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Resonance at 1.9446 GHz

< GG line width (14 pev)

—> need for higher frequency
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Quantum Acoustics

Nfsaw >> Kg T
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Surface Acoustic Waves (SAWSs)

*Mechanical Wave: Rayleigh Wave
longitudinal and transverse motion

*Propagate in the surface with sound velocity
energy concentrated in a thin layer (~ A)

*Small amplitude
less than 1 nm

Pgaw(x, 1) *Much lower velocity than electromagnetic
waves with a few km/s (EMW:SAW ~ 1:10°)

*Sub-micron wave length
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Surface Acoustic Waves (SAWSs)

© H. Sanada (NTT BRL)

M. M. D. Lima and P. V. Santos, Rep. Prog.
Phys. 68 1639 (2005).
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SAWs: Piezoelectricity

The direct piezoelectric effect - the production of electricity when stress is applied

The converse piezoelectric effect - the production of stress and/or strain when an

electric field is applied
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Interdigital Transducers (IDTs)

S-parameters describe how the DUT
modifies a signal that is transmitted or
reflected in forward or reverse direction
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fSAW = Vsaw / Z‘SAW

High frequency = narrow fingers W. J. M. Naber et al. PRL 96, 136807 (2006)



Why printing?!

Nanoimprint Lithography (NIL)

Johannes
Gutenberg

(1440) Stephen

Chou (1996)

e Fast
 Economical
* Reproducible



UV based Nanoimprint Lithography (UV-NIL)

NT&D

NANOTECHNOLOGY & DEVICES ‘r'_,,,f-"""— Transparent template
(mold)

Dr. Boris Vratzov

4—— Planarization layer

N . Substrate
Step 1: Orient template and substrate

- H¢—— Resist dispenser 3 2 a0 _‘—g:f blanket
L rrr.r; , . posure
_______ -« Imprint resist
] I
Step 2: Dispense drops of liquid imprint resist Step 4: Polymerize imprint fluid with UV exposure
.Il 1
b i b i -
Lo m mm g« Imprintfluid fills R e Exact replica of
e ternplate pattern template pattern
.
Step 3: Lower template and fill pattern Step 5: Separate template from substrate
Low force, room temperature process Molecular Imprints, Inc.

Precise 2D and 3D nano pattern definition
Resist deposition by nano dispensing techniques
Ultra high degree of uniformity and reproducibility
Complete design definition
Step & repeat on wafer scale
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UV based Nanoimprint Lithography (UV-NIL)

A) Dispense droplets of resist B) Lower template into resist

D) Separate
template and wafer

C) UV illuminate
to cure resist

200mm wafer 100mm wafer
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UV-NIL: IDT Templates

Design in collaboration with Paulo Santos (PDI) Serkan
Buyukkose
Single Finger Design Double Finger Design
Chip size: 13 mm x 13 mm Chip size: 13 mm x 13 mm
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NIL of Interdigitated transducers (SFIL-R)

HSQ: hydrogen silsesquioxane
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NIL of Interdigitated transducers: HSQ planarization

HSQ: hydrogen silsesquioxane

Planarization quality
decreases with
feature size and
spatial separation

S. Buyukkose, B. Vratzov and WGvdW, J. Vac. Sci. Technol. B 29, 2 (2011).
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NIL of Interdigitated transducers: HSQ planarization

HSQ: hydrogen silsesquioxane

S. Buyukkose, B. Vratzov and WGvdW, J. Vac. Sci. Technol. B 29, 2 (2011).
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NIL of Interdigitated transducers: HSQ planarization

HSQ: hydrogen silsesquioxane

S. Buyukkose, B. Vratzov and WGvdW, J. Vac. Sci. Technol. B 29, 2 (2011).
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NIL of Interdigitated transducers: HSQ planarization

HSQ: hydrogen silsesquioxane

S. Buyukkose, B. Vratzov and WGvdW, J. Vac. Sci. Technol. B 29, 2 (2011).
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NIL of Interdigitated transducers

19



NIL of Interdigitated transducers
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IDTs on a ZnO/Si0O,/Si multi-layer

* Zn0O(230 nm)/SiO,(100 nm)/Si multilayer

« SiO, buffer layer increases electromechanical coupling

« Sharply varying elastic properties - higher-order SAW modes

« ZnO: high electromechnanical coupling constant, easy to fabricate (sputter)

* Double-sided polished (low-resistive) p-type (100) Si substrate (5-10 Qcm)

S. Buyukkdse, B. Vratzov, D. Atac, J. van der Veen, P. V. Santos and WGvdW,
Nanotechnology 23, 315303 (2012).
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IDTs on a ZnO/Si0O,/Si multi-layer

Zn0O

* RF sputtering

«  Wurtzite symmetry with hexagonal unit cell

* (002) surface has the smallest surface
energe - c-axis (002) perpendicular to

surface

* Highly c-axis oriented ZnO gives highest
piezoelectricity

* Polycrystalline, ~15 nm grain size

Collaboration with Dr. Yusuf Selamet Izmir Institute of Technology, e RMS~25nm

Turkey

S. Buyukkdse, B. Vratzov, D. Atac, J. van der Veen, P. V. Santos and WGvdW,
Nanotechnology 23, 315303 (2012).
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IDTs on a ZnO/Si0O,/Si multi-layer

65nm

80nm

100nm

23
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IDTs on a ZnO/Si0O,/Si multi-layer

Rn . nth Raylelgh mOde S. Blyukkése, B. Vratzov, D. Atac, J. van der Veen, P. V.
Blue: 405 um Separation; Red: 1081 um Separation Santos and WGvdW, Nanotechnology 23, 315303 (2012).
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Higher-order Rayleigh modes

» Appear when the acoustic velocity in the overlayer(s) is lower than in the substrate

Vsaw.si = Vsaw sioz2 . Vsaw.zno

« Determined by the relative thickness of the film (d,,o/ Aganw)
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Higher-order Rayleigh modes (simulations), A = 500 nm

ZnO

S. Blyukkdése, B. Vratzov, D. Atac, J. van der Veen, P. V. Santos and WGvdW, Nanotechnology 23, 315303 (2012).
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Higher-order Rayleigh modes (simulations), A = 260 nm

ZnO

S. Blyukkdése, B. Vratzov, D. Atac, J. van der Veen, P. V. Santos and WGvdW, Nanotechnology 23, 315303 (2012).

27



Higher-order Rayleigh modes: comparison

S. Blyukkdése, B. Vratzov, D. Atac, J. van der Veen, P. V. Santos and WGvdW, Nanotechnology 23, 315303 (2012).
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IDTs on a SiO,/Zn0/Si02/Si multi-layer

Double Finger Design (ZnO=80 nm)

7\‘ SAW

Tum (125nm)
800 nm (100nm)
640 nm (80nm)
520 nm (65nm)
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Single Finger Design (ZnO=40 nm)
}\‘SAW

500 nm (125nm)
400 nm (100nm)
320 nm (80nm)
260 nm (65nm)

NANDTECHNOLOGY

INSTITUTE FOR K




IDTs on a SiO,/Zn0/Si0,/Si multi-layer

» Si0,(20 Nnm)/Zn0O(40,80 nm)/SiO,(105 nm)/Si multilayer
* Unprotected ZnO is CMOS incompatible

« Substrate is a highly resistive Si (>10 kQ)) wafer

S. Buyukkdse, B. Vratzov, J. van der Veen, P.
V. Santos and WGvdW
Appl. Phys. Lett. 102, 013112 (2013).
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SAW Characterisation

A=1um A=640 nm

!

23.5 GHz

Rn — nth Rayleigh mode
RnH3 — 3" Harmonics

S. Buyukkose, B. Vratzov, J. van der Veen, P. V. Santos and WGvdW
Appl. Phys. Lett. 102, 013112 (2013).
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High-frequency acoustic charge transport in GaAs nanowires

« Semiconductor nanowires (NWs) offer new possibilities for low-dimensional
optoelectronic devices.

» The operation of such devices requires appropriate techniques for applying
electrical control fields, which typically involve doping and contacting of nm-sized
structures.

» An efficient carrier transport mechanism which eliminates electrical contact issue on
nanostructures is important.

SAW enables contactless
manipulation of carriers in
semiconductors!

S Buyukkose, A Hernandez-Minguez, B Vratzov, C
Somaschini, L Geelhaar, H Riechert, WGvdW and
P V Santos, Nanotechnology 25, 135204 (2014).
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Experimental details: Measurement setup |

Ambipolar transport in NWs

SAW Induced type-Il modulation of the band edges: Ay < Lyw
Excitation of electron-hole pairs by an incident laser pulse
Spatial separation of e-h pairs due to the modulated conduction (CB) and valence band (VB)

This prevents the recombination of the carriers and allows to transport the carriers at vgay-
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Previous works on SAW induced ambipolar CT in NWs

J. B. Kinzel et al. Nano Lett. 2011, 11,1512 A. Hernandez-Minguez et al. Nano Lett. 2012, 12, 252

SAW controlled modulation of the SAW induced ambipolar transport in
optical emission of single GaAs NWs.  GaAs/AlGaAs core/shell NWs.

(no transport !) (max. transport efficiency = 50 %)
Agaw = 17.5 pmand 5.5 um Agaw = 17.5 pm
Length of NW= 15 pm Length of NW= 8 um

Dgaw(x, 1) = Pgaw, sin[27(x /Asaw) — (t/Tsaw)] » (X<hgil)



Experimental details: NW growth

The GaAs NWs were grown by MBE using a
self-assisted VLS method

A segment of approx. 300 nm length containing
In inclusions at the top of the GaAs section.

Alx Ga1-x As shell (x= 0.3) was incorporated to
prevent non-radiative recombination at the free
surfaces.

Average length of 7 um and diameter of 150 nm.
NWs were removed from the substrate and

mechanically dispersed on a 128° Y-cut LiINbO,
substrate

Simple demonstration of band structure
along growth direction

Breuer et al., Nano Lett. 11, 1276 (2011).

35



Experimental details: Measurement setup | |

» Experiments performed a 20 K.
« Atightly focused (50X objective, spot diameter of 1.5 um) laser beam of wavelength 756 nm.

+ PLis collected by the same objective that focuses the laser beam and sent to the input of a spectrometer
connected to a charge-coupled device (CCD) camera.
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Results: Frequency response of IDT
3010

A
7

-y,
- S~
~ -

--——————

’
.
~

«~—A=5um—

Agpawy = 2.57 um < Ly~ 7 um

- Simultaneous transport of electrons and
holes in the SAME direction

Floating-electrode unidirectional transducer
(FEUDT) = higher SAW amplitudes

S Buyukkose, A Hernandez-Minguez, B Vratzov, C Somaschini, L Geelhaar, H Riechert, WGvdW and P V Santos,
Nanotechnology 25, 135204 (2014).
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Results: PL from NW under overall illumination
NW_1

nd
L
1))
<
_1

NO SAW

S Buyukkose, A Hernandez-Minguez, B Vratzov, C Somaschini, L Geelhaar, H Riechert, WGvdW and P V Santos,
Nanotechnology 25, 135204 (2014).
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Results: PL emission from GaAs segment

NW_1

SAW off-resonance

SAW on-resonance
(40% suppression of PL)

S Buyukkose, A Hernandez-Minguez, B Vratzov, C Somaschini, L Geelhaar, H Riechert, WGvdW and P V Santos,
Nanotechnology 25, 135204 (2014).
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Results: PL emission from (In,Ga)As segment

PL images of two recombination centres
at x,= 5 um for two RF powers

(a) Pgrg = 37 dBm, and (b) Pge = +3 dBm.
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Future Work: Measurements on Si-SAW devices

Photon detector Acoustic switch
Single charge pumping Single charge pumping (interfering SAW)
SAWtrain

network

4%



AMBIPOLAR QUANTUM DOTS IN NANOMOSFETS

Compare single-hole tunneling

with single-electron tunneling

in one and the same device, Al/Pd
i.e. with the same silicon,

oxide, metal and impurities

EF

B

' VB

EF

Miller et al, Nano Lett 2015, APL 2015



NANOWIRES

E. =9 meV : I Barrier gate
: [0 Plunger gate

lyor = 150 Nnm )
Fixed gate below dot

[ Fixed gate outside dot
All data taken at T = 10 mK

E. =7 meV
lyor = 250 Nm

E. =5 meV
lyor = 350 Nm

Brauns et al, in prep

Brauns et al, PRB Rap Comm 2016



/ NANOWIRES

* 0.5 micron long QD
 30h measurement, few switches
« N~160

Ang Li et al, in review at Nature Comm



NANOWIRES

4
g3g g5

H I g I g I Brauns et a/, in review
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Shell filling in DQDs

+1 hole

to right dot
(n,m)~(70,70)
Ec. ~10 meV
Eo,—0.6 meV

+1 hole

to right dot

Brauns et al, in review

- NN, € $ 0909090909090 s



NANOWIRES

Pauli spin blockade

-at (1,1)-(0,2) at pos Vsd
-at (1,1)-(2,0) at neg Vsd

Hole spin blockade:

Pribiag et al., Nat nano 2013
Li et al., Nano Lett 2015
Brauns et al., in review



S. Buyukkose, B. Vratzov, D. Atac, J. van der Veen, P. V.
Santos and WGvdW, Nanotechnology 23, 315303 (2012).

Zn0O/SiO,/Si multilayer: max. 16 GHz

S. Buyukkose, B. Vratzov, J. van der Veen, P. V. Santos and
WGvdW
Appl. Phys. Lett. 102, 013112 (2013).

Si0,/Zn0/Si0,/Si: 23 GHz

S Buyukkose, A Hernandez-Minguez, B Vratzov, C Somaschini, L
Geelhaar, H Riechert, WGvdW and P V Santos, Nanotechnology 25,
135204 (2014).
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