholds to maximum value.

The main goal of this experiment is to determine the number of the pixels that are bump
bonded correctly from the Ge sensor to the Medipix readout chip. For this purpose we did
some operations [7]: sweeping DAC values collected images and made them analyzes using
Matlab software. We swept Ikrum and Threshold0, other DAC values was fixed (Tab. 1).

Guard Ring, 0V Pixels, 650mV

\ /7¢|\|‘1

L ] ] 1 |

Ge sensor

Figure 14. Schematic representation of the Ge sensor corner.

Fig. 14 shows the structure ot the sensor corner, here the guard ring and some pixels are
visible. Even the polarization voltage equal to zero (HV=0V), there will be potential
difference between pixels and the guard ring. This will cause leakage current to flow from

Tab. 1 DAC values for different measurements

lkrum FBK CAS GND Preamp Thi
1 5 130 170 100 100 20
2 250 130 170 100 100 20

guard ring to the direction of the sensor's center.

To minimize the leakage current in the edge pixels, the detector must be tested in lower
temperatures. For this we used the climate chamber and cooled the detector on the
temperature -40C. Cooling the working atmosphere the leakage current will be minimized
and edge pixels will be able to count hits.

As it is told above, Threshold0 is moved to the highest value, this is needed in order to
have most of the pixels counting on different threshold values. If the hits are under the
threshold value, they will be ignored by the device.

3.2.2. Sweeping Ikrum

The preamplifier circuit schematic is shown in Figure 5.12. In red, the Charge Sensitive
Amplifier[8] is shown. The amplitude of the output voltage pulse (Vout) is proportional to
the induced charge in the input node (Vin). The preamplifier implements a leakage current
compensation network (shown in green in Fig. 15). A positive leakage current (DC current
from the detector entering the preamplifier) can be sunk by Migak. The implemented
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circuitry can also deal with a negative leakage. The maximum leakage current that the

detector can sink from the
preamplifier  circuit s
Ikrum/2.

Ikrum current is used
to discharge the capacitor
(Fig.15 ) and compensate
the leakage current. That is
why the sweeping lkrum is
more important than other
DAC values. Ikrum value
was swept from 0 to 256
one by one, and for each
Ikrum value was taken
noise image.

Fig. 16 shows the
evolution of the hexa noise
images  during  Ikrum
sweep and there are shown
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Figure 15. l;;‘éampilfi_ef schematic. The feedback reset _patf_1 and the Ieak_age
compensation feedback are shown in blue and green respectively.

the Ikrum values for every image.

)

d)

Figure 16. Evolution of the hexa noise image during lkrum sweep. lkrum values a)=10, b)=23,

c)=45, d)=252.
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Collecting all images, we did dependence diagram as shown in Fig. 17.
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Figure 17. Dependence of the amount of counts on Ikrum value

Left diagram depicts that at low Ikrum values there are no counts, increasing it until
256, amount of counts grows faster. But zooming the beginning area of diagram (right
picture), we can see some counts. While Ikrum value is low, all pixels are flooded by
leakage current, it renders them non-responsive. That is why we assume that these counts
are coming from the noise within Medipix itself and these pixels are believed to be not
bonded correctly. But with high Ikrum value small part of the pixels are still non-responsive.

3.2.3. Sweeping Threshold(

In order to collect all pixels which are responsive on different Ikrum values we set
Ikrum to specific value and sweep Theshold0 from zero to 200 digital values. Pixels which
are noisy on threshold sweep with Ikrum value 5 are not bump bonded and are presented in
Fig. 20 in red color. Pixels which are noisy on Ikrum value 250 are bump bonded correctly
and presented in Fig. 20 in white. Pixels which are always silent are presented in Fig. 20 in
black and they are considered to be bumped correctly because we assume that non-
responsiveness is the consequence of the excessive Leakage Current in these pixels and this
influence cannot be reduced by modifying Ikrum value.

Figure 18. Non-bonded pixels (white spots) Figure 19. Non-responsive pixels (black spots)
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Figure 20. Final results of the measurements (compound image). Non-bonded pixels are red, non-responsive pixels are black

and white area depicts responsive pixels

Also collecting all 200 images, we did diagram (Fig. 21). From the diagram we can see
that at the ThresholdO values between 50-80, we can get all responsive pixels.
In total, there are 3739 non-bonded pixels which is 0.95% of all pixels.

I Figure 1 =
IFi\e Edit View Inset Tools Desktop Window Help
[Deme|r R 0BEL- 3|08 s
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| 3000
2500
2000
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S 1500
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1000
500
0
0 20 40 60 80 100 120 140 160 180 200
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T
@ e o S S s SR :_ ____________________
= H
=
L= '
(&) o U
i
200 250

Figure 21. Sweeping Threshold0 value

14



4. Conclusion

Doing these experiments, we showed it is possible to estimate quality of bump bonds on
Ge module. Also we determined that more than 99% of pixels are correctly bump bonded.
We estimated Signal Integrity of RDL for TSV module by using Multisim software. Signal
Integrity results are comparable with analytical modeling.
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