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Silicon pad sensors are proposed as active material in highly granular sampling calorimeters of future collider
experiments such as the Compact Linear Collider (CLIC) or the International Linear Collider (ILC). The
electromagnetic section of these designs often include O(1000m?) of silicon pad sensors. For the luminosity
measurement, a dedicated forward calorimeter called LumiCal is foreseen. More recently, the CMS experiment
has decided to use the same concept in its endcap calorimeter upgrade for the HL-LHC. The sensors are typically
produced from 6- or 8-inch wafers and consist of a few hundred smaller cells, each with an area of 0(0.1 to 1
cm?). For the prototyping phase of these projects, several design choices have to be evaluated while for mass
production, thousands of sensors have to be tested for quality control. For the electrical characterisation of
these sensors, it is important to bias them under realistic conditions. To fulfil these requirements, ARRAY,
a compact, modular and cost efficient system for large area silicon pad sensor characterisation has been
developed and successfully commissioned. It consists of two plugin printed circuit boards: an active switching
matrix with 512 input channels that holds all controls and a passive probe card that connects to the sensor.
The latter can then be adapted to any sensor geometry. All design files are open source. The system has been
used to measure currents ranging from 500 pA to 5pA and capacitances between 5 pF and 100 pF. A precision
of better than 0.2 pF on capacitance measurements in that range can be achieved. Examples of calibration and
measurement results for leakage current and capacitance are presented.

1. Introduction For the prototyping phase, several design choices concerning the
sensors and their implications on other parts of the system, e.g. the
front-end electronics, are investigated. For mass production, thousands
of sensors will have to be characterised for quality control. It is there-
fore essential to establish a fast and automatic testing procedure.
Important characteristics to be measured include the current versus

voltage (IV) and capacitance versus voltage (CV) behaviour. From

Imaging calorimetry systems optimised for Particle Flow Analy-
sis [1] are proposed for future collider experiments such as the Compact
Linear Collider (CLIC) [2] or the International Linear Collider (ILC) [3].
The electromagnetic section of these designs often includes O (1000 m?)
of silicon pad sensors. For the luminosity measurement at such collid-
ers, a dedicated forward calorimeter called LumiCal [4] with similar

structure has been proposed to measure Bhabha scattering at small
angles. LumiCal is developed within the Forward Calorimetry collabo-
ration (FCAL). More recently, the Compact Muon Solenoid experiment
(CMS) has decided to use the same concept of a highly granular
sampling calorimeter in the upgrade of its endcap calorimeters [5] for
the High Luminosity phase at the Large Hadron Collider (HL-LHC). This
upgrade, commonly called HGCAL (High Granularity Calorimeter), will
use about 27000 silicon pad sensors to cover roughly 600 m2. Typically,
such sensors are made from 6- or 8-inch wafers, divided into several
hundred DG-coupled pads of O (0.1 to 1 cm?) in size.
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such measurements, parameters like the breakdown voltage Vy4 or the
capacitance at full depletion Cgy can be extracted. As these parameters
depend on the exact electric field configuration inside the sensor, it is
essential that all pads are biased during sensor characterisation, similar
to the operating of the experiment. This is especially true for the guard
ring area that surrounds the pad matrix and is generally the most prone
for high-field regions causing breakdown. Due to the lack of a common
bias structure in the sensors, a probe-card based system that connects
to all pads on the sensor simultaneously is required.
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The testing setup should be capable of measuring multiple sensor
layouts, sustain bias voltages of +1000V and handle up to 500 input
channels, approximately corresponding to the number of 0.5 ¢cm? pads
on an 8-inch wafer. Currents ranging from hundreds of pA to 10 pA
and capacitances up to 100 pF have to be measured accurately and
in a reasonable measurement time. Ideally, the system would also be
compact, cheap and easily portable to different laboratories. To fulfil
these requirements, a solution with a multi-channel multiplexer and
one set of precision instruments was selected. Commercially avail-
able instruments were selected for CV and IV measurements. For the
switching system however, no suitable commercial solution was iden-
tified. While several commercial switching systems offer the required
precision and long term stability, the number of channels is limited.
Therefore, one would have to stack several instruments in order to
support the required number of channels. An additional disadvantage
of this type of systems is related to the input connectivity requiring
hundreds of high quality shielded cables to be connected to the probe
card. Due to limitations of commercial systems, a dedicated switching
matrix together with a probe card has been developed to fulfil all
requirements of performance, compactness and cost. The system is
named ARRAY (switching mAtRix pRobe cArd sYstem).

Section 2 gives a technical description of the system. Section 3
shows results from the system’s calibration as well as example results
from IV and CV measurements on prototype sensors for HGCAL and
LumiCal. Section 4 discusses the measurement range of the system,
the precision of the capacitance measurement and the special case of
measuring irradiated sensors. Finally, Section 5 gives a summary.

2. The ARRAY sensor testing system

The switching matrix is designed as a plug-in printed circuit board
(PCB), called switch card, that sits directly on top of the probe card.
Fig. 1 shows the system from (a) the top and (b) the bottom. The
switch card is essentially a large array of multiplexers that controls the
measurement while the probe card is a passive device that provides
the connectivity to the sensor. As the sensor geometry changes, only
the probe card layout has to be adapted. So far, six cards have been
designed for the CMS and FCAL collaborations. Spring-loaded pins are
used to connect the probe card to sensor cells with ~1mm? contact
pads. The probe card can also be equipped with finer probe tips if a
more precise connection should be needed for e.g. silicon strip sensors.

The two cards are mechanically attached to a probe station, which
itself is inside a light-tight box. The sensor is held in place by a vacuum
chuck. Viewing holes inside the cards allow for x/y alignment of the
probe card relative to the sensor before contacting.

A simplified circuit diagram of the full system is shown in Fig. 2.
Infrastructure for IV and CV measurements, such as a high voltage
filter circuit or decoupling capacitors, is implemented on the switch
card. From the user’s side, only the HV power supply as well as
instruments for current and capacitance measurements have to be
provided. Firmware and design files are available under the CERN Open
Hardware license and can be found in [6]. The production cost of the
switch card are around 2500 CHF per PCB.! The cost of the probe card
is typically about a factor two less than for the switch card but depends
on the required number of spring loaded pins. The full system is roughly
the size of an A4 paper stack.

2.1. Probe card

The probe card consists of an array of spring-loaded pins with
1.4 mm travel range that are used to contact all individual sensor
pads (see Fig. 1(b)). The travel range avoids damaging the pads during
contact and ensures a uniform contact over the full sensor area. The

1 Prices refer to a production batch of five units including components,
assembly, tooling and production in Switzerland in 2018.
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chosen pins are 4.8 mm long and have a rounded tip with a radius of
250 pm. The contact marks on the sensor have about twice the diameter
of the marks from a conventional 12 um tip prober needle. To enable a
good electrical contact to the aluminium pads on the sensor, a force of
about 25¢g per pin has to be applied. This force has to be applied via
the mechanical integration into the probe station. Due to the spring-
loaded nature of the pins, the positioning accuracy is limited to about
+200 pm. For the guard ring with typical contact pads of few tens of
pm, this precision is not sufficient. Therefore, the probe card provides
an additional input that allows the use of an external probehead for the
guard ring connection with needles.

The pins, as well as the guard ring input, are then routed to the
connectors on the back side of the probe card, which plug into the
switch card. The routing avoids parallel tracks and maximises clearance
in order to limit parasitic capacitances. Test capacitances are added
to the probe card to allow for system calibration and cross checks.
Humidity and temperature sensors are integrated into the card to moni-
tor environmental conditions. For different sensor geometries, different
probe cards are used, yet all cards are based on the same concept. The
probe card is mechanically fixed to a steel mounting frame. The base
PCB is 2.2 mm thick. In the contact area of the pins, an additional
support layer of 2 mm thickness is used to provide mechanical support
and to facilitate the pin placement. An array of standoffs between probe
card and mounting frame prevents any significant bow in the PCB.
Typical flatness values are well below the travel of the pins.

2.2. Switch card

The signal originating from the probe card is routed via a multi-
plexer (MUX512) towards the readout instruments. To make the system
compact and ensure a long lifetime, solid state multiplexers are used.
Due to the limited number of channels available in such devices and
in order to minimise the parasitic capacitance, the MUX512 is imple-
mented in a hierarchical way, with three levels of 8-to-1 multiplexers.
The output multiplexer (MUXOUT) enables switching between the IV
and CV output circuits. Multiplexers of type MAX328 [7] have been
selected due to their small series resistance of typically 1.5k and their
leakage current of only a few pA. An additional 1kQ resistor offers
protection to the multiplexers on the switch card should the potential
on the low side of the diode drift too far away from ground. The total
value of Ry s from the multiplexers and this resistor is about 7 kQ.
Additionally, each channel can be shorted to ground using solid state
switches of type ADG1414 [8] to ensure proper bias for cells which are
not being measured.

The switch card provides six coaxial BNC connections to a source
measurement unit (SMU), LCR meter (LCR) and ammeter (AM). Al-
ternative triaxial connectors are also available for SMU and AM. For
the IV circuit, the output of MUXOUT is connected directly to the
measurement device and then returned to ground. There is also a simple
ammeter implementation directly on the switch card that can be used
for quick pass/fail qualification in mass testing. In the case of the CV
circuit, a high value resistor Ry, to ground is added to ensure proper
bias. This resistor raises the impedance in the parallel circuit and allows
for a measurement of the capacitance of a single pad, rather than all
pads on the sensor. Its value can be set to eight discrete values between
100kQ and 100 MQ. Two 1 pF capacitors Cqe. decouple the LCR meter
for the DC voltage.

The high voltage (HV) is connected to the switch card, routed via
the filter network of Ryy and Cgj, to the probe card and applied to the
sensor back side via the chuck. On the switch card, a microprocessor
controls on-board components and provides the user interface. The
settings of the switch card can be changed manually (using buttons)
or remotely via a software interface. The switching scheme is hard-
coded to always short all pads to ground first before switching the
pad-under-test. This way, switching under large loads is avoided. Since
the resistance of the diodes is typically well above 1 GQ, the change in
bias voltage is negligible.
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Fig. 1. Picture of the assembled two card system with view from (a) the top and (b) the bottom.
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Fig. 2. A simplified circuit diagram of the system. For CV measurements, the pad-under-test returns to ground via a variable bias resistor, and for IV measurements via the
ammeter. All other pads are directly shorted to ground. A hard-coded switching scheme guarantees that all pads are biased at all times. Acronyms are introduced in Section 2.2.

2.3. Data acquisition

The switch card is controlled via a USB serial interface. Two li-
braries have been developed to interface the card, one in Python and
one in LabVIEW™. They can be found in the design repository [6].
These libraries also provide the data acquisition and monitoring with
controls for a few common measurement instruments.

The total switching time between channels is around 100 ms. The
measurement of the current or capacitance per channel takes between
1s and 2s, depending on the external devices and integration times
that are used. An additional delay of a few seconds is used per voltage
step to account for the time constant introduced by Cgy.. and Ry;,s. In
the authors’ setup, a typical IV or CV scan for a sensor with about
150 pads takes about one hour for 15 voltage steps. This is at least
an order of magnitude faster than a semi-automatic probe station with
multiple probe heads could achieve, due to the needed settling time
after a change in voltage.

3. Measurement results
3.1. System calibration

The total current of the system drawn from a high voltage power
supply (here Keithley 2410) at 1000V as a function of time is shown

in Fig. 3 for the bare switch card, the assembly of switch card and
probe card as well as the assembled system when the LCR meter
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E . = switch card at 1000V
— 80| "~ «  switch + probe card at 1000V N
§ . '... v switch + probe card at 1000V, LCR disconnected
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time [s]

Fig. 3. The system’s total current over time at 1000V.

is disconnected. After charging of the capacitors, a small current of
about 10 nA remains for the bare and assembled two-card system. This
current disappears if the LCR meter is disconnected and can therefore
be attributed to the leakage current of the Cy.. on the switch card.
These measurements as well as all other measurements in this work
have been recorded at room temperature and a humidity of about 50%.

The per-cell current is measured with an external ammeter (here
Keithley 6487). The leakage current per channel is less than 10 pA at
1000V and is shown in Fig. 4.

The capacitance is measured with an external LCR meter (here
Keysight E4980A) and a parallel equivalent circuit is assumed. Fig. 5
shows the capacitance of the bare switch card and after assembly of



E. Brondolin, D. Dannheim, S. Kulis et al.

— 0.015 T T T T T T T
E switch card at 1000V
— 0.010F switch + probe card at 1000V E
g —— switch + probe card at 1000V, LCR disconnected
= 0.005F - 3
8 o Joct J,
0.000 -' wE
—0.005 B
—0.010 | 4
—0.015 L L L L 1 L L
0 64 128 192 256 320 384 448 512
channel [-]
Fig. 4. The system’s leakage current per channel at 1000V.
T 130 T T T T T T T
2 125F — switch card 3
o switch + probe card
o E
c
©
3 E
o
© £
© |
g % :
! I
L L L L L L

90 L
0 64 128 192 256 320 384 448 512

channel [-]

Fig. 5. The capacitance per channel for the switch card with and without a 136 channel
probe card connected. In the latter case, only the connected channels are measured.
The measured values are then subtracted from consequent sensor measurements.

switch and probe card. For the bare switch card (solid line in Fig. 5),
a step structure and two sub structures, each with a period of 8, are
visible. These structures are due to the three layers of multiplexers. The
absolute values can change by O (10%) from PCB to PCB, however the
structure remains unchanged. Once the probe card is attached to the
switch card, the capacitance of the channels with a connected trace on
the probe card is increased by up to 20 pF, depending on the routing
of that trace. These channels are shown as individual data points in
Fig. 5 for a probe card with 136 channels. The capacitance values are
constant over time and temperature and can therefore be corrected.
For sensor measurements, the corrected capacitance is obtained by
subtracting the values of the open measurement shown in Fig. 5,

(€8]

This is known as open compensation. Here, C,.s is the capacitance of
the ARRAY system plus sensor and C,,, the capacitance of the system
without sensor. The latter is measured with all pins lifted from the sen-
sor. This is however not the exact compensation as this would require
the removal of the single capacitance under test. With a full-size silicon
pad sensor, this is not possible and all pads are disconnected. The
systematic uncertainty introduced by this procedure has been analysed
with a SPICE simulation and is less than 0.1 pF in the frequency range
between 1 and 100 kHz. An open/short compensation [9] has also been
investigated in simulation and measurement but did not yield superior
results. All shown capacitance measurements in this work are corrected
by open compensation.

Ceor = Creas — Copen~

3.2. Example results

This section shows example results from measurements on prototype
sensors with the system. Fig. 6(a) shows the leakage current at 500 V
from a 6-inch LumiCal prototype sensor. The sensor consists of 256
p-on-n pads of varying sizes between about 16 mm? to 40 mm?. The
thickness is 320 pm. Here, one cell in the rightmost column has not been
contacted properly and its current is distributed among neighbouring
pads. Obtaining a proper electrical contact for a few hundred pads
with the spring-loaded pins requires a careful mechanical integration

171

Nuclear Inst. and Methods in Physics Research, A 940 (2019) 168-173

of the system into a probe station, to ensure a high level of parallelism
between the chuck and the mechanical frame that hosts the two cards.
A forward bias test can quickly validate that good contact is established
to all pads. With some practise, this can typically be achieved on the
first or second attempt. Fig. 6(b) shows a few example IV curve from
the same sensor. The error bars corresponds to the standard deviation
from five consecutive measurements.

Fig. 7(a) shows the leakage current of a prototype 6-inch p-on-n
sensor for CMS HGCAL at 1000V. The sensor consists of 135 mostly
hexagonal pads of about 1 c¢cm? size surrounded by a grounded guard
ring that is shown as a line around the sensor pads. The sensor’s
nominal active thickness is 300 pm. When comparing the total current
measured at the SMU with the sum of all measured channels at 1000V,
the results agree within a few nA (not shown). This difference is caused
by the small leakage current through the HV decoupling capacitors,
as shown also in Fig. 3. For R&D purposes, the sensor is segmented
into four quadrant geometries with different inter-pad gap distances,
ranging from 20 pm to 80 pm. Fig. 7(b) shows the capacitance at 400 V
(100V above full depletion) measured at 1 kHz and Ry, set to 10 MQ.
The influence of the different quadrants on the inter-pad capacitance
and therefore the pad capacitance can be resolved. The results match
the expectations from prior TCAD simulations [5, pg. 119] at the
nominal thickness within +0.5 pF.

Fig. 8(a) shows the corrected CV curves measured at 10 kHz and
Rpias Set to 10MQ from a set of 8-inch n-on-p HGCAL prototype sensors
that have been produced in 120 pm, 200 pm and 320 pm active thick-
ness with identical frontside processing. The deviation of the measured
capacitance values for identical pads across a full sensor is typically
around 0.1 pF. Fig. 8(b) shows the measured capacitance values of the
same sensors at the maximum voltage point from Fig. 8(a) as a function
of the measurement frequency. The measurement results are stable up
to 10 kHz. At higher frequencies, the series resistance of the multiplexer
network prevents a correct measurement (see Section 4.3).

4. Discussion of system aspects
4.1. Measurement range

For the current measurement, the lower limit is given by the preci-
sion of the external measurement device that is used. Currents of a few
hundred pA have been routinely measured. The upper limit is given by
the voltage drop across the series resistance of the multiplexer network
Ryeries- If @ drop of 1V is acceptable, the limit is about 100 pA. Pads
with higher currents, e.g. pads with breakdown voltages lower than the
design value, are masked in software to avoid further measurements at
higher voltages of this specific pad. The pad is then shorted to ground
at all times. For the capacitance measurement, values between 5 and
100 pF have been tested.

4.2. Measurement of irradiated sensors

For irradiation studies going beyond hadron fluences of 10> 1 MeV
neutron equivalent per cm?, as will be the case for HL-LHC, the leakage
current of the sensors will exceed 1pA/cm?, even when cooled to
temperatures of —30 °C. The total current for an 8-inch sensor will
likely reach a few mA. For such studies, the voltage drop across Ryy
(see Fig. 2), which has to carry the full sensor current, becomes non-
negligible. In the default implementation, this value is set to 40kQ.
Depending on the desired total current range and acceptable voltage
drop, this value can be reduced without significant impact on any
measurement. If simultaneous CV studies are desired for pads with large
per-cell currents, Ry;,s becomes the limiting resistor. For safe operation
of the multiplexers, the voltage drop across Ry;,s should not exceed
10V. The value of this resistor can be set in software to values between
100kQ and 100 MQ. The effect on the precision of the capacitance
measurement depends on the capacitance and frequency of interest, as
discussed in the following section.
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Fig. 6. (a) Leakage current map of a LumiCal prototype sensor at 500V bias (colour on-line). The current of one badly contacted pad is distributed to neighbouring pads. (b)
Example IV curves from the same sensor. The error bars corresponds to the standard deviation from five consecutive measurements.
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Fig. 7. Pad values for (a) leakage current at 1000V and (b) capacitance at 400V measured with 1kHz for an example 6-inch 135 pad p-on-n sensor measured with the ARRAY
system (colour on-line). The four quadrants in the capacitance measurements correspond to four different cell geometries on the sensor. The guard ring is depicted as a line

surrounding the sensor pads.
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Fig. 8. (a) CV curves for a set of three example sensors with identical frontside processing but different active thickness. Measured with 10kHz. (b) The frequency dependency

of the measured capacitance at the maximum voltage point.

4.3. Precision of the capacitance measurement

The two main factors determining the precision of the capaci-
tance measurement are Ry;,s, which increases the impedance of the
circuit parallel to the pad-under-test, and the series resistance of the
multiplexer network Rgeies. TO estimate their influence, a SPICE simula-
tion [10] of the system including 270 parallel sensor pads, correspond-
ing to a specific probe card layout, has been implemented. Parasitic
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capacitances to ground and to neighbouring channels have been added
to the simulation according to laboratory measurements.

Fig. 9(a) shows the systematic measurement uncertainty as a func-
tion of the measurement frequency at a pad capacitance of 50 pF
for different values of Ry;,s. At low frequencies, the pad impedance
becomes comparable to an O (1 MQ) resistor. If the value of Ry;,s is
too small, the impedance of the circuit parallel to the pad-under-test
is not negligible anymore. At higher frequencies, the pad impedance
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Fig. 9. Predicted systematic uncertainty of the capacitance measurement from SPICE simulations for (a) different values of Ry, at a pad capacitance of 50pF and (b) at

Ryias = 1 MQ for different frequencies as a function of the pad capacitance.

decreases and eventually becomes comparable to O (1kQ) and there-
fore Ryepies- In this case, the parallel equivalent model used to calculate
a capacitance from the measured impedance becomes invalid and
introduces a systematic uncertainty. While R . is @ given limitation
of the system, Ry;,; can be set in software according to the measured
leakage current. Fig. 9(b) shows the systematic uncertainty on the mea-
surement as a function of the pad capacitance for different frequencies
at Ry;ps =1MQ. A systematic uncertainty of better than 0.2pF can
be maintained over the range from 1 to 100 pF with any frequency
between 1 and 5kHz.

5. Summary

ARRAY is a compact, modular, precise and cost efficient system for
large area silicon pad sensor characterisation. The system consists of
two plugin PCBs: an active switching matrix with 512 input channels
that holds all controls and a passive probe card that connects to the
sensor. The latter can be adapted to any sensor geometry. Six such cards
have been designed so far for the CMS and FCAL collaborations. The
system delivers accurate measurements for a large range of cell currents
and capacitances. The maximum bias voltage that can be applied to the
sensor is +1 kV. Currents ranging from 500 pA to 5 pA and capacitances
between 5pF and 100 pF have been measured so far. A precision of
better than 0.2 pF on capacitance measurements in that range can be
achieved. The design files, firmware and two software implementations
are available under open source licenses.
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