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Why Color Centers in Diamond?

- Color centers (defects) in diamond include NV-, SiV plus

\
many more... >J/
SiV in diamond
- Wide range of application from metrology to |. Aharonovich et al., Rep. Prog. Phys. 74,076501 (2011)
quantum computation
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Electrically driven SiV Readout of single NV spin
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A. M. Berhane et al., APL 106, 171102 (2015) B. J. Shields et al., PRL 114,136402 (2015)
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- Key question - How to produce a single color center where you want it?

1.) Location We will use focused ion beam implantation and
o single ion detection to determine both location
2.) Yield and yield with high accuracy ,




Fabrication — SNL nanolmplanter (nl) @&,

100 kv FIB 10nm spot | |- Focused ion beam system (FIB)
fefemm —->nm beam spot size on target

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

- Li, Si, P, Sb, etc... (separating out 28Si, 2°Si, etc...)

| |- Fast blanking and chopping
—>Single ion implantation
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SNL nanolmplanter (nl) - Sources ) =

hydrogen helium
2
He
Green — demonstrated at other labs S
i 8 9 10
Gray — demonstrated at SNL Nl ol FI|Ne
sodium magnesium Yel IOW - attem ptl n g at S N L L 135uﬁ3? ;halofﬁfe Eza?;osls
1 12 16 17 18
Na | Mg S | Cl|Ar
22,990 24.305 32.065 35,452 239.948
potassium calcium scandium selenium bromine krypton
19 20 21 34 35 36
K |Ca Sc Se | Br | Kr
39.008 40.078 44.956 768.96 79.904 83.80
rubidium strontium wtrium Zirconium nicbium molybdenum| technetium | ruthenium rhodium cadmium tellurium lodine Xenon
37 38 39 40 a1 42 43 44 45 48 52 53 54
Rb | Sr Y | Zr |Nb|Mo| Tc | Ru| Rh Cd Te| | | Xe
85468 a7.62 88.906 91.224 92,906 95.94 [28] 101.07 102.91 112.41 12760 126.90 131.29
cassium barium lutetium hainium tantalum tungsten rhenium osmium iridium mercury thallium lead polonium astatine radon
55 56 57-70 A ifZ 73 74 75 76 77 80 81 82 84 85 86
Cs|Ba| * [Lu|Hf |Ta| W |Re|Os| Ir Hg| Tl | Pb Po| At | Rn
132,91 137.33 174.97 17849 180.95 183,84 186.21 190.23 192.22 200.59 204.38 207.2 [209] [210] [222]
francium radium lawrencium |rutherfordium|  dubnium seaborgium bohrium hassium meitnerium | ununnilium | unununiom | ununbium ununquadium
87 88 89-102 103 104 105 106 107 108 109 110 111 112 114
Fr | Ra|* x| Lr | Rf | Db | Sg | Bh| Hs | Mt (Uun|UuuUub Uuq
[223] [226] [262] [261] [262] [266] [264] [269] [268] [271] [272] [277] 259
promethium yiterbium
*Lanthanide series o 1
Pm Yb
[145] 173.04
actinium thorium protactinium uranium neplunium plutonium americium curium berkelium californium | einsteinium nobelium
** Actinide series 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
[227] 232.04 231.04 238.03 [237] [244] [243] [247] [247] [251] [252] [257] [258] [259]

After A. Weick University of Bochum

Wide Varity of lon Species Available




Location Problem is Solved WE=S

V FIB 10nm spot
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- 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.

Reference POINT 3

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




Yield: Mapping SiV Photoluminescence )

Yield = # measured SiV / # implanted Si

Mirror

<50> ions/spot <20> ions/spot

CPS

. 7 OE+04 7.0E+04
Single Photon 6.5E+04 6.4E+04
Mirror Mirror Counter 6.1E+04 5.9E+04
5.6E+04 5.3E+04
Fiber Optic 5 1E+04 4.8E+04
x100 Objective ¥ 10 nm band pass filter A S04 426404
4.2E+04 3.6E+04
'E‘)?Q?n:ssr:‘irmr 532 nm notch filter 3.7E+04 3.1E+04
XYZ Stage 3.0E+04 2.5E+04
10 8
il
. 14 L _ = |\
Yield is low and distribution | = . c | %%
. . . o
matches Poisson statistics | S S §§ :
2 \\
\\ NN J
N N\ N k
. . 0 ‘ 3 1 2 3
Similar yield to 4 SIV [ site #SiV / site
S. Sangtawesin et. al. Appl. Phys. Lett. 105, 063107 (2014) . . o
S. Tamura et. al. Appl. Phys. Express 7, 115201 (2014) Yield: 2.5% Yield: 3.75% 6



How to Improve the Activation Yield? =

Single lon Detectors to Understand Yield
Silicon Diamond

| *‘ﬂ}mf Transiating single

Il ion detection to
diamond

) -

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

Abraham et al, APL 109, 063502 (2016)

—> Improve yield understanding by directly counting the number of implanted ions

Sequential Implantation to Improve the Yield

~

\

\l E f I," -> Improve yield by producing excess vacancies in the immediate




Using Diamond Detectors to Understand Yield

Yield = # measured SiVU_# implanted Si

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

lon Beam Induced Charge (IBIC)

Vbias
@ lon Charge Pre-Amp
Shaping Amp
h+ _ e-
<o o> 2
E E ; ‘_i«,‘.-_::__. *‘“‘W?@\gﬁwﬁﬁ.\‘\
Side View

Charge Collected

CCE =

- Charge Depositied

x 100

IBIC/Detection Demonstrated for low energy heavy ions




Single lon Diamond Detectors =

Quantized Detection <0.65> ion

IBIC Map c
100 250
90 0 -
N (% SNR = 3.2
B o | =1s0! SNR = Usignal
TN " 3 Hnoise T Onoise
- « | ¢100;
® 50 Signal amplitudes match
o Poisson statistics to 4%
0-5
Optimizing gain Single lon Counting <0.2> ion
for single ion g g '
detection 600 0
@ SNR=7.1
_ 400:
c
3 - Single lon Detection in
O ool “i Diamond with SNR ~10




Timed and Counted SiV Arrays =

Legend:
O Device Characterization

O Counted Implants
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Timed SiV Arrays ) o
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Sandia

Counted SiV Arrays o

Legend:

O Device Characterization
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Yield Improvement - Sequential Implantation ()&=,
200 keV Si Implant

| < 1 Vacancies
ll\i | E 08_ FH /. ) 4
| o - /\u; \.\. Si |
\ S 061 -~ /" "
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I. Aharonovich et al., Rep. Prog. Phys. 74,076501 (2011) 8 ] “...«"' " .\,. 4
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Depth (nm)
4. 1.) Align to markers
I | ___—2.) Implant 50 keV Li area
I : : :
3.) Switch to Si beam, realign
={\|=' N . \ .
4.) Implant 200 keV Si spots
Alignment with <20 nm resolution

Use the direct write capability of the nl to introduce excess C
vacancies at the appropriate depth relative to the Si implants



Sequential Implantation Experiment 1) s

Implant Li to create vacancies,

then Si > SiV
5 7
(o o ool ool ol oNoNoNO)
33335iNiEE
0 000606006 060 0
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Li+Si PL

Li Only PL#

M. E. Trusheim, T. Schroder and D. Englund
Li defect spectrum is broad

=y
1

7, | across SiV emission band

- | “Bband”

< | Unexpected Li emission

2 One reference to unpublished work
QSOJ 660 650 760 750 660 BéO

Wavelength (nm)



Next step for Sequential Implantation

Choosing the source of vacancies:

Sequential implant | Fluorescence | Systems with
Species background Spatial Control

Fair - 1 um with
Tandem and nl
(needs source

Increase # of vacancies without introducing background luminescence

- First samples made and annealed, measurement on-going




Sequential Implantation Experiment #2 e

Order of implants
-1.2MeV C
-2 MeV Si

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

2 MeV Si
874+/-60 nm
977 vac/ion

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

16
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'I.‘ Sandia
Conclusions

* Charge Pre-Amp

- © Ion

Shaping Amp +
h+

Side View

Count

Signal (V)

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

1.) Location = solved using focused ion implantation

2.) Yield = on-going effort to understand yield issues through

Counted implantation demonstration

Sequential implantation with C/Si measurement on-going




SiV Spectrum

<30> Dense Array
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Experimental IBIC vs. Simulation

Experimental IBIC Dataset Simulation — No damage
100 ——r—r—r—r—r—————————————— ———————————————
| ) 100 .
80.- 3ol
EJ) 60.- (uj 60'
O 40} O 40t .
, ' , , OF
20t 201 L=avioy
0_
08 6 4202 46 810 108 6420 2 4 6 810
Y Position (um) Y Position (um)

Experimental curve # predicted curve

- Shape is incorrect

How to account for these differences? Reduce Bulk Lifetime

19




7| Netora

Reducing the Bulk Lifetime

Experimental IBIC Dataset Simulation Changing Bulk Lifetime
100 ~—r———"—"—"—""+—""—"T—"—"T""rrve
80} -
i 80}
w 60} i (’\
o " 60
© 40 O 40F 2 us
X | 1ns
— 100 ps
20} 20} )
0 _ Bulk lifetime ~ 40 ns
0 N
10864202456 3810 10-8 6 4 -2 0 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

20




Depth Dependent Lifetime i) oo

Experimental IBIC Dataset Simulation with Damage
100- 100-
80- 80-
J L LlJ 4
EJ) 60 (O 60
O, o
40+ 40-
20- 20_ — 100 ps
_ - — 10 ps
O T g T T T T T T T T T 'm T 1 0
08 -6 42 0 2 4 6 810 108 64202546 810
Y Position (um) Y Position (um)
Bias Ground
- Model the damage as a reduced lifetime only Tdamage |
near the sub-surface region of the detectors £ 100
< 150 T——
Q_ AN AAA
Detectors probe sub-surface damage G200} g
Tpul  250| B
300 T a e
6 -4 2 0 2 4 6

Position (um 21




How do we fabricate the SiV Centers? ) i

Electronic Grade Diamond Substrates

Surface Clean/Oxygen Termination

PL from SiV-

}

650 700 750 800 850
Wavelength (nm)

o BT Vacuum anneal to
CINT fab to prepare the samples, Siion  create SiV centers
implantation at IBL

m-PL from focused ion
implanted SiV centers

All New Capability Developed at the CINT User Facility

22




Fabrication ) =,

Co-planar SIE % AR
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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)
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Spin AZ5214EZ (4K, 30 sec)
. 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

23
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Sandia

Characterization of Diamond Detectors e

Electron Beam Induced Current (EBIC)

Current (pA)
7.0E+02
6.1E+02

20
—~184 . 5.2E+02
Erel 1 L o,
>14 . IL
512] h \ o
D104 5 %
TS 2 - 3.4E+02
§ 6-\ \/ \ .
O 4]
uij 9 2.5E+02
0.OV 2 4 6 8101214161820 1.6E+02
X position (um)
75
100
80 '14
Prediction 80 -40 O 40 80
60} -
) X (um
3 a0l ] (um)
20r T EBIC datasets match the predicted response
0 L

10864202 46 810
Y Position (um) 24




What are Color Centers in Diamond? ) M

- Range of defect complexes — such as NV, SiV

- Diamond substrate with 5.5 eV band gap — allows

RT operation of the defect centers

Siv-

Ground Y ::
State S0GHz

Excited i
Etﬂtﬂ “"ESDGHI 5 5 eV 4000 '

[ >

PL (Arb. Units)

1000

v VB

SiV

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

3000

2000

650 70 750 800 850
Wavelength (nm)

Defect centers act as “Artificial Atoms” 75




Applications for Color Centers in Diamond L

SiV Single Photon Source

Readout of single NV spin

X-axis (um)
0.0 0.6

Y-axis (um)

Y. Liu et al., Opt. Express 23, 032961 (2015)

1.2

Intensity (kcounts/s)

Bandgap
3.5 eV

300nm

g’(v)

00 I 1 1
-30 -15 0 15 30
Delay time (ns)

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

“Artificial Atoms” in Diamond at Ambient Conditions!

0 100 200 300
Power (UW)
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What is the Problem? ) =,

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

Counts

958.0

564

2.) Yield: 2

8475

1.) Location:

7370
626.5

516.0

4055

295.0

516 518 520 522 524 526 528 530
X (um)

- Need to demonstrate spatial control for

device integration - Low color center yield will limit

Cavity applications need <100 nm device yield

. #Color centers observed .
Yield = is ~3%

# impurities introduced

We use focused ion beam implantation and single ion detectors
to engineering the color centers

27




Characterization — Photoluminescence of Siv- () &=,

Sample scanning confocal microscope _4000-
I il W Bl ' iy “2
| 5 3000-
r
| = < 2000+
—
o
1000+

650 700 750 800 850
Wavelength (nm)

£ SNy [P g e Counts
o & L) 4, JCST W 9580
Iw.s

— 7370

........

oooo

----
.....

----

6265

516.0

4055

~ 295.0
184.5
74.00

28
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Spatially Resolved PL Map of SiV Centers X
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TCAD/SRIM Modeling of the Detectors o

Bias Ground

0 il 7 \ —
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Detectors are optimized for sub-surface detection 26




Current Understanding of Yield

, #Color centers observed )
Yield = — —— (#vacancies, anneal parameters, charge state)
# impurities implanted
l J \
1
Forming the Center Occupation of the center

100 £

CO'Implantatlon: - F1.axi0”
50% improvement %12
Naydenov et al. Appl. Phys. Lett. 96, 163108 (2010) T 10 s
s R
—— :'L..‘- S g‘ L 0.6 g
13 . - - Fuifa, < * [ 04
‘ ) - e 20 P
; Sl RS LA™ ok, Too

00 02 04 06 08 qguo?
Carbon ion dase (ionsiom’)

Anneal Parameters: =
Schwartz et al., New J. Phys. 13 (2011) 035022 1

Co LELY o

25% improvement with combined
elevated temperature + C implant

Intensity
o
w
w

l.’.lué b Energy X
0652 A |
Charge State: o.ds L -~
£ %a i ’ ’c( s ’Poa
Schreyvogel, C. et al., Sci. Rep. 5, 12160 (2015) onvis
Tuning the occupation o
of states via reverse =~ Ze g y— 30
# Weon I




Yield Improvement — Introduce Excess Vacancies

200 keV Si 200 keV Si + 50 keV Li
Depth (A) Depth (A)
0-8 ) I ) I ) I ) I ) I ) — ) I ) I ) I ) I ) I S~
[ NE 0.12 - NE
200 keV Si ) - 200 keV Si + 50 keV Li O
— Si knock-ons 1 £ 0.10 B — Li knock-ons 4 &
% C vacancies :%, % 0.08 C vacancies :_.8/
S 1 ¢ S 0.06 1 %
© _ (&) > B _ 2
> . 2 0.04 . @
At Sidepth create - & Tl At Si depth create 4 §
400 vac/ion T 0.02 additional 90 vac/ion 8
. 1 | 1 | 1 | 1 U_) 0.00 & | | \ | ' | U_)
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Depth (A) Depth (A)

1.) Align to markers

| ___—2.) Implant 50 keV Li area

3.) Switch to Si beam, realign

=|nJ= ‘ 1 \ 4) Implant 200 keV Si SpOtS

Alignment with <20 nm resolution

Use the direct write capability of the nl to introduce excess C 31

vacancies at the appropriate depth relative to the Si implants




Quantum Nano-photonics s
A. Sipahigil, R. Evans, D. Sukachev, H. Atikian, M. Loncar and M. Lukin

SiV integrated with diamond cavities
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A. Sipahigil et al., Science (2016)
(SNL/Harvard collaboration) 32




