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The CMS pixel detector
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*= Located in the center of CMS
close to interaction point
r=4.4to 10.2 cm (barrel part)

= Layer structure to provide 3D
track of charged particles

CMS pixel detector

= 3 barrel layers, 2 layers per endcap
- each layer provides 2D hit information

= 66 M readout channels

= Pixel size 100 x 150 ym
- resolution: =10 uminre, 24 pmin z

CMS event display = 40 MHz operation, trigger latency 3.2 us



The Phase | upgrade of the pixel
detector

Design luminosity of present
detector: L=1-103*cm=st

LHC: increase of center of mass
energy vs=13 TeV and lumi. to
L=2-10%*cm>s!

— upgrade of pixel detector
required to avoid performance
loss

new features include:
Additional barrel layer and endcap

- more hit points for improved vertex reconstruction

Innermost layer closer to interaction point (r = 3.0 cm)
Reduction of material budget, new CO, cooling
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New readout chip with digital data trans-

mission for increased readout speed
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LHC schedule as of June 2015 [F. Bordry]

Goal: guarantee high detector performance Barrel pixel layout

under tightened conditions
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The readout chip (ROC)

4160 pixel unit cells arranged in 26 double

columns with periphery, buffers and digitizer

= Tasks of the ROC:

collect and process charge deposited in silicon sensor

by charged particles

compare charge to adjustable threshold
— zero suppression of data

notify ROC periphery to read out charge from pixel

Store hit information until L1 trigger validation

= Controlling of the ROC: 18 digital-analog-
converters (DAC) and registers

electronics chip

metal
insulator ——__

sensor

particle track

Hybrid pixel concept
[L. Rossi et al.]

ROC components [F. Meier]
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Challenges for the new digital ROC
(Selection)
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Hit rate increases up to factor 5
- increase buffers for hit and time stamp information

— add additional readout buffer to avoid data loss during trigger
latency

Read out larger number of channels with only slightly increased
number of readout links

- change from analog readout to 160 MHz digital readout
Better charge sensitivity to increase lifetime of detector
- lower comparator threshold, reduced cross-talk and timewalk

New ROC designh changes need to be validated by
lab measurements, beam tests, and irradiation studies



Irradiation overview
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= JIrradiation of final CMS pixel readout chip for layers 2 - 4
= Test longevity and ensure good performance of the ROC

throughout its foreseen y @@ & &
lifetime in highly radiative OO > K
environment in CMS '}

- Ta rget dOSES: layer 2, 500 fb* layer 1, 500 fb!

0.6 MGy (max. expected life-
time dose for layer 2 - 4 ROC)

1.2 MGy (layer 1 after 500 fb?)
2.4 MGy and 4.8 MGy = \
n 23 MeV proton beam at non-irradiated irradiated (4.2 MGy)

Zyklotron AG Karlsruhe target  target Measured fluence fluence
. 5 dose dose dose (AMeV (protons/
Stopping power 18.1 (MeV cm?)/g (Mrad)  (MGy) (MGy) N, /cm?)  cm?)
Hardness factor = 2 60 06  05/0.6* 04el5 0.2e15
= Energy dose units: 120 1.2 1.1/1.5*  0.8el5 0.4el5
1 rad = 0.01 Gy = 0.01 J/kg 240 2.4 2.2 1.6e15  0.8el5
480 4.8 4.2 3.2e15 1.6el15 7

* single chip module and bare ROCs respectively



Test setups

= Two setups to test irradiated samples at controlled temperature
and humidity fluorescence  xcray tube
= Climatic chamber for electrical test materials

= X-ray setup to generate charge in Si sensor
with x-rays

= Read out samples with digital test board
and dedicated readout

software cooling plate

test board

USB to PC
sensor bias

X-ray setup

climatic chamber setup

YorNZHIY



ROC properties to be tested after
irradiation
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= Prerequisite for operating ROC after irradiation:
sufficient current supply and feeding voltages
DACs programmable
DAC ranges sufficient to find working point

= |mportant properties and performance parameters to test:
Band gap reference voltage shift
reading out test pulses and particle hits
low preamplifier noise

setting a low and uniform threshold and operating the ROC at
this threshold

small timewalk for low in-time threshold
reading out analog pulse height information
high single pixel hit finding efficiency



Threshold

Pixel detector: 66 million readout
channels (increase by factor =2
with upgrade)

— requires zero suppressed readout
to keep data volume manageable

Only charges exceeding the
threshold of the pixel's comparator
are read out

- setting a low and uniform
threshold is an important feature of
the ROC

Threshold can be adjusted
(“trimmed”) by:
setting global threshold DAC

setting “trim bits” for individual
pixels
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Threshold
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= Set same physical threshold before and after irradiation
= Threshold = 1850 e (c.f. analog ROC 3500 e in-time threshold)
= data: mean of trimmed thres. distribution, error: width of distr.

5 5x10° final ROC version % final ROC version outdated ROC version!
@ . E E E l T 1 T 1 L T T T 1 L L I_ . [
22155 SCM 3 5 F 5 P
% c » unirradiated 2 80 L L
g 2.1 0.5 MGy ER o 4er
S2.05° e MGy |3 £ 70f S pLIMLELL 1 L |
g o 22 MGy = F g 40
C ..— o C o C 4
2E e 4.2 MGy : E 60 £ o: |
1.950 £ f ‘ - 1 C
1.9 ¥ 5 50¢ ] - .
= | | ‘ X % L T e i 36: ] b
1.85¢ VL = L 1 - |accumulated dose
E | ‘ ‘ = 40: RS ] 34 * 0Mrad
1.8% © bare ROCs +
: 3 30_ i ol ® 60 Mrad
1.75 : ; * SCM 327 o 120 Mrag
: : ; 111 | 11 1 | I ‘ | N T | ‘ | N T | I: :
1.7 2045 1 2 3 4 5 30
dose (MGy)

= Low and uniform threshold can be set for all samples up to 4.2 MGy

=  Width of trimmed threshold distribution about 70 electrons
after 4.2 MGy

= Not for granted! Inhomogeneous threshold after irradiation due to
insufficient dynamic range of global threshold DAC for intermediate E¥
ROC version



Hit finding efficiency
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= Measure hit finding efficiency while sample is exposed to high
rate X-radiation to create additional readout traffic

= Analysis: split hits from xrays and hits from test pulses

xrays: overall ROC hit rate calculation 3 -
53 -test pulse |

test pulses: calculate test pulse : | h'iots -

detection efficiency o '

No significant change in efficiency

observed up to 1.1 MGy S e
Efficiency better than 99% at N
expected layer 2 hit rate of 8 1 f R
120 MHz/cm? > % | N
Samples trimmed to low thresholds z: Nt rate *
~ 1850 electrons up to 0.5 MGy sof |2 .,
~ 2100 electrons at 1.1 MGy b | ;5;::'“ NE
- high efficiency at low threshold s6l.| * 1.1 May NE
up to expected layer 1 dose R oo o o A 12

hit rate (MHz/cm?)



The CMS pixel detector will be replaced in winter 2016/2017

The new digital ROC for layers 2 - 4 shows excellent radiation
tolerance, no problems observed up to expected lifetime
dose of 0.6 MGy

Results of several irrad. campaigns contributed to the design of the
ROC and triggered further modifications for the layer 1 ROC

Results contributed to the decision process to define the detector's
supply voltages

Results show that it is feasible to operate the ROC efficiently after
receiving the expected layer 1 dose
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Digital current
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= Digital current vs Vdig
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E 60 [scm 1 S81.7F SCM =
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Vdig (DAC units) Vdig (DAC units)

= |dig increase for low Vdig around = 10% (vbg shift)
= Additional increase for high Vdig at high dose
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Band gap reference voltage
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= Band gap voltage serves as reference for all DACs on the ROC
- shift leads to changes in all DAC settings

= Measurement of vbg on all samples before and after irradiation

2 T S SHET
£ . f —niadaed ] 1 o1.42f 5 or
£ 18 —— unirradiated | [0} F @ [
o T 0.5 MGy ] E 1.4F % 7# E C
C — 1.5 MGy ] g " # o i
12 — 2.2 MGy ] ©1.36f g S
10- — §1.34F § 13
C 1.32F 5 T
87 3 E E 12’ ——
. 13 s 1
6: 1.28; ] b
4 1.26f ° bareROCs | 1': ° bare ROCs | -
2f 12454 * SCM E woF * SCM
:\ L1l Il L Illll\\ I\\: 1.22; Il 111 I - I - ‘ 11 | Il ‘ | N T | ; 7‘ L L L L L L L L L 1 L L L 1 ‘ 1 L 1 1 r
017715 12 125 1.3 135 1.4 145 15 0 1 2 3 4 5 1 2 3 4 5
band gap voltage (V) dose (MGy) dose (MGy)

= Saturation above 2 MGy observed

= Vbg shift used to correct test pulse strengths and threshold
settings after irradiation
16



Analog current

Iana (mA)

s s S N N LA I T T T = 30 _— BOL T T T T T T LA B I B T
F | | 1 8% 4.2 May e :
60/~ [sCM "1 3 L L L_1 = ! . o bare ROCs ]
[ |— unirradiated /gg 1t va 1800 mV. E5 50ty + SCM i
50 0.5 MGy ] = C = va1700mv |
C | —1.1 MGy % ] r C ‘ va m ]
L |—22MGy : . - 401 - + va1800mvV |
40| —4.2may e | 20L ) - f _ 1
r : b F LMYV Y iyvy ¥ ¥ [ i ]
C ; ] C j va 1700 mV 30 7
307 ——*—— — 15 L
C 5 x / 207
201 o L
C 1or va 1600 m\ C
L 5F N
O_I‘II\I L1 T | T I L1 |_ EL L L L L L 0‘0‘||‘1‘|‘\2II\I3I\\I4I\\I5I
0 50 100 150 200 250 0 50 100 150 200 250
Vana (DAC units) Vana dose (MGy)

ROC working point at I = 24 mA (can be set with Vana DAC)
| saturates at dose dependent level

Maximum |___ close or below 24 mA working point for

dose >= 2.2 MGy for unreg. analog voltage 1.6 V

Saturation level depends on unregulated analog voltage va
max |_ _ sufficient for:

va = 1.7 (1.8) V for 2.2 MGy (4.2 MGy)
— operate highly irradiated samples at elevated analog voltage

YoLINZHI
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Shaper recovery time

Shaper gets slower after
irradiation

Need to adjust shaper
feedback to read out test

pulses
Quantify effect of irradiation:

= Send two test pulses with time
At in between

= Trigger on 2" pulse

= Measure for which At and which
shaper feedback setting 2™ pulse can
be read-out

Enough dynamic range to adjust
feedback after 0.6 MGy

For higher doses: dose-dependent
minimum At between pixel hits

At (clk cylces)

50

H cal

100 150 200

250

VwlISh (DAC units)

H cal

-4 44—

At

trigger delay

dose (MGy)

YorNZHIY



threshold (a.u.)

Basic test pulse readout

= Most simple test: try to read out test pulse injected to pixel

Single pixel: working
point in threshold - test
pulse delay space

\

n
=1
=]

150

100

efficiency window width (CalDel units)

50

00 11 L \50I 1 Iiglnl L 1 Ionn\ 11 Iogn
test pulse delay (a.u.)

= Efficient readout of test pulse for all samples up to dose of 4.2 MGy

dose dependent width of
efficiency window in DAC units:

effect of band-gap drift
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= No significant problems with pixel defects observed
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Amplifier noise

Measure turn-on of #read-out
pulses vs test pulse strength
- smeared out step function
around threshold

Smearing due to preamp noise
— quantify noise using width of
fitted error function

Convert test pulse strength unit
(Vcal Dac setting) into number
of electrons using an energy
calibration with mono-chromatic
x-radiation as reference
energies

1 Vcal unit = 46.4 electrons

readouts

entries

50F

40¢

300

20~

10F

j

M

‘4011i

4

5I;i50\\\\55\III60I\\I65\I\I7OIII
test pulse strength (Vcal DAC units)

histo

Mean 46.36

Entries 19 |

RMS 2547 |...

%5730 35 40 45 50 55 60 65

slope (e/Vcal)

YoLINZHI
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Amplifier noise

data: mean noise per ROC,
error: width of noise
distribution

Conversion based on 46.4
e/Vcal and corrected with
band gap voltage shift

No problems observed for
relevant doses in spite of
possibly under-depleted
sensor

Noise well below 200
electrons even after 4.2 MGy

Decrease of noise for 0.5 and
1.1 MGy understood

(due to changed preamp and
shaper feedback ratio)

- [SCM

+ unirradiated
0.5 MGy

« 1.1 MGy

e 22 MGy

YoLINZHI
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Noise - bare ROCs

current

Dose (MGy) Noise (e)
0 78.55
0.6 79.10
1.5 88.76

= Noise unchanged after 0.6
Mrad, 13% increase after
1.5 MGy

Measure Vcal scurve width
Conversion based on 46.4 e/Vcal and band gap voltage shift

—

e

St

noise

No influence of possibly under-depleted sensor and leakage

Wy W

YoLINZHI
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Noise - bare ROCs (2)
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= First qualification done with VwlIPr = 80 (changed in sync with
VwlISh)

= Later: found that only VwlISh has to be lowered — qualification
with VwlIPr = 220

= Noise about 35% lower w 1201
for weaker preamp i

noise (e

feedback! 100__ ............................................................................................................... T __
* Can noise be lowered for sor | L L LI IRMIIE
unirradiated ROCs by : { H{ H 1] :
changing preamp and o Lol S

shaper feedback ratio? {[ 1 l !
40| * unirradiated |.......... l ..... l .......... l l ......................................... _
i 60 Mrad 7
R + 180 Mrad —
20_ open: V‘WIlPl’ — 80 ................................................................................... |
L | full: VwiIPr = 220 ]




Comparator timing (timewalk)
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= Timing difference between small and large signal in comparator

= Important: timewalk < 25 ns = prevent hit migration to wrong
bunch crossing

time

— 100 —~ r
3 > 2 I
T 0 x 16
< r g r
......................................................... 2200 : s
o r £
threshold & -0 = 14
2 150 60 L
S L
> 5o 12r -
i 1N
- —140 r
100 10 e
ﬁ 30 i %
>
a ! 50 20 8 | bare ROCs |||
: L 10 SCM
t|meWa|k U_\\II\II\\I\II|\\\I\I\I 0 e e e e e e et e e e e e e e
0 50 100 150 200 250 0 1 2 3 4 5
test pulse delay (a.u.) dose (MGy)

= threshold 1850 e, large signal: 83000 e, small signal: 2300 e

= Threshold, and signal strengths corrected for band gap drift after
irradiation

= Timewalk well below 25 ns for signals between 2300 and 83000
electrons up to 4.2 MGy

- no need to artificially increase threshold to limit timewalk 24



Pulse height

= Not a binary detector: analog pulse
height (PH) information for each hit
used to improve spacial resolution by
weighting charges within hit clusters

= PH should be linear function of
deposited charge (up to preamp
saturation)

= Measure maximum delta PH

= Delta PH optimal after 0.6 MGy for
default unreg. digital voltage

= For higher doses: Delta PH limited
because of increased voltage regulator
drop-out

= Can be partly recovered with higher
supply voltage

= Design change implemented in layer 1
ROC to stabilize delta PH vs dose

A PH (ADC counts)

Pulse height [ADC]

delta PH

J o g ap g g a5 g g
150 250

5 200 51
test pulse strength (a.u.)

Vdig 6, vd 2400 mV | -
= Vdig 15, vd 2400 mV |
+  Vdig 15, vd 2500 mV

v Vdig 15, vd 2600 mV

0 _I I | I | i1 I | 1 1

0 1

2 3 4 5
dose (MGy)

YoLINZHI

25



Pulse height

= Analog pulse height (PH) used to
improve spatial resolution by
weighting charges in pixel clusters

= Different signal charges should lead
to different PH outputs (ADC counts)
= Bug fix in digV2.1respin:
disentangled Vdig and pulse height

= Irradiation digV2.1: limited PH ADC
coverage after 1.2 MGy

unirradiated

Vcal 200

blue: digv2.1
red: digV2.1lrespin

N

[}

(=]
\

- had to increase Vdig to
recover

Pulse height [ADC]

-

[}

(=]
\

What is the maximum PH

difference of Vcal 50 low o0

range and Vcal 255 high
range after irradiation?

N

o

(=]
\

V

delta PH

Il 1 Il
50 100

1 Il 1 Il Il Il Il Il Il Il
150 200 250
Vcal (DAC units)

YoLINZHI
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Pulse height - layer 2 dose

on PHScale and PHOffset

PHOffset (DAC units)

: unirradiated

Vdig 6, vd 2400

I RN N R
50 100

150 200 250
PHScale (DAC units)

Maximum delta PH depends

150

100

0

Sample trimmed as in slide 9

Full coverage up to 0.5 MGy,
standard settings Vdig 6, vd 2400 mV

A PH (ADC units)

PHOffset (DAC units)

Pulse height [ADC]

delta PH

deltaPH_R0301_Vdig6_vd2400 at dose 0.5 MGy
T T T T T

0.5 MGy
Vdig 6, vd 2400

T

100 150 200 250
PHScale (DAC units)

i g o g o5 o Lo g9 @ § ) § § g
0 50 100 150 2

00 250
Vcal (DAC units)

YoLINZHI

27



Pulse height - vd dependence

= 1.1 MGy:
limited PH
coverage

= PH spread

improved for
Vdig 6 -» 15

=  Further
improvement
if vd is
increased

PHOffset (DAC units)

PHOffset (DAC units)

deltaPH_R0304_Vdig6_vd2400 at dose 1.1 MGy

250 2
140 =
Q
200 120 %
I
100 &
150 <
{80
100 60
40
50 1.1 MGy
Vdig 6, vd 2400 | E
% 50 100 150 200 250 °
PHScale (DAC units)
deltaPH_R0304_Vdig15_vd2500 at dose 1.1 MGy 250 a
2
= )
S
2009
I
o
150 <
100
50
Vdig 15, vd 2500
- 0
% 50 100 150 200 250

PHScale (DAC units)

PHOffset (DAC units)

PHOffset (DAC units)
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deltaPH_R0304_Vdig15_vd2400 at dose 1.1 MGy
250 T T 17 L -‘ I

240 2
c
220 3
2
200 Q
o
—160 %
140
—120
100
80
60
40
20

150 200 250 ©

PHScale (DAC units)

200

150

1001

' 1.1 MGy
Vdig 15, vd 2400

50 100

deltaPH_R0304_Vdig15_vd2600 at dose 1.1 MGy 250
W

250 =
S
z
150 150 <
100 100
L
- 1.1 MGy 150
Vdig 15, vd 2600
B e q00 150 200 250 © 28

PHScale (DAC units)



PHOffset (DAG units)

Pulse height - layer 1 dose

YoLINZHI

deltaPH_R0304_Vdig6_vd2400 at dose 1.1 MGy deltaPH_R0304_Vdig15_vd2400 at dose 1.1 MGy deltaPH_R0304_Vdig15_vd2500 at dose 1.1 MGy

N
(53]
o

250 140 ) @ 250 I240 ) @ 250 w
c S ‘S = =
1.1 MGy s a 1.1 MGy 2203 3 1.1 MGy 3
2 Vdig 6, vd 2400 [REEEEEEE Vclig 15, vd 2400 SRR Vdig 15, vd 2500  [me]
- . 180 pu
100 & 2 160 & 2 T
150 “ Q L0 Q150 o s
|80 o o -
~120 _
100f 60 100 100 100
| 40 o
. 60 LN 50
20 r 40
- 20
0
00 0 100 150 200 250 150 200 250 0 150 200 250
PHScale (DAC units) PHScale (DAC units) PHScale (DAC units)

Pulseheight
o
o
=]
Pulseheight
n
o«

o
Pulseheight
o
o
o

—

200} //' 200f / 200 /
150 150[ 150}

100f Working point: mof / Working point: mof Working-point:
i PHScale: 7 - / PHScale: 25 - / PHScale: 40
i PHOffset 75 « / = PHOffset 90 s HOffset 90
R T R % s 10 150 200 250 R INENT R R
Veal Veal Veal

= PH cannot be stretched below a certain ADC minimum after ROC
received 1.1 MGy if digital voltage is too low — regulator drop-out
too large 29



Depletion voltage
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= For SCM: need to find bias voltage setting after irradiation
= Measure depletion voltage:
Trim sample to low threshold

Expose sample to high energetic mono-chromatic X-radiation (Ba 32
keV — 8900 electrons)

Measure number of hits vs bias = should saturate at depletion voltage

x10°
a SN
%4‘; g ; | = Depletion before irrad. at -60 V
§35 : gt 2 = Depletion after 0.5 MGy at -400 V
3k oo { = Unclear behavior for 1.1 MGy
25, i : samples
| P |oose | = Samples with dose > 0.5 MGy
1-51: : : :";r:;ia'ed : probably under-depleted at bias
- : y E
0.5F o iMey |- -400V
04106200 500" 400 500600

bias voltage (V) 30



Leakage current
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= |Leakage current at -20C

_— >I(-I I_SI T T | T T 17T | T T 1T T 17T T 17T T T 1T T _— l T 17T T 1T T 1T T 17T T 17T T 1T H
< 0.1 — < 10 e
= - | |— unirradiated . = g 3
2 i 0.5 MGy ] e ; _ 1
8008—__1-1 MGy ..... / / — 810 g_ ................................................ ?
Q"L [—22MGy _ o - ]
b m i |—4.2 MGy / / - s L0l SRS —— . | S— :
8 nal | | 9 (/ ] S F E
2£20.06 4 2 C ]
: 7 1 107

0-04_ o d /_,.-'4; | 108; ........................... N ;

L : i g — unirradiated 3

. f = B . 0.5 MGy ]

i 7 Zzill[§ 5 — n 107 — 1.1 MGy E

0-02_ IEY i E { oo MGy E

I M I 10"k — 4.2 MGy =

_I L1 | I - | ! : [ 1111 1 11 1 I_ §| L1 11 1 11 1 1 11 1 L1 11 | L1 11 | 1 11 1 IE

0 0 100 200 300 400 500 600 0 100 200 300 400 500 600

bias voltage (V) bias voltage (V)

= Leakage current increases approx. linearly with dose after type
inversion

= Exception: dose 4.2 MGy leakage current smaller than at 2.2 MGy
below 300 V. Why? 31



High rate efficiency loss mechanisms
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Efficiency vs rate (simulation, upgrade ROC layer 2-4)

5.0 ! ! | !
Total inefficiency + i : :
Token wait =
4.0 | Readout mode ® e |
= Reset wait * , .
oo Pixel busy =« ;
? RasatdE [hesis v Exp?ected layer 2 rate-é
D 30 F ColOR overflow ¢ A =
Q
= TS overflow x
£ Reset RO o
o Buffer overflow ©
= 2 ) ) — e R TS SN, S . TN S ... S -
L
(@]
=
n
‘IO ........................................................................................................................... —]

0 50 100 150 200 250

Particle pixel hit rate [MHz / cm2] (M. Rossini]
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