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What i1s 3D Circuit Integration?

A 3D chip is comprised of 2 or more
layers of semiconductor devices

which have been thinned, bonded Opto Electronics
together, and interconnected to form
a“monolithic” circuit. Digital layer

Frequently, the layers (also called
tiers) are comprised of devices made Analog Layer
In different technologies.

The moveto 3D is being driven by
Industry.
Going 3D reduces trace length, R e
ReducesR, L, C 2
o Wafer thinning (to <25um)
Improves speed — Grinding, lapping, etching, and
Reduces interconnect power, chemical polishing
crosstalk Precision alignment

Reduces chip size — Better than 1 micron

Processing for each layer can be Bonaing of thinned wafers
e 4 Through wafer via formation and

optimized metallization

Sensor Layer




Direct silicon fusion (used for SOI)
 Van der Waalsinitial bond
» Heating forms covalent bonds
» Cu-Sn eutectic bonding - bumps
» Adhesive bonding (BCP)
 Cu to Cu bonding

Step 1: H Implantation Step 3: Heating/Layer Splitting

Si device wafer

Implanted hydrogen forms
microcracks
Step 4:
Surface smoothing/annealing of
single crystal layer on host substrate

Step2: Direct Wafer Bonding

— CHCUit

Buried oxide
(BOX)

Viasin SOl devices are formed
through insulating oxide — do not
need special processing for ohmic
Isolation. Buried oxide also provides
an etch stop for thinning.

SOl is apreferred technology




Wafer to wafer oxide SOroMos ':E:YI
bonding (150 mm to 150 ' 0w K

mm)

2 um g:luare VIaS, dry etCh, Unpercelvable Bond Interface
Ti/TIN liner with W plugs
100% diode fill factor

CMO
Mtl

Tier 2—0.35 um SOI
CMOS, 7 um thick

1 million 3D vias

Pixel operability >99.999% Substantial sharing between ILC and 3D
Image sensor technology




3D Concept for HEP

CMOS circuitry Interlayer vias

_ Photodetector tier (Tier 1)
: High-resistivity bulk silicon

high resistivity silicon wafer,

, _ Active edge
Thinned to 50-100 microns

processing

Backside implanted after thinning,
before frontside wafer processing




o Very low mass- 0.1% rl per layer

e Resolution < 5 micronsin X,y

* Time resolution < 50 microseconds

* Very low power < 20 W (with 1/200 duty factor)

 Inner layer at ~ 1.5 cm radius

The combination of resolution, mass and power Is a substantial
challenge. None of the candidate technologies (CCDs, DEPFETS,
MAPS, SOI) have yet demonstrated a solution which meets all of

the requirements. 025 337 ns
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No limitation on PMOS usage asin CMOS MAPs
Sense nodes can have very low capacitance
Increased circuit density without going to smaller feature sizes

Ability to process afield of pixelsin upper tiers (reduce transistor count,
cluster ...)

Technologies can be mixed. 3D may be used to add layers above MAPS,

CCDS, DEPFETSs or other devices under devel opment.

SOl Radiation hard to >1 Mrad, low SEU sensitivity

SOl isa low power technology

Can be made “edgeless’

Thinning to 50 microns demonstrated

Minimum charge spreading with fully depleted substrate
100% diode fill factor

“Stitching” traces possible on top tier metal (full wafer mask)




3D Readout for ILC

Fermllab will contribute an ILC readout chip design
to MIT-LL 0.18 micron three tier SOI 3D

multiproject run October 1 (3 transistor levels, 11 metal layers)
~2.5 mm x 2.5 mm chip, 64x64 20 micron pixels
Does not include sensor integration

— Bond readout circuit to an independent sensor
wafer (precursor to full 3D integration run)

Design includes amp/disc, time stamp, pixel control,
token passing -
Use token passing scheme developed for BTEV
pixel and silicon strip RO chipsto sparsify data
Output — Tezsormm
Do not store pixel addresses in the pixel cell. w
Store analog and digital time stamps in the hit o -
pixel cell.
Store double correlated sample in pixe
Initial design uses independent pixel cell processing.
Multiple cell processing (cell grouping) on multiple

tiers will reduce the overall transistor count, but istoo
complex for the first iteration

675-pum Silicon Substrate




MIT-LL 3D chip

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

: 3 tl er Chl p (tl er 1 RF IOW Z-131EM uo9l|IS s|pueH
Vt transi StorS) Oxide | spIXO palng

— 0.18 um (all layers)
— SOI simplifiesvia
formation

3) Remove handle silicon from wafer 2,
etch 3D Vias, deposit and CMP tungsten

1) Fabricate individual tiers

ﬁ'ﬁ? Eﬁmﬁ'ﬁ 4) Invert, align and bond wafer 3 to wafer 2/1

] Buried Oxide assembly, remove wafer 3 handle wafer, form
Wafer-2 Handle Silicon 3D vias from tier 2 to tier 3

Buried Oxide
Wafer-1 Handle Silicon

Wafer-1 Handle Silicon




|LC Resolution ~ 5 microns
— Fully depleted sensors

— Binary or analog readout? Pixel size

Time stamp

— Resolution set by expected hit density
(250/mm? at r~1.5 mm, B=5T)
for inner layer pattern recognition

Better than 50 microseconds

Analog time stamp compatible with
analog pixel readout

5 bit digital aso fitsin pixel (29us)

1.2

Pixel charge Sharing, B=5T —e— 35 micron pixel

1 —=—25 miron pixel
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* Pixel being read points to the X addressand Y address stored on the perimeter

 Outputs the Time Stamp information and pulse height from the pixel.
» While reading out address and time stamp, token scans ahead for next hit pixel (125ps/cell)

Readout speed:

Data Mux > Serial Data out

1 Mpixel chip- T XY.,T (30 bits/hit)
«1000x1000 x 20 u | y
250 hits/mm?2 AY address bus
«105 hits/train 10 0 ‘
Start >1<:/1 5_ >1<:/2 5| X:@ -
«20 address bits ijizz“* cell | T s T ol
10 time and q bits 10 I—;) 1 21 —>100]0=1W
Yl SRR R bR S R - - - Token to row Y=2<&—

3x106 bits/train : cell cell cell |—
20 na/bit > 12 2:2 1000:2

| Y=2 [ B E— B e— - - - Token to row Y=3]f]
-> 60 ms (of 199 ms) [ cell = cell cell | —
Readout can be scaled > 1‘|3’ 23 10003
by radiusto equaize | (il I I l
load A ! ! :

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



input bump pad

40 transistors

Tier 1

Analog and digital time
stamps

Analog resolution (?) 72 transistors

Tier 2

Sparse readout

Individual kill/inject

3vias/ pixe Tier 3
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Pixel Layout - Time Stamp

B virtuoso® Layout Editing: time_stamp stamp_da_top layout i CEEEE S s ox
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Digital Tier
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o Fully depleted, thick CCD arrays needed to provide high efficiency
Infrared detection.
Techniques for annealing backside doping after thinning to avoid
high temperature processing which can damage frontside circuitry.
Wafer bonding can be used to include pre-backside processed
wafersin a 3D stack.
Use of deep trench etching to provide defect free edges which can
be used as an electrode — eliminating lost space at the edges.

In parallel with the 3D chip design we are fabricating sensor wafers
with mating sensors. To be bonded to 3D chips.




»  Sensor wafers to be fabricated at MIT-LL, designed at FNAL

6" high resistivity float zone n-type wafers

Thinned to 50, 75, 100 microns, implanted + laser annealed (or pre-implanted)
4-side abuttable ~no dead space

Design variants to minimize noise, avoid breakdown

Include designs to mate to current generation of pixel chips (FPIX, ALICE...)

N- substrate
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Sensor Layout
p+ implants

f?

— Alice sensor (p on n)
— Other designs ...~

— FPIX sensor
— 3D mate

— Strip detectors
p on n easier for trench processing,

simple pixel
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6" wafer, lots of space ...
Form strips from pixels




SOl Detector + Readout

SOI based detectors for HEP have been under study since ~1993
* Pixel isformed on a high resistivity “handle” wafer as part of the device processing
 Basic concepts and techniques similar to 3D (integrate first 2 ti ers)
Working with American Semiconductor e
under SBIR.

— Ability to specify and model
processing steps at Cypress
— “FLEXFET” dual gated SOI transistors
8" wafers, 0.18 um SOl CMOS
~20 um pitch pixels, thinned to <100 pum
Goals
— Model process steps
Understand+model diode design (pinning, breakdown, via diameter)
Understand+model handle wafer (resisitivity, float zoneor CZ ...)
Understand thinning and backside implantation (laser anneal, MBE ...)
Design and simulate readout circuit, radiation effects




Face to back devices must fabricate insulated vias
through the silicon substrate.

Thin BTEV pixel FPIX ROIC (50 x 400 um
pixels) as small as possible (down to ~15 um) and
study performance. (at RTI)

Add Cu/Sn to ROIC pads and Cu to detector pads.
Perform die to wafer bonding.
Evaluate eutectic bonding techniques

RDI x1.30k
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As afirst pass we have thinned
individual BTeV FPIX dieto
various thicknesses (RTI)

— Grind to 150 microns
— Test

— Plasma etch to final thickness
(15-50 microns)

Initial batch had several problems
— Low yield (4/20)
— Cracks

— Clusters of bad pixels
— Increased noise

May be due to improper support
during thinning

QuickTime™ and a
TIFF (LZW) decompressor
are needed to see this picture.

QuickTime™ and a
TIFF (LZW) decompressor
are needed to see this picture.
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We have begun to study new pixel technologies
amed at ILC. Our goal isto demonstrate the
viability of 3D technologiesfor HEP.

Three tier 3D readout circuit for MIT-LL | L A
multiproject run (10/1) iy >

Jim Hoff

Thinned, edgeless sensors (also with MIT-LL) =% B
 Mate 3D chips with thinned, edgel ess sensors
SOl studies with American Semiconductor (SBIR)

Effects of thinning on FPIX chip, Cu-Sn 3D technology

« Matethinned MIT-LL sensorswith FPIX using Cu-Sn bumps ?
« Mate SOI sensor/RO wafers with custom CMOStier ?

Study system effects (power, interconnections ...)




