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Sandia's lon Beam Laboratory (IBL)

- 6 accelerators + 1 installing

- 25 end-stations

- Six focused ion beamlines with implantation (nm to µm)

Outline
• Introduction to Sandia's lon Beam Laboratory (IBL)

• Multi-species Focused Ion Beam

- Sandia's nanolmplanter and Raith Velion

• Single Atom Devices and Nanofabrication

- Case 1: lon Beam of Seeding Memristors

Demonstration of focused ion beam implantation (millions of ions)

- Case 2: Defect center formation in Diamond

Localized implantation and single ion detection (down to single ion implantation)

• Summary
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Operational

(1) 6 MV Tandem Accelerator

Average usage 5 days a week, 50 week/yr.

(2) 3 MV Pelletron Accelerator

lon beam analysis and displacement damage

(3) 350 kV HVEE Implanter

>90% usage for mono-energetic neutrons

(4) 100 kV ExB FIB nanolmplanter

High spatial resolution implantation

(5) 35 kV ExB FIB Raith Velion

Higher spatial resolution at lower energies

(6) 35 kV Zeiss HeIM

<0.5 nm beam spot, high resolution imaging

Installing

(7) 1 MV Tandem Accelerator

Support in-situ (I3TEM) and "replace" HVEE for ions

High energy
focused
micobeams
1 vim to mm's

Low energy
focused
nanobeams
<1 to 20 nm
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High Energy Microbeams -1 µm to mm's

- 6 MV Tandem microbeam - 3 MV Pelletron microbeam
(microONE) (Light Ion Microbeam)

- High resolution laser stage

- Spot size <1 !um

- Energy 800 - 70 MeV

- H to Au

IBIC on
PIN diode

- High resolution laser stage

- Spot size <600 nm

- Energy 250 - 3 MeV

- H, He, N, Ar, Xe,

IBIC on PIN diode SED on PIN diode

- 350 kV HVEE microbeam
(NanoBeamLine)

- Piezo stage

- Spot size <1 lam

- Energy 20 - 350 keV

- H to Au
0.5

0.0

-2.0

-2.5

0.5 1.0 1.5 2.0 2.5

X (mm)
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Low Energy Nanobeams <1 to 20 nm

- 100 kV AEtD FIB100NI
(nanolmplanter)

- High resolution laser stage

- Spot size <10 nm (Ga)

- Energy 10 - 200 keV

- 1/3 periodic table

- 35 kV Raith Velion
(Velion)

\

- High resolution laser stage

- Spot size <6 nm (Ga)

- Energy 5 - 70 keV

- 1/3 periodic table

- 35 kV Zeiss Orion Plus
(HeIM)

All equipped with Lithography Software for Patterning

- Piezo stage

- Spot size <1 nm

- Energy 10 - 35 keV

- He
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Overview of High Resolution Implantation

Resolution
(1) Hydrogen Lithography

(2) Probe Based Implantation

Speed

(3) Focused lon Beam Implantation

(4) Masked Implantation

Si
't
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Beam
Chopping
Deflector

Objective
Aperture

Secondary_..G1:::::4
Electron Detector •
(Scintillator,PIAT)

Focused lon Beam Implantation

—Liquid Metal lon Source

Extractor

Condenser Lens (CL)

EX B Maas
Separator

'Chopping"

Farada

Cup

pr.,. Scanning
lire— Deflector

Chocoer
Controller
Circuit

Objective Lens(OLi

Retarding
Lens

Extracted
single lon

Sample Stage

Retarding Power Supply
(-20 ,-20kV)

M. Hori, et al., Applied Physics Express 4, 046501 (2011)

Source

ExtractorVoltage

Condenser Lens

Apeture

ExB Mass Filter

Apeture 2

Condenser Lens 2

Chopper

Blanking
Apeture 3

Draw Deflector

Objective Lens

View Deflector

Target

J. Pacheco, et al., Review of Scientific Instruments 88, 123301 (2017)

Like a standard FIB + ExB Filter + LMAIS

SNL is developing three machines for nano-scale
focused ion beam implantation and modification

A&D FIE3100NI

Zeiss
Helium Ion
Microscope

Installed
Aug'19

Raith Velion

Installed
Jan-Feb'20
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Example of Needed Resolution - Si Qubit

A spin quantum bit architecture with coupled donors and quantum dots in silicon

T. Schenkee. C. C. 1.01, C. D. Weis. J. Bokor2. A. M. Tyryshkins. and S. A. Lyon'
'ion Beam Technology Group. Lawrence Berkekv &Mona! Laboratory.

Berkeley, CA 94720. USA
'Department o f Electrical Engineering and Computer Sciences, University of California.

Berkeley, CA 94720. USA
'Electrical Engineering Department, Princeton University. Princeton, NJ. USA

Contact-email: T Schenkel@LBLgov
(October /0. 20I

VD 1:6 0

J dot—dot off

VBG<C)

J donor—dot on

Voo>0

J dot—dot on

VBG C)

donor—dot off

T. Schenkel et al., US 8,816,325 82 (2014)

- Depth -20-50 nm

- Donor separation -100 nm

Silicon quantum processor with robust
long-distance qubit couplings
Guilherme Tosi 1, Fahd A. Mohiyaddin1.3, Vivien Schmittl, Stefanie Tenberg1, Rajib Rahman2,

Gerhard Klimeck2 & Andrea Morello ; 1

4C— 100-500 nm

- Depth zd = 15 nm or larger

- Separation of 100-500 nm

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

Lateral Resolution - OK, but Depth Resolution requires low energies!
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Example of Needed Resolution - Nanophotonics

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

SiV
!IRWIN?

111
 onwirw-wwwww!ll

_

0 0 0 0 0 0 0 0 0 0 allattrt 0 0 0 0 0 0 0 0 o

Lx

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

- Design the cavity around ion straggle

- Typically linear fall off in coupling strength

GeV
-330 nm

-200 nm

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

Lateral Resolution - OK, Depth Resolution - OK!

M. Bhasker et al.,



10 1 SNL nanolmplanter (nl) and Velion

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

- ExB Filter (Wien Filter)

4 Multiple ion species

e.g., Li, Si, P, Sb, etc... (separating out 28Si, 295i, etc...)

- Fast blanking and chopping

4 Single ion implantation

- Direct-write lithography

nm targeting accuracy

RAITH
NANOFABRICATION

- Low temperature stage

- In-situ electrical probes
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Sb Source: Mass Spectrum
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B-Field (T)

Si+
121Sb- 122Sb-

Au+

121sb+ 123sb*

. .
0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55

B-Field (T)



8 SNL nanolmplanter (nl) and Velion - Sources

SNL PtPSb hydrogen

1

H
1.0079

/11Ler'""

4

Be
9.0122

sodium
11

Na
22.990

potassium

19

K
39.098
rubidlurn

37

Rb
85.468
caesium

55

Cs
132.91

francium

87

Fr
12231

12

Mg
24.305 
calcium

20

Ca
40.078 

strontium

38

Sr
87.62
barlum

56

Ba
137.33
radium

88

Ra
[2261

Purple - running at SNL
Yellow - attempting at SNL
Green - demonstrated at other labs

57-70

89-102

* *

- Lanthanide series

**Actinide series

scandium Manium

21 22 2 3 24 25

Sc Ti V Cr Mn
44.956 47.1367 51.998 .4 938

iron

26 27

Fe Co
55.845 58.93,

nickel con per zinc

28 29 30

Ni Cu Zn
58.693 63.546 65.39

helkim

2

He
4.0026

boron

5

B
10.811

Arent num

13

Al

carton

6

C
12.011

nitrogen
7

N
14.007

11114N
galllum

31

Ga
_89.723

24 086
germanktm

32

G
72.61

.rsent
33

As
74.922

oxygen

8

0
15.999
sulfur

16

S
32 065
selenkus

34

Se
78.96

fluorine

9

F
18.998
chlorine

17

CI
35.453
bromine

35

Br
79.904

neon

10

Ne
20.180 
argon

18

Ar
39.948
krypton

36

Kr
83.80

yttrium

39

811906
lutetium

71

Lu
174.97

lawrencium

103

Lr
[262]

zirconium

40

Zr
91.224
hafnlum

72

Hf
178.49

rutherfordium

104

Rf
12611

MobMm

41

Nb
92.906
tantalum

73

Ta
180.95
dubnium

105

Db
[262]

molybdenum

42

Mo
95.94

tungsten

74

183.84
seaborgium

106

Sg
[266]

technetium

43

Tc
pa]

rhenlum

75

Re
186.21
bohrlum

107

Bh
[264]

ruthenium

44

Ru
101.07
osmlum
76

Os
190.23
hessian

108

Hs
12691

rhodium

45

Rh
102.91
Indium

77

Ir
192.22

meitnerium

109

Mt
[2681

; elm

46

Pd
platinum

78

ununnilium

110

Uun
[2711

47

Ag
vow
79

Au
198.97 4

untmunium

111

Uuu
[2721

48

Cd
11241 
mercury

80

Hg
200.59
ununbitzn

112

Uub
1277]

49

In
114.22
tllalllum

81

TI
204.38

Bn

50

Sn
lead

82

Pb
207.2

triunquadium

114

Uuq
[2891 

btsmulk

83

Bi
208.98

tellurium

52

Te
127.60
polonium

84

Po

lanthanum

57

La
138.91

cerium

58

Ce
140.12

preseodynsurr

59

Pr
140.91

neodymium
60

Nd
144.24

promethlum

61

Pm
11451

samarlirn

62

Srn
150.36

emelt/in

63

Eu
151.96

gadolinium

64

Gd
157.25

1,,ruk,re

65

Tb
15893

dysprosium

66

Dy
162.50

holmium

67

Ho
164.93

thulium

69

Tm
16893

ytterbium

70

Yb
173.04

acfniurn

89

Ac
12271

thorium

90

Th
232.04

protactinkirn

91

Pa
231.04

uranium

92

U
238.03

neptunium

93

Np
1237]

plutonium

94

Pu
12441

americium

95

Am
1243]

curium

96

Cm
[2471

berkelkim

97

Bk
12471

californium

98

Cf
[2511

einsteinium

99

Es
12521

fermium mendelevium

100 101

Fm Md
[2571 12581

nobelium

102

No
[2591

L. Bischoff, et al., Applied Physics Reviews 3, 021101 (2016)

Wide Variety of lon Species Available

lodine

53

126.90
astailne

85

At
[2101

xenon

54

Xe
131.29
radon

86

Rn
1222]

After A. Weick University of Bochum



1 2 1

hyd7gen

1 0079

909444

11

Na
22.990 

oalassh.rn

19

K
N9.098

bidiurn

37

Rb
85468

lurti

Be

12

Mg
calcium

20

Ca
40.078 

strontium

38

Sr
87.67

New Sources - V, Cr, Fe, Zn, Sn, Tb, Tm (easy-ish)

Purple - running at SNL
Yellow - attempting at SNL
Green - demonstrated at other labs

scandlum Manium

21 22

Sc Ti
44 956 47067

heltim

2

He
4.0026

B
10811

carton

C
,2.

Omen

7

N

ongen

8

0
15 999

fluorine

9

F
18.998

neon

10

Ne
20.180

yttrium

39

Y
69906

zirconium

40

Zr
93224

n rn

41

Nb
92906

42

Mo
05 Oa

lecloesurn

43

Tc
44

Ru
101.07

ihrdiem

45

Rh
102 91

09924644

46 47

Pd Ag
10442 10147

48

Cd
111 41

ilt1.11111.

13

Al
26962

a

49

In
11.IFi

caesium

55

Cs
132.91
francium

87

Fr
12231

barlum

56

Ba
137.33
radium

88

Ra
12261

57-70

89-102

* *

*Lanthanide series

"*Actinide series

lutetium

71

Lu
174.9/

lawrencium

103

Lr
12621

hafnium

72

Hf
178.49

rutheilordiurn

104

Rf
12611

lantalum

73

Ta
100,95
abnum

105

Db

tungsten

74

w
183.84

selborgium

106

Sg
12661

rhenium

75

Re
106 21
bollrlum

107

Bh
5641

osmcm

76

Os
15993
hessian

108

Hs

77

Ir
19222

mullnorium

109

Mt

ununNilum unununium

110 111

Uun Uuu
12711 0721

rwry

80

Hg
201.59
unuriplum

112

Uub
12771

61:18urn

81

TI
104 38

14

Si
28 086

gertnanins

32

Ge

82

Pb
nauaulum

114

Uuq
12891 

P
30974

33

As
anemone

51

Sb
121.10

sulfur

16

S
32065
selenium

34

Se
7696

tellurium

52

Te
12780

chlorine

17

CI
38453
bromine

35

Br
19904
iodine

53

126 90

argon
18

Ar
39948
SNOW

36

Kr
133.80
xienbb

64

Xe
131 29

bouuln

83

Bi
206 58

PoOnium

84

Po

Isolharan cerum 6494406444 neornimium promethium salon. etzurnan PdOini011 dyeepase noimmm PIMP" erbium

57 58 59 so 61 62 63 64 65 66 67 68 69 70

La Ce Pr Nd Pm Sm Eu G. Tb y Ho Er Tm b
131191 1-1 , 14 140.91 144 24 1145j 150 95 15196 157.25 162.50 161.93 167.26 173 04
actinium 11onum protactinium uranium neptunium plutonium nmencen curium californium einsleinnsn lennum m ocbOlum

89 90 91 92 93 94 95 96 97 98 99 100 101 102

Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No
12271 23209 231 04 238.03 12371 12441 12431 12471 12471 12011 5621 5571 12681 5391

astatine

85

At
1219 

radon

86

Rn

0.6 -

0.5 -I

0. 0 4 -

0.2 -

0.1 -

0.0

- Based on AuSiX or AuGeX alloys

- Easy to wet the tip and easy to run

AuSn 1.6 -

1.4 -

1.2 -

a 1.0 --
0.8 -

0.4 -

0.2 -

0.0 -4-'4'7

0.1.4

120
115? 

118

.0

Sn 0.4
0.2 112 114

- 

116

117 119

122 124

0.275 0.280 0.295 0.290 0.295

Magnetic Frld (T)

Au"

0.28 0.30 0.32 0.34 0.36 0.38 0.40

Magnetic Field (T)

AuSiZn
Zn-64

1- Current]

Zn-66 Zn-68

0.210 0.212 0.214 0.216 0.218

Magnetic Field (T)

0.220

0.8

▪ 0.6

t 0.4
C.)

0.2

0.0

0.10

0.08

30.06

0.04

() 0.02

AuGeCr

No other est

0.00 
187 188 189 190 191 192 193 19419/

Magnetic Field (mT)

Cr'

Ge++

190 200 210 220 230 240

Magnetic Field (mT)



13 1

K Ca
39098 40.078 
mbidlum stmellurn

37 38

Rb Sr
85468 87.62
caesium

55

Cs
132.91
francium

87

Fr
P231

barium

56

Ba
137.33
radium

88

Ra
izaq

New Sources - B, C, Al, Ce, Mg, In, Pb (Hard)

Purple - running at SNL
Yellow - attempting at SNL
Green - demonstrated at other lab

57-70

89-102

* *

*Lanthanide series

**Actinide series

scandium Maws

21 22

Sc Ti
44.956 47847
yttrium zaconlum

v

clmornlim ram,- non

24 25 26

Cr Mn Fe
Ian 55 845

molybdenum leclmesum MMenlum

42 43 44

Mo Tc Ru
95 94 1981 10107 

39 40

Y Zr
89906 94224
lutetium

71

Lu
17417

lawrencium

103

Lr
12621

wan
72

Hf
178.49

rulnertordiurn

104

Rf
12611

nloblum

41

Nb
92906
Wntalum

73

Ta
180.55
Maim

105

Db
[2621

590  

27   28  29 30

Co Ni Cu Zn

tungsten

74

w
18084

selborgimn

106

Sg
12661

rhenium

75

Re
186 21
Imbrium

107

Bh
f2841

osam
76

Os
159.23
!Inman

108

Hs
[2.9

itoilurn

45 IB 47 48

Rh Pd Ag C
10391 106.42 10787 112

77

Ir
192 22

melinerim
109

Mt

ununnillum unununsmn

110 111

Uun Uuu
12711 12721

mfoJry

80

Hg
200.59
unuriplum

112

Uub
12771

I 3

Al
gwrom

31

Ga

81

TI
204.38

14

Si
28.086

germanium

32

Ge

ununquatlillm

114

Uuq
[289 

helkim

2

He
4.0028

tenon

N
14 007

6
P
30.974

33

As
3111n1011V

51

Sb
121.76

Olen

0
15999
sulfur

16

32 065
selenium

34

Se
7896

tellurium

52

Te
12750

fluorine

9

F
18 998
oh mine

17

CI
35453
bromine

35

Br
79904
Iodine

53

126 90

neon

10

Ne
20.180
again

18

Ar
38948
kMplcm

36

Kr
133.80
xenon

54

Xe
131 29

83

Bi
208 98

Pobnium

84

Po
[2c0

astatine

85

At
1219 

radon

86

Rn

57

La
58

Ce

Immismamme

59

Pr
140.91

1140691111m

60

Nd
144 24

promethium

61

Pm
1149

swan.

62

Sm
150 36

etropiim

63

Eu
15196

gadolnlim

64

Gd
19/.25

terbIUM

65

Tb
118 31

dysgessise

66

Dy
16253

holmium Ulm
67 69

Ho Tm
1E4.91 168 91

ytterbium

70

Yb
173.04

or.iun

89

Ac
12271

90

Th
232.04

prolactnium

91

Pa
23104

uranium

92

U
238.03

neptunium

93

Np
12371

plutonium

94

Pu
12441

amemnin

95

Am
2431

curium

96

Cm
12471

berkelium

97

Bk
12471

calacolum

98

Cf
12511

wmienum fermium mendelevium

99 100 101

Es Fm Md
12521 fi5n 12581

nobelium

102

No
1259

- B

4 Hard to load into the alloy BNIPd

- C, Al, Ce

AlCeC alloy oxides while running, killing beam

- Mg

GaMg alloy oxides in the boat

- Pb

PbSn alloys with W tip, working on new
materials

SNL SnPb tip
on Kovar wire

1
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ngen

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

H
Purple - running at SNL

He
4.9326

Mal carton orogen Mane neon

5 8 9 10

Li Be Yellow - attempting at SNL B C 0 F Ne
6,541

Green - demonstrated at other labs
16 811 11 ,11 15.999 16998 20190

"„,
11 12 I 3

sulfur

16
chludne

17
soon
18

Na Mg S CI Ar
22 990 24 305 9)974 32 065 39453 99918

Pz1asslum caldtrn S.,1111111 irun szleraum bombe krypton

19 20 21 22 25 26 2i 28 29 30 31 33 34 35 36

Ca Sc Ti Mn Fe Co Ni Cu Zn Ga As Se Br Kr
39098 40.078 44 956 47 867 54 AM 59699 63546 65 39 60721 78 96 /9.904 83.90
ru dlum

37
strontbm

38
09m

39
zirconium

40
niobium

41
mclybdenun

42
technetium

43
Mellor

44
11010111

45 46 47
.011

48 49
fin

SO

MOM]

51
telurium

52
uElne

53
xenon

54

Rb Sr Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Skt Te Xe
89468 50 62 91224 92.906 9994 101.07 102 91 196 191 87 11141 114 82 MAT1 121 12/ 60 12990 131.29
C29111111

55
barium

56 57-70
ellnlwm
71

hafnium

72
tantalum

73
tungsten
74

Mean

75
osmium

76
Odium

77
901—
79 

1 'wan,
80

thaktni
82 83

polonium

84
astallne

85
radon

86

Cs Ba Lu Hf Ta Re Os Ir Au Hg TI Pb Bi Po At Rn
132.91 137.33 174.97 10E49 1E10.95 16314 15821 190.23 192.22 133.97 209.59 204 38 ZO7 2 209 98 1209 319 12221
rninnum
87

radium

88 89402
borenclOrn

103
rullerfordlurn

104
dubnium

105
senceilum
106

bohrbm

107
haselum

108
menerlum

109
ununnlIbm

110
unumnIum

111
ununblum

112
unummerium

114

Fr Ra * * Lr Rf Db Sg Bh Hs Mt Uun Uuu Uub Uuq
12231

*Lanthanide series

**Actinide series

12621 126E1 12641 369 126E9 [2711 770 12111 1289

lanthanum

57
.1.11010

58
passer...6ft

59
nemOminn

60
promethium

61
smoolum

62
stroplos

63
9adolnitim

64
9rbum

65
Orapcsion

66
ICIMIUM thlilill

67 69
yllerblurl

70

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Tm Yb
138.91 11, 12 110.91 144.24 1149 150.36 151.96 157.25 158.93 162.50 16493 I, ;f1 1/394
actlnlum

89
thorlum

90
prdactinlum

91
uranlum

92
neptun4m

93
plutonium

94
3,110Clum

95
curium

96
berkelium

97
callfomium

98
elnstelnlum fermium mendelevium

99 100 101
normium

102

Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No
5271 232.04 231.04 235.03 1230 3441 12431 3471 12471 12511 750 1257J 12551 359

(1) Liquid metal alloys with implanted N

i.e., AuSn+N, In+N

- Have N loaded alloys

4 Checked with IBA

- In the process of
attempting tips

(2) Ionic Liquid Ion Source (with MIT)

N

(At SNL for testing)

- Carbon Xerogel Microtip with ILIS

(C) I ),flection Gate
Shield and magnet -950 V

\ Deflectors i
Extractor

III II I_ Gate  I Cha-nnel:mn

"471-req!.1.9!):, 
Gale OFF

Vin Vow

-Om

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



10 1 SNL nanolmplanter (nl) - Targeting Resolution

SEM of nanostructure
Ion Beam Induced
Charge Collection
(IBIC) of nanostructure High resolution IBIC for targeting
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Targeting resolution <40 nm, new Velion should improve this number
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Science Thrusts

THE CENTER FOR
INTEGRATED NANOTECHNOLOGIES

One Scientific Community Focused on Nanoscience Integration
The Center fce Integrated Nanotechnologies (CINT) is a Department of Energy
Office of Science Nanoscale Science Research Center. CINT offers world-leading
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 laboratones and leverages
the unmatched scientific and engineering expertise of the host labs.

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

ln-Situ Characterization and
Nanomechanics
Developing and implementing

world-leading capabilities to study
the dynamic response of materials
and nanosystems to mechanical,
electrical, or other stimuli.

-ant I -

AI-

Nanophotonics &
Optical Nanomaterials

Synthesis, excitation, and energy
transformations of optically active

nanomaterials and collective or emergent
electromagnetic phenomena (plasmonics,
metamatenals, photonic latticesl.

Sutt, Biological &
Composite Nanomaterials

Synthesis, assembly, and
characterization of soft,
biomolecular, and composite
nanomaterials that display
emergent functionality.

Ouantum
Materials Systems

Understanding and controlling
quantum effects of nanoscale

materials and their integration
into systems spanning multiple
length scales

User Prow
CINT is an Office of Science national user facility. CINT helps the international research community perforrn cutting-edge research in the areas of nanoscience and
nanotechnology, 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 for
full-cost recovery. CINT cannot provide funding to users.

Opened the SNL nanolmplanter as
a user accessible facility in 2019

https://cint.lanl.gov/ 



12 1 Case 1 - 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

BE

,

•

•

Read Window

OFF -

o C

Voltage (V)

c
o

o

2

-2

3

Filament Formation

BE

TE

-3
2 X-1Locati'on ULM)

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

Modification of the TaOx Film Resistance using Ion Irradiation

200 keV Si Implantation

1117-11-E 100.0G

_L-

TE: Pt (50 nm)

Ta (50 nm)

TaOx (10 nm)

BE: Pt (50 nrn)

Ti (5 nm)

Ion Implant events

° 0tes'
04.

601,o4d': 4`41 
•

40.0"

:ore

70 72 74 76 78 80 82
Time (s)

9.2 M

I ' I '

3 4 5 6

lons (M)
9 10
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lon Beam Seeding of Memristor Filament

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

100G

10G

a iG
(..) 100M

1 M
(/)

(1)

a) 1 NA
ct

100k

10k

1 k

4--
Initial

Resistance
•

•
•

5

1.0

< 0.8

0.6

0.4

• 0.2

0.0

0 2 4 6

Voltage (V)

•

.. , ... 1   . 1  

10 15 20 25

Total lons Implanted (M)

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4

Voltage (V)

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4

Voltage (V)
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Control over Filament Location

(a)

(b)2

-2

J.
Electroformed

\ •

X1Location (1.un)

' N '

BE 
Seeded

TE
-2

:1 X Locjion (pm);

Y
 L
oc

at
io

n 
(
µ
m
)
 

0 2 -

0.1 -

0.0 -

-0.1

-0.2

• Scan 1
• Scan 2
• Scan 3
• Scan 4

• Ave. +/- Std. Dev.

-0.2 -0.1 0.0 0.1 012
X Location (µm)

Results:

• Control over filament location and resistivity

• No Electroforming is necessary

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



18 1 Case 2 - Color Centers in Diamond

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

1 0

c

—▪ 0.5

c

• 0 0

SiV in diamond

640 680 720 760 800
Wavelength (nm)

I. 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

2.) Yield
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Location Problem is Solved

Diamond Nanobeams (with Harvard)

•
.

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

Diamond waveguides with AIN photonics (with MIT) 

d e •

.41. • 3.A. •

5 pni

411.5 f• awe. ..

••• • i • ..••10..•

• .41.••••• • .

16 and 8 channel
"quantum micro-
chiplets"

N. Wan, et al., 1911.05265

Silicon Photonics (with Purdue)

two-way 
waveguide

4 - 4. 4.F.- A ..1p. , L PhC rnirror input port
---- 1i, X Implanted

....-----

resonator 0», 0 :,,-...,
__..eNilNyecionsoptical mode 

A sio2 Resonator

Er ions -----'—'"‘ mode

(b) d=mx lensed
fibers

0.6

o 0.4
o.

.Fo 0.2
mu)
1;

0.5 0.6 0.7 0.8 0.9 1.0 1.1
Segment spacing (X)

input/drop port

A. Nandi, et al., 1902.08898

2D photonic Crystals (with MIT) 

Accuracy is <50 nm

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



22 1 SNL Approach to Activation Yield

Single Ion Detectors to Understand Yield

Silicon Diamond

Translating single
ion detection to
diamond

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

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

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

4 Improve yield understanding by directly counting the number of implanted ions



23 Using Diamond Detectors to Understand Yield

Yield = # measured SiV

lon Beam Induced Charge (IBIC) 

Poisson Statistics 
(Uncertainty in number of centers is\TV )

Vbias
Ion Charge Pre Amp

Shaping Amp

h+ e-
<-0 e—>
<--
E

Side View
Charge Collected

CCE = x 100
Charge Depositied

IBIC/detection demonstrated for low energy heavy ions

CCE
100

90

80

70

60

50

40

30

20

10

0.0

Abraham et al, APL 109, 063502 (2016)



24 Single lon Diamond Detectors

IBIC Map

Optimizing gain
for single ion
detection

Quantized Detection <0.65> ion

Single Ion Counting <0.2> ion

600

SNR = 7.1

10

lisignal
SNR =

Pnoise + anoise

Signal amplitudes match
Poisson statistics to 4%

Single lon Detection in Diamond
with high SNR

Abraham et at, APL 109, 063502 (2016)



18 What's Next  Raith Velion

AELD nanolmplanter

- 100 kV accelerating potential

- LMAIS with 10 nm spot

- Spot blows up at low energy (100-150 nm)

- Implantation resolution 40-50 nm

Sp
ot
 S
iz

e 
(
n
m
)
 

Raith Velion

60

50

40

30

20

10

0
20 40 60 80 100

Accelerating Voltage (kV)

_

Overlay accuracy
23 to 29 nm

1=1 p 1=1 (=t

r-
L

I

r

- 35 kV accelerating potential

- LMAIS with <6 nm spot

- Improved low energy resolution

- Improved implantation resolution



18 1
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What's Next  In-situ Photoluminescence

Ex-situ V51 Photoluminescence

2500 -

2000 -

1500 -

1000 -

SOO -

Vs; RT
- SiC FIB implanted with
300 keV He (3 MV Pelletron)

- RT Emission from Vs; w/o
annealing

800  85U 900

Wavelength (nm)

4.150

4.125

4.100

3 4.075

0 4.050
LT)
o
0_ 4.025

4.000

3.975

Fluence -1012 ions/cm2

950

4.46 4.48 4.50 4.52 4.54 4.56 4.58
Position (um)

40000

35000 S
0
u

30000 ›,

25000.;c
20000 FE+)

15000 a,c

10000 0o
5000 E

In-situ Vs; Photoluminescence

- Two-step process enabled by high resolution
implantation:

(1) Aligned implantation, <40 nm

(2) Detect PL with objective
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Summary

- Ion Beam Seeding of Memristor Devices

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4

Voltage (V)

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

- Towards Deterministic Color Centers in Diamond

lon
Charge Pre-Amp

600 pi LW ee

400 0000o00000 to00

Shaping Amp
0000aooa
00000

00000 0
00000  -

O 400000000aaa:*

200
0000aaaaaaa2°0
0000.ao0000000e- h+
000000000croops 0
000000000000 0

2 000000000000 00
"ea 00000 00

Side View 0 2 4 6 8 10 10 I 1 ouclap00000

Signal (V)

Abraham et al, APL 109, 063502 (2016) L. Marseglia, et al., Optics Express (2018)

- Focused ion implantation is a direct pathway to fabrication of single
atom devices and small scale nanofabrication

On-going work in diamond, SiN, SiC, hBN, GaN, etc...
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27 1 Quantum Sensed NMR CINT Discovery Platform - CINT

A.

Nanoscale NMR experiments using Nitrogen-vacancy (NV) centers in diamond

microscope

1 I

ion beam

ili

Precision focused ion beam

New optical cryostat implantation capability

with 1T magnetic field

C.

laser
excitation

PL
(640 nm)

microwave

• NV

New optical, NMR
setup for NV readout



28  Deterministic Placement and Integration of Quantum Defect Centers - CINT

Creating defect centers in a range of material systems - wide bandgap to 2D

Top Down Approach

lon implantation

In-Situ characterization

100% deterministic

creation of defects

li
Complete removal of

integration bottleneck

Discovery of new defect

Quantum Photonic Networks,
,

Atomic structure-quantum
functionality relation

Bottom-up Approach

Novel covalent
 i functionalization chemistry

+

Dip-pen nanolithography

+
Operando characterization

New microscopy and
sensing approaches

Metasurfaces Photonic x'tal

Photonic Integration

100% deterministic

chemical implanter

From the ion beam side of the house

(1) FIB for high spatial
resolution with in-situ PL

(2) Colutron for hyper-thermal
implantation
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Yield: Mapping SiV Photoluminescence

Collimation and Beam Expander

Mi rror

Mirror
Mirror

XYZ Stage

Single Photon
Counter

10 nm band pass filter
x100 Objective

H 1 1 I 

Long Pass
Dichroic mirror 532 nm notch filter

Similar yield to

S. Sangtawesin et. al. Appl. Phys. Lett. 105, 063107 (2014)

S. Tamura et. al. Appl. Phys. Express 7, 115201 (2014)

C
o
n
v
e
r
s
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o
n
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ie

ld
 (
%
)
 5

4

3

2

1

Yield = # measured SiV / # implanted Si

o
o

-13-1012Sicm2
5x1 012 Si cm-2

—s— 1013 Si cm-2

—e— 1014 Si cm-2

—9— 100 keV

—e— 60 keV
—13— 50 keV

—9— 30 keV
—e— 20 keV

10 keV

20 40 60 80 100 1012

Energy (keV)

1013

Dose (Si crn-2)

1014

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

Yield is low and dominated by Poisson Statistics!
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Yield Improvements Efforts

(1) Post electron irradiation

(2) Post ion irradiation

(3) Sequential ion irradiation

(4) Hot ion irradiation

(5) Substrate doping

After electron irradiation and
anneal

10x improvement

Create excess vacancies

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

Enable preferential defect formation?

8x106

8 0c . 6x 106
a) —
v) .cz

E 4x106u, -,=
c)
0 — 2x106

B. Rose et al., Science 361, 60-63 (2018)

T. Luhmann et al., Nature Comm. 10, 4956 (2019)

8x105

6x105

2x106

After ion implant and anneal

— 5

F

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

1E5 C ions/spot 4-1E13 ions/cm2

3E3 Si ions/spot 4 -4E11 ions/cm2

4 Below the damage threshold

Sequential Implantation - µrn sized areas

Intensity Graph
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,1

• Si + 1E5 C ions/spo
• Si only

1 1 1 1 1 1 1 1 1

103 104 105 106
Si ions/spot

Si+C PL is -1.4x larger than Si PL Yield improvement observed in 1.im spots
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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

(1) Can we implant N into the LMAIS?

- N implanted into AuSn and In alloys at
200 keV N+ to fluences of 5E17 ion/cm2

(2) Does N stay in the alloy?

- N concentration measured by 28 MeV Si+5 ERD

- AuSn+N 4 N stays in place at least in the very
near surface (figure on right)

- In+N 4 N concentration is less than calculated:
- N diffused deeper into the In
- Or it may have left the sample

(3) Can we form a N containing tip?

- On-going! But, at most we expect -4e3 N/s

5E+21 it

•

2.5E+22

2E+22

5E+22

28 MeV Si ERD measurement and SRIM calculation of Au.8Sn.2

implanted with 5E17 200 keV N/cm2

•

1E+22 •

•
•

•

• •
•
•

•

• •
•

•

• • • • •

•

o •• .....
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

depth (um)

• SRIM

• ERD



37 1 Case 1 - Donor Based Qubit using 31P in Silicon

VDD O

J dot—dot off

Voo>0

J dot—dot on

•

VBG<0

J donor—dot on

A spin quantum bit architecture with coupled donors and quantum dots in silicon

T. Schenkell, C. C. hi, C. D. Weis', J. Boko?. A. M. Tyryshkin3. and S. A. Lyotti
'Ion Beam Technology Group. Lawrence Berkeley National Laboratory,

Berkeley. CA 94720. USA
2Departntent of Electrical Engineering and Computer Sciences, University of California.

Berkeley, CA 94720, USA
3Electrical Engineering Department. Princeton Universit Princeton. NJ. USA

Contact-email: T Schenkel@LBLgov
(October IO. 2011)

VBG 0

J donor—dot off T. Schenkel et al., US 8,816,325 82 (2014)

T. Schenkel et al., arxiv:1110.2228

(1) Single Donor control

(2) Donor to QD coupling

(3) QD to QD coupling



38 1 Single Donor Devices for Si Qubits

Si-MOS platform integrated with: 
- Single lon Detector

L- Nanostructure for Qubit operation

Single lon Detector

Ion Beam

Si

Poly-Si

NI' Cathode

_ OMNI A

Deep B Guard Ring

lon Beam Induced Charge
(IBIC)

Nanostructure

WG RP

(-%

Combined Single Ion Detector and Nanostructures Demonstrated



39 Integrated Single lon Detectors

200 keV Si Detection
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lon Beam Induced Charge Collection (IBIC)
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Si3N,,
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0.25
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Filter
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To Data
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Adder

5

J. Pachaco, et al., Rev. of Sci. Instr. (2017)

Quantized Single Ion Detection



40 1 Lowest SNL Detected Single lon Implantation

Ion Energy (keV) Si02 thickness (nm) Range' (±straggle) (nm) e-h pairs (k)a SNR Error rate (fit ) Detection efficiency (%)

Si 200 7 273 (±76) 39 21.2 <1 100

Sb 120 35 25 (±17.5) 8.5 5.2

Sb 50 7 25 (±9) 5.0 4.4

Sb 20 7 11 (±5) 1.4 2.5 15 87.6

aRange and e-h pairs calculated from the Si02/Si interface into the Si substrate.

30
20 keV Sb detection

25

20

o 15

10

5

0
0.000 0.001 0.002

LV

0.003 0.004

How to further improve SNR?

- In-vacuum preamp

- Cool detector and FET

Path forward to low energy <10 nm
implantation and detector


