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® DEPFET Active Pixels

Laci Andricek, MPG Halbleiterlabor
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® DEPFET Active Pixels

Laci Andricek, MPG Halbleiterlabor
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@ Internal Amplification
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(Ideal transistor theory - neglecting short channel effects)

dq for of the latest DEPFET generation (Belle II): ~0.5 nA/e
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counts/channel
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@ Single pixel performance — Fe55 Source
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@ An array of DEPFETs

Row wise read-out ("rolling shutter"

select row with external gate, read current,
clear DEPFET, read current again

gate DEPFET- matrix reset two different auxiliary ASICs needed
ot | T T T 1 off r/o needs time
R E | [ _ .
o | JLLJLL T | reset o only one row active - low power consumption
~4 1y ||
e Joff | I T T 1 | oft |
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@ Main DEPFET Classes

amplifier
P+ drain cle
ar gate

P+ source FET gate

n+ cleqr

Low noise: Spectroscopic X-Ray imaging

pixel size: 100pm, with SDD around 100s of ym

r/o time per row: few ps

Noise: =4 el ENC

fully depleted, the thicker the better > large QE for higher E

deep p-wel
deep n—doping
Internq| gate’

depleted

P+ back contact

¢ Gate Source Driftrin : :
N overfow 1 [overicw 2 I - High dynamic range, ultra-fast read-out: XFEL-DSSC

EPFET ensor with ignal ompression
= pixel size: ~200 pm
» 1-to-1 bonded to r/o AISC
Color coded Potential: positive I N negative X = frame rate in the MHz range

Thin & small & fast pixel: vertex, lowE electron detectors (TEM)

pixel size: 20pm...75um
r/o time per row: 25ns-100ns
Noise: =100 el ENC

thin detectors: 50um...75pum -> still large signal: 40nA/pm for mip
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® BepiColombo — MIXS instrument

:- ESA/Jaxa mission to Mercury, least explored planet in our system
:- start July 2016, eta Jan. 2024

:- 15 different instruments on board 3
:- MIXS: Mercury Imaging X-ray Spectrometer a g g
L ... surface atomic composition of Mercury “§ g %
L x-ray fluorescence map in high spatial resolution N (€2
d |33
Focal planes of MIXS: D |53
:- 2 DEPFET matrices format % %%
- 1.92 x 1.92 cm? d o

5

L 64 x 64 pixels

[N 300 X 300 um Size Macropixel 300x300u Less
ources S0u

:- required energy resolution:
L 200 eV FWHM @ 1 keV
L QE > of 80 % @ 500 eV o | b/ e
:- read-out time dominated by rad. damage N
b <200 us
:- Radiation tolerance
L ~ 20 krad TID
> 3 x10'°10 MeV p/cm? > 1.11 x 10 1 MeV n,/cm?

ack contact

electron potential [V}

:- Status: focal plane finished, cameras being assembled and tested
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@ Performance — Fe55

> Operating conditions
B -40°C

Tow=52pus

Tirame = 167 ps / frame

Framerate ~ 6 kfps

L. =125 pA

rrrr’r

pixel

> Noise: 4.3 e-rms
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MPG'.
® SuperKEKB and Belle II '

Machine parameter HER LER
(SuperKEKB) | (SuperKEKB)

Vertical beam size 0.94um 0.94um 59nm 59nm
Beam current(mA) 1188 1637 2600 3600
luminosity(cm2s1) 2.1x1034 8x103%° New bssm pips

& bellows

e-(7Gev) e+ (4GeV)

>Y(45)€

B
d ~
Y(4S) Z“Prea
B ~200um (Belle)
B ~130um (Belle I1)
Smaller beam size & more current: R

C-band "\ Damping ring
{ —

- 40x higher luminosity, goal: 8x103> cm-2s°t
- probe New Physics at “intensity frontier”

- 20x-40x higher background
> Radiation damage and occupancy
> Fake hits and pile-up noise

- 10x higher event rate

- Detector upgrade
> Replace inner layers of the vertex detector

with a pixel detector, upgrade outer layers
L,
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® Towards a pixel vertex detector for Belle II

/WPG'
&

Physics driven requirements
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3
& [rad]

Find best technically feasible compromise:

:- for central und forward region
signal/noise of the sensors

# of r/o channels

occupancy

single point and impact parameter res.
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/WPG'
@ The Result —BelleII PXD .

//Z /
L2 Half Ladder L1 L2
# modules 8 12
252i§e7|68§ Distance from IP (cm) 1.4 2.2
Thickness (um) 75 75
#pixels/module 768x250 768x250
#of address and r/o lines 192x1000 192x1000
Total no. of pixels 3.072x106 4.608x106
: | Pixel size (um2) 55x50 70x50
192 Gate and i £ 60x50 85x50
i | Frame/row rate 50kHz/10MHz 50kHz/10MHz
i 8 Sensitive Area (mm2) 44.8x12.5 61.44x12.5
active area .
IV ross section \7@ vertex resolution significantly improved
N A
DCD Chlps ° :\ Dd Impact Plarameter Il?esolutionl l
C —a— Belle Il - PXD+SVD tracking (MC)
. DHP Chips 0'25: \ s Belle Il - SVD only tracking (MC) |
o B ICEEELELE Belle - SVD2 cosmic (Data)
0.2_ } i i i
onsf \
0.1: hk\
D.DS;X
Angular coverage 17°<8 < 155° N +jz. Drasal

2 25
p B sin(9)*? [GeV]
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@ Reduci ial in the barrel regi <
educing material in the barrel region ?
@

Cu Layer 0.007 Cu Layer 0.007 ILC 1st layer ladder: 0.13 %Xo

Bumps 0.002 Belle Il 1st layer ladder: 0.21 %Xo

Bumps 0.002

Switcher 0.006 M Sensitive
M Sensitive
M Frame
B Frame
i m Switcher
m Switcher
W Bumps
B Bumps
m Cu Layer
m Cu Layer

Frame thickness 525 pm 400um

Sensitive layer 75 um 50um

Switcher thickness 500pm 75um

Cu layer only on periphery only on periphery
Total 0.21 %X0 0.13 %X0

- less material with small modifications/improvements of module technology within reach
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@ DEPFET all-silicon module @
(/¥4

DCDB (Drain Current Digitizer) e ‘e sctive area SwitcherB - Row Control
Analog front-end " )  —
clear,
xx
X[ X
gate,,, 73
clear, AMS/IBM HVCMOS 180 nm
Amplification and digitization of DEPFET signals. (< el centen g * Size3.6x1.5mm?
pixel center)

= Gate and Clear signal
= 32x2 channels

SwitcherB = Fast HV ramp for Clear
(32 channels

gate/clear)

= 256 input channels
= 8-bit ADC per channel DCD-B

* 92 nssampling time (@nalog readout)
= new version w/ 50ns sampling time under test
= UMC 180 nm

Key to low mass vertex detectors

(digital
processing)

DHP (Data Handling Processor)
First data compression

[ JHEY

> hlghest integration!
Thin sensor area
L EOS for r/o ASICs R B
>  Thin (perforated) frame
w/ steering ASICs

flexible interconnect F
(polyimide/copper) 75 um
active area

i gl

IBM CMOS 90 nm (TSMC 65 nm)
= Size 4.0 x 3.2 mm?
= Stores raw data and pedestals
differential data = CM and pedestal correction
= Data reduction (zero suppression)
e ielayers = Tir.ning and trigger control
(AI/Al/Cu) = Drives data link

I_me/420um_|

rigid frame

thickness

Etched grooves

Supporting frame (450 pm)

Sensor (75 pum)
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g

a) oxidation and back side implant
of top wafer

‘ ./ Top Wafer L ‘

¢) process < passivation

;etch stop Si02\ / \
Pl

‘ Handle 100> Wafer ‘ b) wafer bonding and X ) 0 d) anisotropic deep etching opens "windows"
grinding/polishing of top wafer open backside passivation in handle wafer

Laci Andricek, MPG Halbleiterlabor 8th Detector Workshop of the Helmholtz Alliance, Berlin, March 2015



@ All-Silicon Module

50um Si, unsupported

» Half-ladders (modules) are laser-cut
» Modules are supported by a monolithic silicon frame 74

= Two inner (outer) modules are assembled to inner (outer) ladders 5 ot
( ) ( ) 50um Si in Silicon frame

Laci Andricek, MPG Halbleiterlabor 8th Detector Workshop of the Helmholtz Alliance, Berlin, March 2015 17



@ Sensor and r/o electronics: Beam tests with the full system

PXD6 Belle II design

Thin (50 um) sensor 32x64 pixels
Pitch 50x75 pum?

SwitcherB and DCDB at full speed
Belle II prototype power supply
DCDB readout at 320 MHz - 100 ns row time

99% Efficiency
S/N for MIPs: 20-40 depending on gate length

vV VVV VV

ey ; Charge g 073_
([ %’Nﬁh [777] Seed charge =hE ~10 um
I/ \,_‘ [ ] Cluster charge E
Y, Cluster 3x3 signal 0'065_
/ v]l \\ MIP Perpendicular incidence 0.051-

f; J{ \\ ‘111}\ 0.045

0.03—

[ | \ 9 g,~450 pAfes

7000

' resolution
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@ Towards a real ladder

Transition from test systems to integrated modules
» PCB for the various matrices ..... "hybrids”

» first bump bonded chip on PXD6 prototype matrices
— 2 metal layers, not the final geometry, simple 3 metal
> need still support PCB for I/O
> not perforated balcony

Hit density In XY

» Belle-II PXD Module (two modules form a ladder)
> three metal layers, Cu as LM only on periphery
> MCM: 4 DCD, 4 DHP, 6 Switchers = ~3000 bonds/module
— Cu as UBM, bumps partly on thinned perforated frame
> passive components soldered to substrate
> 1/O and power over Kapton cable

Metal 3 (Cu)
Metal 2 (Al)

Wire bond pad
Metal 1 (Al) \

—
Implants in

sensitive DEPFET’
region

Silicon Substrate

Laci Andricek, MPG Halbleiterlabor 8th Detector Workshop of the Helmholtz Alliance, Berlin, March 2015



@ Test vehicle E-MCM

1818

- -

|
Iz w /_J
e A
StdVer F1pkpkiC1)  P2:ampliC1) F3:max(C1) F4:min(C1) P5sdev(C1) Pémean(C1) FP7:base(C1) F&:top(C1)
value g.90v 6.267 V 946V 560 mv 1956V 7317V 1749V g.018v
v v

status 4 v 4

200V
5.00 ns

104V
5.00 ns

1 6402Vt gmv]

Laci Andricek, MPG Halbleiterlabor

X1= 10940 ns

¥9=

AX= 108.00 ns
14005 1AX= 0.250 MHz

Extensive test program

Interconnect technology
Powering, control, DAQ
Signal integrity, timing ...

Lessons learned applied to
final module layout

- PXD pilot production launched!

8th Detector Workshop of the Helmholtz Alliance, Berlin, March 2015



@ The SuperKEKB injection noise issue

HER 2 bunches, 25 Hz

10ps packets with 2503 bunches , 200 ns gap in-between (TDR)

Injected N
bunches
100 ns

10 ps rev. packet

LER
apart | I Mﬂlﬂﬂﬂﬂﬂﬂﬂlﬂﬂﬂlﬂﬂﬂﬂﬂlﬂﬂﬂﬂ | $
25 Hz revolution
time = 10 ps | 20 ps frame
/ | ~ 4ms noisy /~ 400 packets | | ~ 16 ms “clean” |
3 km
circumf. Belle Il

» continuous injection > ~ 400 revolutions with two noisy bunches (100ns apart) every 20 ms
» DEPFET integrates two trains, these noisy bunches would blank the frames - 20% loss of data

» the best solution: gate the DEPFET during the passage of the noisy bunches
» 100ns gate, with some rise and fall times, twice per frame ... is this possible?

Laci Andricek, MPG Halbleiterlabor 8th Detector Workshop of the Helmholtz Alliance, Berlin, March 2015



@ Blinding the DEPFET

F amplifi
ET gate clear _— plifier

n+cleqp

P"‘drqin

P*back contqct

MPGY;
@
normal operation

» charge collection mode
» ext. gate off (positive), clearin off state (close to @)
» generated e- drift into internal gate (most positive potential)
» clear is shielded by depleted deep p-well (negative space charge)

» read mode
» ext. gateon (negative), clear off
» sensor is still sensitive

» clear mode
» ext. gateon (negative), clearon (positive 15..20V)
» internal gate drained to clear, as well as all charges coming from bulk

- clear mode is basically already the blind mode, bulk generated charge drifts directly into clear

- how "blind” is this mode, how much charge goes into the internal gate, if clearis positive?

- how can signal charge stored in the internal gate be preserved during blind mode?

Laci Andricek, MPG Halbleiterlabor 8th Detector Workshop of the Helmholtz Alliance, Berlin, March 2015



@ Incomplete Clear (this time on purpose!!)

Clear Clear

Int. Gate
ee
Int. Gate
)
..\/
normal clear suppressed clear
» implantations and ext. voltages carefully adjusted » positive voltage on ext. gate (more off)

» cap. coupling of int. gate, also more positive

» signal charge overcomes by thermionic emission
a well defined potential barrier and drifts to clear » potential barrier for signal charge to high
» even for high clear voltages, no clearing possible

- applying the clear pulse and keeping the DEPFET in off state conserves the charge in the int. gate
- clear is positive: new charge drifts directly to clear

Laci Andricek, MPG Halbleiterlabor 8th Detector Workshop of the Helmholtz Alliance, Berlin, March 2015



° o MPG;
experimental contirmation AN
P O

| seed response vs. laser position | h_matrixposition
' 2200

£0.04

g
LASER O So.02
TRIGGER i g

g .

2.
GATE OFF =00

e
[=]
5

ON
INSENSITIVE | REEADOUTl B D T2 0 e e w0 w0 s
—_— laser position (x) in mm
FRAME
e
experiment:

» PXD6 matrix, 450 um thick, installed in mini-matrix test setup
» irradiation from the back, Laser 660 nm
» laser spot in the center of the pixel - worst case scenario for blind mode
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Number of captured electrons

Number of lost electrons

results
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Number of electrons in the internal gate

50000

MPG;
@
Charge generation in blind mode

Vgate=6V, Vclear=20.4V

~ 1% of generated charge make it into
the internal gate

Charge preservation during blind mode
Vgate=6V, Vclear=20.4V
the loss of charge is <200e-

for small signal charges (~10000e-,)
the loss of signal charge is on noise level

60000

Jan Scheirich, Prague

Laci Andricek, MPG Halbleiterlabor
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® Ins M
n Summary
1L

E  There is no such thing like “the DEPFET" — sensor cell is always optimized for spec. application
> pixel size 20pm 2 ~mm
> shaped response (linearity, charge handling capability..)
b special operation modes
»  electronic shutter to make the cell insensitive

B Main applications are
> spectroscopic x-ray imaging
> high precision vertexing
Ly

B Biggest DEPFET project as of today: Belle II PXD
- all process modules: front-end + thinning + three metals ready
> pilot batch started
b ... exicting times .... ©

Laci Andricek, MPG Halbleiterlabor 8th Detector Workshop of the Helmholtz Alliance, Berlin, March 2015
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Thank you for your attention!!
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® Belle Il Background — rad. d TiD M@
elle acC rounda — rad. damage - 11
J J O,

Radiation Dose - Layer 1

20 . Threshold voltage vs. Dose
Total Radiation Dose: 6
Avg 1.851 Mrad [107 sec] T
Tttt = T T aE mA - " Max 1.974 Mrad [107 sec] i L=6pm
1.85 Mrad/smy ] 0
5 =
15 J_h"w 1 ] .............. -
4 - = - e
N P L=5pm
- ] o e
R AT
- . g 3 ] ,!,f-‘" ........
L i - T e ©
=R i BB ;:5'],/” __________________________________ L=4pm
S -, S T
U 82 o o
= i p‘f:.;'_,‘ -
PXD Layer 1 1 | ﬁ Wafer- St
_ ~—— Touschek LER R 8 ChiplD: MO8up
n T Touschek HER ] 8 Froperties:
— T -thin oxide
—— KoralW (two photon) i }E _wet oxidation
~ Beam-Gas Coulomb LER 0 O
—— Beam-Gas Coulombh HER i
—— RBBLER 4
—— RBBHER 7
- r[latal Rad.iation Dose -1 T T T T ‘ T T T T [ T T T T | T T T T ‘ T T T T ‘ T T T T | T T T T ‘
not —3 1 il 1 3 3 1 5 -2000 i 2000 4000 6000 8000 10000 12000
7 [em] Dose (krad)

Total ionizing dose: Effect on DEPFET:
> AVth after 10Mrad ~5V

> L1 ~2 Mrad/smy — uniformity of response to radiation?

> L2 ~0.6 Mrad/smy

> Fairly uniform over Z > ASICs to allow for additional pedestal variation

Laci Andricek, MPG Halbleiterlabor 8th Detector Workshop of the Helmholtz Alliance, Berlin, March 2015



N @ G.
® Irradiation effects (after x1Mrad ¢°Co) HZ /i

all transistors: 0:912 krad

pre—irradiation

100F N ‘ ] 107 .

- F | \ \ \\ - — L 4
< C Vo i
3 89F oA \\\ W ] 3 1091 ]
= 60f RN = v i s=85mV/dec ]
2 E oy N ] o -2
5 40F ol \ 4 £10 _|
© E N \ W\ ] o L il
£ l NN W\ - -4
s 20 SN 1 st V,=-0.2V -
o r N, N q = L i

0 : — -6

- 10 . : . .
—-15 —-10 -5 0 5 -2 —1 0 1 2
Gaote voltage (V) Gate voltage (V)
all transistors: gm for W/L=3 : 0:912 krad after 912 krad
= 50 ‘ ‘ ‘ ‘ E 107 ‘ ‘
= 3 A Y

= 0E E T 1
y 40 E 2 00 N
C = = -

30 = c _ N
© E 2 -2 s=155mV/dec _
> E E S
° 20 = o i
5 E 3 c 4
o E E 5 10 - —
3 10E E V,=-4.5V |
2 > 3 -6
= 0 . . . . 3 10 . : . !

0 10 20 30 40 50 —6 -5 -4 -3 -2
Drain current [pA] Gate voltage (V)

No change of g,,but increased interface trap density (912 krad > ANit%7-10! cm-2)

Open questions:
= Noise contributions after irrad.?

= Internal amplification g,?

» Leakage current?
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® °°Fe Spectrum (before and after ~1Mrad ©°Co)
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ENC vs. shaping time constant
L R B

Non-irradiated
and after 913 krad %°Co

(@]
N
~
[@)]
o0

10
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ENC :\/(JtZK—TCtot E+27raf C2 A +ql Az
T

O
Therm. noise 1/f I
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@ Integrated micro-channels ,é/[[

a) oxidation and back side implant of top wafer
/ c) process = passivation
| / Top Wafer & ‘

N R —

I_l Handle <100> Wafer |_| X 7

open backside passivation

Custom made SOI Wafer etch stop Si02\ / \ |_|
active area

cperad ﬁ b) wafer bonding and grinding/polishing of top wafer d) anisotropic deep etching opens "windows" in
cross sections

handle wafer

A spin-off of SOI approach : thinned all-silicon module with integ. cooling

:- most heat generated by read-out ASICs

- idea: integrate channels into handle wafer beneath the ASICs
:- channels etched before wafer bonding = cavity SOI (C-SOI)
.- full processing on C-SQ], thinning of sensitive area

.- micro-channels accessible only after cutting (laser)
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| o MPG'
® First feasibility study

Laci Andricek, MPG Halbleiterlabor 8th Detector Workshop of the Helmholtz Alliance, Berlin, March 2015



® First thermal samples for testing




@ DEPFET Sensor with Signal Compression - DSSC o

10000 T T T T

E  The internal gate extends into the region below the source
B Small signals collected directly below the channel

> Most effective, large signal
E Large signals spill over into the region below the source

b Less effective, smaller signal 6000 1 l
F staggered potential inside internal gate by varying impl. doses 5000 i
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7000 .
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21 cm (1024 pixels)

>

. — /WPG'
full parallel read-out — 1Mpix at 4.5MHz frame rate European
XFEL (/¥4

| Module-Interconnection Board

Regulator Board

Module Amplifier

Patch-Panel Flex Cable

Flex Cable

128 x 256 Pixel Sensor

> 8 chips, 1.5x1.4 cm2, 33000 bumps in total per half-ladder
> Low force, back side free, bump bonding on special jigs

> Hybrid pixel sensor with active pixels
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@ Scaling the thickness - p-mechanics

Why thin(ner) sensors?

[> High precision vertexing
> Belle II, ILC - Carlos' talk

[> Lowk electron detectors (300keV primaries)
> Position resolution drastically improved

\ deep n- dopm
ln‘l‘er‘nq| gate’

deep p-

N-Si bulk

P+back contqet

450pm
x10° i ,‘ '_‘ - ‘;nMes 12?3511 - e : Entries sgsaz
L S ::sn -0:17; aoooo;_ = _— - ::sn n.nzs::: 75, 50, 20 s |Jm
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