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lon Implantation and Irradiation for Device Fab

lon Implantation has been a work- Our work is centered on localized implantation
horse for the semiconductor industry and fabrication based on a deterministic
number of ions

Sourca/Channel/Drain
SHALLO 50-200 nm deep
RENCH 10'7-107" atoms/cm?

CMOS Well
500-3000 nm deep
1075-10"" atomsfecm*
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S. B. Felch, et al., Proceedings of PAC2013, Pasadena, CA (2013) Singh et al. Appl. Phys. Lett. 108, 062101 (2016)

Focused lon Beam implantation for fabrication of single atom devices and nanofabrication



Overview of the Focused lon Beam (FIB) Implantation
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Outline

Introduction to Sandia’s lon Beam Laboratory (IBL)

Multi-species Focused lon Beam (FIB)
- Sandia’s nanolmplanter and Raith Velion

Single Atom Devices and Nanofabrication

- Example: Defect center formation in Diamond

—>Localized implantation and single ion detection
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ared2y LasoraTony Sandia’s lon Beam Laboratory (IBL)

7 Operational Accelerators and >25 end-stations E
(including in-situ DLTS, PL, TEM, SEM, 1200°C heating, etc...)I

Operational
(1) 6 MV Tandem Accelerator ) |
High
(2) 3 MV Pelletron Accelerator g folgusz?jergy .
(3) 1 MV Tandem Accelerator micobeams
1 um to mm’s
(4) 350 kV HVEE Implanter P
(5) 100 KV ExB FIB nanolmplanter A
(6) 35 kV ExB FIB Raith Velion ] nere
ow energy
(7) 35 kV Zeiss HelM . focused I
nanobeams I
Installing <1 to 20 nm
(8) 35 kV Plasma FIB




- 6 MV Tandem microbeam
(microONE)

- High resolution laser stage
- Spot size <1 um

- Energy 0.8 - 70 MeV

- H to Au
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High Energy Focused lon Beams ~1 um to mm’s

- 3 MV Pelletron microbeam - 350 kV HVEE microbeam E
(nght Ion Mlcrobeam) (NanoBeamLine) I
i

- High resolution laser stage - Piezo stage
- Spot size <600 nm - Spot size <1 um
- Energy 0.25 - 3 MeV - Energy 20 - 350 keV
- H, He, N, Ar, Xe, ... - H to Au
: = i i
|
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, ‘ Low Energy Focused lon Beams <1 to 20 nm

- 100 kV A&D FIB100NI

(nanolmplanter)

- High resolution laser stage

- Spot size <10 nm (Ga)
- Energy 10 - 200 keV
- 1/3 periodic table

- 35 kV Raith Velion - 35 kV Zeiss Orion Plus

- High resolution laser stage
- Spot size <6 nm (Ga)

- Energy 5 - 70 keV

- 1/3 periodic table

All equipped with Lithography Software for Patterning

(Velion) (HelM)

- Piezo stage

- Spot size <1 nm

- Energy 10 - 35 keV
- He




s N FIB Implantation Resolution E
What our resolution? What is the needed resolution? I
[
Hish Enerov FIB Silicon quantum processor with robust Nanophotonic Applications
= = long-distance qubit couplings
Spot S-ize _ 1 Hm E:i::;r:nzll::lk?‘;;:jr,:;nci:ﬁ:di?l% Vivien Schmitt!, Stefanie Tenberg!, Rajib Rahman?,

Alignment accuracy ~ 1 um

Overall resolution ~ 1-2 um

Low Energy FIB

€—ou  100-500 nM —>
G. Tosi et al., Nat. Comm. 8, 450 (2017)

SpOt Size -~ feW nm M. Bhasker et al.,

i
Alignment accuracy - 10’s nm Center of mode is ~ 55 nm below the IZI I

- Depth z; = 15-20 nm IZI surface of the waveguide
Overall resolution ~ 20-50 nm - Separation of 100-500 nm |Z[

Low Energy Implantation? Lateral Positioning - OK, Target Depth - OK! L



. Practical Example of FIB Implantation

Conversation of what is needed? FIB Implantation/Irradiation Post Implantation Characterization
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THE CENTER FOR
INTEGRATED NANOTECHNOLOGIES

The Center for Integrated MNanatechnologies (CINT) is a Department of Energy
Office of Science Nanoscale Science Research Center. CINT offers world-lzading
scientific expertise and specialized capabilities to create, characterize, and integrate
nanostructured materials at a range of length scales, from the nano- to meso-scale.
It is jointly operated by Los Alamos and Sandia national laboratories and leverages
the unmatched scientific and engineering expertise of the hast labs.

Integration is the key to exploiting the navel properties of nanoscale materials and creating new technologies. CINT's scientific staff and
capahilities are organized around four interdisciplinary science thrusts which address different challenges in nanoscience integration.

In-Situ Characterization and Nanophotonics & Soft, Biological & Gluantum
MNanomechanics Optical Nanomaterials Compaosite Nanomaterials Materials Systems
Developing and implementing Synthesis, excitation, and energy Synthesis, assembly, and Understanding and controlling
waorld-leading capahilities to study transformations of optically active characterization of soft, quanturm effects of nanoscale
the dynamic response of materials nanomaterials and callective or emergent  biomolecular, and composite materials and their integration
and nanosystems to mechanical, electromagnetic phenarmena (plasmanics, nanomaterials that display into systems spanning multiple
electrical, or other stimuli. metamaterials, photonic lattices). emergent functianality. length scales,

CINT is an Office of Science national user facility. CINT helps the international research community perform cutting-edge research in the areas of nanoscience and
nanotechnalogy, and is available free of charge for open science. As a user facility, CINT has the structure and mission to collaborate widely across academia,
industry, and within DOE labs. Access is via peer-reviewed technical proposals. Proprietary research may be conducted in accordance with Federal regulations far
full-cost recovery. CINT cannot provide funding to users.

How can you access these capabilities? CINT User Proposals

https://cint.lanl.gov/
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11 ‘ Focused lon Beam Implantation - nanolmplanter (nl) and Velion

100 kV FIB

- Focused ion beam system (FIB)
- nm beam spot size on target

- ExB Filter (Wien Filter)
- Multiple ion species
e.g., Li, Si, P, Sb, etc... (separating out 28Si, 2°Si, etc...)

- Fast blanking and chopping Sb Source: Mass Spectrum

—> Single ion implantation 6 | ——
. . . ] _ e Au+
- Direct-write lithography s 2 sb i
- nm targeting accuracy E \ e '
— 4 4 S 0.2 =
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" Liquid Metal Alloy lon Sources (LMAIS) for FIB Implantation

SNL PtPSb et
2
: He
. Purple - running at SNL I Wt
4 : 9 10
pe | vellow - attempting at SNL ol F|Ne
| Green - demonstrated at other labs s | wom | 0o
agnasium suliur chionng agon
11 12 16 17 18
Na | Mg S | Cl|Ar
22,960 24. 3005 32.065 36,453 30,8
potassiLm calcium scandiim Btanum vanadium manganess Iron cobalt salenum bromine kryphon
19 20 21 22 23 25 26 27 34 35 36
K | Ca Sc|Ti| V Mn| Fe | Co Se | Br | Kr
30,008 40,078 4,966 ATBET S0042 5,938 55845 GB.033 1896 raoid B3.E0
rubidivm strontium whirium Zirconivm niobium | molybdenum| {eschnabiom | nthsnium rhodium tallurium indine XENON
v i8 39 40 Ll 42 43 44 45 52 53 54
Rb | Sr Y | Zr [Nb|Mo| Tc [ Ru|Rh Te| | | Xe
A5.408 A7.62 58,0906 9123 a2 ong 95504 L) 101.07 102.91 12760 126.90 131.29
coEsium barium Tutelhrn hatnium lanlakm fungsten thaniim asmum Fidium . polonium aslaling radan
55 56 57-70 m 12 73 74 75 76 w 82 84 85 86
Cs|Ba| * [Lu|Hf | Ta| W |Re|Os| Ir Pb Po| At | Rn
13201 137.33 174.97 1TRAD 180.95 183,84 186,21 190.23 192,22  |SSSIGGIIEE, 204.38 207.2 208 58 [0 210 [222)
francium radinim Taerencium [auhesondion]  dubnium | seaborgium | Bohrium hassium [ medlnerum | urannium | wacanium | enunbium unun quadym
87 88 89-102 103 104 105 107 108 109 114
Fr|Ra|*x*| Lr | Rf | Db| Sg | Bh| Hs | Mt Uuq
223 [7#4] [262] [261] [763] [265] [264] Fii: | 1768] [289]
Imlg;mm -:-gigu-. mla-g;mn noowum rmn;rhm sa':zrllm cugpsl.lm gmmum Iersnlélm Uﬁpsﬁgmrl Iﬂgrljm ylle{l;]llm
*Lanthanide series
La|Ce| Pr{Nd|Pm|Sm|Eu|Gd| Th | Dy | Ho Yb
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L. Bischoff, et al., Applied Physics Reviews 3, 021101 (2016) After A. Weick University of Bochum

Wide Variety of lon Species Available
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New Sources - V, Cr,

Fe,

Zn, Sn, Tm (easy-ish)

\y-.t;;ueﬂ nw.-;uu
H He - Based on AuSiX or AuGeX alloys
sit=m Purple - running at SNL T y
Li | Be| Yellow - attempting at SNL B{C|IN|O|F|Ne Easy to wet the tip and easy to run
7.l Green - demonstrated at other labs| & e [ W
Na | Mg AlSi|P|S |Cl|Ar
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4 New Sources - B, C, Al, Ce, Mg, In, Pb (Hard)

H . He -B
Purple - running at SNL e

Yellow - attempting at SNL —> Hard to load into the alloy BAuGeNi

»\ Green - demonstrated at other labs/= \ &
) - C, Al Ce

ass standwm Eanum varadum manganess Iron cobalt

19 20 21 22 23 25 26 27

K |Ca Sc|Ti|V Mn| Fe Br | Kr = AlCeC alloy oxides while running, killing beam
rj;m s;::;fm :I‘Irm z:;:z:m nlnlmlcj:n molybidenum) Ie;i'll;!i::m nmt;nll.llm [i m ! u?‘rv’e‘ ::'.:‘.Jﬂ

37 38 39 40 4 42 43 44 53 54

Rb| Sr Y | Zr [Nb|[Mo| Tc | Ru I | Xe

ssape | 476 006 | o120 | wow | osm oy | 10107 1 ] ] 114,82 ] ] 12690 | 13129 - Mg

cossium Barium lutetiam hafnium lantakim tungsten manum | osmum itm marcury m 5] ismuth | polonium aslaling radan

55 56 57.70 n 72 73 74 75 76 85 86

Cs|Ba| * [Lu|Hf | Ta| W|Re|Os At |Rn ; ;

i it mo | no | we | o | e | o | e I o ard bl - GaMg alloy oxides in the boat
<g?rn .rsnsn 09402 prbs ot ||1];]5n| “N,i ";‘{nm 13'51\; il l|'l1n‘|‘lu im i unur

Fr|{Ra|**| Lr| Rf |Db|Sg|Bh|Hs | Mt |Uun

22y [225] [267] [261] 1262 1266 [264] 269 [768] 1271]

- Pb

samarnun | euophim | gadeinum | ieblm | o

58 59 60 61

*Lanthanide series | S f] * ) R ss - PbSn alloys with W tip, working on new
Lanthanide series La| ce >Pr Nd Pm 9{"1 Eu |l cd| T terial y P, g
PERGRTHE Eaflai m:guu ‘émn' nolaga:mu ur;';'uu rmﬁmm vhl;illm legri;llru u;i(ém bw;;w cafcenhin | o ma er]a S

Ac|Th|Pa| U |Np|Pu|Am|Cm| Bk

SNL SnPb tip
on Kovar wire




" New Sources - N (How to do???)

(1) Liquid metal alloys with implanted N

hycrogen [E
1 2 . 0.006 T T T T T T T T T
H . He i.e., AuSn+N, In+N . -
sint=m Purple - running at SNL AR g £z
. g g
Be| Yellow - attempting at SNL 5
sodium |n.|g"|'0|‘-I-3?|m |||I|;1;'||n 0.004 ~ - T
v |"2" Green - demonstrated at other labs | S 0 0
< 0.13 0.14 0.150.39 0.40 041 0.42
Na Mg Cl | Ar g B-Field (T) B-Field (T)
D;fl'flrn cg:u.rn scandum Etanum vanadum manganess Iron salenum ;;:n?:e '&113::38!:! S
19 20 2 22- 23 25 26 35 36 a
K | Ca Sc|Ti|V Mn| Fe Se | Br| Kr 0.002 -
30,008 40078 44,066 47867 50012 5,038 55,845 79.96 19,904 B3E0
rubidium stontium wtirum Ziroonium niotium | molybdanum] lechnatium | rutheniom i cadmium indium tallurum indine [E0
39 40 4 42 43 53 54
Rb| Sr Y | Zr [Nb|Mo| Tc |Ru Te| | [ Xe Sn
85468 A7.62 58006 .21 02908 95.04 [o8) | 10107 ) 126.90 131.29
caesum badium lutelirm hafnium Lantabim tumgsten Manum asmumm aslaling radan
57-70 i 72 73 74 85 86 0.000 : . . : : :
CS Ba X* Lu Hf Ta W Re OS At Rn 0.15 0.20 0.25 0.30 0.35 0.40
s D I (2) lonic Liquid lon S (with MIT) e
w | 88 |sot02| 103 | 104 | 105 | 106 | 107 | 108 l1|mI 110 1 onic Liqui on ource (wi
Fr{Ra|**| Lr| Rf |Db|Sg|Bh|Hs | Mt |Uun Uuq 9
e | e pea | ey | open | oped | pen | e | s | opry &g . . .
Carbon Xerogel Microtip with ILIS
TanTham [ cerun ] Samarnm | euwophm | oedomiom | e | dyspeosiom ] homiom

ylerbhm
*Lanthanide series 57 58 59 60 61 62 63 64 65 66 67 70

La|Ce| Pr|{Nd|{Pm|Sm|Eu|Gd| Th | Dy | Ho Yb

13801 140,12 1400 144,24 [145 160,36 151.96 167.26 168.03 162,50 164,03 173,04
aclinium therumm | prolacinuim| - uranum | neplunamm | pliloniim [ amenchim UM barkalhim il i nobssliuim

**Actinide series 89 90 9 92 93 94 95 9 97 98 99 101 102
Ac|Th|{Pa| U [Np|Pu|Am|{Cm| Bk | Cf | Es Md| No

[227] 232.04 21,04 R0 [237] [244] 243 [247] [247) 1751 [257 [258] [259)

(At SNL for testing) © Deflction Gate

Shield and mdgnel 950 V

Extract
A0\ Deflectors
||I || I Galc ON - Ch:lnnc]lmn

..................
Gate OFF Toutput
VaPP Vin Vou

+930 V

C. S. Perez-Martinez, et al., Appl. Phys. Lett. 107, 043501 (2015)



y Example: Color Center formation in Diamond

- Color centers (defect complex) in diamond include NV, GeV, SiV plus
many more... for applications from metrology to quantum computation

<

y

SiV in diamond
Si# *)
|II C I'I.

\|_— J 640 680 720 760 800
' Wavelength (nm)

[.0{ —SiV

~_ &
.. ._\| -

PL intensity (arb. units)

|. Aharonovich et al., Rep. Prog. Phys. 74,076501 (2011)

- What is the problem?
How to produce a single color center where you want it?

1.) Location - use focused ion beam implantation
2.) Yield - use counted implantation with single ion detection



Location Problem is Solved using FIB Implantation

17
Diamond Nanobeams (with Harvard)

2D photonic Crystals (with MIT)

A. Sipahigil, et al., Science (2016)

A @e @ e ® .
AP S Ay Accuracy is <50 nm
QO O O 0es0 O O dC O s T. Schroder, et al., Nature
tansmitte Communications (2017)

S50 -7 0 > 50
_ -Probe detuning v-y, (GHz)

F20 Fo
3 2
E15 = 2.5
c 56
£10 2, ® Single transition
=3 o
Tos g, = 2r FWHM =
g : o s 126 = 13 MHz
o -80 -79 -78 -5 0 5
=
Probe detuning w-v, (GHz) Probe detuning v, (GHz) ‘5
s
. =
R. E. Evans, et al., Science (2018) =
e

-300 -200 -100 0 100 200 300
Detuning (MHz)



Location Problem is Solved using FIB Implantation
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Diamond waveguides with AIN photonics (with MIT)
b T

Silicon Photonics (with Purdue)

-+ 16 and 8 channel @ )
B “quantum micro- o-way waveguide

output port L -
. ” e PhC mirror input port
chiplets ek ;
~ resonator : - Implanted I
R i Si,N, o iONS
i W - oA
optical mode "7 7 b SiO:/O\_‘RESOHaTor
Erions ~—~_ f “"/w e -~ mode B
— T e A fibers
Joe[ | .~ p \

— |

Noel H. Wan et al., Nature, 804 | | _
583, 226-231(2020) S [l || input/drop port
202 |

7] [ N1 .
£, W | ~n VAL Nandi et al., Opt. Lett., 45, 7, 1631 (2020)
d i . . @ 0.50.6 0.7 0.8 0.9 1.0 1.1
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: i f I 1 h c7 w4
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1 ! ~' 'i | ! = ’ 300k-Cl
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Use Counted Implantation to Better Understand Yield

Yield = # measured SiV {_# implante@

Poisson Statistics

(Uncertainty in number of ion is 4/ N )

lon Beam Induced Charge (IBIC)

Vbias
lon Charge Pre-Amp
Shaping Amp
h+ e-
<o 0>
P A
E
Side View

Charge Collected

CCE =
Charge Depositied

x 100

IBIC/detection demonstrated for low energy heavy ions

Abraham et al, APL 109, 063502 (2016)



2 Single lon Diamond Detection at <0.1> ions/pulse

8000 - ! - . - . - . - ;
I Quantized lon Detection _ Signal-to-noise ratio
250 -
0 0.65> ions/pul
6000 - 200, @5 <U.60>1ons/puise | 4 SNR = Hsignal
+ 150 _ - Hnoise + Onoise
¢ -

O
4000 O 1001

Counts
u
i
MJ/‘_\
|

SNR = 4.7

o |
\ o-fé. A LR e Good distinction between
2000 -~ 5 0 5 _10 15 20 25 30 - O d 1
Signal (mV) and =1 10n
0 b 1
0 dn Io:uuuluv"'"'VI‘“‘:":IOADO'*‘I’—‘;:‘ = e aasaa O aanna
0 0.5 1 1.5 2 2.5 3

See 5$51-00008 M. Titze at 1:18-1:30 pm
Signal (V) for more details
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What’s Next...... Raith Velion

Work-horse Installed Jan’11 |

- A&D naholmplanter

SN i 58

‘ it . 60 1
I —e—n|
~ 0r —+—Raith ionLine
E = ]
£ a0t i
9 30t ]
3 i
D 20} 3 *
.. ~4x at low energy _
10} \'\ 1
%0 a0 e0 80 100 - 35 kV accelerating potential
Accelerating Voltage (kV) - LMAIS with <6 nm spot
.'.:_1;;;—»- Eim T (T | JM!W | | ._=... . .EBEE(=- 4 -I:E:IJI :1 :_:[{l:l:l- _;
- 100 kV accelerating potential 1 #' L
. - 5.8nm rm W‘\“'WM T iy
- LMAIS with 10 nm spot - FWHM “’4' liLL ﬁ : T Overlay accuracy
- Spot blows up at low energy (~50-60 nm) 1 E'Hf A’ _TLLP[B to 29 nm .
okt | 1 TL _ JLT toL
- Implantation resolution 40-50 nm :ﬂ;fwff*ﬂ% d W e i A R o= v

Allows for higher resolution, lower energy implantation

> New capability Installed Feb’20

T Raith Velion v

—




What’s Next...... In-situ Photoluminescence in SiC

22
Ex-situ V; Photoluminescence | > In-situ V,; Photoluminescence
g V. RT| - SiC FIB implanted with &
] | 300 keV He (3 MV Pelletron) N\
: - RT Emission from V; w/o |
|5 annealing
F=]
z ‘igo "
- Wavelength () - 175000 £ Implant here
Fluence (ions/cm?) 3 P 7

- 1011 1012 103 150000 < \

S i ;

c 125000 G }

p < ||

o 100000 © -

= o Measure PL/HBT here

= 9 i

n? 430 435 440 4.45 450 4.55 4.60 4.65 75000 -g

' 7 Positi ' ' ' ' £ - Two-step process enabled by high resolution |
osition (mm) 50000 =2 : S
S implantation:
c
25000 = (1) Aligned implantation, <40 nm

Will allows for fully deterministic defect center formation (2) Detect PL
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Ex-situ V; Photoluminescence |
e 1 v, RT| - SiC FIB implanted with
g 1 300 keV He (3 MV Pelletron)
% 1000, - RT Emission from V, w/o
. annealing

T T T
800 B850 300 950

Wavelength (nm) 175000
Fluence (ions/cm?)

_ 10 101 1013 150000
&
E 125000
S 100000
{% 4.0
o) 75000
o 430 4.35 4.40 4.45 450 4.55 4.60 4.65

Position (mm)

50000

25000

0
)

counts)

~—

Photoluminescence Intensity

Will allows for fully deterministic defect center formation

What’s Next...... In-situ Photoluminescence

> In- situ V Photolummescence

-y il.r:-. i
PRESE_A Y= 4

A —
o8BS

See S51-00008 M. Titze at 1:18-1:30 pm
for more details

I I Em B
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Photon energy (meV)

Summary 1450 400 130 130 1250

25 25000 LV, at ~858.2 nm Max.
|2
. . . £ 20000 |
- We have demonstrated focused ion implantation for 3 V.. in SiC [
fabrication of single atom devices and nanofabrication 8™ -
:§10000 o
—> Viable solution for prototyping - fast and easy! 2
& 5000}
9 On'gOing Work in diamond, SiN, Sic, hBN, GaN, AlGaN, etC... Background correcte I
%50 ; 8'.!5 : 9:)0 ; 9;5 : 9;)0 : 9'.15 l 1000

Wavelength (nm})
S. Pavunny et al., Scientific Report 11, 3561 (2021)

- Path Towards Deterministic Defect Centers in Wide Bandgap Materials

)
Yo Charge Pre-Amp eoo 2 <‘
— lon B =
Shaping Amp % — o9 5 %
i + ¢ Lo/ % = |
0, > LT ] £ o
q_ £ Implant here @a é 5 I
N o b4 E 2
Side View il T )
Signal (V) p , = = ' i . s I
Abraham et al, APL 109, 063502 (2016) Mel’:l_sur PLHBT here |~ L. Marseglia, et al., Optics Express (2018)
\ a J\ e https://cint.lanl.gov/

Control the number of ions Measure number of single photon emitters


https://cint.lanl.gov/

26 | Extra Slides




Overview of High Resolution Implantation Techniques

Resolution (1) Hydrogen Lithography

(2) Probe Based Implantation

(3) Focused lon Beam (FIB) Implantation

(4) Masked Implantation
Speed
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A spin quantum bit architecture with coupled donors and quantum dots in silicon

T. Schenkel’, C. C. Lo', C. D. Weis', J. Bokor’, A. M. Tvryshkin®, and 5. A. Lyon’
fon Beam Technology Group. Lawrence Berkeley National Laboratery,
Berkeley, CA 94720, USA
“Department of Electrical Engineering and Computer Sciences, University of California,

Berkeley, CA 94720, USA
Electrical Engineering Department, Princeton University, Princeton, NJ, USA
Contact-email: T Schenkel@LBL. gov
{OQctober 10, 2001)

Vpp=0 Vpp>0
] dot—dot off ] dot—dot on

v - L]
———Fr | I=——1] —1
V<0 Vpe=0
J donor—dot on J donor—dot off

T. Schenkel et al., US 8,816,325 B2 (2014)

- Depth ~20-50 nm
- Donor separation ~100 nm

Needed Resolution for Si Qubit Applications

Silicon quantum processor with robust
long-distance qubit couplings

Guilherme Tosi@ ', Fahd A. Mohiyaddin1f3, Vivien Schmitt!, Stefanie Tenberg1, Rajib Rahman?,
Gerhard Klimeck? & Andrea Morello® !

- Depth z4 = 15 nm or larger

- Separation of 100-500 nm

G. Tosi et al., Nat. Comm. 8, 450 (2017)

FIB Implantation? Lateral Resolution - OK, but Depth Resolution requires low energies!




. Needed Resolution for Nanophotonics Applications

Coupling Diamond defect center to cavity Cross-sectional energy profile of cavity mode

{I’_o:ooooooooooaﬁﬁuooooooooow
X

M. J. Burek et al., Phys. Rev. Applied 8, 024026 (2017)

- Design the cavity around ion straggle

- Linear fall off in coupling strength

Center of mode is ~ 55 nm below
the surface of the waveguide

M. Bhasker et al.,

FIB Implantation? Lateral Resolution - OK, Depth Resolution - OK!




Targeting Resolution for FIB Implantation

lon Beam Induced
Charge Collection

SEM of nanostructure

High resolution IBIC for targeting

(IBIC) of nanostructure

;

Y Position (nm)

250
I
A
7
b 50

4 ‘_;.-‘l_,:‘:'-:i;"'i;“"*};ﬁ?.}' LRy ,”':'.E:'-;""i Feith
- : o Tas S A v i Al T el
e " g - 750 —" o : :.‘:"'_. W BT ii‘.}; e
4% e ; 3 dw
i

X Position (nm)

AX ~35 nm
Ay ~0 nm

Y (nm)

Targeting resolution <40 nm, new Velion should improve this number

Targeting Acuracy

60 e
1 e

® 404
20~
. 4

fal
o

-15

T T * T T
-50 -25 ¢ 25 50

-204
404
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How to address the yield question?

Our Approach is to use single ion detectors to better understand the yield

Silicon Diamond

WII[( Translating single

- ion detection to
diamond

it

-

J. Seamons, et. al. Appl. Phys. Lett, 93, 043124 (2008)

J. Abraham et al, APL 109, 063502 (2016)

E. Bielejec, et. al. Nanotechnology 21, 085201 (2010)

Allows us to improve understanding of the yield by directly counting the number of implanted ions




48 Single lon Diamond Detectors

Quantized Detection <0.65> ion

IBIC Map -
P 0 - 3.
- P N % SNR = 3.2
" Usignal
Qs i L[ % 1 SNR = "
mraAe - 3 N\ Hnoise T Onoise
| ©100; | :
: 50 é Signal amplitudes match
[‘° Poisson statistics to 4%
(] 0 ;
5 0

Optimizing gain

for single ion Single lon Counting <0.2> ion

detection 600 ;
ﬂ SNR=7.1
400} | . o
= Single lon Detection in Diamond
g with high SNR
200}
. 8 10

Abraham et al, APL 109, 063502 (2016)



3 | Failure Modes for Single lon Implantation

Three failure modes: 8000 ———————————1— .« Bins

(1) Implant Multiple lons 17 07 | :EE EggEé

|mplant >1 , but count as 1 6000 - % 300'_ | Cumulative Fit Peak
5 1

(2) False Positive o \ . W
Implant 0 ions, but count as 1 3 “°°7 a 100./ & |

(3) False Negative | o s ISi%gnaI z\j) REEEDE
Implant 1 ion, but count as 0 20004 I

ol L \ ..... wsovestannnay N ‘
: 3

Signal (V)



1 | Failure Mode #1: Implanting Multiple lons

(1) Implant Multiple lons

Implant >1, but count as 1

lon implantation follows a Poisson
distribution

<0.1> ions/pulse: 90% 0’s, 9% 1’s
and 0.45% 2 or more

Effectively 5% error in # of
ions, for example count in
20 singles and get 21 ions

Counts

8000

6000

4000

2000 -

| | T
C
< o Bins
— Fit Peak 1
] Fit Peak 2
10005 7} —Fit Peak 3

' [°]
1 P 5o 0%
] 28" o0
1 [ o
- o
B | <
1] *
11
- %o
i o 1
o
T

Cumulative Fit Peak

Signal (V)



5 | Failure Mode #2: False Positives

(2) False Positive
Implant 0 ions, but count as 1

In case on right, we have a SNR of 4.7
between 0 and 1

We adjust the SCA threshold to avoid
false positives

Leads to practically no (-1 ppb)
false positives

Counts

500 , | | : |
Bins |
— Fit Peak 1
400 - Fit Peak 2 -
— Fit Peak 3 I
Cumulative Fit Peak|
300 - _ B
SCA Threshold
200 H _
100 A . i |
°t False Positives 1
0 | . I ol ooooo |°v:‘ Sy |-?“‘-3." Al I

1 1.5 2 2.5 3 ‘



3 | Failure Mode #3: False Negatives

(3) False Negative
Implant 1 ion, but count as 0

Adjust the SCA threshold to avoid
false positives

SCA optimization leads to ~10%
false negatives

—> Largest source of error in our process

Counts

500

400

300 -

200 -

100

o Bins

— Fit Peak 1

Fit Peak 2

—— Fit Peak 3
Cumulative Fit Peak| -

SCA Threshold

°t False Negatives

o°°o°°°":. 200200500~ _ ~a.
T




37 ‘ In-situ Counting Experiment

Trigger | lon Pulse

™| Signal "|<0.1> ion
(TTL) \‘ '

Spectros Single No
Preamp [ copy [+ Channel » Counter
Amplifier Analyzer Yes

A

MSZitto ) Blank lon ) 20 -
implant Beam
S 151 ‘
% 101 Il \ | \ ‘l w \ 41 Ml H‘”W MM; ”H"W ‘\ff ‘ "M L] | HIV | |
E 5.
G) ORI
DL_ 0- il "
Fully automated process, but still very =3 | | | | |
difficult and slow!!!! —20 0 20 40 60 80




. Example - lon Beam Seeding of Memristors

- Memristor based memories are promising solid-state memories with high speed,
low power, high density and are naturally radiation hardened

TE
Read Window 0 Filament Formation
- z| OFF
R E » ]
)y | N 5 %\ ////////// . |
1 \:\\ | | ==/ - 0.5 BE
, N & o] 4 —_ |
,/ \\ : E O ON E_ .
/// ’“_""\"\':' :g | .,We (V). . PN O s , _ E
< A 110 e 02 Mo d2 04 06 '*E 0-
TE: Pt (50 nm) S | -
© > 14 .
§ ]
.| TE
TaOx (10 nm)
-1.0
BE: Pt (50 nm) -3 : r ; T
X Location (um)

- Can we use focused ion beam implantation to act as seeding sites for the
conductive filament formation bypassing electroformation?



y ‘ Modification of the TaOx Film Resistance using lon Irradiation

kP

200 keV Si Implant%é tion,

4 N\
TaOx (10 nm)
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J. Pachaco, et al. Appl. Phys. A 124 626 (2018) A1.0-.
100G L 3
Initial =
= o
10G Resistance §
~ O]
G G .
m 0.0 : .
2 4 6
O 100M Voltage (V)
S
10M
Iz
8 1M
Y
— 100k
© 00
-
T 10k
1K
| LI e R |
5 10 15 20 25

Total lons Implanted (M)

Current (mA)

1.0

e
o
1

lon Beam Seeding of Memristor Filament

o
o
1 N

o
o
1 "

-08 -06 -04 -02 00 02 04
Voltage (V)

10y——TT—7 T 7

-0 -08 -06 -04 -02 00 02 04

Voltage (V)
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Control over Filament Location

A rd

—_—
fav)
e

Electroformed

- P
1 :

Y Location (um)

X'Location (um)

(c)

0.2

o
—
|

Location (.m)
o

b " Seede
( )1_ BE Seeded

Y Location (um)

Y
o

-0.2 4

Scan 1
Scan 2
Scan 3
Scan 4
B Ave. +/- Std. Dev.

3

-]

I

* X Locatlon (um)”

Results:

-0.2 -0

1 0.0 0.1 0.2
X Location (um)

« Control over filament location and resistivity

* No Electroforming is necessary

J. Pachaco, et al. Appl. Phys. A 124 626 (2018)




42 Single Donor Devices for Si Qubits

Si-MOS platform integrated with: { >ingle lon Detector

- Nanostructure for Qubit operation

Single lon Detector Nanostructure

Ion Beam

lon Beam Induced Charge
(IBIC)

Combined Single lon Detector and Nanostructures Demonstrated




Integrated Single lon Detectors

43

A250 SRS965
CoolFET Filter
N+ Cathode  ————

200 keV Si Detection

To Data || SRS980
Acquisition Adder

<1.75> 1ons/pulse

Number of Detected lons

0.05 {/ .
0.00.- !/ |

0 1 2 3 4 5
Number of Ions

450 | | SR
— 0.15F .
~p—
g % 0.10 } .
= 300 g | / _
O Z ’
(a4
=
=

150

J. Pachaco, et al., Rev. of Sci. Instr.

04.7)

0.00 0.05 0.10 0.15 0.20 025 [==2H— : :
IBIC Response (V) rQuanUzed Single lon Detection
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Lowest SNL Detected Single lon Implantation

lon  Energy (keV)  SiO, thickness (nm)

Range® (+straggle) (nm)

e-hpairs (k)* ~ SNR  Errorrate (%)  Detection efficiency (%)

Si 200 7
Sb 120 35
Sb 50 7
Sb 20 7

273 (£76)
25(x17.5)

25(19)
11(£3)

39 212 «l 100
8.5 52

30 44
1.4 235 N §7.6

“Range and e-h pairs calculated from the SiO,/Si interface into the Si substrate.

M =

J

N0y

How to further improve SNR?

- In-vacuum preamp ™
- Cool detector and FET ™

Path forward to low energy <10 nm
implantation and detector
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Collimation and Beam Expander

Mirror F

Single Photon
Counter

. Mirror
Mirror

10 nm band pass filter

x100 Objective M

Long Pass \

Dichroic mirror 532 nm notch filter

XYZ Stage

Similar yield to
S. Sangtawesin et. al. Appl. Phys. Lett. 105, 063107 (2014)
S. Tamura et. al. Appl. Phys. Express 7, 115201 (2014)

Conversion yield (%)

Yield: Mapping SiV Photoluminescence

Yield = # measured SiV / # implanted Si

-8 10'° Sicm™
—a- 5x10'? Sicm™|.
- 10" Sicm™
—=- 10" Sjem™
e a——
0 20 40 60 80 100

Energy (keV)

Yield is low and dominated by Poisson

Statistics!

—=— 100 keV |,
—B— 60 keV
—&— 50 keV

—&— 30 keV
—8— 20 keV

10 keV

1072 1013 Tot4
Dose (Si cm™)

T. Schroder, et al., Nature Communications (2017

|
) |
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N

(1) Post electron irradiation
(2
3
(
(

Post ion irradiation —

-

4

)

)

) Sequential ion irradiation
) Hot ion irradiation

)

5) Substrate doping

After electron irradiation and
anneal

10x improvement

Counts per second
(after irradiation)

Create excess vacancies

Enable vacancy migration
B. Diller et al., arXiv:1909.08778

Enable preferential defect formation?

8x10° |
6x10° |
4x10° |

2x10° |

Yield Improvements Efforts

B. Rose et al., Science 361, 60-63 (2018)
T. Luhmann et al., Nature Comm. 10, 4956 (2019)

Ausuaju|

After ion implant and anneal

T. Schroder et al., Nature Communications 8, 15376 (2017)



4 Sequential Implantation - um sized areas

l'mms'rt_\,rf}raph PLM&p L I L L UL LR
lir.w— ; 2.0} | | | »
-l Lo § T 18 ]

) ~~ E 6

o -0,0000+0 ; 6 L d 1 ]
ij:: : 1 O X 14} l _ . ]
1I2ﬁ— (6 > ) } . -
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- RN . _,? £ 10 + * i+ 1E5 C ions/spot

IR L S T g N E 08l . = Sionly :
- GC) 5 3 6 9
122 = 10° ¢ Siions/spot (1E3)f§ 3
1277- .'...““' o~ L . N
- ] B
I Si onl !
13- sl C only o i | | ]
- RTINS | | ,o 8§ o Si+1E5Cions/spot

1914 1520 1530 1540 1950 135: - 1570 1.960 1590 2.000 2004 4 \
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1E5C]OnS/SpOt9~1E13'|0n5/cm2 [ 1 Lol 1 Lol 1 o0l A L1 |:|
3E3 Si ions/spot > ~4E11 ions/cm? 10° 10* 10° 10°

> Below the damage threshold Si ions/spot

Si+C PL is ~1.4x larger than Si PL - Yield improvement observed in um spots



April 3, 2019

Progress on Nitrogen Source Development

Approaches for building a nitrogen source for the nanolmplanter:

(1) Implant N into a known working source

(2) Use ionic liquid sources as demonstrated in the literature

Start with a working LMAIS - AuSn, In, AiSi, etc... and implant N

28 MeV Si ERD measurement and SRIM calculation of Au.85n.2
implanted with 5E17 200 keV N/cm2

(1) Can we implant N into the LMAIS?

- N implanted into AuSn and In alloys at ot
200 keV N- to fluences of 5E17 ion/cm? .
(2) Does N stay in the alloy? o ST
- N concentration measured by 28 MeV Si*> ERD B,
- AuSn+N > N stays in place at least in the very .
near surface (figure on right) - . ] .
- In+N = N concentration is less than calculated: k4 :
N diffused deeper into the In ey | L8 .
Or it may have left the sample i Bl .
‘ L]
7 *e
(3) Can we form a N containing tip? L
- On-going! But, at most we expect ~4e3 N/s depth (um)

 SRIM
ERD



