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Sandia’s lon Beam Laboratory
Focused lon Beam Capalbilities

- nanolmplanter

Single Atom Devices and Nanofabrication

)
<1.75> ions/pulse

Number of Detected lons

—0

- Case 1: Counted lon Implantation for Si Qubits
Demonstration of counted implantation and transport . -

- Case 2: Defect center formation in Diamond
Localized implantation and single ion detection

- Case 3: Electroforming-free TaOx memristor devices
Localized implantation to form fully functional devices

« Summary




Sani’s lon Beam Laboratory (IBL)
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Focused lon Beam Capabilities at the IBL

MicroOne (Tandem Accelerator)

Light to Heavy lons—H to |
Energy range from ~800 keV to >70 MeV
Spot size as small as ~800 nm

quht Ion Mlcrobeam (Pelletron)

- Light lons — H, He3, He4, N (lower resolution spots)
- Energy range from ~300 keV to 3 MeV
Spot size as small as ~150 nm

Sandia
i) faora

NanoBealene (HVEE Implanter)

- Light to Heavy lons — H to Xe
- Energy range from ~10 keV to 350 keV
- Spot size as small as ~800 nm

Nanolmplanter

100 kV FIB 10nm spot 4

. - Liquid Metal lon Sources —
Ga, Au, Si, Sh, P, etc...
"a - Energy range from 10 keV to
200 keV
« - Spot size as small as ~10 nm



One Slide History of Multi-species Focused lon Beams

Instrument development

Swanson, Orloff, Melngailis,
Gamo, Namba, Ohdomari,
Aihara, Sawaragi,...

Lot on S Source development

s Swanson, Ishitani, Kebedgiev,
g | Muhle, Bischoff, Mazarov, Wieck,...

- Chopper
A4 /e AFaraday |
{1 (B—)"cyp | conrolr
) &~ Scanning |
H Deflector

LN

P Objective Lans(0L)

Application development
Nieck, Shinada, Stecki, Takai,....

n-channel

Retarding
< Lans

Extracted
Single lon
Sample Stage

= Retarding Power Supply
T (-20~20kV)

(2)
M. Hori, et al., Applied Physics Express 4, 046501 (2011)

p-choannel

M. Draghici Dissertation Bochum 2006



One Slide History of Multi-species Focused lon Beams

None was put into practice because the fabrication
times were unacceptably long and in some cases
the alloy ion sources were difficult to operate

Nanofabrication Using Focused lon and Electron Beam, 2012 p 762

ﬁ Build on the strengths and minimize the weaknesses - Single lon Implantation
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Laboratories

SNL nanolmplanter (nl) rh)

1

100 kV FIB 10nm spot | |- Focused ion beam system (FIB)
' E’W" iy ->nm beam spot size on target

- ExB Filter (Wien Filter)
—>Multiple ion species

- Li, Si, P, Sb, etc... (separating out %8Si, 2°Si, etc...)

" |- Fast blanking and chopping
- Single ion implantation

Sb Source: Mass Spectrum

- Direct-write lithography S Au'+ o
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SNL nanolmplanter (nl) - Sources ) jgs,_
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SNL nanolmplanter (nl) — Mass Resolution rh) i,
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SNL nanolmplanter (nl) — IBIC

lon Beam Induced Charge Collection (IBIC)

Vbias
. lon Charge Pre-Amp
l Shaping Amp
h+ e-
<o ! o—>
F
Side View

Y-Axis (1um)

X-Axis (um)

IBIC resolution is spot size limited, ~20 nm

Voltage (mV)
0.20

0.16

0.12
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SNL nanolmplanter (nl) — Targeting Resolution

lon Beam Induced
SEM of nanostructure  charge Collection

(IBIC) of nanostructure High resolution IBIC for targeting

T AR T L
ST
AR+, ST T

h* Ll .iu L :.'-_.!"'-' .l

]
& L% \ - . e A -
. * 750-=:: . .-_'_.:-.. _=:_.. T yai | E . . i!._‘.l
: IR N | R
PANE 1

e
e

IS I
e
c e T Bt
: S
‘0
: g
+! > -250
¥
A LT . v
= X -750 '.'- 7 AT

X Position (nm)

. -
“ . . L5,
i 2K A : V) v
» )

/ Targeting Acuracy

AX ~35 nm

AV ~0 nm .
-
y g .
5_ T I G 2'
>_-5 50 5 0 5 50 75
-40

Targeting resolution <40 nm




Motivation — Donor Based Qubit — 31P in Silicon ()&=,

Donors in Si for Qubits

3
T=100 mK Bge:/ (F10™Tes18)

B (=2 Tesla)
J-Gates

ﬂGates-—- i
I \
AP R A

’ ’

N — =7 | Barrier

B. E. Kane, Nature 393, 1998

- We will discuss donor qubit fabrication on a Si-MOS platform with
integrated single ion detectors and nanostructures for transport

12




Donor Based Qubit — 3P in Silicon ) o,

Single Qubit Control Coherent Coupling of Single Donor to OD

—@— data
—fit, f=61.5 + 2.1 MHz

P donor ' ‘ 104 +

102 |

100

98 1

96 [

Triplet return probability (arb. u.)

0.8 FFT peak at ~55.2 MHz
g. 94 [ [ I | | ]
£ ] 0 0.02 0.04 0.06 0.08 0.1
8‘ Manipulation time (us)

‘0

P. Harvey-Collard et al., arXiv:1512.01606v1
pulse length (us)

L. A. Tracy et al., APL 108, 063101 (2016)

Experiments performed on 3P donors in %8Si epi using timed implants
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What Capability is needed to fabricate these devices?

Controlled Location of Donor Site(s)

— Control of X,Y donor site(s)
* Focused lon Beam (FIB) Implantation
» Electron Beam Lithography (EBL) mask

— Minimize Straggle in depth (2)
« Low Energy lon Implants

Controlled Alignment of Donor Site(s) and Gates
— Self-Aligned Poly-Si

Controlled Number of Donors QCAD simulations show |
simultaneous electron occupation

and donor ionization are possible

— Timed/Counted single ion implantation

Can be accomplished with counted

* Targetdepth of <10 nm focused ion beam implantation

«  D-QD lateral spacing of <20 nm

Donor-QD (few electron) requires: }




Single Donor Devices for Si Qubits

Si-MOS platform integrated with: < Single lon Detector

- Nanostructure for Qubit operation

Single lon Detector Nanostructure

lon Beam

WG LR CPRP

gV

lon Beam Induced Charge
(IBIC)

15

ﬁ Combined Single lon Detector and Nanostructures Demonstrated E




Integrated Single lon Detectors ) .

lon Beam Induced Charge Collection (IBIC)

A250 | | SRS965 i
lon Beam CoolFET Filter i
[ — | :
SRS SRS
. . Box Car Box Car
200 keV Si Detection , I
; N To Data SRS980
<1.75> IOI’IS/pu|Se s + - sio, Acquisition || Adder
Number of Detected lons S T
450 ' ,
__015f {
>
i2 o ]
% 2 0.10
3 300 S /
S Z !
X o005} /
& ¢
o0 e
150 0.00} e
0o 1 2 3 4 5
Number of lons
0 16

0.00 0.05 0.10 0.15 0.20 0.25 ) : )
IBIC Response (V) i Quantized Single lon Detection i



- Lowest SNL Detected Single lon Implantation

0.000 0.001 0.002 0.003 0.004

AV
lon Species  Energy (keV) SIO2 Thickness  Range*(+ Straggle)  SNR - Error Rate
Si 200 7nm BT m | 202 [ «<I%
S 120 350 2515m | 52 | 8%
S 50 7nm 25(x9)nm 4 %
3 2 nm 11 (£5) nm 25 15% 17

D * Range measured from the SIO2/Si interface into the Si substrate e




i) hetora

Implantation Target? s

Target depth <10 nm below SiO, and minimize straggle

__1.4x10°

Sio,|

——20keV Sb ]

< | ()

G 1.2010°)  okeves
B - —— 10 ke !
g1.0x106— —— 7 keV P

© 5|
= 8.0x10°

£

| SRIM Simulation
O 6.0x10" 1

(D L
g 4.0x10°

= 2.0x10°} Range below | e-h pairs

0.0 e
0 10 20 30 40 50 60

Si0,
Depth (nm) 20keV Sb  11.5+4.9+4.3nm  ~1500

12 keV P 13.01;17.8 nm ~1100
10 keV Sb +3W+2.9 nm ~500
C7keVP  57:61t51nm  ~500 >

18

ﬁ How to go from 20 keV Sb to 7 keV P Detection? ﬁ




National

Low Noise Single lon Detection ) .

. - Need to reduce noise, improve SNR
Range below e-h pairs

SiO. - SNR of 2 for 500 e/h pairs
v - Noise 0.2 mV

20 keV Sb  11.5+4.9+4.3 nm ~1500
- How to do so0?
12 keV P 13.01317.8 nm  ~1100 Invacuum preamp
10 keV Sb___5.5+3%+2.9 nm ~500 - Cool detector and FET ™

C7keVP  57t#61:51nm  ~500

5.0
1 104
. 4.5
% |
x 4.0 / 1 —
_ N >
% 3.5- {03 E
] (0]
Measured ~0.2 mV noise ' 3.04 }/}\}\ _ | ‘Z£
for cooled pream 3 251
P P 2 - 10.2
2.0+
1.5 - ; . . : . : : : —
50 100 150 200 250 300

Detector Temperature (K)

ﬁ Path forward to low energy <10 keV detection ﬁ




Transport in Counted Donor Devices

120 keV Sb Transport
24

RO
lsg%ﬁng

P —
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Singh et al. APL 108 062101 (2016)

Measured low temperature transport on counted donor devices




Motivation — Color Centers in Diamond rh) s

Color Centers in Diamond

- Color centers (defect complex) in diamond include
NV, SiV plus many more...

SiV in diamond

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

- Wide range of application from metrology to quantum computation
- Qutstanding issues are location and vield

21




Examples of Color Centers in Diamond rh) e,

NV in diamond GeV.in diamond (2015)
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How do we fabricate the SiV Centers? ) e,

Laboratories

Electronic Grade Diamond Substrates

Surface Clean/Oxygen Termination

PL from SiV-

|

00000

00000

0 T T T T T
650 700 750 800 850
Wavelength (nm)

u-PL from focused ion
implanted SiV centers

Vacuum anneal to

CINT fab to prepare the samples, Siion  create SiV centers
implantation at IBL

All New Capability Developed at the CINT User Facility

23




Examples of Color Center Applications ) i,

Single-protein spin resonance Readout of single NV spin

(C

Ix2 |

P RN E R e
Spin Label E H H I Ijj H :'

F. Shi et al., Science 347, 1135 (2015) i i i

._...__.'

n
NV Center z}.

Engs
EREEs

0100 200 300
Power (uW)

B. J. Shields et al., PRL 114,136402 (2015)

What is the problem?

How to produce a single color center where you want it?

1.) Location
2) Yield 24




Location Problem is Solved WEEN

1

100 kV FIB 10nm spot

ey -
b 0.y \

SNL Nanolmplanter (nl)

- Variable energy 10-200 keV

- Mass-Velocity Filter (ExB)
—> Liquid metal alloy ion source
-> 1/3 Periodic Table

- Direct write lithography platform
—> Single ion implantation

- nm targeting accuracy

Diamond Nanobeams (SNL/Harvard collaboration)

A. Sipahigil, R. Evans, D. Sukachev, H. Atikian, M. Loncar and M. Lukin

A. Sipahigil et al., Science (2016)

2D Photonic Crystals (SNL/MIT collaboration)

T. Schroder, M. E. Trusheim, and D. Englund
arXiv:1610.09492 accepted into Nature Comm.

Targeting accuracy is spot
size limited to 10’s of nm




. . . . Sandia
Yield: Mapping SiV Photoluminescence LfE.
Yield = # measured SiV / # implanted Si
<50> ions/spot <20> ions/spot __
7 0E+04 7.0E+04
. 6.5E404 F 6.4E+04
Mirror gggrlﬁ;homn L 6.1E+04 - 5.9E+04
e - 5.6E+04 - 5.3E+04
Fiber Optic 5 15404 . 4.8E+04
x100 Objective x 10 nm band pass filter | 4 62404 L 4.2E+04
- 4.2E+04 - 3.6E+04

Long Pass
Dichroic mirror

532 nm notch filter 3.7E+04

XYZ Stage 3.2E+04 2.5E+04

10 8

Yield is low and distribution
matches Poisson statistics

Count
(6]

Count
T 70iryl

AN

O‘ R

Similar yield to

# SiV / site
S. Sangtawesin et. al. Appl. Phys. Lett. 105, 063107 (2014) . . 0
S. Tamura et. al. Appl. Phys. Express 7, 115201 (2014) Yield: 2.5% Yield: 3.75% 26



How to Improve the Activation Yield? rh) i

Laboratories

Single lon Detectors to Understand Yield

Silicon Diamond

61’1‘0(/ e
diamond
I -~

/7NN

J.A. Seamons, et. al. Appl. Phys. Lett, 93, 043124 (2008) Abraham et al, APL 109, 063502 (2016)
E Bielejec, et. al. Nanotechnology 21, 085201 (2010)

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

Sequential Implantation to Improve the Yield

. — Yield limited by the number of accessible vacancies

- Improve yield by producing excess vacancies in the immediate
neighborhood of the implanted Si
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Using Diamond Detectors to Understand Yield

Yield = # measured SIVU # implante@

Poisson Statistics
(Uncertainty in number of centers is 4/ N)

lon Beam Induced Charge (IBIC)

Vbias
lon Charge Pre-Amp
Shaping Amp
h+ e-
=0 0=
—
E
Side View

Charge Collected
CCE = g

- Charge Depositied

x 100

IBIC/Detection Demonstrated for low energy heavy ions




Single lon Diamond Detectors

Quantized Detection <0.65> ion
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Optimizing gain
for single ion

Single lon Detection in
Diamond with SNR ~10

SNR=7.1
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detection




Timed and Counted SiV Arrays rh) i,

Legend:

O Device Characterization
O Counted Implants
= O Timed Implants

O Questionable Devices

800400 200 10080 60 50 40 30 20 10 5 100200 400 le41e5 1e6 20 20

# is <average> number of either Sparse |-
timed or counted ions

Dense Ef Ef E{ 1] LI H E E] |




Timed SiV Arrays

Area I I

800 400

200 100 80

60 50 40 30 20 10

sparse|] [ | 1H HE
Dense

100200 400 le4 le5 1le6 20

Y (mm)

0.50

10 5 100 200 400

100

055 0.60 065 070 075 0.80 0.85
X (mm)

l 4.500E+06

3.750E+06

3.000E+06

2.250E+06

-0.02 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
X (mm)

. 1.360E+06

1.133E+06

9.067E+05

6.800E+05

© 4.533E+05

2.267E+05

0.000

Y (mm)

Dense Array

-0.02 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
X (mm)

Measure the area, sparse and dense timed arrays with any issues

Sandia
National
Laboratories

I 1.365E+05
B

1.138E+05

9.100E+04

I 2.275E+04
0.000
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Counted SiV Arrays rh) i,

Legend:

O DMerization
O CMB
O T

O Questionable Devices
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Yield Improvement - Sequential Implantation

o
©

o
o

Vacancies per ion per A
o O
NOD

o
o

200 keV Si Implant

Vacancies

Si lons

!

Vacancies per ion per

0

80
Depth (nm)

40

120 160 200

—
\

Sandia
National
Laboratories

(L

200 keV Si + 50 keV Li Implant

+~ —=—Vac from Si

—a—Vac from Li Ads
-.-—h.%/‘/.\ A\
7 [ ] e

A
o
©

o o
w »
I'-
[ 2
>
Si lons

O
o

100 150

Depth (nm)

0 50

1.) Align to markers

2.) Vacancy creation

3.) Switch to Si beam, realign
4.) Implant Si

Alignment with <20 nm resolution




National

Sequential Implantation rh) feima_

Sequential implant | Fluorescence | Systems with
Species background Spatial Control

Light lons (H, He, Li)

Fair - 1 um with
Tandem and nl
(needs source

Electrons(>100 keV )

MicroOne (Tandem Accelerator) =

We have four focused ion beam
systems ranging from 10 nm to 1 um
spots with a range of energies from
10 keV to 100 MeV

- Lightto Heavy lons —H to |
- Energy range from ~800 keV to >70 MeV
- Spot size as small as ~800 nm




Sequential Implantation using Carbon

Order of implants
-1.2MeV C
-2 MeV Si

1.2 MeV C
874+/-50 nm
262 vacl/ion

2 MeV Si ¥
874+/-60 nm =
977 vacl/ion

Potential issue with high
vacuum anneal — we do not
observe any SiV centers

Sandia
Laboratories



Status of SIV Centers at SNL ) i,

Laboratories

1.) Localization - Focused lon Beam Implantation M

(with Loncar/Lukin Harvard)

Targeting with ~10’s nm
resolution

600
SNR=7.1

- Single ion detection
20 . with SNR ~ 10

2
8 10

° 2. A .8
Signal (V)

3.) Yield Improvements — Seguential Implants = Li to form vacancies

0.09

5100 ke 1r

"= Sionly implant | =52 . .. _ . .
; : — post implantation gos across SiV emission band
7 el processing underway g™ ‘
o (with Englund MIT) £02 | A -
955"*‘*750‘04—'#{?50::??60 750 800 B0

Wavelength (nm)

L L
10" 10"

Dose (ions/cm?)




Motivation — Seeding of Memristors

Sandia
Fi| National
Laboratories

- Use focused ion beam implantation to act as seeding sites

for the conductive filament formation.

nanolmplanter

100 kV FIB 10nm spot

Current (mA)

Y Location (um)

1 25kv SE

5wl 2% 3
’0'\) l" 5; - -

\ X Location (um

-1.0 -0'.8 -0'.6 -0'.4 -0'.2 0?0 0?2 0?4
Voltage (V)

- This will reduce the variation induced by the electroforming of
the device improving both uniformity and variability

37



Memristor Operation rh) e,

Read Window 1.0
z| OFF =
T
5 * o 0.5 . . . . .
| ° 2 on Switching Mechanism Filament Location
%’ Voltage (V) _“,'y
c T T T T T T T T T T . -
O|-1o 08 06 B<H2 Mo d2 o4 05 Filamentary conduction
>
© $° -0.5 4 * Device Edges
° = Scanl
p 2 : gcang
- Scans
-1.0 1 = Scan6
—~ 1 ®_ Scan?7
g
Voltage (V) =
g 0 [ ]
3
Unknowns: 3

- Switching mechanism [
- Filament location ™

[
1

'
N
1

'
w

0
X Location (um)

Modulation of oxygen vacancies

Problem: Variability introduced by electroformation process
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Demonstration of lon Beam Seeding of Memristors

TaOx (10 nm)

100G

10G

[EEY
®

=
o
o
<

1M

Final Resistance (Q)

I

Electro-Forming

1.04

o
©
1

I
IS

Current (uA)

o
N

o
o

0 6

2Voltaged(V)
Initial
Resistance

Current (mA)

-d.8 -0'.6 -0'.4 -0'.2 OjO OTZ Oj4
Voltage (V)

1.04

Current (mA)

_ -6.25 10 -08 06 -04 02 00 02 04
kY = 492 X | Voltage (V)

5 10 . No electroforming!

Total lons Implanted (M) 40




Demonstration of lon Beam Seeding of Memristors

(a) - u (C) = Scan1
.. Electroformed 024 = Scan2
s Scan3
® Scand

= B Ave. +/- Std. Dev.

Y Location (um)

o
-
A 1 A

o
o
I

*  Xlocation um) °

Seeded

Location (um)

A
U
‘.\-/
ov)
rm
Y
&

1

Y Location (um)

0.2 -

1 N Ll 1 v
! 0.2 -0.1 0.0 0.1 0.2
X Location (um)

4 XLocaéon (pm);
Results:
« Control over filament location and resistivity

« No Electroforming is necessary a1




Limits on ‘top-down’ device fabrication ) i,

Assume array of ions (donors or color centers) - 1 and only 1 ion per site with PMMA

1.5x FWHM

Q00

1.5x FWHM
For 200 keV Si implant with 100% detection and
25 nm spot we have the following:

- Pitch: ~37.5 nm for 96% confidence
- Time: <0.1>/pulse at 400kHz, 30 us per implant

masking

O O O - What is the minimal pitch?

@ ST O - What is the implant time?
- How large an area can we implant?

%
%

Probability

e :,:.":.\..._,}\ 2 -
X-nm

| Implant one ion into a 38 x 38 nm?
per 30 us with >96% confidence

“Top-down’ ion beam

- Area: 4 inch wafer, <50 nm stitching resolution

fabrication can make | 4
high resolution arrays
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Conclusions

- Single Donor devices in Si for Quantum Computing

10

B % x 10

WG LR CPRP
.J tj; lj lSl‘

+ Isgf__?_' ! «lsgR

*\f".‘r
| )

00 0.05 0.10 0.15 0.20 0.25
IBIC Response (V) CP(V)

- SiV Color Centers in Diamond

Vbias 600
Charge Pre-Amp

= lon i
- 400
Shaping Amp +

€
=}
S
e- _h+ 200
1-a iﬁ
Side View 0

Signal (V)

- Focused ion implantation is a direct pathway to fabrication
of single atom devices
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Quantum Nano-photonics with Diamond Color Centers

SiV integrated with diamond cavities (Harvard/SNL Collaboration)

transmitted

Ch.3

Ch.2

Photon detection rate (kHz) ™

Photon detection rate (kHz) ™

8 .
)'] “’-. Pﬁ‘
6' /l' r h’\\
j AK‘
4r N \,]'ransmlswon'
2 S a .
esgence
%0 S0 0 50
Probe detuning, v-v, (GHz)
T ' ' R
L] B — e IR
w"  Transmission
2 7
frar N
2 ]
Av
1t 735? ]
- /-‘fj e SiV fluorescence
0 = A \M
-1 0.5 0 0.5 1
Probe detuning, v-v, (GHz)

Ch. 1: 737 nm tunable probe

Ch. 2: SiV Control and
Characterization (red)

Ch. 3: Transmission (blue)

3 SiV coupled to the cavity

Measurement enabled by focused ion beam implantation - C ~ 1
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Quantum Nano-photonics with Diamond Color Centers

A Excitation L= D Adiabatic
laser iy B waveguide-fiber
v s) v .

[/ ,ﬂ‘:- ® TETr FP filter Detector
i -
Diamond wavequide SiV Fluorescence L] M ﬁber

o
v T T

Photon detection rate (arb.

O - N W A

< RS YOS R TR SRR WaE e
V¢ — Photon emission frequency (GHz)

3 7 | ; 1
<30 =20 <10 0 10 20 30 =30 -20 -10 0 10 20 30
Time delay, 52-51 {ns) Time delay, T2-T1 (ns)

Spectral tunable single photons

Quantum-optical switch controlled
by a single color center

D 12

-20 -10 0 10 20
Time delay, 7 (ns)

Quantum interference effect due
to two entangled SiV centers
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Activation Yield is a Major Issue

Yield (SNL/MIT collaboration)

x 10

13.5
65

13
70

425
5

§ 2
80

1.5
85

80 o LR T AR e

1

0.5

95
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Similar yield numbers to previous wo

4

Yield

rk:

Yield = # measured SiV / # implanted Si

0.09

0
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g
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0.07
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0.0z r

g

0.04F

003

0.02

001

—B3—a0 kev
—HB—Hh0 ket
30 kev
—=—20 kev
10 ke

—B— 100 ket

Yield ~3%

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

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

Dose (ions/cm?)
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Experimental IBIC vs. Simulation

Experimental IBIC Dataset Simulation — No damage
100
100+
80} ] g0l
(uj 60} guj 60t
© 40} O 40¢ .
. OFE
2ol | 20t l — qv « ——
aV
. . ot
108 6 -4 -2 0 2 4 6 8 10 10-8 6 -4-20 2 4 6 8 10
Y Position (um) Y Position (um)

Experimental curve # predicted curve

—> Shape is incorrect

How to account for these differences? Reduce Bulk Lifetime
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Reducing the Bulk Lifetime

Experimental IBIC Dataset Simulation Changing Bulk Lifetime
100
100}
80} -
80+
w 60} '_ Y
O 'E')J 60-
O 40} QO 40¢F =2 uS
I 1ns
=100 ps
20l | 20+t
n n Bulk lifetime ~ 40 ns
‘108 6 -4-20 2 46 810 108 6-4-20 2 4 6 8 10
Y Position (um) Y Position (um)

Experimental curve # predicted curve

-—> Shape is incorrect and is not simply just a
function of bulk lifetime

How to account for these differences? Lifetime vs Depth
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Depth Dependent Lifetime e
Experimental IBIC Dataset Simulation with Damage
100 100+
80 - 80-
' LL
(Llj 60 QO 601
o @)
40+ 40
20- 20- = 100 ps
| =10 ps
ol wibbe 0 L 0
-10-8 -6 -4-20 2 4 6 810 0-8 -6 -4-20 2 4 6 8 10
Y Position (um) Y Position (um)
Bias Grqund
- Model the damage as a reduced lifetime only Tgamage .| 7
near the sub-surface region of the detectors T 100
P s e
Detectors probe sub-surface damage B0
Thulk e W
300-

6 4 2 0 2 4 6
Position (um) 50




Fabrication i i,

Laboratories

Co-planar
Surface

Process
Electrode RIE Ar/CI2:02

Detector

1

2. Piranha Clean (20 min)

3. Dehydration bake 180C (5 min)

4. Mount Sample on 1 um Oxide
Si wafer with PMMA

5. Bake 180C (1 min)

6. Spin HMDS (4K, 30 sec)

7. Bake 90C (90sec)

8. Spin AZ5214EZ (4K, 30 sec)

9

1

) Ry —

'~
> SUNE AN 45 6N == ==
o I A BN NN NN == =n
) N NN NN Wn 3N == == ()
o Il Il pn 58 00 == == @
m‘llj."...! W == =m
T'l.,"_“_“y“ =m mm

. Bake 90C (90 sec)
0. MAG Aligner (Hard Contact, 5
sec exposure)
11. AZ400K 1:4 Developer (40 sec
— over developed)

« Electronic grade single crystal 12. Descum — 10 W, 3 min

diamond (Element 6) 13. Metalization (Ti/Pt/Au,
30/50/100 nm)

« 200 nm Ti/Pt/Au Electrodes 14. Acetone 30 min with spray

« Varied width and gap spacing
e 50-125 um width
e 2-10um gaps
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Characterization of Diamond Detectors rh) s

Electron Beam Induced Current (EBIC)
Current (pA)
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ol

1086420246 810
Y Position (um) 52




What are Color Centers in Diamond? *_ i) e

- Range of defect complexes — such as NV, SiV

- Diamond substrate with 5.5 eV band gap — allows

RT operation of the defect centers

SivV-
Excited
State

Ground
State

~250GHz
1 <

Y ~50GHz

< 737nm (ZD

AcCB

v VB

4000

PL (Arb. Units)

1000

Siv

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

3000

2000

650 700 750 800 850
Wavelength (nm)

Defect centers act as “Artificial Atoms” 53




Focused lon Beam Formation of Filaments: ) s
-- High Resistance

Electro-Forming
1.0-l l l
100G Initial —
10G I<_ Resistance <:‘:L0-8-
S = os
8 100M GCJ
S "h = 0.4
4@' 10M . - 5
('_U 100k .
L% 10k g = - 0.0
" NS 0 2 4 5
N Voltage (V)
5 10 15 20 25
Total lons Implanted (M)
] ?’E?o.s
>50 MQ Regime: 5o
 Electroforming needed 1305
e Some devices do not form o] First Reset | .

V OItag e (V) Voltage (V)




Focused lon Beam Formation of Filaments: e
-- Intermediate Resistance

100G Initial
< . 1.0
10G Resistance
g 1G
)
g 100M
] —~ 0.5
o M <
LY =
0: N
— 100k =
© c
c -
'|I 10k g . 9 OO
| -
1k -
@)

T T L L R LR |
5 10 15 20 25

Total lons Implanted (M)

O
o1

500kQ to 5MQ Regime:
* No Electroforming
« 3-5loops to normal looping

Voltage (V)




Focused lon Beam Formation of Filaments: =k
-- Low Resistance

100G Initial
< .
10G Resistance

164 " 1.0 ¥

=
o
=}
<

10M

i
<

o
&

100k

Final Resistance (Q2)

10k

1k

o
o
1

T T L L AR |
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Total lons Implanted (M)

Current (mA)

O
o1

< 100kQ Regime:

* No Electroforming
« Immediate looping

-1.0 -08 -06 -04 -02 00 02 04
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Focused lon Beam Formation of Filaments: e
-- Low Resistance

Laboratories

" I<—Iniﬁ.a1 - Looping identical to electroformed devices
10G Resistance
S e " 104y—mr——T 7T T
8 100m "
c
% 10M -
D
e 05
< 100k <
E £
1k o
C -
5 10 15 20 25 o 0.0
Total lons Implanted (M) s ¥ Electro-formed
O

O
o1

< 100kQ Regime:
* No Electroforming

2 e lEUe eeleliy 10 08 -06 04 -02 00 02 04
Voltage (V)

Immediate hysteretic looping without electroforming




