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2 1 Atomic Precision Advanced Manufacturing (APAM)
Far-reaching Applications, Implications, and
Realization of Digital Electronics at the Atomic Limit
(FAIR-DEAL)

Mission: To assess the opportunities
presented by APAM-enabled devices and
processing for the digital microelectronics
of the future



3 How does APAM work?
STM Tip

Clean Si (100): 1 unsatisfied bond/ atom
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Pattern, image, and characterize with STM



4 APAM produces planar delta layers capped with Si epi
0 °

Silicon substrate

PRB, 64, 161401 (2001)
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End product from STM process
• Atomically abrupt in X Y and Z

• All-epitaxial planar buried delta doped nanostructure

• Donor & e- density 1.7x1014cm-2 (metallic) (-10" cm-3)
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5 APAM produces planar delta layers capped with Si epi
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End product from STM process epi-Si

• Atomically abrupt in X Y and Z

• All-epitaxial planar buried delta doped nanostructure Substrate

• Donor & e- density 1.7x1014 cm-2 (metallic) (-10" cm-3)
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6 Scanning Microwave Impedance Microscopy (sMIM)
Microwave in Cancellation
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Z. Shen et al, Review of Sci Inst, 79, 063703, (2008)

• Commercialized by PrimeNano

• Shielded tip for higher SNR

• Look at variation of local impedance (electrical properties — C & R, E & a)

CPRIMENANO



7 Initially used to locate device for backend fabrication

Reticle pattern on Si Chip STM Pattern Part Ebeam pattern marks

I IL-

Device is located relative to gold markers Drill vias to device, etch, and pattern



8 sMIM of buried P nanostructures

Contact tester

3 pm

• What was limits of what we could see?

• Can we calibrate samples/tips?

Nanowire

3 pm

■



9 sMIM of buried P nanostructures

Contact tester

3 pm

• What was limits of what we could see?

• Can we calibrate samples/tips?

Nanowire

4 pm
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io I Resolution & Contrast of Line Features

Rayleigh's definition of resolution:
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Nanotechnology 17, 3400-3411, (2006)

Optical definition of Contrast:
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11 Atomically defined resolution and dose tester for sMIM
characterization

Pitch of depassivating raster line
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I Atomically defined resolution and dose tester for sMIM
characterization

File: Test_i 509 29_0029
Notebook: Test_2015\09
User: Nobody
System: Test System
2015.09.24 15:1S:44
1.4

zyvex..
LABS

Scan size: [4000.0, 4000.0] non
range: [-0.56, 0.39 nm

Center: [2000.0, 2500.0] noo
Scan speed: 2441.4 nolfs
Pf r gain: 30000.0, 150410.0
Sample name: Si_0001

  1000.0 noi

Setpoint: 0.14 nA -2.50 V
/ vernier: 2.5; Rot: -3.0 deg
Topo forward; 25fix256; FTp
Tip name: T_0001

Ffie: Test_i 50929_0030
Notebook. Test_2015109
User: Nobody
System: TestSystem
2015.04.29 15:35:20
1.4 "NUN'

zyvex.
LABS

Scan size: [600.0, 600.0] nm
range: [ 0.11, 0.18] nm

Center: [2576.8, 3990.0] nm
Scan speed: 6-01.0 nrof s
Pf I gain: 30000.0, 15966.4
Sample name: Si_0001

Setpoint: 0.10 nA -2.5;)
/ vernier: 2.5; Rot: -3.'3 deg
Topo forward; 5123612; FTp
Tip name: T_0001



13 I sMIM measurements on buried dose tester
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14 sMIM measurements on buried dose tester

Gaps between lines
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• Resolve line pairs > 88 nm spacing

• Convolution of tip radius and epi thickness
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15 sMIM measurements on buried dose tester

Gaps between lines
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• Convolution of tip radius and epi thickness
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16 Atomically defined tester can quickly evaluate tip condition

sMIM - C

2 pm

0 172 V
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• Good tips last >50 scans, contrary to typical metal coated tips
• Tips get "better" with use
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17 Wear test to determine change in resolution and
contrast
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18 Resolution constant for 28 hours, and contrast actually
improves

0.1

-0.1

240

0 200 400 600 800 200 400 600
Distance (nm) Distance (nm)
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Scan number

What is going on?
• Tip scanning on surface = tip wear and blunting!
• Very smooth surface (wear minimal)?
• Resolution not a function of tip apex? (Evanescent field imaging)



19 Resolution of sMIM not determined solely by tip apex

Before

n 1 vim

After 28 hours imaging

General AFM rule of thumb —> resolution oc tip radius

Resolution <150 nm with a 1 pm tip!

D.A. Scrymgeour et al, Applied Suace Science 423, 1097-1102 (2017).



20 Far-reaching Applications, Implications, and Realization of
Digital Electronics at the Atomic Limit (FAIR-DEAL)

/Thrust 1: APAM-enabled Devices

APAM
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2 1 FAIR-DEAL APAM Exemplar Roadmap

APAM

Metal
Routing

Silicon

Interconnects

A PAM

APAM - MOS transistor
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22 sMIM to monitoring process variation

Residual
Carbon

Surface Prep

H

\ /
Si02

si(1 oo) Tprep :  SRI oo) Tprep

SOA FY16

Surface Prep

Tprep = 1200 °C

FY19 Tprep = 800 °C

FY20 Tprep < 450 °C

H

\

APAM Process

H terminate

Si(100) Tterm

H Pattern a Dose

PH3

\ 

Pattern H

PH dose
3

Tterm < 450 °C

Tterm = 22 °C

Tterm = 22 °C

Encapsulate

Si \ Tfinal

Incorporate P
Si cap

Si Top Cap

Tfinal < 450 °C

Tfinal = 22 °C

Tfinal = 22 °C

D.R. Ward et al, Applied Physics Letters 111, 193101 (2017).



23 Quick evaluation of implanted samples & processing conditions

4

❑

TT- 3

O

5

4

3
O

Image07140001 Height p+f

4

Distance (urn)

AM, AAAAAA •••••• 4.• •
IMO 141JUU I OMIT p+f

2

Distance {L :

-340

-350

E
-360

_C
0_
FL/

-370
❑

-380

-390

D.88

0.86

0 84

0.82

0.8

D.78

0.76

0_
0

s
M
I
M
 C
ap
ac
it
an
ce
 (
V
)
 

Pre-implanted starting material
STM wrote a wire between two contacts.

Oxide layer

5 prn

42 nm

35

30

25

20

15

10

0

3C:1 —.

250

2fjii

150

100

50

0

Ga pre-implanted starting material
Implants disappearing with processing.



24 Quick evaluation of implanted samples & processing conditions

Implanted sample

As, Ga species

Implanted then
flashed

Ga disappears
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25 Conclusions/Future Work

• sMIM has imaged Et registered buried P nanostructures under <30 nm Si epi

• See 10 nm lines resolved on 88 nm pitch lines

• sMIM a great tool for quick evaluation of processed samples

Current work:

• Assess epi quality with sMIM

• epi layer thickness, donor layer doping concentration, Et process temperature

• Surface sensitivity help in the novel resist Et dopant strategies



26 Collaborators:

Microfabrication Team:
0 Dan Ward, DeAnna Campbell, Mark
Gunter, Philip Gamache, Steve Carr, Troy
England, Reza Arghavani, Sean Smith

Surface Science Team:
0 Shashank Misra, Ezra Bussmann, George
Wang, Aaron Katzenmeyer, Evan Anderson,
Scott Schmucker, Esther Frederick, Fabian
Pena, Dave Wheeler, Joe Simonson, Mike T
Marshall, David Scrymgeour

Measurement/ Characterization Team:
o Lisa Tracy, Tzu-Ming Lu, David Scrymgeour,
Ping Lu, Albert Grine, Aaron M.
Katzenmeyer, Ting S. Luk, James. A.
Ohlhausen, Paul Kotula

Some of this work is supported by the Laboratory Directed Research and Development Program at Sandia National Laboratories, and was performed, in part, at the

Center for Integrated Nanotechnologies, an Office of Science User Facility operated for the U.S. Department of Energy (DOE) Office of Science. Sandia National

Laboratories is a multi-mission laboratory managed and operated by National Technology and Engineering Solutions of Sandia, LLC., a wholly owned subsidiary of

Honeywell International, Inc., for the U.S. Department of Energy's National Nuclear Security Administration under contract DE-NA-0003525



The End



28

9:20 9:45

Scanning
microwave

David impedance
Scrymgeour, microscopy of
Sandia buried dopant

nanostructures
in silicon



29 sMIM on buried delta layer structures

sMIM installed at Sandia -mid 2015
• QIST work 2015-2016
• DEAL work 2017

MRS Talk from 2016
Paper from 2017

Applied Surfate Stir rite -123 (200) 109/ -1102

Contents Fists available at ScienceDirect

Applied Surface Science

journal horn epage; www. el sevier.comilocater'apsu sc

Full Length Article

Deterrnining the resolution of scanning microwave impedance
microscopy using atomic-precision buried donor structures

D.A. Scrymgeour A. Baca ', K. Fishgrabd, R.J. Simonson", M. Marshall", E. Bussmannk,
C.Y. Nakakura ', M. Anderson", S. Misra'

Sa nd ia Nat la nal Labara raries..1, 0 Box 5.E100 Albuquerque. NM 27185. U54
Centc for Integrated Nanotechnolog les. Sand fa National Laboratories. Pa Box 580Q. Albuquerque. NM Vi 8 5. USA

CroisMark

D'Cr.l. r c AMC



30 Using sMIM to evaluating effects of processing variation

Water, hydrocarbons

Before APAM

Silicon cleaning step
destroys any front-end-of-
line processing

STM

APAM

400

Silicon cap is low-temperature
growth - lots of defects, which
are themselves quantum systems

Donor device

After APAM



31 Extreme surface sensitivity?

Experiment:
Cross written on H2 terminated surface
Pulled out of vacuum, sMIM imaged within 1 hour

4 !..im x 4 f.im

Results:
Saw patterning behavior in sMIM image
Gone by next day

Show:
sMIM sensitive to H2/unbonded surface? AFM touch track
Another technique for surface resists quantification?
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32 I Extreme surface sensitivity?

Experiment:
Cross written on H2 terminated surface
Pulled out of vacuum, sMIM imaged within 1 hour

4 !..im x 4 f.im

Results:
Saw patterning behavior in sMIM image
Gone by next day

Show:
sMIM sensitive to H2/unbonded surface?
Another technique for surface resists quantification?
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