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Outline

°  Quantum computing with semiconductors
° Donor qubit with electron spin resonance

° Two-qubit interactions and devices
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Ol Double Quantum Dot Qubit in GaAs

Quantum Information SeT

e Demonstration of GaAs qubits has spurred quantum dot
semiconductor qubit research (e.g., Petta et al. in 2005)

Petta, Science, 2005 Hanson, Rev. Mod. Phys. 2007
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* Isolate singlet triplet system

‘-' "' Is * Electrically tunable rotations

* Charge sense (fast is desirable)
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O Donor qubit

Quantum Information ScT

In silicon, the natural potential defined by a donor provides an alternative to
surface dot approaches in semiconductors.

Kane architecture Silicon donor research efforts
Australian CQC2T group (MQOS, STM)

B. E. Kane, Nature 393, 1998 J. Pla, Nature 489, 2012
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0|\1 Requirements for donor electron spin qubit

. Isolation of a single electron for a spin qubit
. Single spin readout technique

. Long spin lifetime (T1)

. Spin initialization

. Spin rotations

. Long dephasing time (T2)
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OINT

Quantum Information ScT

Si quantum dots

Wire gate (blue) biased
positively to accumulate
electrons.

Plunger gates (red) biased
negatively to create
barriers.

Uniform Coulomb
blockade indicates
electrostatic dot.
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Single electron transistor
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OIS Isolation of a single electron spin

Series double quantum dot Parallel dot / donor system

source >OO drain source )O drain
°®

W.G. Van der Weil, RMP (2003)

Tzu-Ming Lu
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O\l Single spin readout technique

Quantum Information SeT

Electron on a donor

Double quantum dot

e Pauli blockade e Reservoir is a quantum dot
* Used to measure states in DQD e Pulsing techniques are used to
e S-Tsplitting depends DQD config determine spin state

* E,@ 1Telsa=1.3K=115 peV

L. Kowenhoven, et al., Science (1997) J. M. Elzermann, et al., Nature (2004)
A.C. Johnson, et al., PRB (2005) A. Morello, et al., Nature (2010)
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Q,l\-l Electron spin resonance

Zeeman splitting

Ezeeman =8 “B Bz
Ug = e hbar /2 m,

At 1 Tesla,

E =116 uvV=1.34 K= 28.0 GHz

zeeman

electron
spin
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OISl Electron spin resonance

Quantum Information ScT

Zeeman splitting

z
Ezeeman =8 Up Bz B
Ug = e hbar /2 m, Z
At 1 Tesla, microwave magnetic field
Ezeeman =116 uvV =1.34 K=28.0 GHz \\’\\N
X

Use rotating frame:
 DCfield is 0 exactly on resonance
* ACfield is along the x-direction
* B,cshould be large compared to B,

10 ri) Sandia National Laboratories




Quantum Information ScT

\u » |
OISl Electron spin resonance

Zeeman splitting

Ezeeman =8 “B Bz
Ug = e hbar /2 m,

At 1 Tesla,
E,ceman = 116 pV = 1.34 K = 28.0 GHz

Rotating frame

e B,cproduces an x-rotation (or x-gate)

e Rotation frequency is proportional to B,

* Rabifrequency: v=gu;B,./h
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0'“ Electron spin resonance with P donor

Zeeman splitting

Ezeeman =8 “B Bz
Ug = e hbar /2 m,

At 1 Tesla,

E =116 uvV=1.34 K= 28.0 GHz

zeeman

Hyperfine coupling

H = ]/EBOSZ - ]/NBOIZ + AS -1

A =117 MHz for P
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OINT

Quantum Information ScT

Long spin lifetime

T1: energy relaxation time
T2: dephasing time

Natural silicon

e T1>seconds

e T2*~50ns

e T2~ 200 usec

(Pla, Nature (2012))
Si28 (single donor)

e T2*~200 usec

* T2~ 1 msec

(Australian CQC2T, presentations)
Si28 (bulk, Avagadro material)

e T2~10sec

Why silicon?

Si fabrication is well known

13
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OISl Si MOS Fabrication

Quantum Information SeT

Front-end in silicon fab Back-end nanolithography

Si02 E——
- iiil =
[ n+ (As) J /‘ ( T) n+ J' sio gate oxide L n+ |
2
SiO, gate oxide 250 A Nitride etch stop 1
(10-35nm) g ¢ pstrate
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m\-l Multiple bandwidths in a dilution refrigerator

DC lines
* static bias, or slowly changing bias

Pulsing lines and fast current measurement
» SS/SS flexible coax (10 MHz BW)a

e 400 kHz current preamp

e x10 voltage preamp with filters

High frequecy ESR lines
 AG-SS/SSathighT

* NbSnatlowT

» extremely delicate

* good microwave techniques required

15 i) Sandia National Laboratories




Outline

Quantum computing with semiconductors
Donor qubit with electron spin resonance

Two-qubit interactions and devices
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OINlI Device layout for ESR experiment

Quantum Information ScT

1275 dev 4
* Natural Si
* 35 nm gate oxide
 Timed implant of P donors
 ~30donors between CP
and AG.
e 120 keV ->~30 nm below
oxide QL ESR line
* ESR line resistance ~ 15 ohm at
RT.
P tocenter of ESR <400 nm

HY WD mag det | mode ti\t‘
10.00 kV[5.0mm 150000x TLD| SE |0~

— 500 nm ——
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OISl Offsets and tunnel times

Quantum Information ScT

1 log10(idot) -

1.35

1.25

-1 05

CP

#2: tunnel time changes from time to time,
from us to tens of ms

-1.5

#5: load time =50 ms, unload time = very fast, ~ us
#6: load time = very fast, unload time =300 us

#7: load time =~ 100ms, unload time = very fast

#8: load time =~ 50ms, unload time =~ 30 ms

15 offsets observed (30
implanted). Donors close enough
to couple should have an offset.

Background current is present (not
ideal).

Tunnel times are random.




\ » 11
Ql\'l T Quantum dot electrometer

Quantum Information SeT

Donor induced charge offset observed in transport through the quantum dot

Load and unload times for offset #10 are fast (~10 usec). When tuned to the
readout window they slow significantly and allows a 10 kHz bandwidth to be

used on the SRS860.
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Ol Pulse Sequence

Three-level probing sequence Energy level alignment

tp I Ez

(a) load and wait (c) unload
Dono

, If donor is loaded :I: Ez
idot with a spin-up
(single shot) Donor iselegtron _ Donor is Donor
loaded I loaded
11 (b) read l
idot i
(averaged) .
Spin-bump Donor
w—
t
Tzu-Ming Lu 20 i) Sandia National Laboratories
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OIS spin readout: averaged and single shot

Quantum Information SeT

idot

256 averages
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0.46} . pe . 2
a
o
& 0.44 —
(=]
: i
LB
& 0.42
s]
= 0.4
o] [ [
0.38 W
0.36 :
0 1 2 3 4

25 single shot measurement
D55 I I I I T I I I I

osc voltage

] 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
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Quantum Information ScT

\U' [
OINI Single shot readout analysis

Single shot, spin up event

0= ik n

0.5 . . r .
| | CQC2T technique for identifying spin up
0.48 ﬂ i i .
0.46 | i i . a5t
i | a0}
0.44} r 35l
0.42 | i ! - L0
1 1 % 25 L
0.4r ~ 20|
15}
038}
10}
0.36 ¢ 5t 1
0 4l
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max 0sC voitage in readout window
0.32 L
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OINT

Quantum Information SeT

Tuning spin readout

oscilloscope voltage

50

- arb number

readou

10

1

time (sec, x 10

2

q10.17

10,185

0. 16

0,135

.15
3 !
3

Spin bump with 256 averages

Load

Measure | Unload

o |
M.
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Quantum Information SeT

Sb donors implanted near silicon SET

'F LocaI‘ESR Line ‘I

* B° dependence expected
for electron on donor

* Long T, times beneficial
for silicon qubit.

i Magnetic field dependence of T1

T1 decreases with increasing field

10°
log 1/T1=-2.74+4.97xlogB
10"
® data
fit
- expected
10°+—
3 4 5 6 /7 8

B (T)

Lisa Tracy

For 1275, T1 = 250 msec (1/T1=4 Hz)

24
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O\l Spin relaxation in silicon

Quantum Information SeT

1.4 24072
Sample orientation in
1.2 .
dry fridge
1.0 7 e
:)-:".'ﬂ/ / """'n.._‘
“+o 4 VALLEY REPOPULATING S~
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© 10 =20 30 40 50 60 70 80 90
ANGLE iN DEGREES BETWEEN H AND [100]

Phys. Rev. 124, 1068 — 1083 (1961).

For B in (100) direction, expect single valley contribution only to T, relaxation.

Lisa Trac Due to change in g-factor from mixing between bands with strain.
y 25 ri) Sandia National Laboratories
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OIS Next Steps: Local Electron Spin Resonance

Quantum Information SeT

PMMA
window
~14 P
donors

f"‘J p—

/,,

\ ESR stripline

™

4

\

mag |det| WD HV HFW | tilt | ————1 ym ——
80000 x| TLD | 4.8 mm | 500 kV |3.20 pm| 45 ° |

Lisa Tracy, Dwight Luhman, Khoi Nguyen
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OISI ESR pulse sequence — two level pulse

Quantum Information SeT

(a) plunge and ESR (b) read —
I Ez

;I: Ez Donor

Donor

1. At the end of the readout pulse, a
spin down is loaded. (b)

2. Pulse energy levels down to

manipulate. (a)

Apply microwaves. (a)

4. Spin readout (b)

w

Off resonance — no spin up signal

0.015

0.01}

0.005¢

-0.005 ¢
-0.01 ¢

-0.015
-0.
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Quantem Informa

w

tion SeT

At the end of the readout pulse, a
spin down is loaded.

Pulse energy levels down to
manipulate.

Apply microwaves.

Spin readout

ESR pulse sequence — two level pulse

Off resonance — no spin up signal

28 ri) Sandia National Laboratories




QINT ESR frequency sweeps

Quantum Information ST

* Inthe ESR regime, the spin signal comes and goes (as Si29 nuclei reorient).
* Inthe ESR regime, the spin signal at a fixed f can vanish for a minutes (nuclear

spin flips).
36,466
36.464
36,462 '
36.46
36.458
36.456
36.454
36.452
36.45
36,445
0 0.5 1 1.5 2 2.5 '

time (ms)

focp (GHZ)
o5 signal
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OINT

Quantum Information ScT

* Take lots of data at a fixed
frequency and power.

* Sometimes the spin signal
is small, sometimes large.

* Use max peak value, max
peak integral, averaged
peak value, averaged
integral, ...

e Start using better ESR pulsing
techniques
* Sweep microwave

frequency and flip the spin

adiabatically

e Use Si28

0.4

0.2

Ideal

ESR field

How do we deal with resonant frequency shifts?

HI._

— 1

MM
e T

B°C

0 0.5 1 1.5 2

time (ms)

With Si29

$i29 T

field

S
/ ESR field

—>

Adiabatic flip

—>
/ ESR field
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OINT

Quantum Information ScT

* Take lots of data at a fixed
frequency and power.

* Sometimes the spin signal
is small, sometimes large.

* Use max peak value, max
peak integral, averaged
peak value, averaged
integral, ...

e Start using better ESR pulsing
techniques
* Sweep microwave

frequency and flip the spin

adiabatically

e Use Si28

0.4

0.2

Ideal

ESR field

How do we deal with resonant frequency shifts?

HI._

— 1

MM
e T

B°C

0 0.5 1 1.5 2

time (ms)

With Si29

$i29 T

field

S
/ ESR field

—>

Adiabatic flip

—>
/ ESR field
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OINT

Quantum Information ScT

* Take lots of data at a fixed
frequency and power.

* Sometimes the spin signal
is small, sometimes large.

* Use max peak value, max
peak integral, averaged
peak value, averaged
integral, ...

e Start using better ESR pulsing
techniques
* Sweep microwave

frequency and flip the spin

adiabatically

e Use Si28

0.4

0.2

Ideal

ESR field

How do we deal with resonant frequency shifts?

HI._

— 1

MM
e T

B°C

0 0.5 1 1.5 2

time (ms)

With Si29

$i29 T

field

S
/ ESR field

—>

Adiabatic flip

—
/ ESR field
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OINT

Quantum Information ScT

* Take lots of data at a fixed
frequency and power.

* Sometimes the spin signal
is small, sometimes large.

* Use max peak value, max
peak integral, averaged
peak value, averaged
integral, ...

e Start using better ESR pulsing
techniques
* Sweep microwave

frequency and flip the spin

adiabatically

e Use Si28

0.4

0.2

Ideal

ESR field

How do we deal with resonant frequency shifts?

HI._

— 1

MM
e T

B°C

0 0.5 1 1.5 2

time (ms)

With Si29

$i29 T

field

S
/ ESR field

—>

Adiabatic flip
d\

—
/ ESR field
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- " . _ o B=1.3T
Q|\1 Adiabatic spin flip

Scan p-wave frequency, look for spin bump

355

For electron on a spin % donor

ch Vg =Y BT A2
G

*

S 564

é’ L-wave pulse is a 10 us

3635 adiabatic linear sweep

across 25 MHz

3.63

Time (ms)

128 averages 34 ) Sandia National Laboratories




B=13T

0|\1 Identify ESR resonances

Scan p-wave frequency, look for spin bump

365

For electron on a spin % donor

. 3645 10.22 Viesp =Y BtA/2
N

T

O 10,215

o -wave pulse is a 10 us

= 3.64 |25 _ .p . |2
. 10,21 adiabatic linear sweep
(Vs)

S across 25 MHz

.35

364 We observe 3 distinct ESR
resonances
Time (ms)
128 averages 39 ) Sandia National Laboratories




~30 min.

time
B 11 P B N 4 i g R |

» Different states not occupied simultaneously
e State changes occur on “minutes
* HF dominant, MF common, LF rare

128 averages

36

B=13T

u-wave pulse: 10 us
adiabatic linear sweep across

25 MHz

h
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- . B=13T
OI\-I ESR Spectra
T T T | T
<€ 103.5 MHz >
- €«—— 51.5MHz >€ 52 MHz > N
B - —
=
S5 - -
ol
o F _
i LlF | MF . HF i}
36.35 36.375 36.4 36.425 36.45 36475 36.5
f (GHz)
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ONT

Quantum Information ScT

Interacting donors

Two exchange coupled phosphorus donor atoms will have an ESR
signature with multiple lines.

Jerome and Winter, 1964

Matue o Excinge, /i

107

Aot

e i=by

ot

B=13T

Karla, Laucht, Hill and Morello, 2014

||||I'I'I1'|’V ||||ITI'I'| ||||I'I'I'I'| ||||ITI'I'| TTrm

M=

— 2
Freguency centered at »o 5,

e W

arb. units
T

|

W/\j A\J\\m

3635

! 1
36375 364

1
36425
f(GHz)

1
3645

1
36475
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B=13T

\H » 1
OISl ESR Spectra

Quantum Information SeT

Lines are a fit to two Gaussians

LF Peak Splitting:

o
S 6.0 + 0.2 MHz
®
T 1 1 1 Il , . »
36370 36372 36374 36376 36378 36380 36382
f (GHz)
HF HF Peak Splitting:
1 5.26 + 0.09 MHz
%
o
E . . .
Splitting likely due to a
nearby 2°Si
36472 36!.177 361;82 36487
f (GHz) 39 ) Sandia National Laboratories
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ONI T, Measurement

Quantum Information SeT

Prepare spin up state with adiabatic sweep across HF

A Plunge

We—m t, —

'\ Read
L-wave

pulse

time

0.025

002r

0.015¢

001f

(V)

0sc

=5 0005}

-0005F

-0.01

time (sec.) x 10

0 05 1 1.5 2 25 3

Mt )/V(0)

B=13T

T

T,=3.3 + 0.1 seconds

40
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Quantum Information SeT
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Rabi Oscillations

B=13T
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Rabi Oscillations

019 I 1 I I I I I I I
S 018f Y AN =, . 21 dBm
. 4 ** L . . g * e
2 s - - - ® %, ‘.’fo-‘\ o\‘”’ s w’%
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1920 averages
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Quantum Information ScT

B=13T

BIR4-WURST Rabi Oscillations

Tannus, 1997

BIR-4

WY

y

A,

Ab,

15 dBm
2048 averages

BIR4-WURST pulses use a sequence of
adiabatic half passages and phase shifts
to produce an arbitrary angle rotation.

o
s

0185 | | . s .

01e f(0)=asin; 9/.2)+c ]
S 0175 \ ’ .
2 \ \

2 017 b \ -
0165‘ e ® .® &’
016 1 1 1 1 1

0 5 10 15 20 25
8 (radians)

Acknowledgements: S. Lyon 3
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T,” Measurement

. T
Hahn echo technique: P
Vary 1, relative to t,=10 pus
/2 T
0177} i
_oer e .y-fgif______
= N e
=" 0175} s\\ / -
.:\ . /'J'{
0.174 3\ /s .
N
0173 1 1 | | |
03 02 01 0 01 02 03
-7, (1 S)
Line is a fit to a Gaussian ”

B=13T

18 dBm
1)
>
/2
T,=77+5ns
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Outline
Quantum computing with semiconductors

Donor qubit with electron spin resonance

Two-qubit interactions and devices
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QlQI ~ Deterministic implants using ion detection

Quantum Information SeT

nanolmplanter

* AuSiSb source

* ExB filter to select ion species and ionization

e Super-FIB for focus and steering donor ions

e Built in detectors surround silicon
nanostructure regime

Detector schematic

S A
[ b LUl

Y
=

lon beam

Tungsten

Ed Bielejec, Eli Garratt
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1 lon d etector o p erat I on
CAD for detector and
nanostructure construction zone 10° s !

107
T
s TSN 10"
— \\ — \<-/
£ 10°
£
| &
\ 1 0-10
_ : /L
N~ 107"

Avalanche
Multiplication (Gain)

Linear mode

— Light
Dark
| L | L | L |

Ed Bielejec, Eli Garratt

47
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OISl lon detector operation

Detected single donor implantation of Sb ions allows multi-donor devices

CAD for detector and

. lon beam map of nanostructure
nanostructure construction zone

SEM and IBIC map obtained in linear mode with 50 keV Sh+
(~50 ions per pulse)

50 keV Sb+
~ 20 donors in
window of interest

IBIC maps can be made with <1 ion / pulse of 50 keV Sb

Sandia National Laboratories

Ed Bielejec, Eli Garratt 48 A




OINT

Quantum Information ScT

Two qubit structures

Exchange interaction due to electron wavefunction overlap is one
technique for demonstrating a two-qubit device.

Exchange device

J(eV)

10° }

107

104}

10°}

10°}

10 }

104+

104}

10 |

10

Exchange for surface-bound electrons at different donor depths

Rick Muller

10 20

40 50 60 70 80
R (nm)
F7] odidid Nduonal Lanordawries



d\-l' Summary

Quantum Information ScT

* Silicon nanoelectronics devices can be used control
and measure the quantum properties of single
electrons.

 Integrated charge sensors allow an all electrical
readout of spin states.

* Electrically detected ESR allows controlled coherent
rotation of a single electron spin.

* One approach to a two-qubit gate is using
deterministically placed donors and the exchange
interaction.

Center for Integrated Nanotechologies

Spin readout

0.48

oscllloscope voltage

time (s) x 107

Coherent oscillations

0.03

0.025¢

il

0o0z2r EI"
I

0.015

0.01

0.005 R

CINT is a US Department of Energy user facility open to the international research
community. Our measurement lab is based in CINT, and we welcome user proposals from
this community. More information is at http://cint.sandia.gov
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