3D Status

SiD Meeting, Ronald Lipton, Fermilab

R&D on components of the sensor design:
3D Submission - VICTR and VIP testing
* Thinning

* Active edge devices
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Our initial work on 3D electronics was
motivated by the extraordinary
requirements for ILC vertex detectors

e ~0.1% radiation length/layer

e time stamping

e 5 micron resolution

We realized that emerging IC technologies which offer a high density

of electronics, fine pitch interconnects, and wafer thinning could offer
a solution to the ILC vertex problem.

This led to work with:

e MIT-LL on SOl based 3D ICs

e Tezzaron on bulk CMQOS based 3D ICs

e Ziptronix on detector/sensor integration with oxide bonding

e Cornell on thinning and laser annealing



Processes Utilized

Ziptronix OXide Bonding 2) Invert, align, and bond wafer 2 to wafer 1

Starting Wafer
Planar Surface .
Exposed Filled Vias Oxide

Deposit Seed MIT-LL Oxide bond --T-— EASEAS SRS EAS

Wafel’ bOﬂdIng 3) Remove handle silicon from wafer 2,
Plate DBI (Magic) Metal etch 3D Vias, deposit and CMP tungsten
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Oxide Deposition

Planarization
Oxide Bonding Mechanical Spec < 0.5nm

Place 2 DBI Surfaces into Contact

Conventional Pick-&-Place
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Measured noise (DCS)

Csel Cin added Cin + Cinstray | Noise at Noise at Noise at Noise at
Inv. Out Inv. Out Int. Out Int. Out
(mV) (e) (mV) (e)

111 0 12.5 fF 2.26 mV 16 e 0.74 mV 19e

110 4 fF 17 fF 2.58 18 0.79 20

101 8 21.5 2.84 20 0.82 21

100 12 26 3.11 22 0.87 22

011 16 30.5 3.38 24 0.93 23

000 28 44 4.09 29 1.04 26
N J U J

Bandwidth not very
sensitive to Cin

We will perform testing of
the full readout and chip

performance in September
Given the good analog performance
we have hopes that the chips will be

fully operational. We have tested

VICTR, on
-I-he <eame WA fe r W”-h Si m | Iﬂ r Tech no | nd\(lf_asured speed is somewhat slower than simulated — probably due to somewhat lower gm

T

8e + 0.5 e/fF

Bandwidth varies

Measured speed

(T = one RC time constant)

Both sample caps

One sample cap

with Cin on the output on the output
Csel Cin added | Cin + Tpefore T ter Thefore Tatter
Cinstray Int. out Int. out Inv. out | Inv. out
111 0 12.5 fF 115 ns 73 ns 135 ns 65 ns
000 28 fF 44 fF 215 ns 125 ns 140 ns 80 ns
N J\. J

At integrator out;

speed varies due

to varying Csample

and varying Cin.

At invert stage out;

varying Cin has much

less effect on bandwidth.



VICTR Chip I"II"I T "I”"I
(Cornell, Brown)

The VICTR chip is designed to demonstrate the

principles of a track trigger integrated sensor/ROIC I"l"" | l I l I I"""l
ePart of Fermilab 3DIC run

eModified FEI4 (Atlas) front end

oFirst chips delivered last Sept had alignment problems
but other processes worked well.

e backside thinning
e TSV contact
e Backside metalization

e\We now have well-aligned functioning chips from wafers
delivered in June Communication of hits from top to
bottom tier on all channels

e Detailed testing of several chips in progress

e 9/11 functional after visual inspection

e Now being bonded to sensors

¢18 “recovery” wafers received at Tezzaron f,'.' : - Bulksilicon



victr_test HOST63.vi Front Panel on victr_testivproj/My Computer * i
file Edit VYiew Project QOperate Jools Window Help

2 @] & @ | 15pt Application Font |~ IE?‘F‘ ’; O\ ]I_]

Power Supply | Downlosd DAC | Downiosd Kil Pattem | Downlosd WthTrm | Downlosdiject | Downlosd WiTrm | Losd MTomi | Losd MTimé Invert | SetShiftRegiters il
VI C I R I e St re S u Its Fakebit Read from ShitOut | FakeHit Read from LVDS | Chargelnjection | TimeWalk  Threshold Scan | Thresn Dispersion | VenTrim Tune | Kl Pattems | Fit Test | Noise Piot Tet
Amplitude Controls : =
reshoid

min £40.100 mi’om

Center: 13415 mV

Width: 485 mV
Underflow: 0
Overflow: 1

# of strips
o3 88888

Entries: 384 j
Output File Name j
I test -J
Kill Pattern Controls 01 o012 014 016 o018 01 012 ot o0l6 08 0 00025 0.0
Cownioad G Mags? Voltage (V) Threshold voltage (V) ]

7 v T 0 0 7 ¥ T v 0 7 0
5 10 15 20 25 30 35 40 45 N 5 60
Phi strip

See top and bottom tier fast and slow
outputs as well as coincidences between
tiers — indicates good 3D bonding

Test scans

: ZHit Map [1-64]x[1-5]

dme

e A e ey Short strip tier

Phi Hit Map Long strip tier

Coincident Hit Ma . .
SRR Coincidence

Test Results
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Sensor Bonding




VIPIC Chip
Designed for x-ray correlation spectroscopy

cur_sel<3..0>

How it works:
Continuously, In
dead-time-less
way outputs hits on
16 parallel outputs
from 64x64 matrix
of pixels using
priority encoder
based
sparsification
method
5 bit long content
of pixel counters

,_serializer

g followed by 8 bit

% long address of hit

b pixel

» Die size:
5.5%6.3mm?

Top view - bump bonding pads on the back of the digital tier

rial_CIk
Restart



VIPIC 1: Pixel architecture and layouts

Digital:1400 transistors / pixel

2 dead-time-less modes:

 timed readout address and hit count

* Pseudo-differential CSA-shaping filter-
discriminator

* shaping time 1,=250 ns, power ~25 pW /
analog pixel, noise <150 e ENC, optimized
for 8 keV « 2 5 bit-long counters / pixel (counting

limited by duration of analog signals), RO

with sparsification but clamping addresses:

teaq= (o)t X (3+5) bits X 4 X 64<20us

read—

« ‘Set’ + ‘Kill’ bits/pixel

* imaging — counting of events

« 12 bit/pixel DAC adjustments



VIPIC 1: Pixel analog details

ifed : global control
for CSA feedback
resistance

3 bits:
bf<0> ...bfB<2>

icas : global control

for CSA bias current
: ish : global control

_________ for SHAPER bias current

discr ; global control
for DISCRIMINATOR
bias current

IN

Cs

OUT_DISCR
Cs preamp / shaper / discriminator
....... ! Z*\\?
| — Z
'Analog tidr t 1
</-->  DIFSNG TRIM DAC I £ —IHI dac3b || dac7b
IH_REF)— differentialsingle mode i 11 THT
7 bits: —at] }1 }1 P3 F?
bf<0> ...bfB<2> Lo — T vl
L o ‘\mecg\&as%‘e\gabac\‘ yesh0
teeeooe-o-@ooooooo- - REF VOLTAGE Vi vt
= difference vt2-vt1
set global threshold cr%s Counter1'jJ COUI'"!(?I'Z‘_T‘I
|
. . . dd sparsification
D|g|ta| tien 4 gemra?gﬁor p?iority encodern_
e < } I"A  previous
o |
calp caln
difference calp-caln addr_bus R Strobe ® >
set amplitude of test pulse INFIERI Workshop 26-27 Sep. 2012

13



VIPIC 1 (communication between tiers)

two unambiguously
resolving groups
resulted from noise
hits at extreme DAC
settings

All pixels respond

Communication between
tiers does not show any
misses. Of the 25
connections/pixel
between tiers, 19 appear
to be working and 6
haven’t been tested yet
(77,824 total)

Carrection DACs loaded - all 127
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Oxide Bonding

In our studies the most promising
fine pitch bonding technology was
(and is) the direct bond interconnect
(DBI) process from Ziptronix

*No bump bonds -

eVery fine pitch - 4 microns used
for 3D Tezzaron wafers

oxide via

eMechanical strength enables SENSOR
aggressive post-bond thinning

eUses standard IC processes - CMP
and metalization

e Can withstand high temp.

In principal can be low cost



Oxide Bond Testing

Initial work was based on existing
ROIC wafers from BTeV and sensor
wafers from MIT-LL.

eSensor chip to FPIX wafer bond

eSensors ground to 100 microns - 8
V depletion

¢100% connectivity on sensors
without obvious bond voids

=238 8 3884

eNo degradation in s/n
eRadiation hard to >10 MRad

Process used for 3D wafers (iphone
camera), planned for track trigger,
active edge, x-ray imaging work

&0 30 10 1
o o]

| S T
| |
1|l
i

ol
(L T TN

i T

§
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Thinning Alternatives
Sensor oxide

Bulk CMOS/SOI CMOS MAPS bonded
bonded to sensor epitaxial layer
Backgrind

Polish, implant and | -
| aser anneal Etch backside silicon




Large Area Array Development

The Problem: Build large area arrays of highly
pixelated detectors with minimal dead area and reasonable cost

Current pixel detectors have dead areas arising from:

e Sensor Edges Hlaelal
e Wirebond connections for Readout Integrated Circuits (RO!Cs)

A reticule-based sensor/readout has instrinsic size
limitation of “2x2 cm

® 3D #2 - 3D or vertically integrated electronics = T BIGITAL
provides a backside path for extraction of signals == FLISION BOND
— 2 2 ANALOG
® 3D #1 - Active edge sensors - FUSION ?ﬁt A

remove dead area at the edges —

{edald|

Combine active edge technology with 3D electronics

and oxide bonding with through-silicon vias to DETECTOR

produce fully active tiles.

e These tiles can be used to build large area pixelated arrays with good yield and reasonable cost
e Tiles can populate SiD forward disks with optimal tiling and low dead area

e Only bump bonds are large pitch backside interconnects

¢ The density and geometrical flexibility means this is exactly what is needed for forward disks at
SiD



Costs and Yields

Component Current or projected cost Yield Comment
Readout IC $8/cm?[6] 65-70% [7] Current 3D wafers and FEI4
prototype yield
Active Edge Sensors $53/cm? - Current cost for prototype
150 mm wafers
Silicon Strip Sensors $10/cm? 100% CMS tracker costs
Bump bonding $213/cm? 08%|8] CMS forward pixel costs (2007)
Yield =<20 bad bumps/chip
DBI bonding $0.04/cm? 90% Projected by Yole Development [9]
for high volume production
Target Costs (2020s) $10/cm? 90% Assuming 200 mm sensor wafers

and batch active edge process

Current and projected costs and yields for sensor/readout integration technologies



Active Edge Project

(Cornell, SLAC, Hawaii, Brown, UCSC, NRL)

We are building a demonstration array
including active edge sensors, oxide bonded
wafers, dummy readout wafers

~=me.

- readQ_Jt
|IC and pads

e Sensors match the geometry envisioned
for CMS track trigger long (1 cm) and short (1.25
mm) strip sensors.

VTT Active Edge sensor

7

e Top tungsten plug “damascene” wafer is being
fabricated at Cornell - designed to readout either
long or short strips with single reticule.

e Wafer bonding top thinning and etch and
interconnect at Ziptronix

e Singulation and handle wafer removal will be done [™ = =i mir  [R
at |
Stanford in collaboration with SLAC

e There are no trenches on the edge reticules to allow
test of the UCSC/NRL “slim edge”process

VTT wafers received. Cornell process has had issues
with tungsten adhesion.
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Active Edge Wafer Tests i jzj
One wafer was processed with x 35
@) .
top metal for testing — others = ZZ_
will be wafer bonded. ool
Test Structure results: 19
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Layer Stack

Silicenthinned

- rangsten plug

SV DBl




Basic Parameters

The variety of
Inner radii Is
awkward,
requiring many
reticule designs

This is OK (late
Slide)

Barrel R
Layer 1 14
Layer 2 22
Layer 3 39
Layer 4 48
Layer 5 60
Disk Riﬂ.ner RﬂHﬂET Leenter
\D_]‘K 14 71 72
Disk 2 = 16 71 92
Disk 3 18 71 123
Disk 4 20 71 172
Forward Disk | Rinner | Router | Zeenter
Disk 1 28 166 207
Disk 2 70 166 541
117 | 166 | 832

Disk
r




Tiling
The all-silicon mechanical design. This is difficult to achieve in

pixel detectors (other than CCDs) because the natural size unit is
the reticule (2.5x2.5 cm)

With a 3D process this can be achieved by matching the sensor
spacing to reticules and taking the yield loss requiring 6 working
chips. A nice feature is that all of the top interconnect can be
done in the final topside aluminum patterning with low mass.
Cables are bump bonded to the ends of the ladders.

Stack Before Thinning Stack After Thinning

Top interconnect




Disk Tiling

The active edge devices are a natura

two reticule shapes are needed for t

needed for the inner disks if the kee

Inner pixel disk

fit for pixelated disks. Only
ne forward disks. More are
0 the small step in radius.

d42=12,3250

d1=23,0000

T

Outer pixel disk radii



Disk Assembly

| assume a slightly higher mass budget for the disks, which
allows for carbon fiber supports, still only ~¥0.35% RL assuming
10 micron average copper trace thickness

~150m CarbonfiberBupport@liskE

~10m

~7/5m

This technique can be used for the barrel ladders at some cost
In Mass.



Summary

* VIPin hand, testing awaiting new test system, manpower at
FNAL. VICTR, VIPIC and VIP analog all work

* Active edge sensors in hand — waiting for “simple” dummy
ROIC wafers

e Still waiting for the second set of wafer for sensor integration




