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, | Atomic Precision Advanced Manufacturing (APAM)

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

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




3 | How does APAM work!?

Passivate reactive bond with hydrogen

STM Tip JJunction
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React phosphine molecule in open window

Pattern, image, and characterize with STM
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APAM produces planar delta layers capped with Si eBi
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Silicon substrate Flash clean Si(100) Hydrogen Termination Hydrogen lithography

PRB, 64, 161401 (2001)
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Phosphine dosing Phosphorous incorporation  Silicon encapsulation
End product from STM process epi-Si

= Atomically abruptin XY and Z
= All-epitaxial planar buried delta doped nanostructure Substrate
= Donor & e- density 1.7x10** cm? (metallic) (~10% cm3)




; | APAM produces planar delta layers capped with Si epi

Hall-bar@ Hall bar device

H, lithegraphy

nA

Filaz Tawl_158007_004 Scan atoe: (50050, 58600.0) nm I ——— ] File= Tawl 155002 0043 Scan atoe [5008.0, $605.0) nm I — L] Fia: Tait_ 160118 0053 Sear tiva: [H0000, 800, 0) nm I — 1]
Mobetooks Test_101510 T rasge: [-0,5%, 1,14]=n | — Test_m15010 1 rasges [-20%, 2,67 =m [ — Hotebonk: Test_aZ01911 T ranges 0L 14, 0,100 nm [ —
Liat) PRy Centery [0.0, -2500.07 nm Setpoiet: D20 nA § -2.50 ¥ Lty POy Canter: [A54LE, 175.2] sm Setpoisty 020 nd § 250 ¥ Lier: Mobody Cenbert [Fa1.0, 880 Sespaink: 0,50 nd @ -5 Y
Syvlerc Tesldyvlem Sean Speed B051.E feds I varnier: 1L.5; oz 4.5 Sag Syulewe Tealiyvlem Scan apeed: 30518 i s I varner: L5; Motz -2.0 oaj Syitern Teriiyitem Sean fpees M52 nmid T warrber: I.5; Pek: 08 deg
OTE D07 T80 BV pain; IGO0, 15000, 01 Tope rewerye; TH]t; Mg 2008 19.07 T8 E48 B gain: 0000, 0, 15005.0 Tope rewere; T ]t; M Eat BARLFLE oo Pl jparn; SEN00L0., J0000. 0 Topn reeree; IRkclla; F1p
14 . ) Sampls marmer 51000 Tip nsrses T_0001 9.4 .y Sampks mpemas 51000 Tip name T_900H 14 oy Sarwps name 510001 Tip name T_0001
zyvex. zyvex. zyvex.

LARS LARS LARS

End product from STM process epi-Si
=  Atomically abruptin XY and Z

= All-epitaxial planar buried delta doped nanostructure Substrate
= Donor & e- density 1.7x10** cm? (metallic) (~10% cm3)

Circa 3/16



¢ I Scanning Microwave Impedance Microscopy (sMIM)

Microwave in Cancellation Reference

Resistance

Capacitance

Reflected B s
A f
Wave Coupler Amplifier  Mixer

e e 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, € & o)
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7 | Initially used to locate device for backend fabrication

Reticle pattern on Si Chip STM Pattern Part Ebeam pattern marks
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Device is located relative to gold markers Drill vias to device, etch, and pattern
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sMIM of buried P nanostructures

Contact tester Hall bar

* What was limits of what we could see?
« (Can we calibrate samples/tips?

Nanowire
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sMIM of buried P nanostructures

Contact tester Hall bar

* What was limits of what we could see?
« (Can we calibrate samples/tips?

Nanowire




0 I Resolution & Contrast of Line Features

Rayleigh’s definition of resolution: Optical definition of Contrast:
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1 | Atomically defined resolution and dose tester for sMIM
characterization
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12 | Atomically defined resolution and dose tester for sMIM

characterization
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sMIM measurements on buried dose tester
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6 | Atomically defined tester can quickly evaluate tip condition
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0172V

| 0.160
| 0.140
70.120

(s
0.100

0.080

0.060

0.040

0.020

0.000

» Tips get “better” with use

SMIM - C

e A
& &uw ® &
RN ¥
i . -

2 um

Sharp Tip

| 10.203V

1 ro.180
"0.160
"0.140

0.120

0.100

0.080

0.060

0.040

0.020
0.000

I L | 5



7 I VWear test to determine change in resolution and

contrast
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18 | Resolution constant for 28 hours, and contrast actually

Improves
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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 I Resolution of sMIM not determined solely by tip apex

Before After 28 hours imaging

General AFM rule of thumb — resolution « tip radius

Resolution <150 nm with a 1 pm tip!

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



Far-reaching Applications, Implications, and Realization of
Digital Electronics at the Atomic Limit (FAIR-DEAL)
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21 | FAIR-DEAL APAM Exemplar Roadmap

APAM - MOS transistor
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2 | sMIM to monitoring process variation

Surface Prep
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D.R. Ward et al, Applied Physics Letters 111, 193101 (2017).
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Quick evaluation of implanted samples & processing conditions
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24 | Quick evaluation of implanted samples & processing conditions
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25 | Conclusions/Future Work

* sMIM has imaged & 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, & process temperature
» Surface sensitivity help in the novel resist & dopant strategies
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sMIM on buried delta layer structures

sMIM installed at Sandia ~mid 2015
e QIST work 2015-2016
« DEAL work 2017

MRS Talk from 2016
Paper from 2017

Applied Surface Scence 423 (2017) 1097-1102

Contents |ists available at ScienceDirect

Applied Surface Science

SEVIER journal homepage: www. elsevier.com/locate/apsusc
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Full Length Article
Determining the resolution of scanning microwave impedance
microscopy using atomic-precision buried donor structures
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C.Y. Nakakura®, M. Anderson®, S. Misra“
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3 | Using sMIM to evaluating effects of processing variation

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

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

After APAM




31 | Extreme surface sensitivity!?

Small sub scan Larger scan

6.1 nm

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

Topo

50

4 um x 4 pm

577 mv

500
[~ 450
400
|~ 350
300
250
200
150
100

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

Show:
SMIM sensitive to H,/unbonded surface? AFM touch track
Another technique for surface resists quantification?



32 | Extreme surface sensitivity!?
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