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AsBstrACT: Low Gain Avalanche Detectors (LGAD) are silicon sensors with a time resolution better
than 20 ps. The ATLAS and CMS experiments are designing LGAD detectors to address the pile-up
challenge at the High Luminosity-Large Hadron Collider (HL-LHC). The Institute of High Energy
Physics (IHEP) High-Granularity Timing Detector group has recently developed its first version
of LGAD sensors. The LGAD structure was designed using Technology Computer-Aided Design
(TCAD) simulations and optimized to obtain a high breakdown voltage and ideal gain. The n-type
Junction Termination Extension (N-JTE) zone is a critical structure to guarantee a high breakdown
voltage. The gain layer is optimized for an ideal gain factor and hence good time resolution. The
optimized LGAD sensor has a gain higher than six and a breakdown voltage higher than 400 V.

Keyworbps: Solid state detectors; Timing detectors; Charge transport and multiplication in solid
media; Photon detectors for UV, visible and IR photons (solid-state) (PIN diodes, APDs, Si-PMTs,
G-APDs, CCDs, EBCCDs, EMCCDs, CMOS imagers, etc)
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1 Introduction

The High Luminosity (HL) Phase-II of the Large Hadron Collider (LHC) at CERN is scheduled
to start in 2026. This HL-LHC will deliver an integrated luminosity of up to 4000fb~' over
the subsequent decade. The instantaneous luminosity of the HL-LHC will reach up to 7.5 X
103 cm™2s~!, a substantial increase from the 2.1 x 10°* cm™2s~! obtained during LHC Run 2 [1, 2].
This will cause a significant increase in the pile-up, calling for improved spatial and timing resolution
of the sensors in order for particle tracks to be distinguished and primary vertices to be properly
identified. One possible approach to cope with these requirements is using tracking sensors with
high timing capabilities. The LGAD sensors are silicon sensors with a time resolution better than
20ps. They have so far been developed by several silicon foundries [3-8]. The Institute of High
Energy Physics (IHEP) High-Granularity Timing Detector group has recently developed its first
version of LGAD sensors. In this paper, we report on the design, Technology Computer-Aided
Design (TCAD) simulation and proposed fabrication technology for these devices.

2 Structure

The LGAD structure drawn in figure 1 is based on the standard PIN diode architecture with an n**
layer as the cathode and a p** layer as the anode. High voltage is applied on the anode and charge
is collected from the n** cathode at the ground.
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Figure 1. Sketch of the structure of an LGAD (not to scale) with the active area shown.

The p~ substrate is the active volume for charge drifting. Its thickness contributes to the
sensor’s time resolution [1] because a thin sensor will have a shorter charge drift time. Directly
under the n** layer, a special gain layer composed of a p-type dopant delivers a low gain factor
(10 ~ 20). Besides the sensor’s thickness, the proper gain factor is another key contributor in
controlling the time resolution [1]. At the edge of the n** and p* regions a high electric-field forms
due to the beveled edge terminations. The Junction Termination Extension (JTE) [9] made by an
n* dopant can alter the surface electric field at the edges by selectively adding the charge to the
junction. The p-stop [10] diffusion plotted in figure 2 can eliminate the electrical connection among
n-type diffusions due to the surface inversion layer. Guard rings are added at the device’s periphery
to shape the electric field distribution at the junction edges and shield the active area from the lateral
leakage current [11].
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Figure 2. Cross section of an LGAD at the periphery showing doping concentrations of different regions.

3 TCAD simulation of the electrical characteristics

Our design study is based on TCAD. TCAD is a group of software tools aimed at process and
device analysis and optimization. In case of LGADs, TCAD has been already successfully used
by different groups, see e.g. [12, 13]. In our study, Sentaurus Structure Editor (SDE) was used
to draw sensor models with the ideal geometry. In the Sentaurus Structure Editor, we choose the
“select region” as a boundary condition, which means all boundary edges or boundary faces will be
assigned to the contact. Sentaurus Process (sprocess) is used to draw sensor structures from process
fabrication. Sentaurus Device (sdevice) is used to perform electrical characterization simulations.



There are different physics models for users to choose from. For example, in sdevice’s Physics
Mobility section we used a physics model “DopingDep” which causes the mobility degradation due
to impurity scattering. In sdevice Physics Recombination SRH section, we used a physics model
“TempDep” which activates the temperature behavior depending on the nature of the recombination
centers. Sentaurus Visual (svisual) is a visualization tool used to analyze the sensor doping profile,
breakdown voltage, current density, electrical field and others.

The electrical characterization simulation (with sdevice) includes current-voltage (IV) simu-
lation and gain simulation. Both simulations are performed by applying a negative high voltage on
the anode and collecting the signals from the cathode. The IV simulation (in figure 3) calculates the
current going through the sensor at different voltages and provides the depletion voltage, leakage
current, breakdown voltage, electric field distribution, current density and others. The gain simula-
tion is based on a Minimal Ionizing Particle (MIP) signal (shown in figure 4). The gain is equal to
the total collected charge divided by the MIP’s primary ionizing charge (3.1). The MIP signal was
set with the “Heavylon” model and injected vertically into the center of the cathode.

Qtotal

Gain = (3.1

Qprimary

In the electrical characterization simulation, the design is optimized by first adjusting the sensor
structure, and then doping profile and then checking its electrical performance.
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Figure 3. In this IV simulation, the cathode’s current is plotted against the bias voltage. The gain layer is
fully depleted at —21 V. The sensor is fully depleted at —28 V, and the breakdown occurs at —395 V.

3.1 Structure optimization

Structure optimization was mainly done with SDE and sdevice tools. The sensor structures generated
with SDE are analyzed with sdevice. Sdevice is used to electrically analyze the sensor and svisual
for visualization analysis.

3.1.1 JTE size

The Junction Termination Extension (JTE) is a critical structure to shape the electric field at the
electrode’s edge and to protect the sensor from an early breakdown. A round, deep and wide JTE
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Figure 4. The transient simulation of the MIP signal at 1 ns is plotted above as the cathode current over time.
The gain factor can be extracted through an integration of current after removing the leakage current offset.

structure can help the sensor have a high breakdown voltage. In the real fabrication process, some
process conditions will limit the JTE shape. The region from JTE to the edge of the sensor is a
dead area not sensitive to high energy particles. In the ATLAS High-Granularity Timing Detector
(HGTD) the LGAD sensor pad size is 1.3 mm X 1.3 mm. The larger the JTE, the lower the fill
factor, hence the lower the detection efficiency. As an example, figure 5 shows the fill factor as a
function of the JTE width for a fixed distance between JTE and sensor edge of 80 um.
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Figure 5. The fill factor is plotted above against different JTE widths. The pad size is 1.3 mm X 1.3 mm and
the distance from the JTE to the sensor edge is 80 um.

IHEP is collaborating with the Tianjin Zhonghuan Semiconductor Company [14] to fabricate
this LGAD sensor. IHEP has optimized the JTE process to obtain a high breakdown voltage using
the Zhonghuan process. In this process, ion implantation is limited to low energies. Even with
an extended thermal diffusion process, the depths of each junction are limited to several microns.



The JTE width is one of the few parameters that control breakdown voltage in this sensor. IV
simulations were done to optimize the JTE width as shown in figure 6.
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Figure 6. The sensor with JTE width of 5 micron breaks down before —400 V. The JET width should be
equal or larger than 10 micron.

The sensor begins breaking down at a lower voltage when the JTE width is less than 10 pm.
Taking into consideration both early breakdown issues caused by a narrow JTE and low fill factor
issues caused by a wide JTE, only a JTE with a width of 20 um, 30 um, 50 um, and 80 um were
used in the final design. Simulations were done in a 2D structure. For TCAD electrical simulation,
the 2D sensor model has a higher breakdown voltage than a 3D sensor model having the same
doping profile and size. The JTE ring in the 3D sensor model and the real sensor has four corners
called spherical junctions [15]. Those spherical junctions will have a higher electrical field than the
cylinder region in 2D simulations which cause early breakdown. Wider JTE structures were used
to eliminate this effect caused by the difference between 2D and 3D models.

3.1.2 JTE to P-stop distance

Similar to the JTE width, the distance between the p-stop and the JTE affects the sensor performance.
Longer distances mean less fill factor. Less distances lead to early breakdowns as figure 7 shows;
30 um is the minimum distance to prevent early breakdown.

3.1.3 Field plate

With the application of the field plate, it is possible to approach the breakdown voltage of a parallel-
plane junction. The field plate structure is shown in figure 2 which extends the contact metal
for the n™* electrode over the field oxide at the edge. This plate produces an expansion of the
depletion region along the surface. The resulting reduction in the electric field at the JTE increases
the breakdown voltage. The junction depth corresponding to an oxide thickness of #, is given
by (3.2) [15].

OX

X] = (ﬁ) fox ~ 3lox (3.2)
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Figure 7. The IV simulation with different JTE to P-stop distances. A sensor with a distance shorter than
30 wm breaks down earlier than —400 V. In these simulations, the JTE width is 10 um, and the p-stop width
is 2 um.

The field oxide thickness is one-third of the junction depth. For example, the breakdown voltage
at the field plate for a field oxide thickness of 1 um would be equivalent to the breakdown voltage
of a cylindrical junction with a depth of 3 um. Our sensor oxide layer thickness is 0.94 um. The
oxide charge used in simulation is 0. This choice is appropriate for the pre-irradiation conditions,
since the typical oxide charge density that the foundry can ensure is lower than 10'°cm™2. The
field plate size, and especially its edge, also determines the breakdown voltage. IV simulation for
different field plate sizes (figure 8) reveals the highest breakdown voltage is achieved with a field
plate edge located 517 um from the sensor center.
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Figure 8. The field plate edge optimization is shown above by plotting the field plate overhang against the
breakdown voltage. The field plate overhang is the distance between the JTE mask outside edge and the
field plate edge. The highest breakdown voltage is achieved with a field plate overhang of 7 pum. In these
simulations, the JTE width is 10 wm, the p-stop width is 2 um, and the JTE p-stop distance is 29 pm.



3.1.4 Layout mask

Different structure designs were included in the layout mask shown in figure 9. Table 1 shows
the details of different designs. IV measurements, capacitance-voltage measurements, and gain
measurements reveal the best structure design for this LGAD sensor.

Figure 9. The layout mask for fabricating the LGAD sensor is shown above. The mask includes single pads,
2 x2,and 5 X 5 arrays.

Table 1. Different designs in layout mask.

Pixel number | JTE width (um) | JTE and Pstop distance (um) | Field plate and guard rings
Single 15 18, 20.5, 23, 25.5, 28, 33 without FP, same guard ring
Single 20 23 5 types FP, same guard ring
Single 15,20, 30, 50,80 | 33 without FP, same guard ring
Single 15 25 5 guard ring

2X2 15 23,28, 33 without FP, same guard ring
2%x2 20 23 5 types FP, same guard ring
5%x5 20 23 without FP

3.2 Doping profile optimization

In the doping profile optimization, different from structure optimization, sprocess was used to obtain
sensor models close to the real sensors fabricated by the foundry. Sdevice was used to electrically
analyze the sensor and svisual for the visualization analysis. Structure optimization was done in
the dead area including JTE, P-stop, field plate and guard ring. Those structure optimizations can
reduce the risk of early breakdown occurring in dead areas. The doping profile is optimized in
the active area including the n** and p* layer. Figure 10 shows the n** layer and p* layer doping
concentration distribution at different depths. The n** layer works as a charge collection electrode



which only needs to be highly doped in the shallow region. Most doping optimization studies were
done in the p* gain layer to obtain special gain.
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Figure 10. N** layer and p* layer doping concentration distribution in different depths. Phosphorus is used
as the n-type dopant. Boron is used as the p-type dopant.

3.2.1 Gain layer diffusion process optimization

For making the p* layer as a gain layer, the p-type doping concentration needs to be higher than
1 x 10'°cm™3. Going to the deeper region to avoid overlapping with the n** layer can increase
active p-type doping concentration. However, in the foundry process condition, the ion implantation
energy is not high enough to inject p-type dopants into an adequately deep region. Without high
energy injection, a deep and precise highly doped p* layer could be achieved by long-time high-
temperature diffusion. Figure 11 shows the p* gain layer depth increase as the diffusion time grows.
Longer diffusion could diffuse dopant to deeper regions but also can lose maximum value which is
higher than 1 x 10'® cm™3. According to the Zhonghuan process condition, the maximum diffusion
temperature is 1150 Celsius. The gain layer implantation was done with 4.8 x 10'2 cm™2 of boron.
With 1150 Celsius diffusion, the sensor begins to obtain a higher multiplication coefficient in the
same working voltage. After 2 hours of diffusion, the sensor starts to break down before —400 V
as figure 12 shows. Breakdown happens in the active volume which can be simplified as a PN
diode. The relation between the multiplication coefficient and the breakdown voltage is shown
in (3.3) [15]. The active p-type dopant grows with diffusion time. The bias voltages need for
getting the same multiplication coefficient become lower with the active p-type dopant grows. The
breakdown voltages will become lower after long time diffusion.

1

3.2.2 Gain layer implantation process optimization

The ion implantation process has two main condition parameters: injection energy and injection
dose. As maximum injection energy is limited, the injection dose dominates the sensor electrical



le+20F

le+19¢ —— 6 hour thermal diffusion

— 5 hour thermal diffusion
1e+18+ — 4 hour thermal diffusion
—— 3 hour thermal diffusion

2 hour thermal diffusion

le+l7¢ —— 1 hour thermal diffusion

le+l6|

le+15¢

Doping Concentration (cm)

le+ldf

le+13¢

le+l12¢

0 1 2 3 4 5 6 7 8 9 10 11
Depth (um)

Figure 11. Doping concentration versus different depths from one to six hour 1150 celsius thermal diffusion.

Gain layer boron doping concentration higher than 1 x 10'® cm™3.
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Figure 12. IV simulation with different thermal diffusion time. Sensors with diffusion time longer than one
hour start to break down before —400 V.

characterization mainly on gain factor and breakdown voltage. A highly doped gain layer will
increase the gain factor but also will suffer early breakdown issues which in turn shrinks the
working voltage region and therefore decrease the gain. Figure 13 shows the sensor’s gain at 300V,
350V and 400 V with different injection doses. The result indicates a reasonable gain above 6 can
be obtained from the dose range (4.8-5.2 x 10'? cm~2) for the ion implantation fabrication process.

4 Fabrication process

The final design will be produced by six different masks as figure 9 shows in overlapped mode. The
first mask is the N-JTE and guard ring mask for n-type structure. The second mask is the p-stop
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Figure 13. Gain factor versus different ion implantation doses for three anode voltages. A gain factor above
six has been achieved with a dose range of 4.8-5.2 x 102 cm™2.

mask for producing p-stop. The third one is the p* layer mask for the gain layer. The fourth one
is the n** layer mask for the n** charge collection electrode. The fifth one is the etching oxide
mask for exposing the electrode under the oxide layer. The last one is the metal contact mask for
electrical connection. The metal mask is important especially for 5 X 5 sensor bump bonding with
ASIC and for connecting with the probe card.

The fabrication process includes the following steps:

1. Deposit photoresist
2. Lithography with N-JTE and guard ring mask
3. Implant phosphorus
4. Thermal diffuse N-JTE and guard ring
5. Etch all photoresist
6. Deposit photoresist
7. Lithography with the p-stop mask
8. Implant boron
9. Etch all photoresist
10. Thermal grow oxide in wet oxygen (long time)
11. Deposit photoresist
12. Lithography with p* layer mask
13. Implant boron

14. Thermal diffuse p* layer

~-10-



15. Etch all photoresist

16. Deposit photoresist

17. Lithography with n** layer mask

18. Implant phosphorus

19. Thermal diffuse n** layer (short time)
20. Etch all photoresist

21. Deposit photoresist

22. Lithography with etching oxide mask
23. Etch oxide

24. Etch all photoresist

25. Deposit aluminum with the metal mask

S Summary

This paper presents a new effort by IHEP, in collaboration with Zhonghuan Company, to design
suitable LGAD sensors. The LGAD design was constrained to satisfy the requirement of the
ATLAS HGTD. The ATLAS HGTD requires new LGAD sensors with high-radiation resistance
and a large fill factor. The sensor pad size is 1.3 mm X 1.3 mm. After TCAD simulation, LGAD
sensors designed with gain higher than six and breakdown voltage higher than 400 V are being
fabricated. Time resolution and radiation performance measurements will soon follow.
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