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Outline

Lithography R2R overview
« High-mix challenges and solutions

CD control

« CD control with adaptive slope

Overlay control
* High order overlay control

« Dynamic CPE Control

Conclusion




Photolithography in Semiconductor
Manufacturing
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« Semiconductor manufacturing
IS the most sophisticated and
unforgiving volume production
technology
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critical step

« Transfers designed patterns
onto silicon wafers

« Determines minimum feature
size and ultimately
performance of ICs
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Run-to-Run Control of Photolithography

« Lithography benefits most from R2R
« Achieve proper CD and overlay - increased process capability
- Reduce scrapped wafers — increased yield
- Reduce rework and send-ahead wafers — reduced cycle time

- Litho R2R becomes increasingly important and a must-have in leading
edge technology nodes and high-mix manufacturing environment

- Decreasing feature size and introduction of multiple patterning technologies

Run to Run (APC) Result Benefit $M/year for 20k wafer Diffusion
start / month logic fab CMP 6%

Photo/ |CVD/ |CMP D.iffu- CVD/RTA %

Etch RTA sion 79%
Increased Process Capability $360 $24 $24
Increased Process Accuracy
Reduced Rework $5
Reduced Process Time $11
Reduced Downtime $0 $1
Reduced Cost of Consumables $1.5 |$5
Engineering head count reduction $0
Reduced Operator Intervention $1 $1 Photo/Etch
Reduced # of Wafers Scrapped $2 $2 $7 $2 82%
Reduced Send-ahead Wafers $5 $11 Stanley et al, SPIE, 2003
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Litho R2R Strategies

« CD and overlay control
« CD measures size of a particular feature, e.g., line, space, etc.

» Overlay measures alignment of current pattern with respect to pattern from
previous layer

» Both are essential for high yield and finished IC performance

Overlay
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Partitions (Threads)

* Unique combinations of manufacturing context attributes, e.g.,
machine, product, layer, etc.

« Each partition has individual control loop using data only from itself.

* Proper definition of partitions — Reticle1— Offset: 10.1
separates disturbances into VIR By
different groups (partitions) e Proda —| 1 L Reticle4— Offset: 10.4
so that variability within each © [ Reticlel—> Offset: 10.5
partition should be much . steppert — — Mx — ReligeZ T otset 10
smaller than the overall — M1 |, Reticle4— Offset: 10.8
variability. — ProdB —

L MX .....................................

« Over-definition of partitions

may undermine controller e ProdA e,
performance and lead to [ g oo | progs e
large number of partitions

and data poverty_ L Prod(S tereererrererreiinai e
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Over-Partitioning Example

CD — reticle not in partition Cp =1.47225
Cpk=1.4721

100 200 200 400 500 600

CD — reticle i1n partition Cp = 1.38665
Cpk = 1.37341

*Results are worse when reticle is in partition for modeled CD offset
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High-Mix Challenges and Solutions

. 10 Steppers
« Hard to keep low-running products

updated if they require their own 1//./
partition

 Track time and number of wafers/runs
since partition was last tuned

 Control-oriented dispatching to help
ensure partition state will be updated
(e.g., Anderson and Hanish, IEEE
Trans. Semicond. Manuf., 2008)

« Require lookahead if last tuning was

long ago (e.g., Krumanocker and —
Yelverton, APC Conference, 2015) S=—— 20Levels

« Similar partitions (e.g., reticles) can be per Product
combined into a partition group that
share data with each other

 Controller flexible enough to allow
partition criteria change

» Hierarchical partition definitions (e.g.,
Yelverton and Agrawal, SPIE, 2014)

200 Products

2 Reticle
per Level

= 80,000 Interactions
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Hierarchical Partitions and Dynamic State

Estimation

Controller can start with
the most specific partition
and switch dynamically to
partitions with relaxed
criteria if not enough data
Is found

Multiple hierarchical
levels of partitions can be
defined and take pre-
determined precedence
during run-time
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MP_AlignmentOffset_Priml Layer, MetToTool, Product, RefTool, Reticle
MP_AlignmentOffset_Prim2  Layer, Product, RefTool, Reticle
MP_AlignmentOffset CR1  Layer, Product, Reticle
MP_AlignmentOffset CR2 Layer, Product

MP_&lignmentOffset CR3Z  Customer, Layer, Process

if{timeSincelastTune(MP_AlignmentOffset_Prim1)«<(3600*24*180)) then
(MP_AlignmentOffset_Priml) else(

if{timeSincelastTune{MP_AlignmentOffset_Prnim2) <(3600*24*180)) then
(MP_AlignmentOffset_Prim2) else|

if{imeSincelastTune(MP_AlignmentOffset_CR1)<(3600%24*180)) then
(MP_AlignmentOffset_CR1) else(

if{timeSincelastTune{MP_AlignmentOffset_CR2) < (3600*24*180)) then
(MP_AlignmentOffset_CR2) else{

if{timeSincelastTune(MP_AlignmentOffset_CR3)<(3600%24*180)) then
(MP_AlignmentOffset_CR3) else{

C_AlignmentSettingsTable)))))




Smart Sampling

* R2R can provide additional information as guidelines for smart
sampling
» Tells sampling system to measure first few lots of a newly initialized
partition to build up state estimate

» Requests sampling on a particular partition if it hasn’t been
measured for certain period of time or certain number of lots

« Calculates real-time metrics (e.g., Cpk) to evaluate process health by
partition and determine sampling rate based on it (Jones & Sun, APC
Conference, 2016)

CD_Cpk (Default) (Cp/Cpk Actual) > 0 x

[@==|4] | Fitter

CD Cpk

4 ERCtuaI Properties|

Component z cD

Transform type

Cp/Cpk Type 7 Cp @ Cpk @) Raw Data
Normalize?

Use raw DSP data? [

Desired number of runs z 20

Minimum number of runs &

Default expression z
Data Filter Nene
4 Rurn Filter Layer: %RV:Layer®: Machine: 3%MACHINES:
Run filter index z Layer: %RV:Layer¥: Machine: %MACHINES:

[ B e R o B R o T B e L T L LY 6
[N = A = O e R AN S = L = e R Al

Run filter max days 30

1aa 200 3an 400 sa0 g00

References 1 reference
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CD Control

Model: CD = Slope*Dose + Offset

where Offset is the State Variable

Process Model
Defined

lleoly10ads
Bl1S |0J1U0D

CD
181
164 Model predicts machine ‘
14 settings to achieve target | R
Observed === o
Qo
12 : : c
Wafers run with settings 24
— O
Target == 16= S
g C
Measurements “Feedback” $
6 processing results
4_
I I If predictions incorrect,
2+ adapt (tune) model
0 | * | | | " | |
| | [ | |
0 1 2 3 4 5 6
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EWMA Filter 3

« Tuning algorithm adjusts state .

—s— State
- EWMA

State

variable to reflect current

processing conditions

« EWMA filter captures real trend
from noisy process data Z
« Exponentially Weighted Moving 3
Average Run Number

Ver1 = (1 =Pk + Wyisq » A=03
« Higher weight given to most 03
recent data 0%

S 02

» Weight decreases exponentially §0-01i ‘ | I
I I I 5 &
1 2 3 4 5 6 7 8

* Optimal A value can be 0.05
determined by simulation
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More Realistic Example

CD
100 T
Original Model
9 T Adapt 1
— Adapt 2
80 T — Adapt 3
=== ="True"
70 T M q
= easure Adapt 1
60 T Adapt 2
Adapt 3
50 1
Target 4o —
30 + Rate =mX +dX2+b
20 1
10 ¢
0

0 0.5 1 1.5 2 2.5 3 34 4 45 5
3rd Dose

1st 4th
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CD Control with Adaptive Slope

MEAN_CD (TOOLO03)

0.185
CD (Default) Recalculate Slope (Basic Tuner)
0.183 y =-0.0015x + 0.2312
Tuning expression: R*=0.0366
i if{(MP_Counter+1)==C_SlopeRecalcLotCount) then( e
lables [ .
N subscript{{subscript{[MP_AccumulatedRunData;DV_RunData],: L:2)\subscript o
sles ) ([MP_AccumulatedRunData:DV_RunData):;. 302,10 o177
Slope - ProcessWORKS sﬂ 325 33 335 34 345 35 355 36
—0.0005
—0. 001 E
—0.0015
—0.002
257883 e G| timized usi
0,003 ope optimized using
5 6045 machine learning
—0.005 .
L] E— _l_l_ algorithms once enough
. 100 200 a0n 400 o0 00 new datasets are
Energy — Proce=ssWORKS Collected
36 .5
3.0 * e.g., Automatically
350 recalculate slope every
e 100 runs and apply in
33.5 dose calculation
3.0
32.&

100 200 ao0a 400 zoa 600
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Overlay Measurements

 Total overlay error is decomposed into a few main systematic error modes.
(Armitage and Kirk, SPIE, 1988)
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Sample Overlay Controller

* Process model

Y translation

X translation

\f Reticle rotation

« AlignmentMeasurement = AlignmentSetting — Offset

« Alignment =

« EWMA tuner
« PredOffset(n+1) = (1-A)*PredOffset(n) + A*ObservedOffset(n)

TransX
TransY
WaferMagX
WaferMagY
WaferRotation
WaferOrthogonality
ShotRotation
ShotMag
AsymmetricRotation
AsymmetricMag

Orthogonality

X scale

Magnification

Y scale

\/ Wafer rotation




Basic Overlay Control

10 first-order terms
# PW Expression Editor = (B 3K

Component: | Alignment (Default) (Derived Actual)

Derived value:

Variables [TransX; TransY: WaferMagX; WaferMagY; WaferRotation; WaferOrthogonality,
Context Vanables [:;:} ShotRotation; ShotMag, AsymmetricRotation; AsymmetricMag]
Local Variables [ v
T — ProcessWORKS TY - ProcessWORKS
0.04 333
n.03 :
n.oz2 | I i n.oz ‘
001 L 11l o ! il 0.01 I J
: Pﬁ.ﬁﬂh&d&ﬁhlﬂlgﬁ.j M I#ﬁi ".ih.ﬂ FJ'_JA ) Leu'u 0 J! E_ﬁﬂ# ﬁ#y’kh w tljj,].iﬁﬂl i M#] thﬂ.
o ox APPSR o o (A p(n
—-0.0z2 —-0.02
—-0.03 —-0.03
—-0.04 —-0.04
100 200 a00 400 500 600 100 200 300 400 oo 600
WaferMagX - ProcessWORKS WaferMag¥ — ProcessWORKS
S ) i 0.5
) 0.4
S ) g " T —y B ) % T | —
| | | 'h
011 [l it g 2l M Tt 'HmHLll 01 Ml 1, .M“ L kgl "u :
I:I ¢ | el "'l"il 1\. L ll|]"I Il‘.! IlI |:I 'I |ir 1‘| f'l 'IHI I 'h L4 L
0.1 - |rf’f’1'r"ﬂ1 ﬁ" ffl"ﬂ”ﬂ‘l S L B | ' I"IT!“T”:' FO P”T qﬁ’,ﬁ 1r*h."1rfﬂ""-"fhu--'!‘
0.2 -0.2 [l '
-0.3 ¥ -0.3
-0.4 —0.4
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[ ~ - w?
= - = L] [ r s ~ If‘
HOPC/IHOPC R2R Control NIRRT’
b - - - - 1 M PR
- k! - - - - L] - - - - L
14 HOPC terms & 9 IHOPC terms
—BF’WExpressionEditor - = @ﬂh = =, F 4 ¢ 1 % = = o=
.-1 o & F v F e ow oW N
Component: | Alignment_HOPC (Default) (Denved Actual) P [ T
i ] * LI T o
Derived value: A s 7
Variables - - L t—t i
[HOPC_TX20: HOPC_TX11: HOPC_TX02: HOPC_TX30: HOPC TX21: HOPC_TX12: \
Context Variables & HOPC_TX03: HOPC_Ty20; HOPC_TY11: HOPC TY0Z: HOPC TY30: HOPC TY2L Trapezmd
- HOPC_TY12: HOPC_TYO3]
Local Vanables :'\_4 = | B [
Component: | Alignment iIHOPC (Default) (Derived Actual)
Derived value:
Variables [iHOPC_2MAGX: iHOPC_2MAGY: iHOPC_TRAPY: iHOPC_BOWX: iHOPC_BOWY:
Context Variables & iHOPC_3MAGX: iHOPC_3MAGY: iIHOPC_ACCORDY: iHOPC_3FLOWX]
HOPC_THEZ0 Setting
0.01%5
I:I ‘il Lli'l‘ r .I.|I_l||'.. " .
-0.02 st .' oy 1
—-0.04 — —
100 200 300 400 IHOPC _2MAGY Setting
0.035
a.o2 ™ .._,-.-LjJ'
0.01 T :
 More terms can be added ; ST
—0.015
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Exposure

Dynamic CPE Control

6 CPE terms X 66 exposures = 396 settings adjusted separately

Component | Alignment_CPE (Default) (Derived Actual

Derived value:

Variables [CPE WTRX: CPE_WTRY: CPE_FMAG: CPE_FROT: CPE_AMAG: CPE_AROT]
Context Variables (v
Component | CPE_FINDX (Layer: 130; Product: 5974)
Derived value:
Wariables . PO - - .
) (3 EDFN0123 (-3 EN01234 -3 (- (-1)01234(-5)(-4)(-3) (-2)
Context Variables (e FL0123450-5) (- 32 FN012345(-4) (-3 (A -1)01234(-3)(-2) (-1)01
_ 23(-1)01]
| nral Warahlez [
AMAG CPE Setting Field 1 FROT CPE Setting Field 20
0.4
0.5 09 \
I:I . 2 5 |:| Jl‘ : At b "

1] iy . v J il T Wt -0.2 . i o Ui g, i
0.3 ehandif e 01 ! 1
-0.4 -0.6

100 200 aon 400 500 600 a0 200 aon 400 500 600
AMAG CPE Setting Field 40 FROT CPE Setting Field &0
0.4
0.5 75 i
I:I . 2 |:| Jl‘ ' o 1

0 . b { -0.z ’ Y ¥ a1
-0.2 e -0.4 : '
-0.4 -0.6

100 200 aon 400 con E0O0 100 200 300 400 gon &00
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Photolithography R2R Summary

. 4 @ Sett.ings
* Scalable enough to handle various g%::@gnmen:ez@ngs Ocfat
number of Settings ranging from {E}AlignmentSettinzs:CPE[Layer: 130; Product: 5974)
tenS to hundreds 4 |#4) 8} AlignmentSettings_HOPC

{E} AlignmentSettings_HOPC (Layer: 130; Preduct: 5974)
4 5§ AlignmentSettings_iHOPC

* Flexible enough to allow each 43 AlignmentSettings_HOPC (Layer: 130: Product: 5974)
control technique (e.g., CD, basic
Overlay, HOPC’ |HOPC, CPE) MP_AlignmentOffset HOPC  Layer, Product, Reticle

. MP_AlignmentOffset iHOPC Layer, Product, Reticle
* TO be turned On/Oﬂ: Independently MP_AlignmentOffset CPE  Layer, Product, Reticle

« To have unique partition definition
if{timeSincelastTune(MP_AlignmentOffset_Prirm1)<(3600*24*180)) then

 Hierarchical partitioning scheme o aigomentofiset prim1) else
Can be Set up and SWItChed if{timeSincelastTune(MP_AlignmentOffset_Prim2) <(3600*24*180)) then
dyn amical |y (MP_AlignmentOffset_Prim2) else(

if{timeSincelastTune(MP_alignmentOffset_CR1) < (3600*24*180)) then
(MP_AlignmentOffset_CR1) else(

MP_Ali tOffset_Priml  Layer, MetToTool, Product, RefTool, Reticl
Tghmen™Aise M- Py T ifltimeSinceLastTune(MP_AlignmentOffset_CR2)<(3600724*180]) then

MP_AlignmentOffset Prim2  Layer, Product, RefTool, Reticle [MP_AlignmentOffset_CR2) else(

MP_Al {Offset CRL  Layer, Product, Reticl
-gnmentTset. YL PTOEUEs REREE ifltimeSinceLastTune(MP_AlignmentOffset_CR3)<(3600724*180]) then

MP_AlignmentOffset CR2  Layer, Product (MP_AlignmentOffset_CR3) else(

MP_AlignmentOffset CR3  Customer, Layer, Process
C_AlignmentSettingsTakle))}))
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Thank You!
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