
Efficiency and timing performance of the MuPix7 high-voltage monolithic active pixel

sensor

Heiko Augustina, Niklaus Bergerb,∗, Sebastian Dittmeiera, Carsten Grzesika,b, Jan Hammericha, Ulrich Hartensteinb, Qinhua

Huangb,1, Lennart Hutha, David Maximilian Immiga, Moritz Kiehna,2, Alexandr Kozlinskiyb, Frank Meier Aeschbachera, Annie
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Abstract

The MuPix7 is a prototype high voltage monolithic active pixel sensor with 103×80 µm2 pixels thinned to 64 µm and incorporating

the complete read-out circuitry including a 1.25 Gbit/s differential data link. Using data taken at the DESY electron test beam, we

demonstrate an efficiency of 99.3 % and a time resolution of 14 ns. The efficiency and time resolution are studied with sub-pixel

resolution and reproduced in simulations.
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1. Motivation

High-rate precision experiments in particle physics require

fast, high-resolution tracking detectors. For low momentum

particles, multiple Coulomb scattering in detector material is

the main source of tracking uncertainty and thus the material in

the tracking volume has to be minimized. High voltage mono-

lithic active pixel sensors (HV-MAPS) [1, 2, 3, 4, 5] allow for

the construction of fast, pixelated and thin particle detectors.

A commercial high voltage process (AMS 180 nm HV-CMOS)

allows for deep n-wells in a p-doped substrate; a high voltage

of around 90 V between the n-wells and the substrate creates a

thin depletion zone with very large fields, leading to fast charge

collection. Inside of the deep n-well, shallow p and n-wells

can be placed, allowing for the implementation of CMOS tran-

sistors; in particular, an amplifier circuit can be placed directly

inside the pixel. As the active region is very thin, most of the

substrate can be removed after manufacturing and sensors with

a thickness down to only 50 µm can be obtained.

The Mu3e experiment [6] searches for the lepton-flavour vi-

olating decay µ+ → e+e−e+ aiming for a sensitivity of one in

1 · 1016 decays. In order to track more than 1 · 109 electrons and

positrons per second and determine their momentum with high

precision, four layers of HV-MAPS sensors in a barrel geom-

etry will be used [7]. For accidental background suppression
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and to ease the reconstruction of tracks in this very high rate

environment, a good time resolution of the tracking detector is

essential.

In preparation for the Mu3e experiment, we have produced

and characterized a series of HV-MAPS prototypes, the MuPix

chips [8]. In this series, the MuPix7, is the first prototype incor-

porating the complete functionality required for the experiment:

signals are amplified in the pixel and driven to the chip periph-

ery by a source-follower. A comparator compares the signal to

a threshold, which is adjustable individually for each pixel. In

case a hit is detected, an eight-bit Gray-encoded timestamp is

stored. Priority logic coupled to a state machine collects and se-

rializes the hit times and column and row addresses and sends

them off-chip using a 1.25 Gbit/s low-voltage differential sig-

naling readout link5 with 8bit/10bit encoding [9]. The active

area of the chip is 3.2 mm × 3.2 mm incorporating a matrix of

32 × 40 pixels resulting in a pitch of 103 µm in column direction

and 80 µm in row direction. The sensors were thinned to 64 µm.

A detailed description of the system and global efficiency and

noise measurements can be found in reference [10].

In this work, we present a detailed study of the efficiency

and time resolution of the MuPix7 with sub-pixel spatial reso-

lution. This is of particular interest, as there are nine separate,

shorted charge-collecting diodes in each pixel, see figure 1, and

it has to be ensured that charge is also collected efficiently from

the space between the diodes. In fact, charge sharing between

pixels is known to be the largest contribution to efficiency losses

in MuPix chips. Optimizing the diode geometry to ensure effi-

cient charge collection with the lowest possible capacitance is

5the chip and link are fully functional up to 1.6 Gbit/s, we however typically

operate it at the lower frequency

Preprint submitted to Nuclear Instruments and Methods A July 3, 2018

ar
X

iv
:1

8
0

3
.0

1
5

8
1

v
2

  
[p

h
y

si
cs

.i
n

s-
d

et
] 

 3
0

 J
u

n
 2

0
1

8







 / ndf 2χ  368.7 / 21

Constant  3.730e+01± 1.219e+04 

Mean      0.0±109.2 − 

Sigma     0.04± 13.51 

Time difference [ns]
200− 150− 100− 50− 0 50

N
u
m

b
e
r 

o
f 

e
n
tr

ie
s
 /

 2
n
s

2000

4000

6000

8000

10000

12000  / ndf 2χ  368.7 / 21

Constant  3.730e+01± 1.219e+04 

Mean      0.0±109.2 − 

Sigma     0.04± 13.51 

Figure 6: Difference between the hit timestamp and the scintillator coincidence

time for hits matched to a track measured with HV=−85 V and a threshold of

65 mV. The offset of 110 ns is given by differences in the cabling- and process-

ing delays. A Gaussian distribution is fitted to the peak region of the difference

distribution.
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Figure 7: Time over threshold length versus the difference between the hit

timestamp and the scintillator coincidence. Only hits matched to a track are

shown, measured with HV=−85 V and a threshold of 65 mV. The ToT infor-

mation is only read for one pixel at a time, hence the reduced statistics.

The time resolution was studied by comparing the pixel hit

times and the time of the scintillator coincidence, see figure 6.

A Gaussian function is fitted to the peak region of the distribu-

tion and a core time resolution of 13.5 ns (with a negligible con-

tribution from the scintillator setup) is obtained. There is how-

ever a sizable tail towards late MuPix hits caused by the time-

walk of small signals. For one pixel per MuPix7, the time over

threshold information is read out, it is plotted in figure 7 versus

the time difference between hits in this pixel and the scintil-

lator coincidence, clearly exhibiting the time-walk behaviour.

The hit timestamp in the MuPix7 is saved when the pixel signal

crosses the (fixed) comparator threshold. The time resolution

can thus be influenced by variations in the signal size due to

fluctuations in the collected charge, pixel-to-pixel production

variations in the amplifier and comparator circuits, drops of the

high, low and bias voltages over the chip as well as the length

of signal pathways.

In order to study the spatial variation of the time resolu-

tion, we analyzed slices both in column- and row-direction sep-

arately. For the spatial distinction, the extrapolated telescope

track position of the matched hit was used. For the selected

hits, the differences between the hit and all recorded scintillator

timestamps of that event were studied using the mean (delay)

and width (resolution) obtained from the Gaussian fit.

Figures 8 and 9 show the average delay and the resolution

of the time measurement in dependence of the row and column

axis. In particular the delays vary beyond the purely statistical

expectation; however no significant slope is apparent, which in-

dicates that voltage drops over the small chip and signal trans-

mission times do not significantly contribute. Decreasing the

high voltage and increasing the threshold leads to later hits with

a larger dispersion in time, but also here no structures on the

chip are apparent.

In order to study the influence of the signal size on the time

measurement, we perform an average over all pixels and study

delay and resolution as a function of the hit position in the pixel;

towards the edges and corners, charge is shared between sev-

eral pixels and the signal seen by the pixel under study is thus

smaller. This effect is clearly visible in figure 10, where we

show the fitted delay and width averaged over two columns us-

ing the reduced high voltage/efficiency settings. The signal ar-

rives later and the time resolution is worse at the pixel edge;

in addition, effects from the diode structure shown in figure 1

become visible. At −40 V, the region between the diodes is

not completely depleted and part of the deposited charge is lost

due to recombination or collected much slower via diffusion.

In addition, the electrical connections between the nine diodes

are not ideal conductors; the effective detector capacitance thus

becomes a function of the hit position within the pixel.

A comparison – using the nominal high voltage and a low

threshold – between an unrotated sensor and a sensor rotated

horizontally by 45 degrees relative to the incoming particle di-

rection (leading to a signal enhanced by a factor
√

2 compared

to perpendicular operation) is shown in figure 11. The projected

pointing resolution in column direction is worsened by the rota-

tion, we thus show the row projections, in which the pixel edges

are still visible but significantly reduced and the diode structure

is no longer discernible for the rotated sensor. Not surprisingly,

a large signal greatly improves the timing performance; in fu-

ture versions of the MuPixwe consequently plan to use a higher

resistivity substrate which will lead to a thicker depletion zone

and thus a larger collected charge.

5. Simulation

We have simulated the charge collection in the pixel using

Synopsys TCAD (Technology Computer Aided Design) tools

[16]. The 2-D simulation models a slice through the centre of

the pixel in column direction (see figure 1). A linear energy

transfer along the particle track of 20 aC/µm was assumed in

the heavy ion model of Sentaurus device [17]. Particle inci-

dence is at a right angle to the sensor and the impact point is

varied along the column direction. The charge collection curve

in the diode at −40 V and −85 V is fitted with an exponential

and the time constant is determined. The charge collection time

is expected to be linearly correlated to the measured latency by
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Figure 8: Mean (left) and width sigma (right) of the difference between hit and scintillator coincidence timestamp, determined from a Gaussian fit to the distribution

for each row; measured with HV=−85 V and a threshold of 65 mV (green squares) as well as HV=−40 V and a threshold of 70 mV (purple triangles).
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Figure 9: Mean (left) and width sigma (right) of the difference between hit and scintillator coincidence timestamp, determined from a Gaussian fit to the distribution

for each column; measured with HV=−85 V and a threshold of 65 mV (green squares) as well as HV=−40 V and a threshold of 70 mV (purple triangles).
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Figure 10: Mean (left) and width sigma (right) of the difference between hit and scintillator coincidence timestamp, determined from a Gaussian fit to the distribution

for slices of 3.4 µm width in column direction; measured with HV=−85 V and a threshold of 65 mV (green squares) as well as HV=−40 V and a threshold of 70 mV

(purple triangles). Sub-units of 2 columns are stacked on top of each other.
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Figure 11: Mean (left) and width sigma (right) of the difference between hit and trigger timestamp, determined from a Gaussian fit for slices of 2.7 µm width in

row direction; measured with HV=−85 V, a threshold of 70 mV and a rotation of 45 degrees (purple triangles) as well as HV=−85 V, a threshold of 65 mV and no

rotation (green squares), sub-units of 2 rows are stacked on top of each other.
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Figure 12: Comparison of the measured delays (stacked two-pixel cells, left

scale, black points with error bars) and the simulated charge collection times

(right scale, red curve), for a 10 µm wide slice in column direction in the centre

of the pixel (see figure 1) measured with HV=−40 V. Note that the simulation

does not include the tracking resolution and the amplification and hit detection

circuitry.
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Figure 13: Comparison of the measured delays (stacked two-pixel cells, left

scale, black points with error bars) and the simulated charge collection times

(right scale, red curve), for a 10 µm wide slice in column direction in the centre

of the pixel (see figure 1) measured with HV=−85 V. Note that the simulation

does not include the tracking resolution and the amplification and hit detection

circuitry.
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an unknown scale factor determined by the amplifier and com-

parator circuitry. The simulated time constants are plotted in

figures 12 and 13 and compared to the measurements, selecting

a 10 µm wide slice in the centre of the pixel (figure 1). Taking

into account the limited position resolution of the measurement,

all major features are reproduced by the simulation, giving us

confidence that simulations can be used to further optimize the

charge collection and timing behaviour in future devices.

6. Conclusions

Using the test beam facility at DESY and an EUDET pixel

telescope we have performed studies of efficiency and timing

resolution of the MuPix7 high voltage monolithic active pixel

sensor. At the nominal operation point, the sensor reaches an ef-

ficiency of 99.3 % for perpendicular 4 GeV electron tracks. The

remaining inefficiency is due to charge sharing between pixels,

particularly in the pixel corners; no effect of the segmentation

of each individual pixel into nine electrodes is visible.

The time resolution at nominal settings is about 14 ns; our

study shows that it is dominated by time-walk, which can be

easily seen at the pixel edges, where the signal size in the pixel

is reduced due to charge sharing between pixels. Measurements

with reduced efficiency settings make in-pixel variations due to

the split charge collection diode visible and are well modeled

by a TCAD simulation. With the larger charge deposited by

particles crossing at 45 degrees to the sensor planes, both inef-

ficiencies and sub-pixel timing variations are hardly observable.

For future versions of the MuPix, we thus intend to use a higher

resistivity substrate, leading to an increased collected charge.

We will also explore several schemes for time-walk compensa-

tion with the aim of a further reduction of the time resolution.
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