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Disclaimer

~_* Certain commercial equipment is

D identified in this report to adequately
describe the experimental procedure.

" ) & Such identification does not imply

% recommendation or endorsement by the

¢ )" .National Institute of Standards and

~_ Technology, nor does it imply that the

equipment identified is necessarily the

best available for the purpose

\

.-.131.. 4
y I A \,‘ n a n (o] t e C f"} N O 1 (0] (j,, k‘} i'::\.o:nr on

o
i)
)
[+
a F
3



Nanoelectronics Manufacturing

« The helium ion microscope iIs
technology for nanotechnolo«
. _nanomanufacturing.

R

“g‘ — Initially, appears straightforwal

— But, much must be understood
s Especially to obtain meaningful quant

‘é NIST Manufacturing Engi
\Laboratory (MEL) has suppor , neeaeee
' nanomanufacturing” throug!
of measurements and standal
1999.

« Semiconductor manufacturing iIs
“nanomanufacturing” and MEL has supported
SEMATECH since its inception
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Nanoelectronics Manufacturing

hﬁf’fjevelopment of successful nanomanufacturing
Jis the key link between scientific discovery and
acommercial products

e X
o Revolutionize and possibly revitalize many industries
/""?% and yield many new high-tech products

_» Without high-quality imaging, accurate
measurements and standards at the sub-
nanometer scale, nanomanufacturing cannot
sucpeed
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Imaging and Measurements

» Both nanotechnology and
aéz-!nanomanufacturing require:

‘ — Atomic level measurement accuracy and
repeatability

— Ability to accurately measure desired

"W gperformance attributes — at high
g@hroughput

am. — Commercially viable production costs
_* Advanced measurement technology
"\ .. Is needed by nanotechnology and

.. hanomanufacturing more than for

any other prior technology

— Avoid past technological problems
s Asbestos
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Nanometrology Challenge

* Much of the measurement infrastructure currently
_available for nanotechnology and nanomanufacturing
. is good and getting better but, only evolutionary in

' nature
W ® — Optics

— Transmission Electron Microscope
—:Scanning Probe Microscope
; I,;\;{‘Scanning Electron Microscope
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Resolution of Scanning Electron and lon Microscopes
In the Precision Engineering Division Labs**

Manufacturer Best Median
Published Measured Measured
Specification (nm) (nm)
(hm)

d Instrument 1 0.9 0.65 0.78

Instrument 2 0.4 0.38 0.42
Instrument 3 0.8 0.7 1.2
Instrument 4 1.0 0.8 0.9

** Instrument identification and manufacturer intentionally omitted.




_ Nanometrology Challenge

anomanufa(_:turing requires that automated, operator-
’Hﬁependent Instrumentation must be developed

—dnstrument operators are the largest source of measurement
X error
_r,.. * This has been well documented by the semiconductor industry
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N “;\r‘\\\ometrology Challenge

N\l )
Z=s=\uch of the measurement infrastructure currently
L c\voilable for nanotechnology and nanomanufacturing
@is only evolutionary
- "G Optics
® - Transmission Electron Microscope
=— Scanning Electron Microscope
__,:'_il‘icanning Probe Microscope

mated, operator-independent instrumentation
pted to nanomanufacturing must be developed and
dispefisable

nis wasione of the key conclusions at the NNI Grand

Mehallenge'Workshop on Instrumentation and Metrology and
the recent NIST Nanomanufacturing Workshop

" « New, metrology instrumentation and technology is
‘,ﬂee ed for many applications

elium lgn Microscope
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Helium lon Microscope (HIM)

» First of this new type of instrument was installed at NIST
. within the Precision Engineering Division

In place of electrons, helium ions (He*) are generated
' ‘and used to irradiate the sample

IM resolution is capable of demonstrating 0.25 nm or 3-
_ilmes better than the best current large sample SEMs

—ﬁThe need for detail obscuring specimen coating iIs
3 minimized

=~ Surface detail information is enhanced due to physics
of signal formation

* Application of NIST (and others) expertise to the study of
the physics of this instrument facilitates more accurate
measurements and standards development.
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Helium lon Microscope (HIM)

e Contender for the next semiconductor
wfproduction tooling?

"‘ Question needing answers:
"+ — Imaging mechanisms?
- \What happens with the helium injected into the
g gsample?
/;a% — Currently instrument restricted to high landing
.. cnergies
o Throughput (low dose) and effect on S/N
— Others????
» Exciting to be at the beginning of a new
technology
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~Helium lon Microscope Sharpness

:

-

éﬂpid evolution:

%Qzent news release stated:
B .. d surface resolution of

N2.40 1gstrom (0.24

meter)

s répeatedly been

Qachleved (25%-75% edge-

mrise criterion) on various
samples.”

- www.smt.zeiss.com/orion (2009). : EL
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Helium lon Emission

s Theion source is
cryogenically cooled in a low-
pressure helium gas

». environment.
3Hblium ionization takes place

at the atomically sharp tip.

e arriving helium atoms

ere everywhere to the tip
Atithe very tip of the pyramid

. is theelectric field high

% «enough for the atoms to

.. lonize accelerate down the

column.

 Emitter control and
manipulation literally is at the
Iei el of a single atom.

n ot e ¢c h n o |l o

Tip building process




 _ Alignment to the brightest atom

-~ Under normal
~ Ooperating

ﬂnditions the
jon current from

} Ingle atom of

~athree-atom

“beam limiting

" .aperture.

s — This permits a
smaller source
Ssize,but at the
expense of
lower beam

ent.

B o1
RN a n o t €




Helium lon Microscope (HIM)

SRIM 2008.04

« Interaction volume of the
He+ beam near the surface
is’considerably smaller than

“““that of an SEM

--‘.‘tle+ beam produces both
'secondary electrons (SE)
and scattered He* ions  30keV clectrons in
10, 0f SE 1 yield to SE 2 - {58 escape depth
and'SE.3 yield is much ] T
bettéf than the SEM

fe- The excited volume is

_ buried deep in the sample _
and SE gen eration iS L i o] 100 nm
localized near the surface Modeled interaction volumes for electron and He ion excitation

* Positive performance dominated by the demagnified source size and
the shallow SE generation (fundamentally all SE-1)

* Major limitations to the performance are other instrument issues
(e.g.5vibration) which can be overcome with engineering solutions.

o —
innovation & productivity

1000 nm




Field Of View
si71800.01 nm 50.00 nm 211,666,67 X
Image 2 Dwell Time Blanker Current Working Dist
100.0 us 0.2 pA 4.9 mm
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. Primary Beam Interactions
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- Signal Generation and Collection

=
g.'

e el
RN a n ot e ch n ol o gy ;c:‘,,—,.o,,E uuuuu




Slgnal Generation and Collection
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Semiconductor structure imaging

. CARL 2655 sul | 7 . LY . _. 7' . C/'\RLZEISSShﬂT“l.:.::
Polysilicon Lines Photoresist Structures
f view = 2.5 micrometers field of view = 4.0 micrometers
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‘Chromium on Quartz Photomask

500 nm

field of view

Imaged using the electron flood gun
© g y
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Semiconductor Materials Imaging

CARL FEISS 50

field of view =500 nm
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Depth of Field

« Extremely small
. Convergence angle
wDﬁpth-of-field In the
_HIM is about 5x
larger than the SEM
S 2=
._Dépth of Field can
. beas much as 2.5
» um at 1 pm field of
- View.

» Advantage for
imaging, metrology g

- ma 08
00.00 nm 0
o Current L veraging
and...... =il
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Helium lon Beam Milling

« Highly precise material removal (and deposition) can be accomplished
. Othir\specimen damage is minimal

A MEL
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Helium lon Beam “Drilling”

« Contamination deposition is well controlled
* No other method can achieve similar results

»
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Field Of View Mag (4x5 Polaroid)  |Acceleration V

CARL ZEISS smt/800.00 nm 100.00 nm 158,750.00 X 28953.6 V I I : L
Sample Bias Dwell Time Blanker Current Working Dist
33V 100.0 us 0.5 pA 6.6 mm Innovation & productiviy




Dimensional Metrology

Gray Value

=
=

200
Distance (pixels)

*Appears better edge definition is possible
sInsufficient amount of measurements have thus far been made to draw any

guantitative conclusions
Difficulty in comparing similar operating conditions
*More accurate modeling needs-to be done




Progress in Modeling

gﬁ_!?éers

~ . T.Yamanaka,., K. Inai, K. Ohya, and T. Ishitani. “ Simulation of secondary electron

emission in helium ion microscope for overcut and undercut line-edge patterns”.
Proceedings SPIE (in press) (2009)

£ Ramachandra, R., B. Griffen, and D. C. Joy. “Modeling for metrology with a helium
eam”. Proc. SPIE 6922: DOI:1017/12.772300. (2008)

. .riachandra R., B. Griffen, and D. C. Joy. “A Model of Secondary Electron
a jing in the HeI|um lon Scanning Microscope”. Ultramicroscopy (in press)

74 {§Cohen-Tanug|, D. and N. Yao, J. Appl Phys Superior imaging resolution in

~scanning helium-ion microscopy: A look at beam-sample interactions104:063504-1
- 063504-7 (2008)

Model

 |IONISE 1.6 Beta and beyond, now available for helium ion induced secondary
electron yield estimations now available from David Joy.
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Hellum lon Beam Lithography

D. Wmston B M. Cord, M. K. Mondol, J. K. W. Yang, K. K. Berggren, Massachusetts Institute of Technology

~B- ‘Ming, A. E. Vladar, M. T. Postek, National Institute of Standards and Technology
- D. C. Bell, Harvard University and W. F. DiNatale, L. A. Stern, Carl Zeiss SMT Inc.

Dose = 0.232 nC/cm

*..m.&-ﬁmmw

200 nm l10 nm

mlndnotechnologg

$-5500 5.0kV 0.6mm x250k SE

10 nm posts

S-5500 5.0kV 0.6mm x700k SE



Scanning Electron Microscope Scanning Helium lon
Microscope

Penetration effects, Excellent surface detail
Ratio of SE 1 to SE 2 and SE 3 limit surface High percentage of SE 1
detall

~ Positive and negative electron charging possible Positive charging possible but can be
- eliminated by electron flood gun

High beam currents might result in sample High beam currents/doses result in sample
damage damage (milling, swelling)

X-ray microanalysis possible Other analytical methods are pursued,
show promise

Surface contamination possible but masked by Surface contamination can be a bigger
/ high kV operation problem — eliminated with Evactron
‘-F’:i Electromagnetic fields are likely to limit Electromagnetic fields are less likely to
~ operation limit operation
i Mechanical vibration limits high-resolution Mechanical vibration is a serious limit to
operation high-resolution operation
Established and relative mature emitter Emitter technology is still in development
technology
Source demagnification at sample 100-12,000 x Source demagnification ~3-50 x

depending on column design

Lithography, material deposition possible Nano-milling, lithography and material
deposition possible




Conclusion

» HIM has not yet been fully optimized but, rapid
progress Is being made

w/ Many potentially useful applications have yet to be
“ explored and exploited

“+ Today, with several commercial instruments now
v.allable research is being done on:
ﬁ. = Fundamental science of helium ion beam generation
/f"f‘ﬁ% — Helium ion beam - specimen interactions
— Signal generation and contrast mechanisms

— Modeling to correctly interpret the signal mechanisms
— Development of accurate metrology

— Lithography potentials

— lon beam milling and deposition
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Conclusion

« SEM and HIM

— Have some overlapping
- territory

\_( Remain complimentary
IM is forging new
lentific territory for

L Nmechnology and
e Hﬁmanufacturlng

?I%M performance is pushing
electron columns to higher
performance levels

* HIM is a technology, which once optimized will develop
new science and contribute to the progress in
nanotechnology and nanomanufacturing.
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Thank you!
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