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Timing detector in the EPIC collaboration
• The EPIC detector is designed compactly with ~1.7 T magnetic field 
– Time-of-Flight (ToF) measurement is the main technique for particle identification (PID) 
– Excellent timing resolution is necessary for PID over a wide pT and rapidity region 

• Barrel (hadron end-cap) ToF requires a spatial resolution of 30 um (30 um) and a timing 
resolution of 30 ps (25 ps), which covers 10.9 m2 (2.22 m2) 
– Very high spatial resolution is not necessary for EIC due to not high multiplicity environment @ R ~80 cm 

• Expected radiation is 1010 neq/cm2 at top luminosity ~1034 cm-2s-1 
– This is very small compared to HL-LHC environment with 1015~16 neq/cm2 @ luminosity ~1035 cm-2s-1
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LGAD technology is the first candidate to fulfill the requirements
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Fig. 1. Operation principle of the LGAD detector (left), and DC-LGAD and AC-LGAD detectors (right).

time resolution [3,4]. Figure 1 (left) shows the operation principle of the LGAD sensor. The LGAD is
basically a n+-in-p semiconductor diode, containing an additional p++ layer under the n+ electrodes
with a boron doping concentration larger compared to that in the p-bulk region. The additional layer
makes an extremely higher electric field between n+ and p++. Such a high electric field induces
avalanche multiplication, increasing the electron and hole pairs originally produced by a Minimum
Ionizing Particle (MIP) by about 10-20 times. Superior time resolution is achievable with LGAD as
such a large signal is produced in the vicinity of the depth region.

Concerning the spatial resolution, we have identified a potential issue in improving the granularity
of the electrode [5]. Our fist segmented prototype, a 80 µm pitch strip detector, showed only 20 %
of the region to have enough gain to achieve O(10) ps timing resolution. The reason of such a low
fill factor is illustrated in Fig. 1 (top-right, DC-LGAD). The gain layers (combination of n+ and p++)
are placed separately for each electrode. As the regions between the n++ electrodes have no gain,
it introduces a gain non-uniformity over the sensor. To avoid this feature, an AC-coupled LGAD
sensors (AC-LGAD) has been developed as described in Section 2.1. In the following sections, first
HPK AC-LGAD prototype sensors are presented.

2. First prototype of AC-LGAD Sensors

2.1 Uniform avalanche layer and AC electrodes
To improve the active area with the high timing resolution, AC-LGAD sensors have been fabri-

cated by HPK. A uniform gain layer (the set of n+ and p++) is placed over the sensor active area and
for the segmented readout of the charge, patterned aluminum electrodes are placed on the oxide layer
(AC-coupled to n+) as shown in Fig. 1 (bottom right, AC-LGAD).

2.2 Parameterization of doping concentrations
A uniform gain layer with a low resistivity n+ doping concentration is expected to result in large

cross-talk to the next electrodes due to that the charge created by the avalanche point flows through
the n+ layer, creating signals on the neighboring electrodes. To reduce the cross-talk, an n+ layer
with large impedance is preferred. On the other hand, n+ with such a lower doping concentration
results in a lower gain. Therefore the p++ doping concentration must be optimized for each of the
n+ doping concentration. Table I summarizes the sample types produced in the first prototypes, with
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• DC-LGAD (standard LGAD) 
– n++-in-p type sensor with p+ gain layer under n++  
– 30 ps timing resolution 
– Individual gain layer for each electrode → nonnegligible inactive area 
with not achieving O(10) ps time resolution 

• AC-LGAD 
– n+-in-p type sensor with p+ gain layer under n+ (lower doped n layer) 
– Oxide layer between n+ layer and electrode (AC-coupling) 
– 30 ps timing resolution  
– One large gain layer for electrodes → 100% of fill factor
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time resolution [3,4]. Figure 1 (left) shows the operation principle of the LGAD sensor. The LGAD is
basically a n+-in-p semiconductor diode, containing an additional p++ layer under the n+ electrodes
with a boron doping concentration larger compared to that in the p-bulk region. The additional layer
makes an extremely higher electric field between n+ and p++. Such a high electric field induces
avalanche multiplication, increasing the electron and hole pairs originally produced by a Minimum
Ionizing Particle (MIP) by about 10-20 times. Superior time resolution is achievable with LGAD as
such a large signal is produced in the vicinity of the depth region.

Concerning the spatial resolution, we have identified a potential issue in improving the granularity
of the electrode [5]. Our fist segmented prototype, a 80 µm pitch strip detector, showed only 20 %
of the region to have enough gain to achieve O(10) ps timing resolution. The reason of such a low
fill factor is illustrated in Fig. 1 (top-right, DC-LGAD). The gain layers (combination of n+ and p++)
are placed separately for each electrode. As the regions between the n++ electrodes have no gain,
it introduces a gain non-uniformity over the sensor. To avoid this feature, an AC-coupled LGAD
sensors (AC-LGAD) has been developed as described in Section 2.1. In the following sections, first
HPK AC-LGAD prototype sensors are presented.

2. First prototype of AC-LGAD Sensors

2.1 Uniform avalanche layer and AC electrodes
To improve the active area with the high timing resolution, AC-LGAD sensors have been fabri-

cated by HPK. A uniform gain layer (the set of n+ and p++) is placed over the sensor active area and
for the segmented readout of the charge, patterned aluminum electrodes are placed on the oxide layer
(AC-coupled to n+) as shown in Fig. 1 (bottom right, AC-LGAD).

2.2 Parameterization of doping concentrations
A uniform gain layer with a low resistivity n+ doping concentration is expected to result in large

cross-talk to the next electrodes due to that the charge created by the avalanche point flows through
the n+ layer, creating signals on the neighboring electrodes. To reduce the cross-talk, an n+ layer
with large impedance is preferred. On the other hand, n+ with such a lower doping concentration
results in a lower gain. Therefore the p++ doping concentration must be optimized for each of the
n+ doping concentration. Table I summarizes the sample types produced in the first prototypes, with
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time resolution [3,4]. Figure 1 (left) shows the operation principle of the LGAD sensor. The LGAD is
basically a n+-in-p semiconductor diode, containing an additional p++ layer under the n+ electrodes
with a boron doping concentration larger compared to that in the p-bulk region. The additional layer
makes an extremely higher electric field between n+ and p++. Such a high electric field induces
avalanche multiplication, increasing the electron and hole pairs originally produced by a Minimum
Ionizing Particle (MIP) by about 10-20 times. Superior time resolution is achievable with LGAD as
such a large signal is produced in the vicinity of the depth region.

Concerning the spatial resolution, we have identified a potential issue in improving the granularity
of the electrode [5]. Our fist segmented prototype, a 80 µm pitch strip detector, showed only 20 %
of the region to have enough gain to achieve O(10) ps timing resolution. The reason of such a low
fill factor is illustrated in Fig. 1 (top-right, DC-LGAD). The gain layers (combination of n+ and p++)
are placed separately for each electrode. As the regions between the n++ electrodes have no gain,
it introduces a gain non-uniformity over the sensor. To avoid this feature, an AC-coupled LGAD
sensors (AC-LGAD) has been developed as described in Section 2.1. In the following sections, first
HPK AC-LGAD prototype sensors are presented.

2. First prototype of AC-LGAD Sensors

2.1 Uniform avalanche layer and AC electrodes
To improve the active area with the high timing resolution, AC-LGAD sensors have been fabri-

cated by HPK. A uniform gain layer (the set of n+ and p++) is placed over the sensor active area and
for the segmented readout of the charge, patterned aluminum electrodes are placed on the oxide layer
(AC-coupled to n+) as shown in Fig. 1 (bottom right, AC-LGAD).

2.2 Parameterization of doping concentrations
A uniform gain layer with a low resistivity n+ doping concentration is expected to result in large

cross-talk to the next electrodes due to that the charge created by the avalanche point flows through
the n+ layer, creating signals on the neighboring electrodes. To reduce the cross-talk, an n+ layer
with large impedance is preferred. On the other hand, n+ with such a lower doping concentration
results in a lower gain. Therefore the p++ doping concentration must be optimized for each of the
n+ doping concentration. Table I summarizes the sample types produced in the first prototypes, with
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• DC-LGAD (standard LGAD) 
– n++-in-p type sensor with p+ gain layer under n++  
– 30 ps timing resolution 
– Individual gain layer for each electrode → nonnegligible inactive area 
with not achieving O(10) ps time resolution 

• AC-LGAD 
– n+-in-p type sensor with p+ gain layer under n+ (lower doped n layer) 
– Oxide layer between n+ layer and electrode (AC-coupling) 
– 30 ps timing resolution  
– One large gain layer for electrodes → 100% of fill factor
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time resolution [3,4]. Figure 1 (left) shows the operation principle of the LGAD sensor. The LGAD is
basically a n+-in-p semiconductor diode, containing an additional p++ layer under the n+ electrodes
with a boron doping concentration larger compared to that in the p-bulk region. The additional layer
makes an extremely higher electric field between n+ and p++. Such a high electric field induces
avalanche multiplication, increasing the electron and hole pairs originally produced by a Minimum
Ionizing Particle (MIP) by about 10-20 times. Superior time resolution is achievable with LGAD as
such a large signal is produced in the vicinity of the depth region.

Concerning the spatial resolution, we have identified a potential issue in improving the granularity
of the electrode [5]. Our fist segmented prototype, a 80 µm pitch strip detector, showed only 20 %
of the region to have enough gain to achieve O(10) ps timing resolution. The reason of such a low
fill factor is illustrated in Fig. 1 (top-right, DC-LGAD). The gain layers (combination of n+ and p++)
are placed separately for each electrode. As the regions between the n++ electrodes have no gain,
it introduces a gain non-uniformity over the sensor. To avoid this feature, an AC-coupled LGAD
sensors (AC-LGAD) has been developed as described in Section 2.1. In the following sections, first
HPK AC-LGAD prototype sensors are presented.

2. First prototype of AC-LGAD Sensors

2.1 Uniform avalanche layer and AC electrodes
To improve the active area with the high timing resolution, AC-LGAD sensors have been fabri-

cated by HPK. A uniform gain layer (the set of n+ and p++) is placed over the sensor active area and
for the segmented readout of the charge, patterned aluminum electrodes are placed on the oxide layer
(AC-coupled to n+) as shown in Fig. 1 (bottom right, AC-LGAD).

2.2 Parameterization of doping concentrations
A uniform gain layer with a low resistivity n+ doping concentration is expected to result in large

cross-talk to the next electrodes due to that the charge created by the avalanche point flows through
the n+ layer, creating signals on the neighboring electrodes. To reduce the cross-talk, an n+ layer
with large impedance is preferred. On the other hand, n+ with such a lower doping concentration
results in a lower gain. Therefore the p++ doping concentration must be optimized for each of the
n+ doping concentration. Table I summarizes the sample types produced in the first prototypes, with
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time resolution [3,4]. Figure 1 (left) shows the operation principle of the LGAD sensor. The LGAD is
basically a n+-in-p semiconductor diode, containing an additional p++ layer under the n+ electrodes
with a boron doping concentration larger compared to that in the p-bulk region. The additional layer
makes an extremely higher electric field between n+ and p++. Such a high electric field induces
avalanche multiplication, increasing the electron and hole pairs originally produced by a Minimum
Ionizing Particle (MIP) by about 10-20 times. Superior time resolution is achievable with LGAD as
such a large signal is produced in the vicinity of the depth region.

Concerning the spatial resolution, we have identified a potential issue in improving the granularity
of the electrode [5]. Our fist segmented prototype, a 80 µm pitch strip detector, showed only 20 %
of the region to have enough gain to achieve O(10) ps timing resolution. The reason of such a low
fill factor is illustrated in Fig. 1 (top-right, DC-LGAD). The gain layers (combination of n+ and p++)
are placed separately for each electrode. As the regions between the n++ electrodes have no gain,
it introduces a gain non-uniformity over the sensor. To avoid this feature, an AC-coupled LGAD
sensors (AC-LGAD) has been developed as described in Section 2.1. In the following sections, first
HPK AC-LGAD prototype sensors are presented.

2. First prototype of AC-LGAD Sensors

2.1 Uniform avalanche layer and AC electrodes
To improve the active area with the high timing resolution, AC-LGAD sensors have been fabri-

cated by HPK. A uniform gain layer (the set of n+ and p++) is placed over the sensor active area and
for the segmented readout of the charge, patterned aluminum electrodes are placed on the oxide layer
(AC-coupled to n+) as shown in Fig. 1 (bottom right, AC-LGAD).

2.2 Parameterization of doping concentrations
A uniform gain layer with a low resistivity n+ doping concentration is expected to result in large

cross-talk to the next electrodes due to that the charge created by the avalanche point flows through
the n+ layer, creating signals on the neighboring electrodes. To reduce the cross-talk, an n+ layer
with large impedance is preferred. On the other hand, n+ with such a lower doping concentration
results in a lower gain. Therefore the p++ doping concentration must be optimized for each of the
n+ doping concentration. Table I summarizes the sample types produced in the first prototypes, with
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• DC-LGAD (standard LGAD) 
– n++-in-p type sensor with p+ gain layer under n++  
– 30 ps timing resolution 
– Individual gain layer for each electrode → nonnegligible inactive area 
with not achieving O(10) ps time resolution 

• AC-LGAD 
– n+-in-p type sensor with p+ gain layer under n+ (lower doped n layer) 
– Oxide layer between n+ layer and electrode (AC-coupling) 
– 30 ps timing resolution  
– One large gain layer for electrodes → 100% of fill factor
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time resolution [3,4]. Figure 1 (left) shows the operation principle of the LGAD sensor. The LGAD is
basically a n+-in-p semiconductor diode, containing an additional p++ layer under the n+ electrodes
with a boron doping concentration larger compared to that in the p-bulk region. The additional layer
makes an extremely higher electric field between n+ and p++. Such a high electric field induces
avalanche multiplication, increasing the electron and hole pairs originally produced by a Minimum
Ionizing Particle (MIP) by about 10-20 times. Superior time resolution is achievable with LGAD as
such a large signal is produced in the vicinity of the depth region.

Concerning the spatial resolution, we have identified a potential issue in improving the granularity
of the electrode [5]. Our fist segmented prototype, a 80 µm pitch strip detector, showed only 20 %
of the region to have enough gain to achieve O(10) ps timing resolution. The reason of such a low
fill factor is illustrated in Fig. 1 (top-right, DC-LGAD). The gain layers (combination of n+ and p++)
are placed separately for each electrode. As the regions between the n++ electrodes have no gain,
it introduces a gain non-uniformity over the sensor. To avoid this feature, an AC-coupled LGAD
sensors (AC-LGAD) has been developed as described in Section 2.1. In the following sections, first
HPK AC-LGAD prototype sensors are presented.

2. First prototype of AC-LGAD Sensors

2.1 Uniform avalanche layer and AC electrodes
To improve the active area with the high timing resolution, AC-LGAD sensors have been fabri-

cated by HPK. A uniform gain layer (the set of n+ and p++) is placed over the sensor active area and
for the segmented readout of the charge, patterned aluminum electrodes are placed on the oxide layer
(AC-coupled to n+) as shown in Fig. 1 (bottom right, AC-LGAD).

2.2 Parameterization of doping concentrations
A uniform gain layer with a low resistivity n+ doping concentration is expected to result in large

cross-talk to the next electrodes due to that the charge created by the avalanche point flows through
the n+ layer, creating signals on the neighboring electrodes. To reduce the cross-talk, an n+ layer
with large impedance is preferred. On the other hand, n+ with such a lower doping concentration
results in a lower gain. Therefore the p++ doping concentration must be optimized for each of the
n+ doping concentration. Table I summarizes the sample types produced in the first prototypes, with
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Fig. 1. Operation principle of the LGAD detector (left), and DC-LGAD and AC-LGAD detectors (right).

time resolution [3,4]. Figure 1 (left) shows the operation principle of the LGAD sensor. The LGAD is
basically a n+-in-p semiconductor diode, containing an additional p++ layer under the n+ electrodes
with a boron doping concentration larger compared to that in the p-bulk region. The additional layer
makes an extremely higher electric field between n+ and p++. Such a high electric field induces
avalanche multiplication, increasing the electron and hole pairs originally produced by a Minimum
Ionizing Particle (MIP) by about 10-20 times. Superior time resolution is achievable with LGAD as
such a large signal is produced in the vicinity of the depth region.

Concerning the spatial resolution, we have identified a potential issue in improving the granularity
of the electrode [5]. Our fist segmented prototype, a 80 µm pitch strip detector, showed only 20 %
of the region to have enough gain to achieve O(10) ps timing resolution. The reason of such a low
fill factor is illustrated in Fig. 1 (top-right, DC-LGAD). The gain layers (combination of n+ and p++)
are placed separately for each electrode. As the regions between the n++ electrodes have no gain,
it introduces a gain non-uniformity over the sensor. To avoid this feature, an AC-coupled LGAD
sensors (AC-LGAD) has been developed as described in Section 2.1. In the following sections, first
HPK AC-LGAD prototype sensors are presented.

2. First prototype of AC-LGAD Sensors

2.1 Uniform avalanche layer and AC electrodes
To improve the active area with the high timing resolution, AC-LGAD sensors have been fabri-

cated by HPK. A uniform gain layer (the set of n+ and p++) is placed over the sensor active area and
for the segmented readout of the charge, patterned aluminum electrodes are placed on the oxide layer
(AC-coupled to n+) as shown in Fig. 1 (bottom right, AC-LGAD).

2.2 Parameterization of doping concentrations
A uniform gain layer with a low resistivity n+ doping concentration is expected to result in large

cross-talk to the next electrodes due to that the charge created by the avalanche point flows through
the n+ layer, creating signals on the neighboring electrodes. To reduce the cross-talk, an n+ layer
with large impedance is preferred. On the other hand, n+ with such a lower doping concentration
results in a lower gain. Therefore the p++ doping concentration must be optimized for each of the
n+ doping concentration. Table I summarizes the sample types produced in the first prototypes, with
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• DC-LGAD (standard LGAD) 
– n++-in-p type sensor with p+ gain layer under n++  
– 30 ps timing resolution 
– Individual gain layer for each electrode → nonnegligible inactive area 
with not achieving O(10) ps time resolution 

• AC-LGAD 
– n+-in-p type sensor with p+ gain layer under n+ (lower doped n layer) 
– Oxide layer between n+ layer and electrode (AC-coupling) 
– 30 ps timing resolution  
– One large gain layer for electrodes → 100% of fill factor
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Fig. 1. Operation principle of the LGAD detector (left), and DC-LGAD and AC-LGAD detectors (right).

time resolution [3,4]. Figure 1 (left) shows the operation principle of the LGAD sensor. The LGAD is
basically a n+-in-p semiconductor diode, containing an additional p++ layer under the n+ electrodes
with a boron doping concentration larger compared to that in the p-bulk region. The additional layer
makes an extremely higher electric field between n+ and p++. Such a high electric field induces
avalanche multiplication, increasing the electron and hole pairs originally produced by a Minimum
Ionizing Particle (MIP) by about 10-20 times. Superior time resolution is achievable with LGAD as
such a large signal is produced in the vicinity of the depth region.

Concerning the spatial resolution, we have identified a potential issue in improving the granularity
of the electrode [5]. Our fist segmented prototype, a 80 µm pitch strip detector, showed only 20 %
of the region to have enough gain to achieve O(10) ps timing resolution. The reason of such a low
fill factor is illustrated in Fig. 1 (top-right, DC-LGAD). The gain layers (combination of n+ and p++)
are placed separately for each electrode. As the regions between the n++ electrodes have no gain,
it introduces a gain non-uniformity over the sensor. To avoid this feature, an AC-coupled LGAD
sensors (AC-LGAD) has been developed as described in Section 2.1. In the following sections, first
HPK AC-LGAD prototype sensors are presented.

2. First prototype of AC-LGAD Sensors

2.1 Uniform avalanche layer and AC electrodes
To improve the active area with the high timing resolution, AC-LGAD sensors have been fabri-

cated by HPK. A uniform gain layer (the set of n+ and p++) is placed over the sensor active area and
for the segmented readout of the charge, patterned aluminum electrodes are placed on the oxide layer
(AC-coupled to n+) as shown in Fig. 1 (bottom right, AC-LGAD).

2.2 Parameterization of doping concentrations
A uniform gain layer with a low resistivity n+ doping concentration is expected to result in large

cross-talk to the next electrodes due to that the charge created by the avalanche point flows through
the n+ layer, creating signals on the neighboring electrodes. To reduce the cross-talk, an n+ layer
with large impedance is preferred. On the other hand, n+ with such a lower doping concentration
results in a lower gain. Therefore the p++ doping concentration must be optimized for each of the
n+ doping concentration. Table I summarizes the sample types produced in the first prototypes, with
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Fig. 1. Operation principle of the LGAD detector (left), and DC-LGAD and AC-LGAD detectors (right).

time resolution [3,4]. Figure 1 (left) shows the operation principle of the LGAD sensor. The LGAD is
basically a n+-in-p semiconductor diode, containing an additional p++ layer under the n+ electrodes
with a boron doping concentration larger compared to that in the p-bulk region. The additional layer
makes an extremely higher electric field between n+ and p++. Such a high electric field induces
avalanche multiplication, increasing the electron and hole pairs originally produced by a Minimum
Ionizing Particle (MIP) by about 10-20 times. Superior time resolution is achievable with LGAD as
such a large signal is produced in the vicinity of the depth region.

Concerning the spatial resolution, we have identified a potential issue in improving the granularity
of the electrode [5]. Our fist segmented prototype, a 80 µm pitch strip detector, showed only 20 %
of the region to have enough gain to achieve O(10) ps timing resolution. The reason of such a low
fill factor is illustrated in Fig. 1 (top-right, DC-LGAD). The gain layers (combination of n+ and p++)
are placed separately for each electrode. As the regions between the n++ electrodes have no gain,
it introduces a gain non-uniformity over the sensor. To avoid this feature, an AC-coupled LGAD
sensors (AC-LGAD) has been developed as described in Section 2.1. In the following sections, first
HPK AC-LGAD prototype sensors are presented.

2. First prototype of AC-LGAD Sensors

2.1 Uniform avalanche layer and AC electrodes
To improve the active area with the high timing resolution, AC-LGAD sensors have been fabri-

cated by HPK. A uniform gain layer (the set of n+ and p++) is placed over the sensor active area and
for the segmented readout of the charge, patterned aluminum electrodes are placed on the oxide layer
(AC-coupled to n+) as shown in Fig. 1 (bottom right, AC-LGAD).

2.2 Parameterization of doping concentrations
A uniform gain layer with a low resistivity n+ doping concentration is expected to result in large

cross-talk to the next electrodes due to that the charge created by the avalanche point flows through
the n+ layer, creating signals on the neighboring electrodes. To reduce the cross-talk, an n+ layer
with large impedance is preferred. On the other hand, n+ with such a lower doping concentration
results in a lower gain. Therefore the p++ doping concentration must be optimized for each of the
n+ doping concentration. Table I summarizes the sample types produced in the first prototypes, with
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• DC-LGAD (standard LGAD) 
– n++-in-p type sensor with p+ gain layer under n++  
– 30 ps timing resolution 
– Individual gain layer for each electrode → nonnegligible inactive area 
with not achieving O(10) ps time resolution 

• AC-LGAD 
– n+-in-p type sensor with p+ gain layer under n+ (lower doped n layer) 
– Oxide layer between n+ layer and electrode (AC-coupling) 
– 30 ps timing resolution  
– One large gain layer for electrodes → 100% of fill factor
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Fig. 1. Operation principle of the LGAD detector (left), and DC-LGAD and AC-LGAD detectors (right).

time resolution [3,4]. Figure 1 (left) shows the operation principle of the LGAD sensor. The LGAD is
basically a n+-in-p semiconductor diode, containing an additional p++ layer under the n+ electrodes
with a boron doping concentration larger compared to that in the p-bulk region. The additional layer
makes an extremely higher electric field between n+ and p++. Such a high electric field induces
avalanche multiplication, increasing the electron and hole pairs originally produced by a Minimum
Ionizing Particle (MIP) by about 10-20 times. Superior time resolution is achievable with LGAD as
such a large signal is produced in the vicinity of the depth region.

Concerning the spatial resolution, we have identified a potential issue in improving the granularity
of the electrode [5]. Our fist segmented prototype, a 80 µm pitch strip detector, showed only 20 %
of the region to have enough gain to achieve O(10) ps timing resolution. The reason of such a low
fill factor is illustrated in Fig. 1 (top-right, DC-LGAD). The gain layers (combination of n+ and p++)
are placed separately for each electrode. As the regions between the n++ electrodes have no gain,
it introduces a gain non-uniformity over the sensor. To avoid this feature, an AC-coupled LGAD
sensors (AC-LGAD) has been developed as described in Section 2.1. In the following sections, first
HPK AC-LGAD prototype sensors are presented.

2. First prototype of AC-LGAD Sensors

2.1 Uniform avalanche layer and AC electrodes
To improve the active area with the high timing resolution, AC-LGAD sensors have been fabri-

cated by HPK. A uniform gain layer (the set of n+ and p++) is placed over the sensor active area and
for the segmented readout of the charge, patterned aluminum electrodes are placed on the oxide layer
(AC-coupled to n+) as shown in Fig. 1 (bottom right, AC-LGAD).

2.2 Parameterization of doping concentrations
A uniform gain layer with a low resistivity n+ doping concentration is expected to result in large

cross-talk to the next electrodes due to that the charge created by the avalanche point flows through
the n+ layer, creating signals on the neighboring electrodes. To reduce the cross-talk, an n+ layer
with large impedance is preferred. On the other hand, n+ with such a lower doping concentration
results in a lower gain. Therefore the p++ doping concentration must be optimized for each of the
n+ doping concentration. Table I summarizes the sample types produced in the first prototypes, with
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Fig. 1. Operation principle of the LGAD detector (left), and DC-LGAD and AC-LGAD detectors (right).

time resolution [3,4]. Figure 1 (left) shows the operation principle of the LGAD sensor. The LGAD is
basically a n+-in-p semiconductor diode, containing an additional p++ layer under the n+ electrodes
with a boron doping concentration larger compared to that in the p-bulk region. The additional layer
makes an extremely higher electric field between n+ and p++. Such a high electric field induces
avalanche multiplication, increasing the electron and hole pairs originally produced by a Minimum
Ionizing Particle (MIP) by about 10-20 times. Superior time resolution is achievable with LGAD as
such a large signal is produced in the vicinity of the depth region.

Concerning the spatial resolution, we have identified a potential issue in improving the granularity
of the electrode [5]. Our fist segmented prototype, a 80 µm pitch strip detector, showed only 20 %
of the region to have enough gain to achieve O(10) ps timing resolution. The reason of such a low
fill factor is illustrated in Fig. 1 (top-right, DC-LGAD). The gain layers (combination of n+ and p++)
are placed separately for each electrode. As the regions between the n++ electrodes have no gain,
it introduces a gain non-uniformity over the sensor. To avoid this feature, an AC-coupled LGAD
sensors (AC-LGAD) has been developed as described in Section 2.1. In the following sections, first
HPK AC-LGAD prototype sensors are presented.

2. First prototype of AC-LGAD Sensors

2.1 Uniform avalanche layer and AC electrodes
To improve the active area with the high timing resolution, AC-LGAD sensors have been fabri-

cated by HPK. A uniform gain layer (the set of n+ and p++) is placed over the sensor active area and
for the segmented readout of the charge, patterned aluminum electrodes are placed on the oxide layer
(AC-coupled to n+) as shown in Fig. 1 (bottom right, AC-LGAD).

2.2 Parameterization of doping concentrations
A uniform gain layer with a low resistivity n+ doping concentration is expected to result in large

cross-talk to the next electrodes due to that the charge created by the avalanche point flows through
the n+ layer, creating signals on the neighboring electrodes. To reduce the cross-talk, an n+ layer
with large impedance is preferred. On the other hand, n+ with such a lower doping concentration
results in a lower gain. Therefore the p++ doping concentration must be optimized for each of the
n+ doping concentration. Table I summarizes the sample types produced in the first prototypes, with
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• DC-LGAD (standard LGAD) 
– n++-in-p type sensor with p+ gain layer under n++  
– 30 ps timing resolution 
– Individual gain layer for each electrode → nonnegligible inactive area 
with not achieving O(10) ps time resolution 

• AC-LGAD 
– n+-in-p type sensor with p+ gain layer under n+ (lower doped n layer) 
– Oxide layer between n+ layer and electrode (AC-coupling) 
– 30 ps timing resolution  
– One large gain layer for electrodes → 100% of fill factor
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Fig. 1. Operation principle of the LGAD detector (left), and DC-LGAD and AC-LGAD detectors (right).

time resolution [3,4]. Figure 1 (left) shows the operation principle of the LGAD sensor. The LGAD is
basically a n+-in-p semiconductor diode, containing an additional p++ layer under the n+ electrodes
with a boron doping concentration larger compared to that in the p-bulk region. The additional layer
makes an extremely higher electric field between n+ and p++. Such a high electric field induces
avalanche multiplication, increasing the electron and hole pairs originally produced by a Minimum
Ionizing Particle (MIP) by about 10-20 times. Superior time resolution is achievable with LGAD as
such a large signal is produced in the vicinity of the depth region.

Concerning the spatial resolution, we have identified a potential issue in improving the granularity
of the electrode [5]. Our fist segmented prototype, a 80 µm pitch strip detector, showed only 20 %
of the region to have enough gain to achieve O(10) ps timing resolution. The reason of such a low
fill factor is illustrated in Fig. 1 (top-right, DC-LGAD). The gain layers (combination of n+ and p++)
are placed separately for each electrode. As the regions between the n++ electrodes have no gain,
it introduces a gain non-uniformity over the sensor. To avoid this feature, an AC-coupled LGAD
sensors (AC-LGAD) has been developed as described in Section 2.1. In the following sections, first
HPK AC-LGAD prototype sensors are presented.

2. First prototype of AC-LGAD Sensors

2.1 Uniform avalanche layer and AC electrodes
To improve the active area with the high timing resolution, AC-LGAD sensors have been fabri-

cated by HPK. A uniform gain layer (the set of n+ and p++) is placed over the sensor active area and
for the segmented readout of the charge, patterned aluminum electrodes are placed on the oxide layer
(AC-coupled to n+) as shown in Fig. 1 (bottom right, AC-LGAD).

2.2 Parameterization of doping concentrations
A uniform gain layer with a low resistivity n+ doping concentration is expected to result in large

cross-talk to the next electrodes due to that the charge created by the avalanche point flows through
the n+ layer, creating signals on the neighboring electrodes. To reduce the cross-talk, an n+ layer
with large impedance is preferred. On the other hand, n+ with such a lower doping concentration
results in a lower gain. Therefore the p++ doping concentration must be optimized for each of the
n+ doping concentration. Table I summarizes the sample types produced in the first prototypes, with
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Fig. 1. Operation principle of the LGAD detector (left), and DC-LGAD and AC-LGAD detectors (right).

time resolution [3,4]. Figure 1 (left) shows the operation principle of the LGAD sensor. The LGAD is
basically a n+-in-p semiconductor diode, containing an additional p++ layer under the n+ electrodes
with a boron doping concentration larger compared to that in the p-bulk region. The additional layer
makes an extremely higher electric field between n+ and p++. Such a high electric field induces
avalanche multiplication, increasing the electron and hole pairs originally produced by a Minimum
Ionizing Particle (MIP) by about 10-20 times. Superior time resolution is achievable with LGAD as
such a large signal is produced in the vicinity of the depth region.

Concerning the spatial resolution, we have identified a potential issue in improving the granularity
of the electrode [5]. Our fist segmented prototype, a 80 µm pitch strip detector, showed only 20 %
of the region to have enough gain to achieve O(10) ps timing resolution. The reason of such a low
fill factor is illustrated in Fig. 1 (top-right, DC-LGAD). The gain layers (combination of n+ and p++)
are placed separately for each electrode. As the regions between the n++ electrodes have no gain,
it introduces a gain non-uniformity over the sensor. To avoid this feature, an AC-coupled LGAD
sensors (AC-LGAD) has been developed as described in Section 2.1. In the following sections, first
HPK AC-LGAD prototype sensors are presented.

2. First prototype of AC-LGAD Sensors

2.1 Uniform avalanche layer and AC electrodes
To improve the active area with the high timing resolution, AC-LGAD sensors have been fabri-

cated by HPK. A uniform gain layer (the set of n+ and p++) is placed over the sensor active area and
for the segmented readout of the charge, patterned aluminum electrodes are placed on the oxide layer
(AC-coupled to n+) as shown in Fig. 1 (bottom right, AC-LGAD).

2.2 Parameterization of doping concentrations
A uniform gain layer with a low resistivity n+ doping concentration is expected to result in large

cross-talk to the next electrodes due to that the charge created by the avalanche point flows through
the n+ layer, creating signals on the neighboring electrodes. To reduce the cross-talk, an n+ layer
with large impedance is preferred. On the other hand, n+ with such a lower doping concentration
results in a lower gain. Therefore the p++ doping concentration must be optimized for each of the
n+ doping concentration. Table I summarizes the sample types produced in the first prototypes, with
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R&D elements for AC-LGAD
• Issues of AC-LGAD 
– Crosstalk in n+ layer 
– Small signal due to AC-coupling 

• Signal size Q 

• Two important parameters 
– Rimp → larger is better 
• n+ doping concentration 

– Ccp → larger is better 
• Smaller electrode size → smaller Ccp  
• Thinner oxide → larger Ccp

13

Crosstalk (charge sharing)
Signal

Q =
ZRimp

ZRimp
+ ZCCP

Q0

K. Nakamura et al., JPS Conf. Proc. 34, 010016 (2021)



R&D elements for AC-LGAD
• Issues of AC-LGAD 
– Crosstalk in n+ layer 
– Small signal due to AC-coupling 

• Signal size Q 

• Two important parameters 
– Rimp → larger is better 
• n+ doping concentration 

– Ccp → larger is better 
• Smaller electrode size → smaller Ccp  
• Thinner oxide → larger Ccp

14

Crosstalk (charge sharing)
Signal

Q =
ZRimp

ZRimp
+ ZCCP

Q0

K. Nakamura et al., JPS Conf. Proc. 34, 010016 (2021)



R&D elements for AC-LGAD
• Issues of AC-LGAD 
– Crosstalk in n+ layer 
– Small signal due to AC-coupling 

• Signal size Q 

• Two important parameters 
– Rimp → larger is better 
• n+ doping concentration 

– Ccp → larger is better 
• Smaller electrode size → smaller Ccp  
• Thinner oxide → larger Ccp

15

Crosstalk (charge sharing)
Signal

Q =
ZRimp

ZRimp
+ ZCCP

Q0

K. Nakamura et al., JPS Conf. Proc. 34, 010016 (2021)



R&D elements for AC-LGAD
• Issues of AC-LGAD 
– Crosstalk in n+ layer 
– Small signal due to AC-coupling 

• Signal size Q 

• Two important parameters 
– Rimp → larger is better 
• n+ doping concentration 

– Ccp → larger is better 
• Smaller electrode size → smaller Ccp  
• Thinner oxide → larger Ccp

16

Crosstalk (charge sharing)
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Development goal 
Keep a larger signal and smaller crosstalk  
with a good time and spatial resolution
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AC-LGAD development in Japan
• KEK and the University of Tsukuba have been developing AC-LGAD sensors in 
collaboration with Hamamatsu Photonics (HPK) for use in the future ATLAS experiment 
– Several pads, pixels, and strips types with changing electrode shape sizes and oxide properties 

• BNL also has been developing AC-LGADs with collaborating with the ATLAS 
– ATLAS Japan has played an important role as a bridge between HPK and BNL 

• Performance requirements from HL-LHC are more demanding than EIC 
– Time resolution 30ps, spatial resolution O(10)um, and radiation tolerance O(1015)neq/cm2
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Japan has one of the state-of-art technology of AC-LGAD



Performance of AC-LGAD at BNL/HPK
• Performance of AC-LGAD at BNL and HPK has been published (link) 
– R. Heller et al., JINST 17 P05001, 2022 

• Strip types and pad types have been fabricated by BNL and HPK, respectively 
– Electrode gap and size effects have been tested with BNL products 
– n+ doping concentration (resistivity) effects have been tested with HPK production
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Table 1: Performance summary for BNL strip and HPK pad detectors. A 10% uncertainty is
applied to the MPV signal amplitudes, representing the uncertainty in amplifier calibration. The
position resolutions quoted for the strips are only upper limits since the measurements are limited
by the resolution of the tracker reference. The HPK position resolution and all time resolution
uncertainties represent the statistical error, only.

Name Pitch Primary signal amp. Position res. Time res.
Unit µm mV µm ps

BNL 2020 100 101 ± 10 6 29 ± 1
BNL 2021 Narrow 100 104 ± 10 9 32 ± 1
BNL 2021 Medium 150 136 ± 13 11 30 ± 1
BNL 2021 Wide 200 144 ± 14 9 33 ± 1
HPK C–2 500 128 ± 12 22 ± 1 30 ± 1
HPK B–2 500 95 ± 10 24 ± 1 27 ± 1

5 Conclusions and Outlook

We present detailed studies of several AC-LGAD sensors exposed to 120 GeV proton beam at the
Fermilab test beam facility. Several enhancements to the experimental setup were incorporated, such
as improved DAQ that allows high speed readout of up to 7 channels, and significantly better position
resolution measurement. The new readout allows multi-strip measurements and a combination of
information that takes full advantage of signal sharing among neighboring channels. A proton hit
e�ciency close to 100% has been measured for individual strips as well as for a combination of
adjacent strips. We demonstrate that uniform position resolution of around 6 µm can be achieved
with strip detectors. Uniform time resolution of around 30 ps can be achieved across the full surface
of sensors with correctly optimized geometry.

These results are the first demonstration of simultaneous 6 µm and 30 ps resolutions in a single
sensor. We demonstrate that the signal sharing observed in AC-LGADs can be utilized for much
improved position reconstruction compared to standard silicon detectors, with the additional benefit
of precision timing measurement.
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~30 ps time and <30 um spatial resolution have been achieved!

Pad type by HPKStrip type by BNL

3x3 mm2 
Sensor size

3x3 mm2 
Sensor size

R. Heller et al., JINST 17 P05001, 2022

https://iopscience.iop.org/article/10.1088/1748-0221/17/05/P05001


S. Kita et al., at VERTEX 2022

26

• The latest results were presented at the VERTEX2022 
– S. Kita et al., presentation link → here 

• New Pixel-type and larger strip-type products were shown  
• 100um pitch pixel sensor has good performance on crosstalk 
– Next step: 2x2 cm2 sensor size 

• New characteristic is found in the large stripe-type sensors 
– Unexpected smaller signal height is found than pixel type 
– It is due to inter-electrode capacitance 

https://indico.cern.ch/event/1140707/contributions/5002360/attachments/2534307/4365071/Vertex2022_kita.pdf
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Plan of the EIC-Japan for ToF detector
• EIC-Japan wants to lead the development of the ToF detector @ EPIC in a responsible 
position the same as INTT detector @ sPHEINX 
– All components of the detector will be manufactured in Japan 

• We will join the R&D of AC-LGAD soon and finalize the sensor design for EIC 
– The first step is several tests with prototypes produced by BNL this winter 
– AC-LGAD has been designed for HL-LHC and already fulfilled our requirements in EIC 
• Main R&D will be increasing the sensor size  

– EIC-Japan will be a bridge between eRD112 and HPK 

• EIC-Japan will take care of components other than sensor design  
– e.g. FPC, cables, support material, etc
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Capability of the team Japan
• We have the ability and experience to create the INTT detector in sPHENIX with Japanese 
technology 

• The environments for R&D, mass production, and QA will be available, the same as INTT 
– ＋ Hiroshima University (Forward muon silicon tracker at ALICE)
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sPHENIX INTT Japan 
+ Hiroshima Univ.

MFT assembling @ CERN

Staves Silicon sensor

FPC

Bas extender

• We have the ability and experience to create the INTT detector in sPHENIX with Japanese 
technology 

• The environments for R&D, mass production, and QA will be available, the same as INTT 
– ＋ Hiroshima University (Forward muon silicon tracker at ALICE)+ Hiroshima University (experienced ALICE forward silicon tracker development)



Summary
• The EPIC experiment must have ToF detectors with reasonable spatial and excellent 
timing resolution 

• AC-LGAD technology is the strongest candidate 

• EIC-Japan wants to lead the development of the ToF detector at EPIC 

• We will start several tests with sensors produced by BNL as the first step this winter 

• Hiroshima University has joined the EIC ToF development
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