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Detectors based on Chemical Vapor Deposition (CVD) diamond have been used successfully in
Luminosity and Beam Condition Monitors (BCM) in the highest radiation areas of the LHC.
Future experiments at CERN will accumulate an order of magnitude larger fluence. As a result,
an enormous effort is underway to identify detector materials that can operate under fluences of
1 ·1016 n cm−2 and 1 ·1017 n cm−2. Diamond is one candidate due to its large displacement energy
that enhances its radiation tolerance. Over the last 30 years the RD42 collaboration has constructed
diamond detectors in CVD diamond with a planar geometry and with a 3D geometry to extend the
material’s radiation tolerance. The 3D cells in these detectors have a size of 50 µm×50 µm with
columns of 2.6 µm in diameter and 100 µm×150 µm with columns of 4.6 µm in diameter. Here
we present the latest beam test results from planar and 3D diamond pixel detectors.

10th International Workshop on Semiconductor Pixel Detectors for Particles and Imaging (Pixel2022)
12-16 December 2022
Santa Fe, New Mexico, USA
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1. Introduction

Diamond detectors have firmly established themselves in particle physics experiments. For
more than two decades they have been utilized as luminosity monitors, beam condition monitors,
and beam protection devices for a number of high energy experiments [1–5].

Among the big advantages of diamond particle detectors are their simplicity and robustness. A
typical diamond detector consists of a flat piece of diamond produced by Chemical Vapor Deposition
(CVD) with two metal contacts on each side to which an external bias is applied. This arrangement
forms a solid state ionization chamber. A charged particle passing through creates electron-hole
pairs, whose drift under the applied electric field induces a signal which is then registered by the
front-end electronics.

Although the large band gap of diamond results in signals smaller than those in silicon devices
of the same thickness, it does prevent large (> few nA) leakage currents. This allows for diamonds
to be used without external cooling and even at elevated temperatures. It also, together with low
dielectric constant, results in low noise in the detector.

Another advantage of CVD diamonds is their high radiation tolerance. The RD42 collaboration
has measured the signal dependence of diamond detectors as a function of exposure to fluence by
a large variety of the damage inducing particles up to the fluences of 7 · 1016 n cm−2 [6, 7]. It was
found that diamond, in comparison to silicon, is more radiation tolerant against proton irradiation
and has similar radiation tolerance against neutrons.

In high energy experiments the detectors experience a wide range of particle fluxes. For
example, the rate of particles during a Van der Meer scan is much lower than during a physics run.
It is important that the operation of the detectors is not affected by the changing flux. The RD42
collaboration has tested polycrystalline CVD (pCVD) diamonds in a range of particle fluxes from a
few kHz cm−2 to a few MHz cm−2. It was determined that although non-irradiated pCVD diamond
detectors do show a small (<5%) change in pulse height within that flux range, the dependence
completely disappears after exposure to a small fluence of neutrons, as can be seen in Figure 1 [8].

Parker et al. [9] have shown that the radiation tolerance of a detector can be further enhanced by
placing bias and readout electrodes within the bulk of the sensitive detector material, perpendicular
to its surface. Such arrangement of the electrodes allows for them to be placed closer than the
mean distance charge carriers drift before capture or recombination ("schubweg") at the expected
maximum fluence experienced by a detector in a high energy experiment. The devices with this
arrangement of electrodes are called 3D detectors. The RD42 collaboration has developed and
studied a prototype of a 3D detector based on a single crystal CVD diamond. It was shown that
this detector collects a comparable amount of charge to a detector with surface electrodes, but at a
significantly smaller bias voltage [10]. In these proceedings we show results of beam test studies
of two recent 3D detectors based on pCVD diamonds with pixel readout.

2. Experimental Setup

The 3D detectors were constructed from two pCVD diamond sensors with dimensions of
5 mm×5 mm and thickness of 500 µm. The diamond sensors were preselected to have low leakage
current (<1 nA) and charge collection distance (CCD) larger than 250 µm at 1000 V bias. The
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Figure 1: The dependence of the scaled average pulse height on a particle flux. The filled markers are for
the measurements with the positive bias on the detector and the open markers are for the measurements with
the negative bias on the detector.

3D electrodes were formed with a femtosecond laser using the procedure developed by P. Salter
et al. [11]. The procedure converts diamond into a resistive mixture of carbon phases within a
focal point of the laser. The diamond is passed through the laser focal point and a thin (few µm)
column is formed within the diamond bulk. The thickness of the electrodes in the detector with
50 µm×50 µm cells was approximately 2.6 µm while the thickness of the electrodes in the detector
with 100 µm×150 µm cells was approximately 4.6 µm. The column production efficiency reached
99.7%. In both devices the electrodes are drilled from one side down to a distance of 15 µm away
from the other side. The bias and the readout electrodes start at opposite sides. The bias side of each
detector corresponded to the substrate side of the diamond and the readout to the growth side of the
diamond. The bias and readout electrodes are periodically arranged in rectangular structures (cells).
A cell consisted of a readout electrode surrounded by four bias electrodes. The cell dimensions of
one detector were 50 µm×50 µm while the dimensions of the other were 100 µm×150 µm. The 3D
electrodes on the bias side of both detectors were all ganged together by a Cr/Au metallization. On
the readout side of the detector with 50 µm×50 µm cells, six readout electrodes were ganged together
with TiW metallization in order to match the pitch of the readout chip (ROC) (see Figure 2a). Each
readout electrode of the detector with 100 µm×150 µm cells was individually connected by a TiW
metallization to the bump pad (see Figure 2b).

After the surface metallization, each detector was bump bonded [12] to a PSI46digV2.1respin
ROC [13]. Indium columns, 7 µm thick, were deposited on the bump pads of the sensor and the
readout chip. The sensor was then flipped, the indium columns of the sensor and the readout
chip aligned and pressed together at room temperature forming a bond. No reflow was performed.
Figure 3 shows a photograph of an assembled detector and a cross section of a schematic of the
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(a) 50 µm×50 µm cells (b) 100 µm×150 µmcells

Figure 2: Readout metallization patterns for 50 µm×50 µm (left) 100 µm×150 µm (right). On the left picture
the indium columns can be observed. The black dots seen in the (pale yellow) metal are the readout columns.
The bias columns are 15 µm below the surface and only faintly visible.

bump bonded device. The cross section schematic visually clarifies the arrangement of the bias and
readout columns, the metallization, and the bump bonding.

(a) 3D diamond with a CMS pixel readout

3D pixel detectors

Two prototypes are built:
• One with 100 µm x 150 µm cells and one with 50 µm x 50 µm cells

• Bump bonding to CMS chip (PSI46dig2)  at Princeton (Indium without reflow) 

• Both readout and bias columns have a small gap (∼15 μm) to the surface

• Column diameter 2.6 µm (50 µm x 50 µm)

• Laser drilling efficiency  99.7%

16 December 2022 Progress in Diamond Detectors 816 December 2022

(b)

Figure 3: A photograph (left) and a cross section schematic (right) of a 3D pixel detector bump bonded to a
pixel readout chip.

After assembly, the detectors were tested in several beam tests at three different test facilities.
At the test facility of the Paul Scherrer Institute (PSI) the devices were tested with 260 MeV positive
pions, at CERN the beam consisted of 120 GeV hadrons, at DESY a beam of 4 GeV electrons was
utilized. In all the tests the detector under test (DUT) was placed inside a beam telescope that
was used for reconstruction of the particle tracks and prediction of the position of their hits on the
DUT. Also, in all the tests the bias applied to the bias columns was always negative and the readout
columns were connected to the AC ground through the front-end electronics.
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3. Results

The plots of the average pulse height in this section are normalized to value at the 95% quantile,
in order to ease the comparison of the patterns in the plots.

The average pulse height versus the predicted hit position plots (Figure 4) show a noticeable
difference between the detectors with 50 µm×50 µm (Fig. 4a) and 100 µm×150 µm (Fig. 4b) cells.
The average pulse height of the detector with 50 µm×50 µm ganged cells shows the pattern typical for
polycrystalline diamond detectors. The spatial variations in the pulse height are due to the variations
in the collected charge of different grains. However, in the detector with the 100 µm×150 µm cells,
where each cell is read out by an individual pixel, the pattern follows the pixel structure. In several
places the 3D electrodes are missing. Most of those places are located at the periphery of the 3D
region. In those areas the signals do not pass the threshold and the hits are not registered. Thus,
one observes blanks (lack of hits) in these locations. The blank rectangle in the center of the plot
in Figure 4b is due to a faulty pixel in the reference plane of the telescope, which prevented the
reconstruction of tracks at this location. For the further analysis, only the hits in the fiducial regions
(indicated by the red rectangles on the plots) were chosen in order to avoid the problem areas at the
periphery.
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(a) 50 µm×50 µm cells
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(b) 100 µm×150 µm cells

Figure 4: Average pulse height versus the predicted hit position for detectors with 50 µm×50 µm cells at
−55 V bias (left) and 100 µm×150 µm cells at −50 V bias (right). The red square outlines the fiducial area.

The maps of the cluster size versus the predicted hit position within a pixel (Figure 5) show
larger cluster size at the edges and at the corners of the pixel. This pattern is expected, due to the
charge sharing between the pixels. The reason for larger cluster size between the rows than between
the columns of the device with 50 µm×50 µm cells is not understood but is suspected to be due to a
specific tuning of the readout chip.

The efficiency maps versus the predicted hit position for the detector with 50 µm×50 µm
cells (Figure 6a) displays mostly uniform efficiency with a slightly lower efficiency around the
bias columns (indicated by the black dots), especially around the bias columns on the horizontal
periphery of the pixel. The lower efficiency at the periphery is likely due to the charge sharing
between the pixels. The induced charge is split between the two pixels, thus each pixel has only a
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(a) 50 µm×50 µm cells
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(b) 100 µm×150 µm cells

Figure 5: Cluster size versus predicted hit position within a pixel for detectors with 50 µm×50 µm cells at
−55 V bias (left) and 100 µm×150 µm cells at −50 V (right). The locations of bias electrodes are indicated
by black dots and the locations of the readout cells are indicated by yellow dots.

fraction of the charge while still needing to pass the threshold in each pixel in order to be detected.
The lower efficiency around the bias electrodes that are not on the periphery is not yet understood.

The efficiency map for the detector with 100 µm×150 µm cells displays highly non-uniform
efficiency. The lower efficiency along the vertical edges of the cells can be partially explained by
the charge sharing between the pixel and partially by the longer drift distance, due to the larger cell
size, and therefore a higher trapping probability of the carriers.
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(a) 50 µm×50 µm cells
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(b) 100 µm×150 µm cells

Figure 6: Efficiency versus predicted hit position within a pixel. The detector with 50 µm×50 µm cells is
biased at −55 V (left) and the detector with 100 µm×150 µm cells is biased at −50 V (right). The locations of
bias electrodes are indicated by black dots and the locations of the readout cells are indicated by yellow dots.

The plots of the average pulse height versus the predicted hit position within the pixel (Figure 7)
manifest patterns very similar to the efficiency maps. The pulse height is higher in the areas with
higher efficiency and lower in the areas with lower efficiency. The difference is observed only next
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to the bias electrodes along the horizontal edge of the pixel for the detector with 50 µm×50 µm
cells (Figure 7a). It can be explained by the prevalence of the two pixel clusters there (Figure 5a)
that artificially raises the pulse height by requiring the signal in both pixels to cross the threshold,
raising the lower tail of the pulse height distribution. The average pulse height pattern manifested
by the detector with 100 µm×150 µm cells (Figure 7b) shows an even stronger effect than in the
efficiency plot of the distance to the readout electrode on the induced signal.
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(a) 50 µm×50 µm cells
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(b) 100 µm×150 µm cells

Figure 7: Average pulse height versus predicted hit position within a pixel for detectors with 50 µm×50 µm
cells at −55 V bias (left) and 100 µm×150 µm cells at −50 V (right). The locations of bias electrodes are
indicated by black dots and the location of the readout cells are indicated by yellow dots.

The efficiency of the detectors within the fiducial region was also studied with respect to the
bias voltage (Figure 8a). Unlike in the tests that resulted in the plots shown above, the threshold for
this study was set to a value of ∼2000 electrons. As expected, the efficiency of the detector with
the smaller (50 µm×50 µm) cells reaches saturation at a much lower bias than the efficiency of the
detector with larger (100 µm×150 µm) cells. The maximum efficiency reached by the detector with
the 50 µm×50 µm cells was 99.2% at −50 V.

The pulse height distribution of the 3D diamond detector with 50 µm×50 µm cells at−55 V bias
(see Figure 8b) poses overall characteristics of a Landau distribution, however, it is slightly broader
and has larger tail on the lower side. The comparison with the pulse height distribution of 285 µm
thick silicon pixel detector biased at −150 V, which was tested in parallel with the 3D diamond
detector, allows for a rough calibration of the pulse height scale. By applying this calibration we
estimate that >70% of the induced charge was collected by the 3D diamond detector.

4. Conclusions

The research performed by the RD42 collaboration further advances the understanding of
the diamond detector and helps to advance their usage in high energy physics experiments. The
highlights of this research were presented. It was shown that the pulse height of the irradiated pCVD
diamonds does not depend on the particle flux within the range from 3 kHz cm−2 to 20 MHz cm−2

up to the fluence of 2 · 1015 n cm−2. The 3D electrodes in a 500 µm thick pCVD diamond were
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Figure 6.30: Hit efficiencies as a function of bias voltage. Runplan 7, August 2017.

(Figure 6.30), the pulse height of II6-A2 does not stop rising within the measured
range.
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Figure 6.31: Relative Pulse height as a function of bias voltage. The pulse height was
normalised to the maximum value in each scan. Runplan 7, August 2017.

6.3.9 Erratic dark currents

An example of a planar pCVD diamond pixel detector with erratic dark currents
is shown in Figure 6.32. During the rate scan, when the detector was biased at−1000V and −800V, extremely large sensor currents up to 80µA were observed.

(a) efficiency vs bias for detectors with 50 µm×50 µm
cells (red) and 100 µm×150 µm cells (green).
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(b) pulse height distributions of 3D diamond with
50 µm×50 µm cells (green) and silicon (red).

Figure 8: The comparison of efficiencies versus bias of two 3D diamond detectors, and pulse height
distributions of the 3D diamond detector with 50 µm×50 µm cells and a 285 µm thick silicon detector.

produced with the help of a femtosecond laser with efficiency of 99.7% and a diameter of 2.6 µm.
The beam test performed on the 3D detectors indicated that 100 µm×150 µm 3D cells are too large
to efficiently collect the charge. In comparison, the smaller 50 µm×50 µm 3D cells demonstrated
more uniform efficiency and pulse height. A further reduction of the cell size to 25 µm×25 µm will
likely result in even higher charge collection efficiency and in addition will likely provide a better
radiation tolerance. The electrode diameter of 2.6 µm is small enough for the cell of that size and
will not reduce the efficiency by introducing the inactive material. The RD42 collaboration plans
to produce and test the performance of such 3D detectors up to fluences of 2 · 1016 n cm−2.
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