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ABsTRrACT: In this paper we present the performance of a new SiPM that is sensitive to blue light and
features narrow metal-filled trenches placed in the area around the single-photon avalanche diodes
(SPADs) that allow an almost complete suppression the internal optical crosstalk. In particular,
we show the benefits of this technological upgrade in terms of electro-optical SiPM performance
when compared to the previous technology which had only a partial optical screening between
the SPADs. The most relevant effect is the much higher bias voltage that can be applied to the
new device before the noise diverges. This allows to optimize and improve both the photon-
detection efficiency and the single-photon time resolution. We also coupled the SiPMs to LYSO
scintillators to verify the performance for possible application in Positron-Emission Tomography.
Thanks to the better electro-optical features we were able to measure an improved coincidence time
resolution. Furthermore, the optimal voltage operation region is substantially larger, making this
SiPM more suitable for real system application where thousands of channels have to provide stable
and reproducible performance.
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1 Introduction

In recent years, continuous improvements in the performance of Silicon Photomultipliers (SiPMs)
increased their attractiveness for several applications that require high detection speed, high sen-
sitivity and low noise, such as Positron Emission Tomography (PET) and Time-of-Flight PET
(ToF-PET) medical apparatus [1], automotive Lidar [2] and physics experiments [3]. Each ap-
plication has its own specific requirements in terms of wavelength sensitivity, timing resolution,
and dynamic range. In this paper we focus on the medical imaging applications, which mostly
employ near ultraviolet sensitive SiPMs (NUV-SiPM) thanks to the excellent overlap between their
Photon Detection Efficiency (PDE) spectrum and the emission spectrum of conventional inorganic
scintillators such as LSO or LYSO. Moreover, NUV-sensitive SiPMs from several manufacturers
offer a low noise level and fast timing performance with a coincidence time resolution of a few
hundreds of picoseconds in commercially available apparatus [4].

The development of next generation ToF-PET systems envisions a further reduction of the
Coincidence Time Resolution (CTR) to improve the signal-to-noise ratio and spatial resolution
of the tomographic image for a given number of detected coincidences and, in turn, benefits the
patients, thanks to a reduction of the radiation dose and time needed for the measurement. In the
context of SiPMs, CTR can be improved by increasing the PDE and/or by reducing the Single
Photon Time Resolution (SPTR) [1]. Both PDE and SPTR improve with the excess bias (i.e.
the difference between the bias voltage and the breakdown voltage) until they reach a saturation
thus, theoretically, also the CTR could be improved by increasing the excess bias of the SiPM.
However, the limit to this approach is the increase of the correlated noise of the detector with the
excess bias, which deteriorates the CTR before the detector reaches the saturation of PDE and
SPTR [5]-[7]. For this reason, suppression of correlated noise and in particular optical crosstalk,
becomes a focal point for the development of next-generation ToF-PET detectors. In this regard, a
relevant improvement came to the field with the development of optically insulating trenches (also
called DTI, Deep Trench Isolation) between microcells in a SiPM, first introduced in a commercial
product by Hamamatsu MPPC-LCT4 detectors [8].



Recently, within a collaboration between Broadcom and Fondazione Bruno Kessler (FBK),
the FBK NUV-HD SiPM technology has been upgraded with metal-filled deep trench isolation
(NUV-HD-MT or, in case of Broadcom products, simply NUV-MT). The metal layer acts as a
reflector for the photons emitted during the avalanche (secondary photons), confining them within
the same fired microcell and suppressing the internal crosstalk probability.

In this paper we will show the results of the electro-optical characterization of this upgraded
technology highlighting the benefits of the crosstalk suppression, compared to the NUV-HD tech-
nology, in terms of extended dynamic range that allows to reliably operate these detectors at very
high excess bias, thus reaching high values of PDE and Gain that translates into an improved CTR
performance.

2 Detector structure and design

The starting point of the new SiPM development is the NUV-HD technology [9]. It features
DTIs between the SPADs (Single-Photon Avalanche Diodes) which are filled with silicon oxide.
This material provides an excellent electrical insulation whereas the change in index of refraction
provides a partial optical insulation, thus bringing a significant improvement compared to the
previous NUYV technology [10]. However its transparency still allows part of the photons to travel
from one SPAD to the other. The insertion of an opaque/reflective metal layer inside the deep
trench isolation allows a complete suppression of the photon transmission between cells and thus
the internal optical crosstalk of the device. This article reports studies conducted on devices that
are the results of an optimization process of the total width of the trench, which was carried out
on several propaedeutic experiments that aimed at simultaneously maintaining high electrical and
optical isolation between neighboring microcells. Furthermore, in the same experiments, we tested
different distances of the high-field region from the trench. This is important to avoid premature
breakdown at the edge of the active area. As a result of this study, we found an optimal edge/trench
design which allowed us to reach very high Fill Factor (FF), only 2% lower compared to the same
cell sizes of the standard NUV-HD technology (see table 1).

Table 1. Fill Factor as a function of the microcell size for the two different technologies, the standard
NUV-HD and the new NUV-HD-MT with metal-filled trenches.

Cell size | NUV-HD FF | NUV-HD-MT FF
40 pm 82.8% 81.1%
45 pm 84.7% 83.3%
50 pm 86.3% 85.0%

As shown in the table, we produced SiPMs with three different cell sizes of 40, 45 and 50 pm,
respectively, whereas, in terms of device size, we produced SiPMs with about 4 x 4 mm? for each
variant of cell size and 1 x 1 mm? for the 40 and 45 pm cell size variant. Measuring and comparing
these design variants, we could evaluate the behavior of the new technology for the TOF-PET
application.

In addition to the change in the trench technology described above we also modified the layout
of the top metal lines compared to what we used in the FBK NUV-HD technology, as shown in



figure 1. Previous design of the metal lines used a “comb-like” structure. In the new NUV-HD-MT
devices we designed a “grid-like” metal structure, with horizontal and vertical lines connecting all
SPADs to the bonding pads. This design allows for a reduction of the parasitic resistance of the
metal connection especially for the SPADs placed far away from the bonding pad.

(a) b)

Figure 1. Schematic representation of the metal lines layout in the “comb-like” structure (a) and “grid-like”
structure (b). The SPADs are the light gray squares with the metal-filled DTIs in black. The metal lines are
represented in light blue, superimposed on the DTIs, and the central bonding as a dark blue square.

3 Detector characterization

In this section we present the results of the characterization of this NUV-HD-MT technology and
compare it with its predecessor, i.e. NUV-HD. The tests are carried out in three steps. The first one
is current-voltage measurement in dark conditions, and at different temperatures. The second is
the electro-optical characterization on the packaged device and the third is the application-related
evaluation of the device coupled with scintillators.

3.1 Analysis of current-voltage characteristics

Figure 2 shows an example of the measured current-voltage (IV) curves (normalized for the detector
area) for a NUV-HD-MT 4 x 4mm? SiPM with 40 pm microcell size compared to a NUV-HD
3 x 3mm? SiPM with 40 pm microcell. The new device shows a breakdown voltage of 32.2V,
similar to the previous version. On the other hand, the operating range is greatly extended having
the current divergence at around 55 V instead of 43 V. This translates into a max excess bias of about
23V (figure 2(b)). As it will be shown later, while the current divergence of the NUV-HD SiPMs is
caused by the diverging crosstalk probability, for the NUV-HD-MT SiPM, it is likely due to either
bad-quenching of the avalanche discharge (reached when the current flowing through the device
does not allow a fluctuation to zero of the number of carriers drifting through the junction) [11]-[13]
or to edge breakdown (reached when the electric field at the periphery of the junction is high enough
to create a second avalanche region).

Current-voltage characteristics were also taken at different temperatures in the range —60°C
to +70°C in 5°C steps. Results are shown in figure 3(a) in which, for better clarity, only some of
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Figure 2. TV curve of a 4 X 4mm? NUV-HD-MT SiPM and a 3 x 3mm? NUV-HD SiPM with 40 pm cell
size. (a): current density as a function of the bias voltage. (b): current density as function the excess bias.

the curves are shown, including the calculation of breakdown voltage at each temperature. The
resulting breakdown voltage temperature coefficient is extracted from the fit of the points above
—25°C, in figure 3(b). For lower temperatures the calculation of the breakdown is less precise due
to the noise introduced by the measurement setup at very low currents. The resulting breakdown
voltage temperature coefficient is 31 mV/°C, in agreement with what was measured for the previous
FBK NUV-HD technology [9].

The dark current at a given excess bias voltage can be also evaluated to understand the dominant
mechanism of carrier generation. Figure 3(c) shows the Arrhenius plot of the current at 5V of
excess bias as a function of 1000/T. The activation energy was calculated by fitting the most linear
region, i.e., around room temperature, in the range —20°C to +20°C (or 3.41 K! to 3.95K"! in
1000/T units). Repeating this fit at different excess biases, the activation energy as a function of the
excess bias was calculated, as shown in figure 3(d). The plot shows an activation energy between
0.6 and 0.5 eV, which is around mid-bandgap for the silicon, decreasing with excess bias due to the
effect of the high electric field in the microcells.

3.2 Functional characterization in dark conditions

Functional characterization of the SiPMs in dark conditions was performed in a thermostatic
chamber at a controlled temperature of 20°C, following the method described in [14]. The first
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Figure 3. (a): IV curves of a 4 x 4mm? NUV-HD-MT SiPM with 45 pm cell size taken at different temper-
atures and calculated breakdown voltages (dots). (b): breakdown voltage as a function of the temperature.
(c): current measured at 5V of excess bias as a function of 1000/T. The dashed lines represent the fit
for the calculation of the activation energy, calculated in the most linear part, between —20°C and +20°C.
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(d): activation energy as a function of the excess bias.

round of tests was done on 1 x I mm? SiPM chips mounted on a PCB socket without encapsulation.
In figure 4 the main parameters extracted in the study are reported. In particular, we compare the
results of the three different SPAD sizes (40, 45 and 50 pm) of NUV-HD-MT SiPM and the standard

NUV-HD SiPM with 40 pm cell size.



Figure 4(a) shows the Dark Count Rate (DCR) versus the excess voltage. It grows linearly for
all the design variants and is very similar in value for all of them. The DCR is below 80 kcps/mm?
at 10V of excess bias and below 250 kcps/mm? at 25V of excess bias. This result shows that
the new trench structure does not introduce additional defects in the silicon that could harm this
important noise parameter. Moreover, it shows that the detector can be operated in a wide voltage
range allowing the optimization of the bias condition. Above 25V a sharp increase in DCR for all
cell sizes is observed, suggesting the presence of an edge breakdown, which was observed also in
the IV measurements.

The single cell gain (shown in figure 4(b)) is in line with the FBK NUV-HD technology, ranging
between 6 and 10 millions of carriers at 10 V of excess bias, depending on the cell size. The extended
operating range allows to reach very high gain, between 14 and 23 millions of carriers at 25V of
excess bias for cell size between 40 and 50 um respectively. Being able to operate the detector
at very large gain allows to simplify the readout electronics and reduce its power consumption,
which is beneficial in many application that have strong power constraints, i.e. on satellites or in the
readout of very large areas, in particular in cryogenic condition. For values of gain above 25V of
excess bias, the plot shows no significant variation from linearity, suggesting proper quenching of
the avalanche in this region.

The effectiveness of the metal layer inside the deep trench isolation is assessed through the
measurement of a reduction in direct crosstalk (CT) between neighboring cells by a factor larger
than 10 compared to the previous technology, with the NUV-HD-MT SiPMs having a CT around
3% at 10 V of excess bias while the NUV-HD one surpassed 40% at the highest measurable excess
bias of 9 V. This strong suppression of the optical crosstalk is reflected also at high excess bias
values where, despite the very high gain of the NUV-HD-MT, the CT is measured to be between 8%
and 11% for the different cell sizes at 25 V of excess bias. While the presence of the metal-filling
in the trenches greatly reduces the internal crosstalk, it does not help to reduce the contribution of
external crosstalk, i.e. from secondary photons exiting the SiPM and being reflected back by the
package or by a scintillator placed on top of the SiPM [5]. The contribution of the external crosstalk
was measured on packaged samples of the NUV-HD-MT in which a 200 pm glass layer is placed on
the surface of the SiPM. As visible in figure 4(c), despite the contribution of the external crosstalk,
these detectors could still operate at higher excess bias than bare die NUV-HD ones, with a total
CT of 17% 25% at 10V of excess bias, depending on the cell size.

The presence of the metal layer inside the trenches, acting as a reflector for the photons emitted
during the avalanche, could lead to the absorption of such photons inside the silicon substrate.
The photogenerated charge carriers can then diffuse towards the depletion region, causing either
afterpulsing (AP) events or delayed crosstalk (DeCT) events. Measurements of AP and DeCT
probability resulted in values below the sensitivity of the analysis method and are estimated to
be below 1% even at the highest bias, thus verifying the absence of this effect and proving the
effectiveness of the metal layer in the suppression of the direct crosstalk.

From these results it is also possible to explain the behavior of the of the IV curves of the
NUV-HD and the NUV-HD-MT at high voltages. For the NUV-HD SiPM, the current divergence
is around 10V of excess bias: in this condition the DCR is still low while the crosstalk is very high,
leading to an exponential increase of the SiPM current. On the other hand, for the NUV-HD-MT
SiPMs, the current divergence happens at around 25V of excess bias and it is not caused by CT,
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Figure 4. DCR (a), gain (b) and crosstalk probability (c) for three cell sizes of NUV-HD-MT packaged with
bare die (shades of red) and with glass (shades of blue) and one cell size of NUV-HD packaged with bare
die (black).

which is still relatively low, but rather by a fast increase of DCR caused by an edge breakdown of
the SPAD.

Looking at the single microcell signal shape (figure 5) it is observed that, at the same excess
bias of 8 V, and thus at the same gain for equal cell sizes, the recharge time constant (t) of the signal
is similar for the same cell size (40 pm) of the NUV-HD and the NUV-HD-MT. The metal filled
version, though, shows a higher fast peak, compared to the standard version. This is likely related



to the higher capacitive coupling of the metal grid layout to the SPAD junction that increases the
parasitic capacitance (Cq) in parallel to the quenching resistor of the microcell [15]. Furthermore
it can be seen that the amplitude of the fast peak increases with the cell size. Multiple factors
contributes to this effect: larger area of Cq and a lower number of SPADs (for the same SiPM area)
which reduces the filtering effect on the fast peak.
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Figure 5. (a): most probable signal measured at 8 V of excess bias for three cell sizes of NUV-HD-MT
(shades of red) and one cell size of NUV-HD (black). (b): detail of the fast peak for the same signals.

On the other hand, the larger diode capacitance reflects into a longer recharge time constant for
the bigger cell, with the 50 pm cell having T ~160 ns while smaller cells having T ~120 ns (45 pm)
and T ~100ns (40 pm), that is similar to the one of same cell size of the NUV-HD.

3.3 PDE
Photon detection efficiency was measured for the different cell sizes of NUV-HD-MT using the

pulsed light method proposed in [16] that allows to remove the contribution of the correlated noise of
the detector. The PDE was measured using different light emitting diodes (LEDs) with wavelengths
ranging from 365 nm to 700 nm. The uncertainty on the measurement was estimated to be at 4%
relative error. In order to better appreciate the difference in the PDE between the devices, the
measured data were fitted using the formula:

_VEx ))
PDE (V; =AXx|]l-exp| ——
(Vex) ( p(B+c><w—Ex



Where Vg is the excess bias and A, B and C are the fit parameters. Figure 6(a) shows the measured
and fit PDEs. It can be seen that PDE increases very quickly reaching 55 60%), depending on the
SPAD size, at 5V of excess bias and then it starts to saturate after 10 V of excess bias. Thanks to
the large operating voltage range of the detector, however, it is possible to reach PDE in excess of
65%, depending on the cell size, at 20 V of excess bias. Comparing these results with the NUV-HD
SiPM, there is no significant difference in PDE between the two technologies for the same cell size.
On the other hand, the higher dynamic range of the NUV-HD-MT results in a 5% absolute PDE
increase (8% relative increase) compared to the highest value obtained with the NUV-HD.

The PDE spectrum at different excess voltages as a result of the fit at each wavelength is show
in figure 6(b). The spectrum of the PDE shows a peak in the near ultraviolet which is slightly
shifting with the bias voltage. In particular at low bias, the peak is sharper and it is centered at
390 nm. On the other hand, at higher bias the peak is broader and almost flat between 390 nm and
420nm. This change in shape of the PDE spectrum can be explained by the different contribution
of the triggering probability of electrons and holes as a function of the excess bias. In particular,
electrons have a higher triggering probability compared to holes at any excess bias and have a faster
triggering probability increase with the excess bias. For this reason short wavelength photons,
which are absorbed near the surface where electrons are the minority carriers, show a higher PDE
with a faster increase with excess bias compared to longer wavelength, which are absorbed deeper
in the junction, where holes are the minority carriers.

To better compare the two different technologies, it is useful to plot the performance parameters
as a function of the PDE (figure 7). In figure 7(a), the DCR is plotted as a function of the PDE. It
is interesting to notice that bigger cells have a smaller value of DCR at the same PDE compared
to smaller cells, thanks to their higher FF. On the other hand the plot of gain vs. PDE (figure 7(b))
shows that the gain is the same for all the three SPAD sizes at the same PDE. Figure 7(c) shows
the strong suppression of crosstalk in the metal-filled version: at 60% PDE the standard NUV-HD
technology have around 35% probability, while in the new NUV-HD-MT technology this value is
reduced by more than a factor of 10, with ~2% CT for all cell sizes at 60% PDE. When measuring
the devices in a chip-sized package with cover glass, the contribution of the external CT the total
value remains below the crosstalk value of the NUV-HD and does not exceed 15% at 60% PDE.

3.4 Timing

Besides the PDE, timing performance is an important figure of merit when it comes to the application
in a ToF-PET apparatus. Two measurements are presented here: the first one is the Single Photon
Time Resolution (SPTR) which depends only on the SiPM and the readout properties. The second
one is the Coincidence Time Resolution (CTR), which is more representative of the final application
in ToF-PET, using two SiPMs coupled to scintillating crystals.

SPTR was measured using a femtosecond laser with emission at 520 nm and ~150 fs FWHM
pulse width, attenuated to single photon level by the use of a neutral density filter. The SiPM signal
was amplified with a transimpedance amplifier circuit (based on an AD8000 operational-amplifier)
and digitized with an Agilent oscilloscope MSO9104A with 1 GHz bandwidth and 20 GS/s sampling
rate as described in detail in [17]. Measurements were taken both on single SPADs having the same
design as the ones included in the SiPMs and on 1 x 1 mm? devices. Results are shown in figure 8.
As it can be seen, the SPTR tends to saturate above 16 V of excess bias reaching a minimum of
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Figure 6. (a): PDE as a function of the excess bias measured at 420 nm for three cell sizes of NUV-HD-MT
(shades of red) and one cell size of NUV-HD (black). The dots are the measured data while the dashed
lines are the fit results. (b): PDE as a function of the wavelength measured at different excess bias voltages
for the NUV-HD-MT SiPM with 45 pm cell size. The hollow triangles represent the PDE at the measured
wavelengths, calculated from the fit of PDE vs. excess bias while the dashed lines are used as an eye guide.

55 ps FWHM for the 1 x 1 mm? SiPM with 45 pm cell size and 45 ps FWHM for the single SPAD
with the same cell size. The smaller cell yielded slightly worse results for both detector sizes.

CTR measurements were performed using two 4 X 4 mm? SiPMs with the same cell size each
coupled to a 3 x 3 x 5mm? LYSO:Ce,Ca crystal. The crystals were wrapped in ~10 PTFE layers
(100 pm thickness each) in order to improve the light collection efficiency and they were coupled to
the SiPMs using Cargille Meltmount optical glue (n = 1.539) [18]. The signal was readout through

the same transimpedance amplifier circuit described above. In this case, one low-gain output

measures the energy of the scintillation signal and discriminates the 511 keV gamma photons from
Compton-scattered events, while the second output employs a pole-zero compensation to extract
the timing information. The total of four output signal were measured with a 4-channel Agilent
oscilloscope DSO9104A with 1 GHz bandwidth and 10 GS/s sampling rate per channel. The two
detectors were facing each other with a >’Na-source emitting pairs of 511keV photons placed
between them.

Results of CTR measurements are shown in figure 9. It can be seen that the CTR reaches
similar minimum values of around 90 ps FWHM independently on the SPAD pitch. However, this
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Figure 7. (a) to (c): DCR, gain and crosstalk probability as a function of the PDE measured for three cell
sizes of NUV-HD-MT packaged with bare die (shades of red) and with glass (shades of blue) and one cell
size of NUV-HD packaged with bare die (black). The hollow circles represent the data points with the PDE
calculated from the fit of PDE vs. excess bias while the dashed line is used as an eye guide.
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Figure 8. SPTR measured on 1 X 1 mm? SiPMs (shades of red) and for single SPADs (shades of green) for
two different cell sizes of 40 pm and 45 pm. Dotted lines are used as a guideline.

value is reached at different excess bias voltages for the different SPAD pitches. In particular the
larger, 50 pm, cell has a lower CTR at low excess bias due to its higher FF and PDE but the higher
CT (both internal and external [5]), caused by its higher gain, limits the applicable excess bias to
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Figure 9. (a): CTR as a function of the excess bias for three cell sizes of the NUV-HD-MT. (b): comparison
between NUV-HD-MT (red) and NUV-HD-2019 (black) with the same cell size.

about 12 V. On the other hand, smaller cells have a later CTR degradation due to the lower CT at
a given excess bias. This allows to reach the same minimum value of CTR but at higher excess
bias, i.e., 14V and 17V for the 45 pm and 40 pm cell respectively. Figure 9(b) compares these
results with the ones reported in 2019 in ref. [8] on the NUV-HD technology (named for clarity
NUV-HD-2019). It was not possible to directly compare the CTR of the NUV-HD-MT and the
NUV-HD SiPMs used for the PDE measurements and the functional characterization in dark, as
they have different sizes. Figure 9(b) shows that the suppression of the crosstalk in the NUV-HD-
MT slightly shifts the minimum of the CTR towards higher excess bias and allows the detector to
operate at higher PDE and gain values thus lowering the overall minimum of the CTR by about 5 ps.
Although the improvement of the CTR is small, it is worth noticing that in the old technology the
minimum was measured only for a narrow range of excess bias and very close to current divergence.
This result can be obtained in a very well controlled laboratory condition but it might be difficult to
achieve in a broader range of applications and in commercial medical imaging apparatus. In most
applications the acceptable working condition for this sensor would be around 6-7 V of excess bias,
thus limiting the CTR to ~110 ps. On the other hand, for the NUV-HD-MT, the CTR plot shows
a much wider minimum which spans a range of about 5V and can be beneficial in improving the
performance of the full system in many applications where it is not feasible to have an extremely
precise control of the bias voltage or of the temperature of the SiPM. In particular a recommended
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working condition for the NUV-HD-MT could be between 11 V and 16 V of excess bias, with CTR
consistently below 100 ps.

3.5 Energy resolution

To highlight the different behaviour of the two technologies in terms of operating range and stability,
we analyzed the energy spectrum and resolution of the 511keV peak of *Na-source. For this
measurement we acquired scintillation signals from a single detector of NUV-HD-2019 and NUV-
HD-MT, both 4 x 4 mm? with 40 um cell pitch. The acquired charge spectrum of the scintillation
events was corrected by the system non-linearity [19] and converted into an energy spectrum by
calibrating on the two main emission peak of 2’?Na: 511keV and 1274.5 keV. Figure 10(a) shows
the measured energy spectrum for the two technologies, taken at 8.5V of excess bias with an
integration time of 500 ns. From this figure it is possible to see the two main peaks of the emission
spectrum, with a small escape peak ~54 keV below the 511 keV peak and the Compton edge for
lower energies. While the 511 keV peak is similar for the two technologies it can be seen that the
1274.5keV peak is much broader for the NUV-HD technology. This is likely due to the higher
crosstalk of this detector, which worsens the resolution for the high energy peak, when the detector
is close to saturation. Figure 10(b) shows the energy resolution of the 511 keV peak for the two
detectors, calculated at 500 ns of integration time. Both technologies show a similar behaviour at
low excess bias, with energy resolution around 9.5% FWHM. Increasing the excess bias however,
it can be seen that, while the energy resolution for NUV-HD-MT remains constant even at 12V
of excess bias, for the NUV-HD technology the energy resolution rapidly deteriorates above 7V
of excess bias. This confirms what stated above, that for the NUV-HD SiPM the best resolution
is obtained very close to the current divergence and it is not at a stable point for operation. On
the other hand NUV-HD-MT shows a much wider range of stability that allows to obtain better
performances in commercial applications.

4 Conclusions

In the framework of a collaboration between FBK and Broadcom, we developed the NUV-HD-MT
technology which improves the NUV-HD technology by introducing optically insulating deep trench
isolation between SPADs. We have shown that the new technology features a strong suppression
of the internal optical crosstalk by more than a factor of 10 compared to the previous one. This
extends the operating range of the detector resulting in an increased PDE that exceeds 65% at
420nm and in a SPTR of 55 ps for 1 x 1 mm? detectors and 45 ps for single SPADs with 45 pm cell
size. While the external crosstalk is the same for NUV-HD and NUV-HD-MT when coupled to
scintillating crystals, the overall reduction of the direct crosstalk enables to increase the operating
dynamic range of the detector and results in an improved CTR with a minimum measured value of
90 ps FWHM with a wide operating bias range in the best timing region, which is expected to help
with the stability of the detector when integrated in medical imaging apparatus.

Further advancement of this technology can be achieved by reducing the optical crosstalk
when coupled to scintillating crystals. Especially for the larger cell sizes, this should allow to better
operate the device and improve the CTR.
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Figure 10. (a): energy spectrum for a ?Na-source measured with a 4 x 4 mm? SiPM with 40 um cell size for
the NUV-HD-MT technology (red) and NUV-HD-2019 technology (black). (b): energy resolution for the
511 keV peak as a function of the excess bias for the two technologies, calculated at 500 ns of integration time.
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