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Physicist's Dream

» Physicists have long dreamed of integrating sensors and
readout electronics.

» Pixel designs have progressed from hybrid designs to MAPS.

* There is now an opportunity to provide further improve-
ments with newer technologies (SOI detectors!, and 3D).

L1 -Power regulation
L2 -Digital circuits

CMOS Chlp 4 L3-Analog circuits
(Handle) ICZ CMOS cnrcuu‘r CMOS cnrcun‘r

‘ Handle 50-250 um\ _J 3D circuit with
200 nm BOX sensor and several

circuit layers

250 um

300 um

Hybrid Pixel Detector Monolithic Active SOT (Silicon on Insulator) (total thickness
with 50 um pitch bump Pixel Sensor (MAPS) detector less than 100 um)
bonds

Technology Developments

LHC-ILC Workshop on 3D 3
Integration Techniques




3D Movement in Industry

Movement driven bY several factors 3-D Architectures for Semiconductor
Integration and Packaging

ogy

- 1) form factor,
- 2) higher performance, s i i N
- 3) heterogeneous integration, h
- 4) eventually lower cost.

Numerous conferences and meetings are
being devoted to 3D technologies.

- 3D integration for Semiconductor  =——»
Integration and Packaging, Oct. 22-23,
2007/, 26 talks, 37 annual meeting.

- Technology Roadshow for 3D, MEMS, and
Advanced Packaqging, October 26- Nov. 7
in 5 Asian cities, 9 talks.

- 3D IC Technology Symposium (EMC-3D),
Netherlands, Oct. 41h 2007, 10 talks.

- ISSCC06 Tutorial, "Introduction to 3D - ‘.
Integration” by K Bernstein from IBM. cve A2 l Sencnbete

22-24 OCT 2007
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Industrial Applications

+ There are two 3D areas that are  <NANP# Stacked Memory Card>
receiving a lot of attention. S T
- Stacked memory chips and 8 Chips 55 ANA L
memory on CPU
- IBM expected to provide
samples later this year
+ Both IBM and Samsung could be
in production next year (2008)
- Imaging arrays (pixelated
devices

Samsung - 30 um €%
laser drilled vias

. Working devices have been in 70um chips
demonstrated by MIT LL, RTI,
and Ziptronix
* Much work is supported by
+ Pixel arrays offer the Infrared &
most promise for HEP 7

projects.
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Possible Applications for 3D
Technologies in HEP

—» |<+50um

Replacement for %
| | <20um

pixel bump bonding L

- Finer pitch bonding/ | |

- Lower cost bonding? e —t

SOT Detectors S

* Higher performance

pixel detectors

- More func’nonah‘qNA — f
pi ixel er‘nal rovering

- Smaller pixels il ol Elecrnics /

- Mixed technologies
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Mixed Technology HEP Applications

3D processing can be used to integrate parts fabricated
in dnffer'en’r ’rechnologles (DEPFET CMOS, CCD, SOI)

Fesel l'm'\ﬂ E=t W—h’ Ilcvlld‘d

Sensing Diode
M'rlly

B Polysilico

u [_]¢N

3NMOST NWII P+ Well

520m
P- epi

Pet substrate Figh resistiviy entarcal kayes (p)
S e S S S
Particle /

subsirate (ps)

DEPFET MAPS ISIS CCD

Advantages of 3D for mixed technologies in HEP
* DEPFET - Place peripheral CMOS electronics above DEPFETs
* MAPS - Reduce PMOS devices in MAPS. Place CMOS above.
* CCD - Place amplifier above each CCD (ISIS) pixel cell.

Mixed technology circuits can use either CMOS or SOI
for upper levels. Most people not familiar with SOL.
1) SOT mostly used for high speed and low power applications.

2) No latchup and more immune to SEU (radiation tolerant).
3) SOTI very promising for Monolithic Active Pixel detectors and 3D

assembly. LHC-ILC Workshop on 3D 7
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SOI Wafer Fabrication

SOI has a thin silicon layer for
fabrication of CMOS circuits on top of a
thin buried oxide (BOX) layer which is
supported on a handle wafer.

SOTI wafers are very useful in 3D circuit

integration and fabrication of SOT
detectors

- The handle wafer can be high resistivity
silicon in which diodes are fgor'med by
implantation through the BOX.

- Vias are formed through the BOX to
connect the diodes in the substrate to
the CMOS circuitry in the top layer

SOITEC, France is a major producer of
SOI wafers
- Wafer diameter 100 mm -300 mm
- SOI thickness 50 nm - 1 um (Smart Cut)
- BOX thickness 100 nm - 3 um

Discussion of how to best use SOI will
follow later.

Initial Silicon

Oxidation

H implantation

Cleaning & bonding

lon-cut spliting
(low-temp. annealing)

High-temp. annealing
& CHIP touch polishing

A (donor wafer)

B (handle wafer)

Fig. From H. Woo

A B |
hydrogenions
|l||||||| Ton Beam Group
.T..L".J.i.l‘.]_!-] KIGAM

| Si wafer |

SOI wafer

Remaining part of
Donor wafer to be
Used again
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/ layer

~Box

Handle used as
Detector layer
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Consider Pixels for ILC and SLHC

The needs for future pixel applications are somewhat different.

ILC
- Lowest mass possible, Xo = 0.1%/layer
- Very small pixels, approx 20 um x 20 um
- Moderate radiation levels ~ 1.0 Mrads
- Very low power
SLHC
- Lowest mass possible given cooling constraints
- Moderately large pixels, 50 um x 250 um (ATLAS)
- Very High radiation levels ~ 100 Mrads
- Relatively high power dissipation due to continuous readout
Look at the four key 3D technologies applied to ILC and SLHC
- 1) Wafer thinning
- 2) Interconnections, via formation and metallization
- 3) Bonding, wafer to wafer or die to wafer
- 4) Alignment

LHC-ILC Workshop on 3D 9
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Wafer Thinning

Both CMOS and SOTI wafers can be thinned to a point where they represent
an insignificant fraction of a radiation length (Xo) for HEP experiments.

Wafer backside

A
Notes:
CMP =
Full Coarse grind Chemical Mechanical Polish
wafer Coarse grind
thickness
720 um
(8" wafer) 110 um
M 70 um v 52 um
¢ Wet etch 40 um lTMAH etch 50 um
¥ Dry etch & CMP 20 um down to BOX 6 -10 um

v

Typical CMOS Wafer Thinning
(Semitool)

The thinner SOI wafers, however, can represent significant advantages

for 3D circuit layout in some designs.

LHC-ILC Workshop on 3D
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Typical SOI Wafer Thinning
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Wafer Thinning

Through wafer vias typically have an 8 to 1 aspect ratio for etched vias. Thus,
in order to keep the area associated with the vias as small as possible, the
wafers should be as thin as possible. This is critical for small pixel designs.

Thinned SOI wafer from MIT Lincoln Laboratory

4 Mb SRAM with
30 million transistors

Photos from \
MIT LL

Six inch wafer thinned to 6 microns and mounted to 3 mil kapton.

LHC-ILC Workshop on 3D 11
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Wafer to Wafer Bonding With Mechanical

Two processes available

- Adhesive bond (has
temperature limits)

- Oxide bond (SiO to
Si0)
Excellent mechanical
bond good for handling
and further processing

SiO bond is fast
(better) compared to
adhesives

Cannot be used as a
bump bond replacement -
No electrical
connhections

Electrical connections
with filled vias are
formed after bonding

Bond Only

BCB
O s—
|

Adhesive bonding

| | Si oxide
| |-> L
]

Silicon oxide bonding

Could use capacitive or inductive coupling
for transmitting signals between parts.
- OK for very small signals (test
inputs)
- Normally either large areas or signal
amplifiers are needed that require

exfra space - not good for hi'g
density circuit designs in HEP.

- Vias may be needed for power
anyway
Used by IBM, MIT LL and others for 3D
circuits with inter wafer vias.

LHC-ILC Workshop on 3D 12
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Die/Wafer to Wafer Bonding by Means of
Electrical & Mechanical Bonds

Processes using metallic
pillars

- CuSn Eutectic
- Cu thermocompression

Can be used to replace bump
bonding for face to face
bond between parts

Mechanical bond strength is
dependent on percent of
surface area used for
bonding

- Most applications to
date have had large
coverage (~75%)

Good alignment is more
difficulf since parts have to
be held in place during
heating process

Used by IZM, RTT, and
others

Electrical

Cu ) )

_?_ / connection X N

+————7 | Mechanical
- )I/ connection

Copper thermocompression

—= = Cu
“ e Cusn
-
L BN e “eutectic
- —— = -

CuSn eutectic bond

Pillars on each part to be bonded are typically 5 um tall

- 10 um of copper covering 75% of bond surface
represents 0.075 Xo

Unacceptable for ILC
Large coverage can create unwanted paracitics
Could be acceptable for SLHC
- Need to reduce copper to ~10% coverage for ILC

+ 10% may not provide sufficient mechanical strength
10% coverage may result in very uneven surface for
thin parts
Under fill with BCB may be necessary for strength
and support

LHC-ILC Workshop on 3D 13
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Die/Wafer to Wafer Bonding by Means of
Electrical & Mechanical Bonds

Direct Bond Interconnect (DBI)
- Oxide bond between devices forms
immediate bond

- After oxide bond reaches
sufficient strength, devices are
heated and the metallic
compression bonds are formed.

- Provides minimal metal needed to
form electrical connections.

Provides extremely low Xo and
is excellent choice for ILC
Metal bond ~ 1 um x 1 um

May not be necessary for other
less critical applications (SLHC)

- No surface warping when using
thin parts
Can replace bump bonds in a face
to face connection.

4
1\
n

_—"Magic metal”
—> S
Oxide

Bond
interface

=
<>

\4—-’
R}
-

Compression
bond during 7
heating (300 C)

Direct Bond Interconnect

Al BEOL

3 um piTCh ) aiBeoL
DBI bond

Is used for 3D integrationina (Ziptronix, 3um Pitch DB
back to face connection or face to ing
- 3D Conference
face connection. Oct. 2007)? b
. C , 5.0kV 3.1mm x25.0k 2.
Process is CUPPenﬂY °n|Y of,fer'ed 90,000 Element Redundant Daisy Chain
by one vendor - Ziptronix, in North <Rpgm> < 0.050
Caroli na. DBI™ Scales to < 3 micron pitch
LHC-ILC Workshop on 3D 14
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Through Wafer Vias and Metallization

Small diameter vias are critical for high circuit density circuits
like ILC. (Smallest vias (< 5 um) use DIRE or oxide etch)

SOT lends itself to smaller vias since layers can be thinner.

Passsivation

- Vias in CMOS must have via holes passivated (extra step) to prevent
short circuits.

- Vias in SOI require no passivation before metallization.

Filled via using oxide

SEM of 3 vias etch process in SOT Laser drilled vias down
]Bigsi/\k/‘\(grsog:lsr;% (Lincoln Labs) to 15 um dia by Xsil
LHC-ILC Workshop on 3D 15
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Heating Considerations

Separate thermal vias may be
needed when stacking many
layers.

- Thickness and number of

layers (SOT layers are
‘rhyinnes‘r) /

- Location of heat producing
components
ILC must have minimal power
- No thermal vias needed due
to extremely low power
density

SLHC projects have higher
power due to continuous
operation.

- May need thermal vias

- Place heat producin
components (analog) on top
layer or nearest to a heatsink

LHC-ILC Workshop on 3D
Integration Techniques

Through wafer vias

| |

Thermal vias

| A
Heat —»
generating

layer

Heat _
generating
layer

Detector substrate
or handle material

Through wafer vias

Detector substrate
or handle material
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Last Key Element - Alignment

1 micron alignment (3 sigma) has been achieved for both wafer
to wafer and die to wafer bonding (MIT, Ziptronix, IBM, others)

Die to wafer will provide best yield for HEP and is better suited
to layouts with different arrangements of die on a wafer.

1 Mpixel, 8 um pitch die being Wafer to wafer alighment and
mounted to 200 mm "ROIC" wafer Placement (Photos by Ziptronix)
LHC-ILC Workshop on 3D 17
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Active Pixel Sensor in SOI

SOI detectors are a first step toward 3D integration since it uses many of the

same processes as 3D integration. (oxide bonding, wafer thinning, via formation)
- Thin top layer with silicon islands in which PMOS and NMOS transistors are built.
- A buried oxide layer (BOX) which separates the top layer from the substrate.
- High resistivity substrate which forms the detector volume.
- Diode implants are formed beneath the BOX and connected by vias.
The raw SOI wafers which have the CMOS layer bonded to the substrate layer are
procured from commercial vendors such as SOITEC in France.

Advantages:
PMOS and * 100% fill factor
/ t transistors in p'xel
electronics Te— g P * NMOS + PMOS
layer | VN I ;
\_ imh) iml active volume transistors
urrier oxide | N " partiall *
200nm | Bapieted Fas‘rer.char'ge
collection
ey Dstector sigha * Less charge
s|proportiofa .
To subst thickness S pread'ng
* SOI fe(]TUI"ZS:
Al 200nm D/ IHV 'tlo IGTCh Up
‘Low power
LHC-ILC Workshop on 3D 18
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SOT Detector Multiproject Run

» Two multiproject runs to OKI have been
coordinated by Yasuo Arai at KEK.

* Recent meeting in Hawaii during NSS brought
all desighers together to discuss their results
and prepare for the next multi-project run.

- KEK - photon counting array

- University of Hawaii - pixel array for Belle upgrade

- LBNL - study of simple pixel arrays

- ISAS - A/D converter design

- Fermilab - photon counting array (MAMBO)

LHC-ILC Workshop on 3D 19
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Fermilab Pixel Sensor in SOI Process

Design done in OKT 0.15 um multi-project run coordinated by Y. Arai at KEK. 4
MAMBO - Monolithic Active pixel Matrix with Binary Output. 3

Imaging detector for direct detection in electron microscopy (TEM), and soft X-rays.

Designed for counting applications

64 x 64 pixel array, 26 uym pitch, 4 parallel diodes/pixel (spaced 13 ym apart).
Each pixel has CSA, CR-RC2 shaper, discriminator + 12 bit binary counter.

The counter is reconfigurable as a shift register for serial readout of all pixels.

IN prevB IN prev

280 transistors/pixel cell
Charge Sensitive Preamplifier

with CRRC shaper:

SH_next
~ 150 mV/1000 e-, input —0D

150 ns peaking time

= ——
wddal ’E vdda
i leak] L 0 O 34
i M W
Mas —«iE al R
641
in det D—4——|= HC:O : Gy
"
2!

Mad |__|=1 { Ma3 .__"_cfs !
Res
p A = 7 discriminator:

N
P ib th

preamplifier e — H

shaping filter )= —

Single pixel schematic

SH_nextB

Common
Threshold
%4 Fordll

LHC-ILC Workshop on 3D

One of four
detector diodes

One of twelve

D flip-flops
arranged around
perimeter of pixel
cell

SN R RNy (SSSR
o i o

& v/\

Integration Techniques

Single Pixel Layout

All analog

circuits are

- located in
¢ center of
pixel cell
| . diodes and
%7 surrounded
_ by guard
: E 1 "ng
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Test results

Analog section working with charge injection circuit

Gain lower and shaping faster than expected

Counter/shift register working (needs back gate voltage for proper operation)
Discriminator working

Backgate voltage problems have prevented simultaneous operation of the front
end and back end electronics.

File Edit Yert Horz/Acq Trig Display Cursor Meas Mask Math App MyScope Utilities Help Button

Tek Run Sample 22 Aug 07 09:25:39 - = ZIIJ:\L. " W B =1 1 1
- T o R R |
Curs1 Pos !
' L iy
e Hils
b i
FARLE: — e A
""" i BE
:.4:. L‘r‘
_______________________________________ - i |
¥ ~_'|"‘|r',..-&r"""';"llt"-- A " i R
ozl aN
ot |
TN i e i i
O iR
i L
I V1 194 .0mV t: 16.0ns z
ISl V2 198 .0mV 2: 715 .2ns = 2 [k B F Bn = = P o
\V . 4 ,O""V At 699 ,2”5 ol AR L st 1 el High o Wl ey B per 0 Rl at gl st e
AVIAL:  5.721kVis  1/At:  1.43MHz .
64 x 64 array in pad frame
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Potential Problems for SOTI Detectors

1) The BOX (Buried Oxide) acts as a back gate for the NMOS and PMOS
transistors. The BOX is thick enough (200 nm) to trap charge from
ionizing radiation and cause Vth shifts. (The Vth shifts can
be fully corrected by adjusting the substrate/back gate potential). 3

|In

| [ Qut
N+ P [N+ P+ N P+

—— BOX ——

" Back 9(11'61

Silicon Substrate

Although Vth shift due to radiation has been corrected at the 1 Mrad level,
operation at 100 Mrad and may be a serious problem for SLHC applications.
More measurements are needed for these HEP applications.

LHC-ILC Workshop on 3D 22
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2) The back gate voltage affects the transistor threshold voltage in a
manner similar to the top gate. The voltage on the back gate of transistors
and hence Vth is affected by the distribution of the diode contacts which

affects back gate potential.

High potential under this
hunshrcnsaﬂaqufﬂuﬁ

«— Tronsistors —,

= N

Diode
implont

|potenhu|
- Lines
+Vbias
. Small | Large N
| spacing B spacing

To reduce voltege under the transistors, keep Pr implants close together.

This problem can be solved by placing p+ implants relatively close together
or by use of Flexfet transistors as shown on the next slide.

LHC-ILC Workshop on 3D 23
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ASI (American Semiconductor Inc.) has a process based on dual
gate transistor called a Flexfet.®

- Flexfet has a top and bottom gate.

- Bottom gate shields the transistor channel from voltage on the
substrate and thus removes the back gate voltage problem.

- Bottom gate also shields the transistor channel from charge
build up in the BOX caused by radiation.

Bottomgate

Bottom gate

shields channel
from voltage
at BOX to Substrate

substrate /

interface.

LHC-ILC Workshop on 3D 24
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3) The Box is relatively thin, permitting the circuit to capacitively inject
charge into the substrate which is collected by the sensing diodes.
_____________ ]

"1 pixel cell
pixel ce 1V Note: capacitive coupling should

|
0 | :
- -D_—_| be considered whenever layers
Analog Digital |
|
|
|

are very close to the detector.

fransistors fransistors . .

BOX = = (Bump bond spacing is helpful.)

Ky ¥ ya |
Charge is injected through the BOX by Problem can be mitigated by
transistors or metal traces on or near the a) Using thicker BOX
top of the BOX. The charge is collected b) Using differential signals
by the offending pixel, neighbor pixels, c) Dividing circuit design into
and the backside contact. 1 um x 1 um of two tiers such that there is no
material on top of a 200 nm BOX with a electrical activity above the

BOX during the signal acquisition
period.

d) Add a pinning layer as shown
on the next slide.

1 v swing injects 1035 electrons into the
substrate. The amount collected by a P+
implant is dependent on the location of the
injection point.
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Pinning Layer

- SOTI detectors are sensitive to

capacitive coupling of CMOS signals to CLEXFET

the pixel diode. transistor
* Adding a "pinning” layer at the imen U
surface of ‘rFlf\e subs’rrZ‘re, between m L a
pixels, tied to a fixed potential can
reduce the problem.

- 2D / 3D Silvaco device simulations p implam

confirm effectiveness of pinning layer.

- However, pinning layer can also

increase capacitance, make depletion

harder, and trap charge. More study

heeded.

- Available in AST, MIT-LL Process

Buried Oxide (BO:
— T,

Pinning implant

n- Substrate

LHC-ILC Workshop on 3D 26
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3D Examples

There are many articles on 3D technologies
and their future

There are far few descriptions of actual
circuits.

Circuits examples

- Industry
* Raytheon
+ RTI
* MIT Lincoln Laboratories
» Rensselaer Polytechnic Institute

- HEP
+ FNAL

LHC-ILC Workshop on 3D
Integration Techniques
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Raytheon Megapixel Image Sensor’

Pin diode layer

_____

1 Megapixel array, 8 pm

pixel pifch 0.5 um CMOS __ |
2 tiers 5 metal layers

Die to wafer stacking et voon
100% diode fill factor

Tier 1 - pin diodes e —

Tier 2 - 0.5 um SOI CMOS S LY

2 1m diameter face to rowseL Iy

face bonds Simple Circuit |

DBI (Oxide-oxide, and )
me’raﬂ bonding) Diagram

1 million 3D vias 95
100% pixel operability
Replacement for fine pitch

bump bonds and/or minimal
mass interconnects

iz
i

D — G Die placed with 1 um

Captured Imagé accuracy
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RTI 3D Infrared Focal Plane Arrays

256 x 256 array with e 98 /
30 pm pixels AR

3 Tiers
- HgCdTe (sensor)

- 0.25 pm CMOS
(analog)

~ 0.18 ym CMOS
(digital)
Die to wafer stacking Analog _____

Polymer adhesive §
bo nd | ng VQF‘G Removal

Bosch process vias (4 E/_

M) Wl h inSL”GTed ccm:r C{im} CTIA’\|7 ont

side walls \
99.98% good pixels Pj 4E = Infrared image
High diode fill factor / b

Diode

3 Tier circuit diagram

LHC-ILC Workshop on 3D 29
Integration Techniques



MIT LL 3D Laser Radar Imager?

64 x 64 array, 30 ym pixels
3 tiers

0] 18[Jm SOI Completed Pixel Cross-Sectional SEM |
035 um SOI == 3D :.:1 = X;-H Sk Tiher_;; :E_sﬁv_s;_%l\ﬂahs;-f-;e;
APDs in substrate layer : s -

Oxide to oxide wafer bonding B Sy S8

1.5 pm vias, dry etch
Six 3D vias per pixel

VISA APD Pixel Circuit (~250 transistorsipixel)

’Z—‘ A counter circuit Tier‘ 3

S Tier 2
-~ __[: /

a1 = APD drive/sense .
A % -
. CAD Drawing

LHC-ILC Workshop on 3D 30
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MIT LL3D Megapixel CMOS Image Sensor!®

7 pm

1024 x 1024, 8 ym pixels
2 tiers = Photodetector tier (Tier 1) ”“ = L
Wafer to wafer stacking el |
(150 mm to 150 mm) o |
100% diode fill factor
Tier 1 - F;\>+n diodes in circuit tier
>3000 ohm-cm, n-type (Teer2)
SUb 50 Um *h'Ck Photodicde i
Tier 2 - 0.35 um SOT (rier®)
CMOS, 7 pm thick Dr‘awmg and SEM Cross section
2 pm square vias, dry RSTVL VDDA
etch, Ti/TiN liner with W
plugs ﬂ
Oxide-oxide bonding o 1]
1 million 3D vias Circuit ROWSEL‘;‘TE
Pixel Oper'abi“Ty >99.999% Diqgr‘qm — VPIX
4 side abuttable array lEfli Image
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Monolithic 3D Power Delivery

Using DC DC Conver’rer11

Multi-level on-chip interconnects *:

l
4
-1

]
|
1 —

Substrate

W gUg

Die Block Diagram

e e

p I alatio Bobolodt | 1 bolely

Fabricated through MOSIS

Monolithic DC-DC Converter designed at RPI for vertical integration

Minimizes interconnect parasitic effects
Easy to supply and distribute multiple supply voltages
Significantly reduced package pin count
Uniform, high density power and ground vias to 3D chip
Prototype design shows that monolithic DC-DC converters with power

for 3D circuit is possible.

LHC-ILC Workshop on 3D 32
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3D Multi-Project Runs

- MIT Lincoln Labs has fabricated several
3D devices.

- MIT LL has also offered two multi-
projects runs thus far.

* Fermilab joined the second MPW +to
explore the possibilities for HEP

» Fermilab will also participate in the next
MPW run at MIT LL.

LHC-ILC Workshop on 3D 33
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VIP1- A 3D Pixel Design for ILC Vertex!?

3D chip design in MIT Lincoln Labs 0.18 um SOTI process.

- Key features: Readout between bunch trains, analog pulse height, sparse readout, high
resolution time stamps (~1us), test inputs, 20 um pixels. - Meets all ILC critical requirements.

- Time stamping and sparse readout occur in the pixel, Hit address found on array perimeter.
* 64 x 64 pixel demonstrator version of 1k x 1K array.

- Submitted to 3 fier multi project run. Sensor to be added later.
Assume 1000 x 1000 array

X and Y addresses are 10 X -
bits each Y Digital corial Dat .
Time Data Mux [—>¢riala gou
XY, Time (30 bits/hit)

Y address bus

A A
A 10,‘A/ 10
Analog
outputs| X=1 ; X=2 X= 100§)

St S A I s5F 0 A i 5E 444
Token cell T1 cell T2 cell
10 ? 1:I1 2:11 — 10010:1
y=1 “ Token to row Y=26—‘
LS 112 [YY
! cell cell cell
y=2 [ - PR E—E— l e b oo - - - Token to row V=3]«—I
L, p14 Ak
| cell cell cell
| 1:3 2:3 1000:3

| | |
| 1 I

L 1 ! !

Note: All the Y address registers can be replaced by one counter that
is incremented by the last column token.

LHC-ILC Workshop on 3D 34
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Simplified Pixel Cell Block Diagram

When a Hit occurs, the Hit pixel stores Sample 1 & 2 and the
Time Stamp, and sets the Hit Latch in sparse readout circuit.

During readout, when the read out token arrives, the time stamp
and analog values are read out, and pixel points to hit address
found on perimeter of chip.

While outputting data from one pixel, the readout token is
passed ahead looking for next pixel that has been hit.

— Test inject

Discriminator Time T.S.
Intearator Readout token out
I N \ Write data ‘s"ram!o —>
| | I _ circurt
~ T DH:T latch 7y
- Vth S : Read
s |alla|* R Q™ P'%el —*D FF T data
f 38 P *
st . N[N Read all logic To x
Hit ead a g Y
- Y * Data clk address
Analog out >
- > < >e—>
Analog front end Pixel sparsification circuitry Time stamp
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3D Three Tier

Arrangement
for ILC Pixel

Chip designers:
Tom Zimmerman
Gregory Deptuch
Jim Hoff

_ Sample 1 Tier 3
‘ J_ i
‘ k<— <—I ::3 D
I I = ‘
Sample | |Sample T _\ )
1 5 Vith 1~ Delay|—|S. 'll'r'lg
Tier 3 = | N 3D
GHGIOQ _T ___ Toandlog output buses — ¥ vias
5 Digital time stamp bus Tier 2
L* L«- L4 L - L - | Wr‘i're—da‘ra
Tier 2 =— N R D _/| /
T bO |bl |b2 |b3 |b4 | | |Analog T.S.
Ime e T \ [Read data
S‘ramp Analog| ramp bus
Analog time output bus
. In i
T|er. 1 q v Tnject Tier 1
Data Test l:pu‘r S'R'Ful se S
er. . Out
sparsification . e RH  Read
] all
v } Data clk
X address aac Token out Read data
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3D Stack with Vias for One Pixel

Pixel cell:

*175 transistors
in 20 um pixel.
*Unlimited use
of PMOS and - = B
NMOS. Tier 3 3

*Allows 100 % diode ler

fill factor.

Vias: 1.5 um dia /

by 7.3 um long m
Note these vias are 1.5 um

in diameter. Larger vias

(~5 um) take up valuable  Tier 1 :
space in small pixel cells BOX
and thus may be impractical
for ILC but alright for LHC

applications. LHC-ILC Workshop on 3D 37
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MIT LL 3D Multiproject Run Chip Cross Section

A

3D vias

d

=
[1+]
@
[ ]

8.2 um

A

A

Back to face bond

7.8 um

g2 4811 ZNaE

Face to face bondy

»

<

Three levels
of transistors,
11 levels of
metal in a
total vertical
height of

only 22 um.

The MITLL

A

6.0 ym

L 421l ZWAaE

Integration Techhiques

o e o - - -
Tier 3 | Cap oxide 200 A
Tiar 3 BOX 400 | T
Tier 3 S0l island 50 1450 nm | gyg [ ]
Tier 3 LTO over istand 800
Tier 3 Metal 1 830
30 Via 471 3D Via
Tier 3 ILD 1-2 PECVD TEOQS 1000 | <4
Tors | Moz a0 I Ta40nm |
Tier 3 ILD 2-3 PECVD TEQS 1000
= | IREECE ! | H N
Tier 3 M3 cverglass PECVD TEOS| 500
Tier3 | B5G capoxide 500 _ ; miei
Oxide-Oxide Bond
Tier 2 BSG cap oxide 500
Tier 2 PECVD TEOS 500
Tier 2 Back metal 1 830
Tier 2 | Cap cwide 200
Tierz | BOX 200 [ =
Tier2 | S0lisland 50 sonm BN | N /
Tier 2 LTO ever island 800
Tier2 | Metsi 1 a0 [ ]
IDVia 4740 nm
Tier 2 ILD 1-2 PECVD TEDS 1000 |
Tier2 | Meta2 830 - (O
Tier 2 ILD 2-3 PECVD TEQS 1000
Terz | Mewi3 = | B I H B
Tier 2 M3 overglass PECVD TEQS| 500 4
Tier 2 BSG cap oxide 500 Oxide-Oxide Bond il]l]l]lhlﬁ
|— e
Tier 1 B5G cap oxide 500 s o
Tier 1 M3 overglass PECVD TEQS| 500
Tier 1 ILD 2-3 PECVD TEQS 1000
Tert | o2 w0 I | H
Tier 1 ILD 1-2 PECVD TECS 1000
Tier 1 LTO over island 300
Tier 1| SO0 Gsland 5| | |
Tier 1 BOX 00
Ter? B _

process
description
IS given in
a backup
slide.
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Cost Considerations
3D integrated circuits are expensive to fabricate.

- Ina 3D integrated circuit, each tier generally comes from a
separate dedicated wafer run. Thus the cost is roughly
proportional to the number of tiers plus bonding each of the
tiers together.

- If wafer to wafer bonding is used, the yield will be less than if
die to wafer bonding is used, and hence cost will be increased.
In High Energy Physics detectors, the costs need to be
justified based on reduced mass, higher functionality in
a given area, or by supporting mixed technologies.

3D electronics may be the technology that makes
certain physics experiments possible.

Costs of smaller node masks is increasing dramatically,
and at some point 3D will be less expensive than going
to a smaller node technology, even for HEP applications.
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Dollar cost for masks alone x1000

2000
1800
1600
1400
1200
1000

800

600
400

200

Mask Costs

0.25 0.18 0.13 0.09 0.065 0.045
Process feature size in microns

LHC-ILC Workshop on 3D
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Cost Reduction for Prototyping

A detector tier and two electronics tiers can be fabricated from one
set of masks and one wafer run. The three tiers in CMOS or SOI can
be assembled with only one 3D bonding step.

As an example consider a frame that has two A circuits (sensing diode
plus CMOS, and two B circuits (CMOS only). These circuits can be
bonded together either face to face or back to face depending on the
type of bonding, via formation, and thinning procedures to be used.
Unfortunately, only one half of the silicon results in useful devices.

Typical frame Thin back of

/>< /x # top wafer
AB Flip giA Thin backside K\N Romm/&m
AlB Horz, /A of top wafer, use AlB 180 alv
circuit B only K/ K/& | |
Top Wafer | | Top Wafer
-7 On bottom 7 Onbottom
wafer, use / \ / \ w.afer', use
AlB A8 circuit A only AlB 28 circuit A only
AlB AlB ) AlB AlB Add vias from top
Make ‘conTac’r fo wafer (circuit B)
backside of t0 bottom

Bottom Wafer

Bottom Wafer metal on B circuits. wafer (circuit A).
Note: top and bottom wafers are identical.
Face to Face Bonding Back to Face Bonding
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The Single Set of Masks Approach
can be Used in Different Technologies

Convert VIP1 design -

Test inject

to 2 tiers + sensor

Integrator

I ‘ Werite data

T.S.
out

Time
stamp

in 0.13 um technology
with face to face

Sample 1
Sample 2

—>ID FF

circuit

Read 4
data

b 0 nds o Analog out
= Analog front end Pixel sparsification cir‘cuifryr Time stamp
SOI VIP1 Readout chip in 3 tiers
Substrate to be removed DBI metal
down to the BOX\ on two faces
CMOS, tier 2
BOX (0.2 um) CMOS Deep N-wells __,
DBI metal I —— Ytier 1 for analog circuitry
on two faces BOX (0.2 um) containing most of
Pinning | > - - - - the NMOS devices
Inning ay?r/ 50 um plus smaller N-wells
between diode Sensor for some PMOS
implants devices

Each CMOS tier is less than 10 um

+ Tox,y

Data clk address

>-e—» >
CMOS

Handle for CMOS
(~ 50 um)

CMOS

Epi layer

Handle (~ 50 um
for support only)

<Tier 2
<«Tierl

™ Sensor

MAPS in deep N-well process

\ Pixels < 20 um, Resolution < 5 um /

LHC-ILC Workshop on 3D
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Summary

Progress is being made to integrate sensors and readout
electronics in a monolithic structure for pixel arrays.

Foundries are starting to develop technologies for SOT detectors
and 3D integrated circuits

- OKTI, ASI for SOT detectors,
- IBM, MITLL, and others for 3D circuits

- Radiation limits still need to be studied but they are expected
to be sufficient for many applications. In very high radiation
environments separate, special detectors may be necessary.

3D is being pursued by many commercial organizations®
HEP groups are beginning to look at 3D technologies

- MPG in Munich is starting an activity to bond pixel sensors to
ROICs

- RAL has expressed interest in 3D with CCDs

- Bonn has expressed interest in 3D with DEPFETs

- Fermilab will continue to explore SOT detectors and 3D

3D is expensive but offers a great deal of design flexibility.
These new 3D technologies offer new opportunities for difficult
applications that can't be satisfied with other older approaches.
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Backup slides

MIT LL process
Ziptronix process

ILC Requirements

VIP 1 Design

LHC-ILC Workshop on 3D
Integration Techniques

45



Process Flow for MIT LL 3D Chip

2) Invert, align, and bond wafer 2 to wafer 1

+ 3 tier chip (tier 1 may
be CMOS) A e T
- 0.18 um (all layers) bond -
- SOT simplifies via
formation 3) Remove handle silicon from wafer 2,
. etch 3D Vias, deposit and CMP tungsten
+ Single vendor 3D g T e —

processing

1) Fabricate individual tiers

4) Invert, align and bond wafer 3 to wafer 2/1
assembly, remove wafer 3 handle wafer, form
3D vias from tier 2 to tier 3

LHC-ILC Workshop on 3D
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1) Starting Wafer
Planar Surface
Exposed Filled Vias (W or Cu)

CMOS Back End of Line

R o T O 2) Deposit Seed

3) Pattern/ Plate DBI Metal

CMOS Back End of Line Blanket Etch Seed
Option — Pattern Etch for Lateral Routing

M H H H n Oxide Deposition

CMOS Back End of Line

Planarization
Oxide Bonding Mechanical Spec < 0.5nm

CMOS Back End of Line

i S Back End of Li : .
Bond ' Place 2 DBI Surfaces into Contact
Imerfa-::e} Conventional Pick-&-Place

Room Temperature, Direct Oxide Bonding
10

Paul Enquist, 3D Architecture Conference, October 2007
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3D Demonstrator Chip for ILC Pixels

ILC expected to have beam structure with 2820
crossings in a 1 msec bunch train with 5 bunch
trains/sec.

ILC Maximum hit occupancy
- Assumed to be 0.03 particles/crossing/mm?

- Assume 3 pixels hit/particle (obviously this depends
somewhat on pixel size, hit location, and charge spreading)

- Hit rate = 0.03 part./bco/mm? x 3 hits/part. x 2820
bco/train = 252 hits/train/mm2.

Study analog and binary read out approach

- Want better than 5 um resolution

- Binary readout
* 15 um pixel gives 15//12 = 4.3 um resolution
- 20 um pixel gives 5.8 um resolution
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Requirements

» Occupancy in a pixel for 2820 bco

- Occupancy in 15 ym pixel = 250 hits/mm2 x
(15um x 15um) = 0.056 hits/bunch train

* Chance of a single cell being hit twice in a bunch
train = .056 x .056 = .0031 =>0.3%

* Therefore, with a pipeline depth of only one,
99.7% of hits are recorded unambiguously.

- Occupancy ina 20 ym pixel = 0.1

» Chance of a cell being hit twice in a bunch train
=0.1x0.1=0.01=>10%

* Therefore, with a pipeline depth of only one,

99% of hits are recorded unambiguously.
LHC-ILC Workshop on 3D 49
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Demonstrator Chip Design Choices

* Provide analog and binary readout information

» Divide the bunch train into 32 time slices. Each pixel
stores one time stamp equivalent to 5 bits of time
information.

+ Store the time stamp in the hit pixel cell.

- Use token passing scheme with look ahead feature to
sparsify data output.

+ Store pixel address at end of row and column.
» Divide chip design into 3 tiers or layers of ROIC

* Make pixel as small as possible but with significant
functionality.

* Design for 1000 x 1000 array but layout only for 64 x
64 array.
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Pixel Time Stamping

Various MAPS
schemes for ILC
have suggested 20
Time stamps to

separate hits in the
2820 bunch train.

ILC 3D chip has 32
Time stamps.

Time s’ram’: can be
either analog or
digital.

ILC demonstrator
chip will have both

Latch Wr‘h‘eTo readout

A

-
|\(_

L L L

NN N N

/

Read¢ From 5 bit
Gray counter

Counter operates at a slow speed,

32 KHz, (30 usec/step)

All digital - 10 transistors/bit

LHC-ILC Workshop on 3D
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To 5 bit ADC

Latch

.

Sample /|

’——and hold

1v
J

Ramp
Generator

Ramp operates at low speed for low
power.

Analog approach - fewer transistors
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Sparsified Readout Operation

During data acquisition, a hit sets a latch.
- Sparse readout performed row by row.

+ To start readout, all hit pixels are disabled except
the first hit pixel in the readout scan.

* The pixel being read points to the X address and Y
address stored on the perimeter and at the same
time outputs the Time Stamp and analog information
from the pixel.

While reading out a pixel, a token scans ahead looking
for next pixel o readout.

* Chip set to always readout at least one pixel per row
in the array.

+ Assume 1000 x 1000 array (1000 pixels/row)
- Time to scan 1 row = .200 ns x 1000 = 200 ns (simulated)
- Time to readout cell = 30 bits x 20 ns/bit = 600 ns
- Plenty of time to find next hit pixel during readout
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Readout Time Example

» Chip size = 1000 x 1000 pixels with 15 um pixels.

* Max hits/chip = 250 hits/mm? x 225 mm? = 56250
hits/chip.

» If you read all pixels with X=1, add 1000 pixels (small
increase in readout data).

- For 50 MHz readout clock and 30 bits/hit, readout

time = 57250 hits x 30 bits/hit x 20 ns/bit = 34
msec.

* For a 1000 x 1000 array of 20 um pixels, the readout
time is 60 usec.

- Readout time is far less than the ILC allowed 200

msec. Thus the readout clock can be even slower or
several chips can be put on the same bus. Readout
time is even less for smaller chips.

- Digital outputs are CMOS. The output power is only
dependent on the number of bits and not the length
of time needed to readout.
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Sparsification Tier 1
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Time Stamp - Tier 2

5 bit digital
time stamp
Analog time
stamp -
resolution to be
determined by
analog of fsets
and off chip
ADC

Either analog or
digital T. S.to
be used in final
design.

Gray code
counter on
periphery

/2 transistors
3 vias
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Integrator

Double
correlated
sample plus
readout

Discriminator

Chip scale
programmable
threshold input

Capacitive test
input (CTI)

38 transistors
2 vias

Analog Tier 3

LHC-ILC Workshop on 3D
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Perimeter Logic

Perimeter

circuitry for

the ILC

Demonstrator Blow up of
chip occupies a corner of

small amount of
space.

Area for the
perimeter logic
could be
reduced in
future designs.

array

64 x 64 array with perimeter logic
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Demonstrator Chip Summary

» Multi functional device to be used a proof of concept
+ 64 x 64 array that can be expanded to 1000 x 1000.
» 175 transistors in 20 micron pixels

- 3 tiers of transistors with an active circuit thickness of

22 microns

* Pulse height information (analog output) may nhot be
required in the final design

- Sparsification with look ahead skip speed of 200 ps/cell
for token passing.

+ Two types of time stamping (only one chosen for the
final application). 32 time stamps available, can be
expanded to 64.

+ Test input for every cell. Can be expanded to include a
disable for every cell with little or no increase in size.
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Demonstrator Chip Summary (con't)

Serial digital output on one line
Small peripheral circuitry.

Chip power dissipation set by analog needs
- Analog power = 0.75 pw/pixel => 1875 pw/mm?

- For ILC vertex detector power should not exceed 20
pw/mm?

- The vertex detector is expected is expected to acquire data
for 1 msec every 200 msec

- Assuming the analog power is ramped up in 0.5 msec, is held
for 1 msec and ramped down in 0.5 msec the analog power for
the ILC demonstrator chip would be 18.75 pw/mm?

Noise is expected to be in the range of 20-30 e-
when connected to the detector.

Multi-project submission date October 1, 2006
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