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The CMS Phase-2 Upgrade

Motivation for Process Quality Control (PQC): High-
Luminosity LHC requires full upgrade of the CMS detector;
tracker and calorimeter endcap will be replaced and new
silicon sensors incorporated
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Tracker: High-granularity calorimeter:

¢ ~200m? silicon ¢ ~600m? silicon

* Pixel sensors for inner  DC-coupled pad sensors
tracker » Different wafer thicknesses

Strip sensors (AC- for regions with different

coupled) and Macropixel fluences -
sensors (DC-coupled) for AT
outer tracker Scintillator ||| |/}

, fﬁ [ Il
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Both Tracker and
HGCAL sensors are
manufactured on p-
type substrate

Both use p-stop
isolation

Produced by
Hamamatsu
Photonics K.K
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Tracker and HGCAL silicon sensors

Selected sensor Tracker HGCAL
qualification
specifications
Substrate resistivity > 3.5 kQQcm > 3.0 kQcm
Physical thickness 320 ym 300 ym

200 pm

300 um
Active thickness 290 pm 300 uym (F2)

200 ym (F2)

120 pm (epitaxial growth)
Full depletion voltage <350V 300 um: < 370V

Tracker: 6”
technology
HGCAL.: 8”
technology

22 June 2022

200 ym: <160V

120 ym: <70V

Types

2S and PS-s strip
sensors (AC-coupled);
PS-p Macropixel
sensors (DC coupled)

LH (low density),

HD (high density) and
Multi-geometry Wafers
(all DC-coupled)

Veronika Kraus - HEPHY Vienna
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PQC test structure set

Tracker [0 (8] e  Dedicated structures for
L) L-J 8 each process parameter
5 ™ N « Set of 15 flutes each

with access to several
different structures:

« Larger structures
(Diodes, MOS and
GCD) routed to flute

« Smaller structures
(VdP, CBKR, FET,
...) contained

\T : : - / £
“within” flute

Same test structure set on Tracker and HGCAL Wafers!

22 June 2022 Veronika Kraus - HEPHY Vienna
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PQC testing method

Test structure set on cut-off region

of each Wafer . \ vy Yy
Iy | ‘1 2l
All test structures are accessible
using a standardised set of contact
pads: Flute F ¥ 388NN
« 2rows of 10 pads in a 200um

grid
« 100 x 100 pad size

Contacting the flute is best done
with a probe card

22 June 2022 Veronika Kraus - HEPHY Vienna 5
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PQC at HEPHY: Setup

Fully custom built PQC setup:

« Several instruments
connected to a switching
matrix

« Highly automated
measurement process

Instruments:

« SMU: Keithley 2410

» Electrometer: Keithley 65178

« LCR Meter: Keysight 4980A

« Switching system: Keithley
7072-HV matrix cards in a
Keithley 707B mainframe

22 June 2022 Veronika Kraus - HEPHY Vienna 6
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PQC at other institutes

Similar setups for Tracker and HGCAL PQC tests at various
other institutes.

Tracker: HGCAL.:
« Brown University Florida State University (FSU)
* INFN Perugia

« NCSR Demokritos

Perugia

NCSR Demokritos

22 June 2022 Veronika Kraus - HEPHY Vienna Ve
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Selected PQC test structures and
measurements

FeEssmEEEEES

H llllllllll .
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Overview

Test structure

Accesible process
parameters

Diode

Full depletion voltage, bulk
resistivity, bulk doping
concentration

MQOS capacitor

Flatband voltage, fixed oxide
charge concentration, oxide
thickness

Gate controlled Diode

Surface generation current
and velocity

MOSFET

Threshold voltage, p-stop
doping concentration and
implantation depth

Van-der-Pauw structures

Sheet resistance of various
materials and implants

22 June 2022
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Two types of PQC test

structures:

1. Characterization of sensor
with faster measurement
methods (e.g., Bulk
resistivity from Van-der-
Pauw structures instead of
Diodes)

2. Structures with access to
additional production
process parameters (e.g.,
oxide quality)

Veronika Kraus - HEPHY Vienna 9
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PQC test structure: MOS-Capacitor

Process parameters:

« Oxide charge concentration:
Cox (PMs—Vfb)
N.. =
ox qAG
* Oxide thickness: t,, = &5;0. ——

 Flatband voltage Vy,

MOS: HPK HGCPROTO-A 300035 LR HD

V < Va Vo Vs Ve ] | .

1
1
1
1
I

Accumulation

Capacitance / pF
3

Depletion
o1 Inversion
. = =]
I 1 ! Vep
Accumulation Depletion Inversion 204 : ! Loss} :
-2 0 2 4 6 8
22 June 2022 Veronika Kraus - HEPHY Vienna AlasioltageV 10
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Selected MOS-C results

Oxide Quality and differences between Type
A,B,C and D oxide of HGCAL test structures
determined:

Oxide variants B,C and D show similar behavior,
type A rejected. Comparison to Tracker (already
in production): properties should be similar!

Plotted: 110, overflow; 2, failed: 2

Flatband
voltage
HGCAL *'
(Prototypes)

30 1

Ococurence:

10 1

o4
2.5

22 June 2022

Type, (mean  std )
e Oxide-type A [3.51 F0.04)
e Oxide-type B (3,36 /0.06)
E Oxide-type C (2.6 (0.3
. Oxide-type 0{2.24 7 0.05]

3,0 o
20 4
I 10
30 3.5 L0 4.5 5.0 5.5
MoS flathand voltage [V] Veronika Kraus - HEPHY Vienna

Flatband Batches36698-37405 July-Oct_2021: Flatband voltage

voltage

Tracker ®°
(Production) s

£
L =]

occurences

0 4

Il.
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Measurements during
sensor development:
Establish differences
between oxide
types/production processes
Main purpose of PQC:
Measurements during
production

Total median:
Selected avyg:

Sel median:
Selected Std:

L7135

200 225 250 275 300 325

v 11
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PQC test structure: Diode

Process parameters:
* Full depletion voltage V¢,

« Bulk resistivity
 Bulk carrier concentration

1e22 CV DiodeHalf: HPK HGCPROTO-A 300036 LR HD

[
4.0 { —— HGCPROTO-A_300036_PQC_3_Diode

10 Type, (mean / std.)

Bl Thickness 120 (46.0 / 13.0)
B Thickness 200 (120.0 / 33.0)
8 4 B Thickness 300 (247.0 / 34.0)

3.5 4

3.0 A

2.5 A

"\

2.0 A1 i 4
V sq @s intersection

of two linear fits

Occurences

1.5+

1.0 4

0.5

0.0 1

0 100 200 300 400 500 0 50 100 150 200 250
Bias Voltage / V Diode depletion voltage [V]

22 June 2022 Veronika Kraus - HEPHY Vienna

Vrq depends
on sensor
thickness (for
similar
resistivities of
the three

types)
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PQC test structure: Gate-Controlled Diode

Process parameters:

 Surface current: I;; = I — Iiny
« Surface generation velocity
 Si-SiO, interface quality e
 Interface traps

pEaTissiarip

sonl Accumulation | Depleion | Inversion
e R T TR
Gate- N acc = 1 dop = s+ /g + leg e = 1y + Iy
Controlled ?: -
Diodes S s0n|
combine 2
properties of a 8 150}
Diode and =
MOS-C ton T

Accumulation Inversion -10 8 6 4 2 'D 2 4 5 8 10
Gate voltage (V)
22 June 2022 Veronika Kraus - HEPHY Vienna 13
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Selected Gate-Controlled Diode (GCD)
results

Si-SiO, interface quality of different oxide types A,B,C, D (left plot) and
wafer thicknesses (right plots) of HGCAL test structures determined:

Plotted: 114, overflow: 0, failed: 0 Plotted: 106, overflow: 0, failed: 0
12 A Type. (mean [ std.] 12 Type, {mean / std.)
mm Oxide-type A (6.77 /0.18) R Thickness 120 (5.3 /0.3) S rf H
= e type 8 (6.2 0.0 = Trickness 200 (6.4/0.3 urface generation
10 | mmm Oxide-type € (6.4 [ 0.5) 101 = Thickness 100 (6.94/0.17)

N Oade-type D (5.3 4 0.5)

velocity:

Qccurences

Igg

- qn;Ag

Sg

> GZE(}S generat?tlz:\ velocity [cﬁrﬁis] e > 52;05 generat?cl:?-n velocity lfl::J'SJ "o
No significant Observation: Dependence of surface
differences between generation velocity (and surface current)
oxide types. on sensor thickness.

22 June 2022 Veronika Kraus - HEPHY Vienna 14
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PQC test structure: Van-der-Pauw structures

Process parameters: sheet @ 0 @ 9
resistance of thin films for different e e T
materials and implants (n+, p-stop = e
and p-edge implant layers, metal-

and polysilicon layer, bulk material)

. YR Gillk e PG HGICRROTO A, 300032, B HI) Batches36698-37405 July-Oct 2021: P-stop VdP

100 l
Total median: 18,8 kDhm/fsq
Selected avg: 19,0 kDhmfsq

5l median: 188 kDhmfsg
Solectod Std 0.2 kOhmisg

34
g &0
b
2 2
LT,
5
20 1
)
00 01 02 03 04 05 L 7 ey T T A
Current { uA kOhmifsg
Example of bulk VAP measurement Tracker results of VAP p-stop resistivities

22 June 2022 Veronika Kraus - HEPHY Vienna 15



AUSTRIAN
ACADEMY OF
SCIENCES

PQC test structure: MOSFET

Process parameters:
* Threshold voltage V,,

15 A1

10

[ ]
[ ]
<
=
=
5]
-10 4
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FET: HPK HGCPROTO-A 300035 LR HD

p-stop doping concentration
Inter-channel resistance

= transfer characteristics
= transfer characteristics - shifted
= transconductance

=== tangent L
. '
e 5 tangent Zero crossing %
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[ ] ,I
8 s
,
- td
Cd P—
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f
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! L]
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Vs [V]
I-V curve

Transconductance (1st derivative)
Lin. extrapolation

p* implant

n* implant
B 7-stop implant
- contact
aluminum

passivation opening

Veronika Kraus - HEPHY Vienna
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Selected MOSFET results

MOSFETSs are used to determine inter-channel features (inter-channel
resistance, p-stop properties). Measurements of HGCAL test structures:

Plotted: 114, overflow: 0, failed: 0

» ve. e ) 6l P Pearson-r: -0.95 Vth IS sensitive
£ ; e oxid A
B Oxide-type A (-0.95 / 0.08) L = o::d:gz: : to the p_Stop

= Oxide-type B (5.17 / 0.09]

L
Qo

7 R Oxide-type C (2.5 /0.3

»
=]

¢ owdeweec | resistance.

m Oxide-type D (5.5 0.05) g ® Oxide-type D
25 -
. 5 o " Lower p _stop
£ 20 2 res. — higher
§ 52 > ;s V,, and
o] o0
X therefore
10 - & 20 4 L) .
> & better inter-

(5]
[
@

J _ * ’ ‘ ?; channel

isolation

B i iET thresiuld volta;e v ’ ) "rl 6 iFET threstzlold volta:l';e [v) ; 5
V.. minimal Gate-Source voltage to obtain a

conductive channel between Source and Drain

FET threshold voltage differs for four oxide

types, Type C for final production

22 June 2022 Veronika Kraus - HEPHY Vienna 17



Selected VdP results

Bulk resistivity of Tracker sensors
monitored over production time:

Extracted from VdP structure

ol
o

. 791

g ) tested
E - .« ds .| Wafers
245 8 '5 l. & h.
%35' f .i'- ;-.n %"l%.' U?’.. b
§3o- o ! !: A ’
L

2.0 .T of

mmmmmmmmmmmmmmmmmmmmmmmmm
mmmmmmmmmmmmmmmmmmmmmmmmmm
mmmmmmmmmmmmmmmmmmmmmmmmm
wwwwwwwwwwwwwwwwwwwwwwwww
mmmmmmmmmmmmmmmmmmmmmmmmm

— bulk resistivity and full depletion
voltage could be improved!
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Measurements during
sensor development

Il.  Measurements during

400

Full Depletion Voltage [V]
W
wu
o

[\
o
o

150

production: monitor stability
of the production process
and confirm resulting
devices

300 +

250+

Limit at 350V

mmmmmmmmmmmmmmmmmmmmmmmmm
mmmmmmmmmmmmmmmmmmmmmmm
mmmmmmmmmmmmmmmmmmmmmmmmm
wwwwwwwwwwwwwwwwwwwwwwwww
mmmmmmmmmmmmmmmmmmmmmmmmm
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Outlook: Neutron irradiated test structures

3 neutron irradiated sensors available for measurements (HGCAL

epi, 120um):

: Annealing before
*  Proto-A 300012: 1.4E16 neg/cm? e o g o
Proto-A 300009: 1E16 neqg/cm? 60°C

* Proto-A 300032: 5.5E15 neqg/cm?
— PQC method also

applicable for irradiated test
structures?

22 June 2022 Veronika Kraus - HEPHY Vienna 19
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FET: HPK HGCPROTO-A 300032 LR 55E14
N 175 =
= transfer characteristics
E = transfer characteristics - shifted 7y
15.0 -
O * ftransconductance o
e —— 128 tangent ’,’
O 27| ==- tangent zero crossing Ve
) 10.0 1 - o
C : ,
:‘::_5_. 7.5 1 . ’I’
L() o i -...-......I--ll-
-~ 5.0 - o ’,r:". gaut® gpue®
Lu 2.5 - i /
Lo i
& 0.0 4 ---.ll5+"
LO I' ' San,
- O A T 1 Py
—2.5 - gfiwt
(') 2|0 40 6I0 BIO 1(')0 léO 14l-0
Ves [V]

Notice: measurements up to 150V

Positive charges generated in

oxide

= Increasing FET threshold
voltage with higher fluences

22 June 2022
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1.4E16 neg/cm?

Before
irradiation

T~y

Vin [V]
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Example 1: Neutron irradiated MOSFET

FET: HPK HGCPROTO-A 300012 LR 14E15

= transfer characteristics
10 transfer characteristics - shifted
transconductance
81 --- tangent
—-==- tangent zero crossing
6 . [ ]
41 i :::' wet"
i o~
21 1 -
“1 ‘¢
] o
"
0 4 --n---n---ll”":
/”" :
=2 g :
2% I
o] weanens
0O 20 4 60 8 100 120
Ves [V]
FET: threshold voltage
® 300012 -
3% 4 x 300009
¥ 300032 X
30 4
25 1
20 1 v
15 -
5] @
v
0.0 02 04 06 08 10 12 14
lel6

neutron fluence [neg/cm?]
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Capacitance / pF

Example 2: Neutron irradiated MOS-C

MOS: HPK HGCPROTO-A 300012 LR HD MOS-C

80 - | "
! - 01 Y e 300012, 1.4E16 negicm?
]

0 i Accumulation ><" X 300009, 1E16 neg/cm?
i 29{ e v v 300032, 5.5E16 neg/cm?

60 - ! X, W
i o Vv
1 @ v
1 = ‘ v
1 . L. v v

50 1 5 Depletion o % % Yy '," W
i v

a | 27 1 xx.. 5 v' g
| vfb: 235V A

) i : i i

*71" Inversion ! ’S(&o
: Vfb ] e .

20 . r —l - T T

_2 0 2 4 6 8 L Ll L L T L]
Bias Voltage/V -50 0 50 100 150 200

Bias Voltage [V]
Exemplary PQC measurement of not
irradiated MOS-C test structure

Applied voltages increased for irradiated MOS-Cs
Measurement results not fully understood yet!
Further plan: investigate frequency dependance

22 June 2022 Veronika Kraus - HEPHY Vienna 21
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Summary

Process Quality Control establishes a fast method to test Tracker and HGCAL
sensors for the CMS Phase-2 Upgrade.

 The PQC test method can be used to do studies in the sensor development
phase.
 The aim of PQC is to monitor mass production.

Process parameters get obtained from dedicated test structures like MOS-
Capacitors, MOSFETs, Diodes and others.

Work in progress: PQC measurements of irradiated test structures.

Thanks for your attention!

Thanks to CMS HGCAL and Tracker groups!

22 June 2022 Veronika Kraus - HEPHY Vienna 22
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Backup
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Particle fluences in HGCAL

CMS p-p collisions at 7 TeV per beam
- 1 MeV-neutron equivalent fluence in Silicon at 3000 fb™

-

le+18

* Electromagnetic compartment .
of HGCAL uses silicon sensors 250

1e+17

]

1e+16

(high fluence regions) o e
* Hadronic compartment uses N s
silicon sensors and scintillators 21§ g E
«  For regions with different ™~ eets:
fluences: three different active " povia
thicknesses (120um, 200um it
and 300um) and two different des== e o e e - i
cell granularities (low density CMS FLUKA Study v37.9. a CMS Simutation Prefiminary

and high density)

FLUKA simulation of particle fluence in 1 MeV neq/cm?
accumulated in HGCAL after an integrated luminosity of
3000 fb-! (from the CMS Collaboration)

22 June 2022 Veronika Kraus - HEPHY Vienna 24
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Further test structures
All PCQ test structures:

Test structure

Process parameters

Diode

MOS capacitor (MOS-C)

Gate-controlled diode (GCD)
Van-der-Pauw structures

Meander
Four-terminal resistivity test structure
MOSFET

Cross-brigde Kelvin resistor (CBKR)
Contact chain

Dielectric breakdown test structure
Capacitor with #n* implant

Mask misalignment test structure
SRP test structure
SIMS test structure

Leakage current, full depletion voltage, bulk
resistivity, bulk carrier concentration, doping
profile, bulk recombination lifetime, bulk gener-
ation lifetime

Flatband voltage, fixed oxide charge concentra-
tion, oxide trapped charge, mobile oxide charge,
interface trapped charge, oxide thickness, bulk
carrier density

Surface generation velocity, interface trap den-
sity, bulk generation lifetime

Sheet resistance of thin films, implant resistivity
and doping concentration, line width

Sheet resistance

Bulk resistivity

Threshold voltage, p-stop doping concentra-
tion and implantation depth, inter-channel re-
sistance

Contact resistance, specific contact resistivity
Process quality of contacts

Breakdown voltage of the coupling dielectric
Coupling capacitance, thickness of the coupling
dielectric

Relative misalignment of lithography masks
Carrier density profile

Dopant concentration profile

22 June 2022

Veronika Kraus - HEPHY Vienna
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Other test structures
on the Wafer:

Diodes and MOS-Cs in various
configurations
Legacy test structures

SIMS, SRP fields ad round FETs

25
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MOS-C measurements: Oxide Types

<10° Structure: MOShalf
o e oL )

Four options for the silicon oxide process: -~ , . —
E B ST e T o ) ot e g S 122 I P DY, o8 gty —
A’ B’ C’ D 8, 8000 ) aﬁ._m__r_ :
£ 7000 |- o 1 —
» A =o0ld STD -5V, B = old STD -2V, @ - .
. © OO0 | - bW B
, D = entirely new type s = | lower
) O 5000 - - ot ]
> Properties should be closest to outer I Lol ||
. . . o 4000 -
tracker sensors in terms of fabricationand g - ; = :z :
.. w3000 fr—- F =
characteristics O i P s :
1000 ¥ fortype C i D EPI =
0:' | | N, | || = DFE E
1 10 10° 107
Dose [kGy]

X-ray irradiation study at CERN

22 June 2022 Veronika Kraus - HEPHY Vienna 26
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PQC test structure: Diode

: | Diode with
Not high voltage stable! additional edge ring

Problems: Diode withoutedge ring ooy

 Long rooting necessary

« Open guard ring for
connection

= Still reliable up to ~400V!

Alternative on PQC test
structure set: Van-der-Pauw

Bulk measurements Different diode layouts for two PQC halfmoons:
An additional edge-ring was added to the lower-
right diode — improvement of IV/CV
measurements!

22 June 2022 Veronika Kraus - HEPHY Vienna 27
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Example 3: Neutron irradiated GCD

PQC test structure set includes two GCDs with equal external dimensions but
different gate widths: 50um (GCD) and 70um (GCDO05)

GCD: HPK HGCPROTO-A 300001 LR HD

~ ibulk:

i_acc_relstd:
i_dep_relstd:
i_inv_relstd:

i_surf: -35.71 pA

-3.95 pA
0.304%
0.246%
0.013%

-75  -50  -25 0.0

Gate Voltage / V

-125 -10.0

Exemplary PQC GCD measurement of

unirradiated test structure

22 June 2022

255

Leakage Current [pA]

-12

Gate Controlled Diodes

33313y,

® v
......° Y Y Y PP YYY Y Y YT YY YN YN YYYRFYYYYYYY YT

eV

L P .s
+

-----

GCDOS: 1.4E16 neg/cm?

*+3 .......;006900oeoo-oooo$ccoooo°
+‘.

4 °
y i s 1. i +++ ++ ++ e “ + +
PSS SSL JOSSOEIS SRR SS SIS SR,
o

s GCDOS: 1E16 neg/cm? .
GCDO5: 5.5E15 neg/cm? e
+ GCD: 1.4E16 neg/cm? .o.
e GCD: 1E16 negienm? LTI
v GCD:5.5E15 neg/cm? .°'°00.....
-50 0 50 100 150
Gate Voltage [V]

Veronika Kraus - HEPHY Vienna

Applied voltages increased for irradiated GCDs
Measurement results not fully understood yet!
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