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AsTrACT: MIMOSIS is a CMOS Monolithic Active Pixel Sensor (CPS) developed to equip the
Micro Vertex Detector (MVD) of the Compressed Baryonic Matter (CBM) experiment at FAIR/GSI.
The sensor will combine a spatial resolution of —5 pm with a time resolution of 5 ps and provide
a peak hit rate capability of ~80 MHz/cm?. To fulfil its task, MIMOSIS will have to withstand
ionising radiation doses of ~5 MRad and fluences of ~7 x 103 Neq/ cm? per year of operation.

The paper summarises major requirements of the CBM-MVD and compares them to the
detection performances of the first full scale prototype, called MIMOSIS-1, recently evaluated in the
laboratory and with particle beams. The tolerance of the sensor to the expected ionising radiation
load was evaluated; the paper describes the measurements performed and their outcome.

Keyworps: Particle tracking detectors (Solid-state detectors); Pixelated detectors and associated
VLSI electronics; Radiation-hard detectors; Si microstrip and pad detectors
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1 Introduction

The MIMOSIS CPS will equip the Micro Vertex Detector (MVD) [1] of the Compressed Baryonic
Matter (CBM) experiment [2], which is being built at the FAIR facility in Darmstadt, Germany. The
fixed target experiment will explore the QCD phase diagram in the region of high baryon densities
and probe the related hot and dense baryonic matter with rare probes such as di-leptons, multi-strange
and (open) charm particles. CBM will create this hot and dense matter by means of heavy ion (resp.
p+A) collisions at various beam energies ranging up to 10 AGeV (resp. 28 GeV). The collision rate
will amount 100 kHz (resp. 10 MHz with p+A collisions) if the MVD is used. It may be further
increased to 10 MHz (Au+Au collisions), if this detector is removed.

The MVD will be operated in the target vacuum at 5-20 cm downstream of the experimental
target and as close as 5.5 mm from the beam axis. The requirements on the MVD and MIMOSIS
are motivated by the need to reconstruct the secondary decay vertex of open charm particles. To
match this goal, the sensor should provide a spatial resolution of ~5 pm. Thinning it to ~50 pm
(0.05% Xp) will allow to achieve an overall material budget of 0.3% X, for the first detector station.

The MVD will have to withstand integrated radiation doses of 5 MRad and 7 x 10'3 Neq/ cm? per
CBM year of operation. Most ionising radiation is caused by ¢-electrons kicked out of the target by
the primary beam. While being partially deflected by the field of the 1 Tm dipole magnet of CBM,
the majority of the electrons penetrate the MVD stations within a few cm? wide hot-spot located
nearby the beam axis. This hot-spot, as well as the fixed target geometry of CBM, create sizeable
gradients of radiation doses over the sensor, which may reach one order of magnitude. Moreover,
the sensors will be exposed to < 1 kHz/cm? nuclear fragments and beam halo ions and must resist to
beam impacts as caused by beam steering mistakes. This issue is discussed in [3].
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Figure 1. Photograph of the Figure 2. Block diagram of the AC (top) and DC (bottom) coupled
MIMOSIS-1 sensor. pixels.

1.1 Sensor design

The realisation of MIMOSIS relies on an industrial 180 nm CMOS imaging process. The sensor will
feature 1024 columns of 504 pixels, the latter being 30 pm X 27 pm wide. Each pixel integrates a
complete amplifier/shaper/discriminator chain, inspired by the read-out architecture of the ALPIDE
sensor equipping the ALICE-ITS2 detector [4]. If the signal charge related to a particle hit exceeds
the discriminator threshold, the analogue front-end samples and holds this information. At the end
of a 5 ps long integration time (frame), the hit information is forwarded to an output memory of
the pixel. The output memories of the 1008 pixels composing two neighbouring columns are read
out by a common priority encoder and sent via two levels of data concentration stages to an elastic
buffer. The bandwidth of the buffers and data buses upstream of the elastic buffer are foreseen to
treat a burst rate of up to 80 MHz/cm? and to buffer this information for consecutive bursts over a
duration of up to 50 ps. The output of the elastic buffer sends the data obtained via up to eight data
links of 320 Mbps each. This data interface allows for a continuous average data rate corresponding
to up to 20 MHz/cm? (depending on the distribution of hits and data formatting overhead). This data
handling circuitry, incorporating an elastic buffer, reflects the assumption that the intensity of the
beam delivered to CBM will fluctuate by roughly a factor of three around its average value. More
information on the motivation and the concept of the data buffers can be found in [5].

MIMOSIS-1, shown in figure 1, is a full size prototype containing all features mentioned above
but still missing a few components, e.g. concerning single event effect protection and on-chip cluster
finding, which will be implemented in the next prototyping step. The sensor was manufactured with
wafers composed of a 25 pm thick epitaxial layer. It hosts two arrays of traditional DC-coupled pixels
as known from ALPIDE, which are internally denoted as type A and B. They are operated with a back-
bias voltage of typically —3 V allowing to deplete (partially) the sensitive volume. The sensor also
hosts two AC-coupled pixel flavours (denoted C and D), which allow to top bias the sensor with deple-
tion voltages raising up to 30 V or more. A block diagram of both pixel types is depicted in figure 2.

The pixel array is divided into four sub-arrays reflecting the four pixel flavours. From left to
right, the arrangement is as follows: 128 columns with DC-pixels (sub-array A), 384 columns with
DC-pixels (sub-array B), 384 columns with AC-pixels (sub-array C) and 128 columns with AC-pixel
(sub-array D). Sub-arrays A and B differ by design details of the in-pixel pre-amplifier transistors;
similar variations differentiate AC-pixels composing sub-arrays C and D. These design variants are
motivated by the search for enhanced radiation tolerance.



Neither a significant degradation of the pixel performance nor an added value was observed
among these pre-amplifier variants. The studies presented here concentrate therefore on sub-arrays
B and C.

MIMOSIS-1 was fabricated with different epitaxial layer profiles: a standard (i.e. uniformly
doped) layer and a few alternatives with doping profile modifications proposed in [6, 7] to extend the
epitaxial layer depletion. A cross-section of the sensing elements denoted as “standard”, “p-stop”
and “n-gap” is shown in figure 3. These epitaxy variants were produced on separate wafers, each
hosting the four pixel types A-D. Thus, a total of 12 combinations of pixel micro-circuits and sensing
elements were studied. The standard epitaxy tends to remain partially depleted, which benefits to
charge sharing and thus to the spatial resolution. This holds in particular if low depletion voltages are
applied, a typical situation encountered with DC-pixels. Instead, the “p-stop” and “n-gap” variants
are designed to reach full depletion, in particular if being combined with the high depletion voltages
available in AC-pixels. A drawback is a reduced charge sharing, which hampers improving the
pixel’s spatial resolution by exploiting centre-of-charge arguments. Therefore, depleting the pixels
was expected to deteriorate (moderately) the spatial resolution.
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Figure 3. Three different sensing node, viz. epitaxy doping profile, options used in MIMOSIS-1. Reprinted
from [6], Copyright 2017, with permission from Elsevier.

2 Experimental conditions

2.1 Irradiation procedure

Several MIMOSIS-1 chips were irradiated with X-rays at the Karlsruhe Institute of Technology,
Germany. The irradiation was performed at room temperature and with a rate of ~280kRad/h using
a 60kV X-ray generator with tungsten anode and vanadium filter. The dosimetry was carried out by
the operators of the X-ray source. Its uncertainty is considered to amount to about 10%. The sensors
were operated with nominal slow control settings and voltages during the irradiation. Moreover,
a voltage of 10V was applied to the AC-pixels and the back-bias voltage was set to =3 V. The
irradiated sensors were stored at room temperature and tested afterwards.

2.2 Noise measurement

The sensors were tested in the laboratory to study their discriminator threshold dispersion and
noise performance. For this purpose, the pixels were pulsed via charge injection upstream of
the pre-amplifier and their response was recorded for a wide range of threshold values. For each



threshold setting, the pulse amplitude was initially set below threshold and raised step by step until
all pulsed pixels responded. This “threshold scan” was repeated at least hundred times for each
threshold setting. For each step, the fraction of pixels fired was recorded and treated as a probability
describing an error-function, the so-called “S-curve”. The derivative of the curve obtained for each
individual pixel exhibits a Gaussian shape, its width expressing the pixel (thermal) noise while
the curve inflection point defines its threshold. The distribution of the threshold values found for
each pixel was roughly Gaussian. Its mean value was interpreted as the (average) threshold of the
pixel matrix for a given setting. The width of the distribution is a measure of the dispersion of
the thresholds of the individual pixels and often referred to as Fixed Pattern Noise (FPN). The
FPN is of relevance since the pixels of MIMOSIS-1 are not equipped with individual trim DACs as
the latter would be too sizeable. Threshold values are thus viable as long as the number of pixels
exhibiting a particularly unfavourable threshold remains small. Due to the long time required for the
measurement, only about one third of the pixels, essentially located in the centre of the pixel array,
were scanned. The validity of this approach was confirmed by comparing the results with those of
scans of the full matrix for selected points.

The pixel threshold values were normalised to units of electron charge relying on the knowledge
of the capacitance of the pulse injection capacitor. The design capacity of those capacitors amounts
160 aF (1e/mV). This value is used in the following although it still needs experimental confirmation
and being aware that related simulations indicate that shifts as large as ~50 % are not excluded. This
uncertainty affects the electron-axis of all plots shown in this work. Efforts to reduce the uncertainty
have been initiated, which are expected to end up with a more accurate conversion factor.

2.3 The MIMOSIS-1 beam telescope and data analysis

To measure their detection efficiency and spatial resolution, the sensors were tested with a telescope
composed of six planes of MIMOSIS-1 chips. The sensors were wire-bonded to a PCB and
individually placed in a temperature stabilised dark chamber operating with a coolant temperature of
15 °C. The planes are 1.5 cm distant. The two outer pairs of sensors were operated as reference planes
and equipped with 60 pm thin sensors featuring a standard epitaxial layer for the sake of optimal
spatial resolution. The two middle sensors were operated as Devices Under Test (DUT). All sensors
were operated in a synchronised way. A scintillator hodoscope was available in case of trigger
needs, but it was decided to operate the sensors in free streaming mode during the measurements
summarised hereafter.

The data was processed with the TAF data analysis package [8]. Hits from typically 5 consecutive
frames were merged during the data analysis to reduce artefacts introduced by the few 100 ns time
walk of the pixels [5] in a simple way. A reference track was considered as identified if it was
detected by all four reference planes and a particle was considered as detected by the DUT if a hit
was found within less than 100 pm from the hit projected from a reference track. The resolution was
derived from the distance between the extrapolated beam particle hit position and the closest hit
found in the DUT within the search window. The centre-of-gravity of the hit clusters was computed
to improve the spatial resolution of all detector planes. We assume a resolution on the extrapolated
hit position of 2.5 + 0.5 pm. Moreover, a multiple scattering term of 1.5 + 0.15 pm was accounted
for. The sensor dark rates were measured in beam test position with activated telescope. A marginal
amount of pixels exhibiting an individual dark rate above 10~ were masked offline. This affected



less than 10~ of the pixels composing the sub-array under test even for the lowest threshold values
considered. The results reported in this paper are based on tests performed at DESY with a ~5 GeV
electron beam of a few kHz particle rate turning into < 1 track per frame in average.

3 Results

3.1 Noise and threshold

Typical values of the thermal noise and FPN observed with MIMOSIS-1 are shown in figure 4. The
measurement was recorded with the AC-coupled pixels of “p-stop” epitaxial layer; it illustrates the
behaviour of the other pixel and epitaxial layer variants. One observes that the thermal noise is
~4.5 e ENC (Equivalent Noise Charge) before irradiation while the FPN varies from 6 to 8 e ENC
depending on the threshold value. The thermal noise raises to ~6 ¢ ENC and ~12 e ENC for sensors
exposed to integrated doses of 1 and 5 MRad respectively, while the FPN raises and stays between 8
e ENC and 13 e ENC, depending on the threshold value, for both irradiation doses. It is noticeable
that the thermal noise remains modest even after the highest dose applied and although the sensor
was operated at a stabilised room temperature.
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Figure 4. Thermal noise (left) and FPN (right) as a function of the pixel discriminator threshold and of the
integrated ionising radiation dose, for the AC-pixel with “p-stop” epitaxial layer, operated with —3 V back-bias
and 10V top-bias voltages.

3.2 Beam tests results

Beam tests of irradiated sensors were performed with chips made of standard and “p-stop” epitaxial
layers. A thinned “n-gap” based sensor was also irradiated but was damaged during handling. The
“n-gap” measurements were repeated but the data is still under analysis. All results displayed in
figures 5, 6, 7 and 8 were obtained with a —3 V back-bias voltage, together with 10 V top-bias in
case of the AC-coupled pixels. Figure 5 compares the detection efficiencies observed with irradiated
and non-irradiated sensors. They all exhibit an excellent detection efficiency close to 100% for
thresholds below 180 e, independently of the radiation dose. For higher threshold values, AC-pixels
with standard epitaxial layer exhibit an essentially modest performance decrease. Surprisingly, the
decrease is most pronounced for the non-irradiated sensor, while the irradiated sensors show better
performances. This may reflect the still preliminary aspect of the studies: for instance, the possibility
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that the steering voltages used during the beam tests were not yet fine-tuned at the same degree
for all chips is not excluded and leaves room for improvement. The related dark rates recorded are
shown in figure 6. One observes that the dark rate of the non-irradiated pixels remains marginal.
After irradiation, it increases by orders of magnitude but remains below the 107 per pixel readout
level, which complies with the MVD requirements. This result was obtained while masking less
than 10~ of all pixels under test as discussed previously.

The cluster multiplicities of the sensors and the related spatial resolutions are shown in figure 7
and figure 8, respectively. Higher cluster multiplicities are beneficial for improving the resolution
by computing the centre-of-gravity of the clusters. The resolution displayed holds along the short
dimension of the non-squared pixel, the resolution found in the other dimension being about 10%
worse. As expected, the cluster multiplicity shrinks with enhanced depletion, the DC-pixel with
standard epitaxy exhibiting the largest clusters while the AC-pixel with “p-stop” epitaxy offers the
smallest ones. This is reflected in the spatial resolution, which varied between about 4 pm and 6 pm,
depending on pixel and threshold. We observe that the cluster multiplicity and the resolution are
essentially not affected by the radiation dose, which meets our expectation for ionising radiation.
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4 Summary and conclusion

MIMOSIS-1, the first full scale prototype of the future MIMOSIS CPS, was tested for its tolerance to
ionising radiation. The prototyping investigates among others novel in-pixel circuitry and epitaxial
layer variants allowing to enhance the depletion of the sensitive volume.

Several chips were irradiated with ionising doses of up to 5 MRad and tested in the laboratory
and with beam particles. After irradiation, one observes a modest increase of the thermal noise
and of the FPN. However, both remain at an acceptable level below 14 e ENC for both noise
contributions, the highest dose applied and at a stabilised room temperature.

Exposed to beam particles, the irradiated sensors showed a detection efficiency close to 100%
for threshold values ranging from about 120 e to 180 e, for all pixels with standard and “p-stop”
epitaxial layers. The spatial resolution of the pixels is not significantly influenced by the radiation
doses. It is found in the range 4-6 pm, depending on the pixel type and discriminator threshold, as
well as on the epitaxy doping profile. No results are yet available on the performance of the “n-gap”
pixel, the analysis being still under way. Moreover, the consequences of possible radiation dose
gradients crossing the sensor area remain to be studied.



Overall, the studies realised so far support the statement that MIMOSIS-1 shows excellent
performances after being irradiated with integrated doses of up to 5 MRad, thereby satisfying the
CBM-MVD requirement.
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