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Outline

Gain in silicon and motivation

Overview of 3D IME-CAS devices produced in 8
INCH CMOS compatible technology

Two Photon Absorption - Transient Current
Technique studies

Improvements of the design — future work
Measurements of impact ionization in silicon
using Straw (cylindrical) 3D IME-CAS

Future work & Conclusions



Motivation:

radiation hard, fast device with the intrinsic gain

I = Readout - Utilizing the gain in silicon (and recently SiC) detectors has been the key advancement in
(WG1/WP1.0M0S ) Hybrid devices Epmegea  ASIC chip tracking detectors opening possibility of real 4D tracking with planar devices over the last
%0 : (WG2/WP2-4D tracking] " decade
55-180 nm processes i = nsor e - . N . 3 .
/ Riieissias + Low Gain Avalance Detectors - the gain is achieved with fine tuning of gain layer doping
— " - + Implementation of gain is now ongoing in several CMOS projects (CASSIA, CACTUS, ARCADIA,
(“small electrode devices | | Large electrode device Planar A 3D dew:es x Lo =
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= - . ,: R large area _!“‘..;"Y ] _; : o -
MAPS o g= - CEERES —_— =T = M3
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Depleted depleted trench | 1 o e o
e ‘ R ‘ ‘ T ap || column3PH, - Also recent developments in SiE multiplies —
w/o gain w/o gain | * 1 gain is achieved with special electrodes — field
i B proof of concept ongoing | : plates — creating a regions with high gain
d for hit rates [ 1 recentresearch (working prototype)l
optimized for power, material optimize . hutps:/findico.cem.chievent/1649276/attachments/3223769/5745318/20260213_Detect
and position rasolution radiation hardness and I proven/demonstrated 1 eyl el sadibiss i
temporal resolution I_ R

Fill factor — largely solved (ongoing optimization studies)
ATLAS/CMS LGADs Mesindsance-ip

i ATLAS 2x2 cm2
(15X15, 1.3 mm2
pads) produced by

IME Beijing

Radiation hardness - improved and not yet solved

Loss of gain layer doping with fluence
Carbon co-implantation improves radiation hardness by 4-5x

Ongoing studies to improve (compensated LGADs, Partially activated boron..

Does impact ionization works at FCC-hh fluences?

hitps:findico.cern.ch/event/1088953/attachments/2340254/3989714/GK-CERN-
Seminar-Timing-HL-LHC. pdf

)

« @
few pm lectrons
TI-LGAD . !Ilolu

adn

= HFEPIT2L
» HFEPLWILIE
® FBX.LIFSDZ 2.WED
u FBKLFSEE2WT
% » CRI-RIZ9IG

* DLV
o IHEP-IMEV]W1
® LSTC-L1W11
« IHEPAMEV- WL
T wrevaa

o 1E+15 TE+1S
reactor neutrons i, [ em?




Motivation:
radiation hard device with gain

- What about silicon 3D detectors?

« The doping of columns of 3D detectors is almost impossible to = o
control with the required precision — achieving high enough electric § soom W .
field with doping is not possible

Highp

» The aspect ratio of HEP producers (FBK, CNM, Sintef) have been 25:1 so
thick detector had column widths of ~10 um which also limited cell sizes to
~50x50 (25x100).

Improvement of aspect ratio to 100:1 would lead to manufacturing of ver
narrow columns <1 um with thicknesses of ~100 um which could lead to
electric fields high enough (~30 V/um) for multiplication (goals
established during the ECFA detector roadmap document preparation) NERENSRARD:

We have observed gain multiplication in irradiated devices in the past

(ATLAS/CMS) at the tips of the — which actually limits the operation voltage e j:

for those detectors. ___/ #57]| moen | \ -
= o |

The CMOS processing line at IME-CAS Beijing has properties which are ' } “W

required for achieving the gain through geometry — studied before in
simulations L




IME-CAS devices overview P
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» Columns as narrow as 0.5 pum with

Sensor devices manufactured by:
aspect ratios of close to 100:1. v

» The devices as thin as 30 um ’—‘,—(——>>
» Pixel detectors with cell sizes down to IMECAS
15x15 pum?.

* 8-inch CMOS compatible process

* Columns manufactured using DRIE
(Deep Reactive lon Etching)
» Aspect ratios up to 100:1

* Motivation: geometric gain (wire
proportional chamber in Si)

» Unlike in LGADs the gain is achieved
simply by geometry and is much less
affected by precise doping levels of
columns.

Trench

435 pm 35.5 pm

» As the gain is achieved by geometry and
doesn’t critically depend on doping levels
they are much more radiation hard than
LGAD detectors.




Different IME-CAS structures

HEP structure — pixel detector
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3D STRAW TUBES
Impact ionization
studies

Ideal structures to study impact

ionization — especially after irradiation —

as the field can be solved analytically

Experimentally this is very complicated,

but we managed to do it.

Therefore, we will be able to study
impact ionization at severe fluences.
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Vo Az, (E} a”) | €9 Neger
rin(b/a) 2e€0

Ef'(r) —

a=0.5 um and b=10 um

At the z=15 pum one can calculate
analytically the gain — so fitting and
extraction of impact ionization is
straightforward
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Characterization technique:
Two Photon Absorption - TCT

Excited State

2nd Photon

1st Photon

i |

Ground State

Generation of free carriers by light and observing their drift — Transient Current Technique —
has been a workhorse in many semiconductor detectors (lots of advantages):

> Two photon absorption is a step forward as it allows a very localized deposition in a voxel
(¥ 1-2 mm x 10 mm) . The key is to have very fast ~100 fs laser pulse focused to 1 mm with
high enough energy

> 3D detectors are actually one of the best (if not the best) case studies for these techinque
> Large Laser facilities (such as ELI beams in Prague) allow even more photon absorption
3PA (longer wavelengths and more power) reaching very small voxel sizes



TCT set at at ELI

Operational modes

Pulse energy on
sample

Wavelength

Pulse width in sensor
Focus waist radius

Rayleigh length
Sample cooling
Sample movement

Bias voltage

Detection

P
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Single and two photon absorption (SPA
and TPA)

Variable by ND filters (accuracy: 0.2 pJ)
800 nm (SPA), 1550 nm (TPA)

1550 nm, ~ 150 fs
800 nm, ~ 50 s

0.85 ym (SPA), 1.5 um (TPA)

331 ym (SPA), 7.74 ym (TPA)

Down to-25 deg. C
XY Z

uptoor>T720V

6 GHz (20 GSa) oscilloscope and
leakage current measurement
(accuracy: 0.1 pA)

The sample is electrically connected by wire

bonds: the junction electrode is connected to high voltage (HV) via the Bias T circuit (Particulars BT-
01), while the trench electrodes are grounded. The transient (RF) signals, decoupled from the HV by
the Bias-T, are amplified by a wideband amplifier (Particulars AM-02 A, 3GHz, 53dB) and digitized by
a 2.5GHz, 20 GS/s oscilloscope



5 x 5 matrix, 35 x 35um?2 cells 10 x 10 matrix, 20um diameter cells
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@® n++ collecting electrode
wn p#+trench electrode W metallic wire

Ba_lck
Pulse energy: 15 pJ
Bias: 60 V

{y) 35um

FWHM ~ 33 um
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Waveforms at two biases:
20Vand 60V

v" Another indicator of
charge multiplication is
the extended duration
of the induced signals
which results from the
drift of the secondary
holes to the ohmic
contacts after the
primary electrons

undergo multiplication.

Obviously enlarged
amplitude can be seen.

100 4

Amplitude [mV]

- G0V  Pulse energy. 15 pJ
~—20V  Depth: 17 ym

testing
point

X

dy) 35um

Time [ns]
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Charge collection and gain
confirmation

™

v’ After the initial

depletio / 5001 Depth
phase the dévice becomes 4501 =<2=2um !
fully deplete@ at around _ — 4001 ===17pum
| ===25um

25V, where t collegted'”"
charge reaches a plateau.

——

“/_Steep increase of t!’\ g

_collected charge thath &
coincides with the rise,

in the leakage currenf]

/eleﬁly shows the

avalanche breakdown
»
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Gain Depth Dependence

At 60 V and at the

Bias: 60V

depth O 25 m 2 . | Pulse energy: 15 pJ
the gain§js around __° |
G=Q(V)/Q(Vfd}~1.5

-
/‘/

e
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TPA
“cigar”
leaving
active
area.

10 15 20 25

Depth [um]

Tip of n+ electrode

lllustration of focal point at the tip positon and TPA£

voxel
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Why don’t we see early low” E ; Smaller

breakdowns or larger collected ‘ density
charge difference in the bottom — " emaller

close to the tip (large gradients)? :
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h”_
Gain self-quenching

demonstrated
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Slew Rate
Depth
profiling

Signal becomes slower and arrives fa“tgr‘

with increasifig depth.

N
-t

- ‘,J‘;_

AMhen the “cigar” enters substrate the
“carriers, need to diffuse to\ghe active

on€ — longer signals

%
CoN

b

L:yew rate difference acros$ithe sensdr
_~r8sults in hit position dependen@jitter for
MIPS: 7

> Timing distributions will be skewed —
different to LGADs
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Rise Time & Time of B UCG
Arrival Depth Profiling
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Position (x,y) where z-scah was performed
and the RT and ToA are éktracted (from

corresponding waveform Q
-

15 20 25 30 35

2 ~ il _ Depthfuml /

/ |

To RT is increasing with incred8ing depth;
gain increases but also screening effect (slower
movement of clouds of Roles).

Rise time [ns]

When the “cigar” enters substrate the carriers need to diffuse ' 15 20 25
to the active zone — longer signals Depth [um]
P



Charge vs. X
Charge vs. Y

17 pm 33 um

Charge [a.u.]

-460
:345
:230
:115
0

35 um

Back
Pulse energy: 15 pJ
Bias: 60 V

FWHM ~ 33 um
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Lateral variation
of Rise Time (RT):

In X direction
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Lateral variation
of ToA:

-2.65

-2.5
In X direction -2.35
2 um
ToA
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Rise Time spread

RT [ns] RT [ns]

n
] .*#:EF 0.1

sl

240 — Depth' 2 um R 40 — DEPth- 17 um o 65- Depth: 18 um
;i Mean: 252.1 ps i Mean: /25.8 ps 604 WVITQIl. L1 I PO
2104 | RMS: 23.6 ps 35+ I RMS: 184.5 ps 55] RMS: 336.6 ps
MAD: 16.5 ps o i MAD: 158.6 ps 50] MAD: 285.6 ps
180+ e ‘ 451
150 %59 _ 40
€ c c 354
3 1204 3 201 3 201
O O O
90 154 25
20
60+ 104 154
3 10
30 1 5
0 T T T T T T . . . ol —u & 1 am ol iminn ol r ?ﬁ!ﬂm 2 ahm ol
02 04 06 08 10 12 14 16 18 20 02 04 06 08 1.0 12 14 16 18 20 02 04 06 08 10 12 1.
Rise time [ns] Vi Rise time [ns] Rise time [ns]

TPA dyzr/tex covers different el
field regions S



ToA [ns]
-2.95
-2.8
-2.65
-2.5
-2.35

[}
b
u e
© =
z 2
wv
N 1)
R =)
©
S g 7 S
= 3 oS G
£ 3 o
o g F @b
(9] a 0 Lo
i wv)
R o o
o o f .
o 10 ©
23 BB
[ )a) =
=< (7,
x= ™ &=
. . . . Lo =
g € 8 & 8 ° =
uno)d <
1)
>
(@]
T
()
£
© p
()
© 2
—
Q ©
r m
g z
Q : = M
= imw\mmwmmM >
£ s)
(V] g g <
8 )
< S
N
88 £
o T
~ o <« IS
=) e
=< o
x = © m
s 5 § 35 & & = E
uno)d O
S
2]
(%]
9=
2z 2 o
ca C
o< ©
+—
2g o S c
1)
b a3
5 o ;
x= UW) ~ e
N =
£ (Vg ©
5 ¢ S I E
Ln L N < <
=
) £ (o' ° o
@ =
[a]
I Y
7 o o
c
o
1< )
N >
2
wn qg¢ o ..w
o ey S S S o =
m 5] © < N D

uno)d

1D ToA distribution (62 V)

depth is clear. Also RMS increases vs depth from 59.3 ps close to top surface to 83.9 ps ¢lose to the bottom.

Lhao®

25

ToA[s) @ 50% CFD

[

(1]

Lol (zx2ii) spp

Simulated ToA spread of 80 ps at 62 V is in excellent agreement wit
TPA-TCT measurements (77.2 ps). (S9mulation performed by G.

Kramberger (TREDI2026)




2D Gain Map




Irradiated 3D Trench

device
5x10% n,./cm?



Gain after irradiation and other control plots

We see changes in performance:

> no plateau at full depletion but continuous increase of
charge (trapping — geometry related);

>
>
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ToA, RT at low
and room
temperature
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ToA, RT at low
and room

tem pe rature
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2D of Charge, Rise time and ToA
distribution before and after irradiation
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In the first approximation field can be calculated
analytically and also the gain:

> up to 10'® cm2 the changes to Neffcan be ignored
> short distances render trapping of the drifting charge
negligible

> TPA allow injection away from the tip where analyti
calculation is more reliable

> TPA allows also studies of charge screening effects

Measured signals
at different pulse
energies - TPA

Extending the studies to very high fluences -
above 107 cm2 will reveal the answer if

silicon gain devices can be operated - this is L S
the key question for Silicon in FCC-hh.
Without gain we know silicon will fail.

III|III|III|IlI|III|III|III|III|I

Measured charge after full depletion [mVYns)
-
]

Gain

> a clear underestimation of the charge O A ciemimadated
by the literature models Extraction of ¢ APINOISHZRNR, 1081 /
> no impact of radiation up to 5e15 cm2  [enetesion e a /*
> extraction of parameters depends e -
critically on “wire dimensions” (column ‘“El o
width + doping layer) - we are now N

expanding the studies to more columns
widths for more reliable extraction.
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Conclusion

Silicon/Semiconductor gain devices are in the focus of R&D activities. LGADs still dominate — to
be used for the first time in ATLAS/CMS, but others, SIEM and 3D detectors are also gaining
momentum.

> Very small pitch and thickness 3D devices were produced with controllable gain (35x35x30

um? cells) owing to 8” CMOS and DRIE processing at IME.

> Gains of up to around 10 were measured with devices fully functional at moderate voltages

62 V with only up to 20-30% gain variation across the cell was observed. Being thin these

devices would have much better noise performance than standard 3D sensors.

> Devices were not optimized for timing and their timing performance is not excellent:

> Weighting field (distortion) contribution dominates the timing resolution

> rise time variation across the cell can lead to jitter variations - mapping for ToA and dV/dt of

the device shows this

» Extremely small single cell cylindrical devices are ideal for impact ionization measurements
at extreme fluences.

» 2 more runs with timing optimized devices will following until the end of 2027
devices optimized for timing applications will be included
> impact ionization measurements over the large fluence range
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RT vs depth after irradiation
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