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»> Background

» The continuous upgrading and replacement of major scientific facilities have put
forward higher requirements for the performance of sensors.

a)  sidea 7-0 Side C

Sensor area [mm?]: 41.3x19.2 20.5 x 18.5
No. of pixels [z, ¢]: 160 x 336 80 x 336

R29.0/R29.3 - IPT /.
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b) c)

Schematics of the IBL with the placement of the 3D modules at the ends of the The ATLAS ITk, comprising strip (outer layers) and pixel (inner layers)
staves: (a) Stave layout with the organization of planar and 3D sensor modules. detectors with more than five billion readout channels. (Image: ATLAS
(b) Layout of the IBL detector with the 14 staves around the IBL positioning Collaboration/CERN)

tube (IPT) and (c) zoom of one stave side where a 3D sensor module is visibile.
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« The Large Hadron Collider (LHC) and Future Circular Collider (FCC) at CERN
« Beijing Electron-positron Collider, Shanghai Synchrotron Radiation Facility
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»> Background

» Compared with planar sensors, 3D detectors have the following advantages: fast
response, radiation hardness, low power consumption and low noise.

conventional planar electrode sensor 3D electrode sensor
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»>> Earlier work

> In the early stage, multiple theoretical models of 3D trench electrode sensors were
proposed and verified through TCAD simulation.

N+ Collecting electrode

Collecting electrode (V=0)

Narrow Trench

o] > . Wide Trench
External reverse eoch decode external reverse 278311:2;:%] [ |
bias voltage bias voltage
| R P- Silicon Bulk
D
Ultra-fast, Large area, Low capacitance, uniform small proportion of dead zones,
radiation-resistant small proportion of dead zones electric field distribution Through-etching
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TCAD simulation verified its strong radiation resistance, high charge collection, and ultrafast time characteristics
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»>> Earlier work

» IMECAS 3D Column-Trench silicon sensor with internal gain.
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v Going deeper into the sensor signal becomes slower (lower rising time and ToA) and waveforms become
significantly broadened. Same was observed before in preliminary studies with higher power.

Timing parameters vs depth

[o—
> If we draw z-scan for rise time
and ToA we see the effect in
more quantitative way.

Signal becomes slower and
arrives later with increasing
depth.
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Rise time 1]
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Interestingly gain increases vs depth from 4.5 to 7.5 reaching maximum at
depth about 25 um which is around the end of the n+ electrode. Going deeper,
the gain decreases.

—>
Position of the beam where the |
gain is maximal (depth 25 um) i
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»> Design

» The novel 3D trench columnar electrodes silicon sensor has been proposed.

3
120um [  —t . =X=”m-

DopingConcentration (cm”-3)
4.000e+20

~ 3.295e+17

~ 2.714e+14
-8.944e+11
~ -1.357e+15

p-epi B p-substrate
-1.648e+18
i-2.000e+21

mm ptt

N+t

The schematic of the novel 3D trench columnar electrodes silicon sensor.
www.ime.ac.cn
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»> 3D Simulation

> 30 V is applied to the n-trench, 0 V is applied to the n-columns.

Cc2
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ElectrostaticPotential (V)
.3.0609+01

2.537e+01

2.014e+01
' 1.492e+01
1 9.687e+00

.4.456e+00
-7.702e-01

The electrostatic potential of the novel 3D trench columnar electrode sensor.
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»> 3D Simulation

> 30 V is applied to the n-trench, 0 V is applied to the n-columns.

-100

~ 2.537e+01
2.014e+01
100 -

I'l.492e+01
2.687e+00
I4.455e+00
-7.702e-01

-200 -100 0 100 200

The electrostatic potential in XY plane at the depth of 25 pm of the novel 3D trench columnar electrode sensor.
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»> 3D Simulation

> 30 V is applied to the n-trench, 0 V is applied to the n-columns.

100 -

N ol . |

ElectrostaticPotential (V)
.3.060e+01

2.537e+01

2.014e+01

. 1.492e+01
=100 -
9.687e+00

4.458e+00
.-7.702e-01
200 100 0 -100 -200
X

The electrostatic potential in XZ plane at the center of the novel 3D trench columnar electrode sensor.
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»> 3D Simulation

> 30 V is applied to the n-trench, 0 V is applied to the n-columns.

C2
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P

ElectricField (V*cm#-1)

2.000e+04

1.667e+04
1.333e+04
1.000e+04

!6.667e+03

3.333e+03
l3.450e-09

The electricfield of the novel 3D trench columnar electrode sensor.

Jai# %o 3805 H
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»> 3D Simulation

> 30 V is applied to the n-trench, 0 V is applied to the n-columns.

-100 -

1.667e+04
 1.333e+04

100 - 1.000e+04

6.667e+03
13.333e+03
3.450e-09
-200 -100 0 100 200
X

The electricfield in XY plane at the depth of 25 pm of the novel 3D trench columnar electrode sensor.
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»> 3D Simulation

> 30 V is applied to the n-trench, 0 V is applied to the n-columns.

4e+04

2e+04

T

ElectricField (V¥*cm~™-1)

-2e+02 0 2e+02

X
The electricfield along the x-axis at the depth of 25 pm of the novel 3D trench columnar electrode sensor.
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»> 3D Simulation

> 30 V is applied to the n-trench, 0 V is applied to the n-columns.

100 -

ElectricField (V*em”-1)
.2.000e+04

1.667e+04

1.333e+04
1.000e+04

-100 -
6.667e+03

3.333e+03
.3.450e-09
200 100 0 -100 -200
X

The electricfield in XZ plane at the center of the novel 3D trench columnar electrode sensor.

#5385
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»> 3D Simulation

> 30 V is applied to the n-trench, 0 V is applied to the n-columns.
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Bias Voltage (V)
-V curve of the novel 3D trench columnar electrode sensor.
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»> 3D Simulation

> 30 V is applied to the n-trench and n-columns.

ElectrostaticPotential (V)
3.060e+01

" 2.537e+01
2.014e+01

I 1.492e+01
2.687e+00

.4.458e+00
-7.702e-01

The electrostatic potential of the novel 3D trench columnar electrode sensor.
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»> 3D Simulation

> 30 V is applied to the n-trench and n-columns.

-100 -

2.537e+01

2.014e+01
100 - 1.492e+01
9.687e+00

4.458e+00

-7.702e-01

-200 -100 0 100 200

X

The electrostatic potential in XY plane at the depth of 25 pm of the novel 3D trench columnar electrode sensor.
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»> 3D Simulation

> 30 V is applied to the n-trench and n-columns.

100 -

ElectrostaticPotential (V)
3.060e+01

2.537e+01

2.014e+01
! 1.492e+01

=100 -
9.687e+00

4.458e+00
.-7.702e-01

-100 -200

200 100 0
X

The electrostatic potential in XZ plane at the center of the novel 3D trench columnar electrode sensor.

www.ime.ac.cn

7 #5385



»> 3D Simulation

> 30 V is applied to the n-trench and n-columns.

ElectricField (V*em#®-1)
2.000e+04

1.667e+04

1.333e+04

I'I .000e+04
6.667e+03

R P .3.333e+03
k 0.000e+00

The electricfield of the novel 3D trench columnar electrode sensor.

Jai# %o 3805 H
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»> 3D Simulation

> 30 V is applied to the n-trench and n-columns.

-100 -

1.667e+04
1.333e+04
1.000e+04
6.667e+03
3.333e+03
0.000e+00

200 -100 0 100 200
X

The electricfield in XY plane at the depth of 25 pm of the novel 3D trench columnar electrode sensor.
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»> 3D Simulation

> 30 V is applied to the n-trench and n-columns.
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The electricfield along the x-axis at the depth of 25 pm of the novel 3D trench columnar electrode sensor.
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»> 3D Simulation

> 30 V is applied to the n-trench and n-columns.

100

S AR AR AR AR e

ElectricField (V*em™”-1)
2.000e+04

1.667e+04

1.333e+04
V 1.000e+04
-100 - .
6.667e+03
3.333e+03
I0.0009+00
200 100 0 -100 -200
X

The electricfield in XZ plane at the center of the novel 3D trench columnar electrode sensor.
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»> 3D Simulation

> 30 V is applied to the n-trench and n-columns.
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Bias Voltage (V)
-V curve of the novel 3D trench columnar electrode sensor.
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»> 3D Simulation

»-30 V is applied to the p-column.

ElectrostaticPotential (V)

.6.0140-01

-4.394e+00
-9.389e+00
-1.438e+01
-1.938e+01
-2.437e+01
-2.937e+01

The electrostatic potential of the novel 3D trench columnar electrode sensor.
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»> 3D Simulation

»-30 V is applied to the p-column.

-100
> 0

ElectrostaticPotential

5.014e-0

"~ -4.394e+00

9.389e+00

100 - l-1.435e+01

| -1.938e+01

. -2.437e+01

,Y..,,T,..,Y.,'.T,.,'.Zz'%?emy]

-200 -100 0 100 200

X
The electrostatic potential in XY plane at the depth of 25 pm of the novel 3D trench columnar electrode sensor.
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»> 3D Simulation

»-30 V is applied to the p-column.

100 -

L. AN A AR & A

ElectrostaticPotential (V)

.6.014e-01

-4.394e+00

-92.389e+00

I-'I.435e+0'|
- -1.938e+01

-100 |
-2.437e+01
.-2.9379+01
200 100 0 -100 -200
X
The electrostatic potential in XZ plane at the center of the novel 3D trench columnar electrode sensor.
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> 3

D Simulation

»-30 V is applied to the p-column.

ElectricField (V*cm”-1)
.2.000e+04

1.667e+04
1.333e+04

ﬁ 1.000e+04

6.667e+03

. 3.333e+03
.4.997e-07

The electricfield of the novel 3D trench columnar electrode sensor.
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»> 3D Simulation

»-30 V is applied to the p-column.

-100 -

> 0
" 1.667e+04
1.333e+04
100 - 1.000e+04
~ 6.667e+03
13.333e+03
-200 -100 0 100 200

X
The electricfield in XY plane at the depth of 25 pm of the novel 3D trench columnar electrode sensor.
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»> 3D Simulation

»-30 V is applied to the p-column.

l ElectricField(C2(C1(n10_des_2))) l H ™
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-2e+02 0 2e+02
X
The electricfield along the x-axis at the depth of 25 pm of the novel 3D trench columnar electrode sensor.
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»> 3D Simulation

»-30 V is applied to the p-column.

100 -

ElectricField (V*cm”-1)
.2.000e+04

1.667e+04
1.333e+04

.1 .000e+04
-100 16.667e+03

3.333e+03
I4.997e-07
200 100 0 -100 -200
X

The electricfield in XZ plane at the center of the novel 3D trench columnar electrode sensor.
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»> 3D Simulation

»-30 V is applied to the p-column.

1e-06 ¢

le-08 |

le-10 -
le-12|

le-14|

Leakage Current (A)

le-16

-30 ‘ ‘ I l I | ‘ l l -20 -10 l I | I | I ‘ l ‘ 0
Bias Voltage (V)

-V curve of the novel 3D trench columnar electrode sensor.
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»> 3D Simulation

»-30 V is applied to the p-column.

3e-13 -

2.5e-13 -

Capacitance (F)

-10

T

2e-13
| 1 L L L L L L L |
-20

Bias Voltage (V)

C-V curve of the novel 3D trench columnar electrode sensor.
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»> 3D Simulation

»20 V is applied to the n-trench.

Cl

ElectrostaticPotential (V)
2.060e+01

~ 1.705e+01

I6.365e+00

I2.830e+00
-7.251e-01

1.34%9e+01

9.939e+00

The electrostatic potential of the novel 3D trench columnar electrode sensor.
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»> 3D Simulation

»20 V is applied to the n-trench.

-100

1.34%9e+01

100 - 2.939e+00
MI6.385e+00

12.830e+00

-7.251e-01

-200 -100 0 100 200
X

The electrostatic potential in XY plane at the depth of 25 pm of the novel 3D trench columnar electrode sensor.
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»> 3D Simulation

»20 V is applied to the n-trench.

100 -

ElectrostaticPotential (V)
2.060e+01

1.705e+01
1.349e+01

!9.939e+00
-100 - 6.385e+00

2.830e+00
I-7.25'Ie-0'|

-200

200 100 0 -100
X
The electrostatic potential in XZ plane at the center of the novel 3D trench columnar electrode sensor.
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»> 3D Simulation

»20 V is applied to the n-trench.

ElectricField (V*cm®™-1)
.2.000e+04

1.667e+04

1.000e+04

1.333e+04
16.667e+03

3.333e+03
.5.274e-l 0

The electricfield of the novel 3D trench columnar electrode sensor.
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»> 3D Simulation

»20 V is applied to the n-trench.

-100 -

1.333e+04
1.000e+04
6.667e+03
3.333e+03
5.274e-10

-200 -100 0 100 200
X

The electricfield in XY plane at the depth of 25 pm of the novel 3D trench columnar electrode sensor.

100 -
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»> 3D Simulation

»20 V is applied to the n-trench.

I

3e+04

I
Xo

2e+04

le+04

T

ElectricField (V*em™-1)

P T T S S S S T S R U S R PR
-2e+02 0 2e+02

X

The electricfield along the x-axis at the depth of 25 pm of the novel 3D trench columnar electrode sensor.
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»> 3D Simulation

»20 V is applied to the n-trench.

100 -

ElectricField (V*ecm#-1)
.2.000e+04

1.667e+04
1.333e+04
1.000e+04
-100 - | 6.667e+03

3.333e+03
I5.274e-'| 0

‘260' - YI(T)OY Y 0 | "-160' - '-21()0'
X

The electricfield in XZ plane at the center of the novel 3D trench columnar electrode sensor.
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»> 2D Simulation

> 30 V is applied to the n-trench, 0 V is applied to the n-columns.
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The I-t curves of the novel 3D trench columnar electrode sensor. _
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»> 2D Simulation

> 30 V is applied to the n-trench, 0 V is applied to the n-columns.
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»> 2D Simulation

> 30 V is applied to the n-trench and the n-columns.
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»> 2D Simulation

> 30 V is applied to the n-trench and the n-columns.
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»> Fabrication

> Fabrication process, layout, microscope image and the completed wafer
(a) (b) (©)

(d) (e) (f)

I

Epitaxial Si mmmm N+ Polysilicon mmm P+ Polysilicon mmm Metal

The simplified fabrication process flow of the novel 3D
trench columnar electrode sensor.

B Ntype trench layer Ntype polysilicon layer

BN Ptype trench layer I8 Ptype polysilicon layer

Bl contact layer metal layer

The layout of the novel 3D trench columnar

The microscope image and the completed wafer of the novel electrode sensor.

3D trench columnar electrode sensor.
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»> Measurement

> Electrical characteristics of the novel 3D trench columnar electrode sensor.
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The I-V,C-V curves of the novel 3D trench columnar electrode sensor.
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»> Conclusion

> A novel 3D trench columnar electrode sensor consisting of two types of vertical cylindrical electrodes and an
outer surrounding trench electrode has been designed and successfully fabricated at the 8 inch CMOS pilot
line at the Institute of Microelectronics of the Chinese Academy of Sciences (IMECAS).

>Five p-type and four n-type column electrodes are alternately arranged in a one-dimensional interleaved
pattern to form periodic signal-isolation electrode pairs, with a closed-loop n-type rectangular trench
electrode surrounding all inner columns to provide a uniform boundary electric field.

»TCAD simulations are performed to analyze the electrostatic potential and electric field distribution, IV, CV
characteristics, and transient I-t response.

» Experimental results show pF-scale device capacitance and nA-level dark current under depletion bias. The
preliminary results shown in this paper demonstrate that the devices are successfully working.

> Further tests are planned to investigate their characteristics in more detail. Future devices, incorporating

lessons learned from the current batch, are currently being designed.
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