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“Wilhelm C. Rontgen
First Nobel Prize 1901
(X-rays)

 Klaus von Kiitzing
Nobel Prize 1985
(Quantum Hall effect)

Other nobel laureates with a
Wurzburg history:
AR «  Wilhelm Wien, Johannes Stark,
Source: google.de/maps Svante Arrhenius, Ferdinand
8 experimental physics chairs ’ )
5 theoretical physics chairs Braun, Max von Laue, "Werner

+ several experimental and theoretical Heisenberg
work groups
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Quantum electrodynmls J.P. Reithmaier et al., ,Strong

coupling in a single quantum
dot—semiconductor microcavity
system®, Nature 432, 197-200
(11 November 2004).

Polariton laser

PSR BaTS

"An electrically pumped polariton laser"
http://www.nanoplus.com/index.php?option=com C. Schneider et al., Nature 497, 348—-352
_content&view=article&id=78 (2013).
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0) The intro part: Growth, fabrication and transport
properties of nanoelectronic devices

4) The energy
harvester part:
Voltage fluctuation
to current
conversion

1) The logic gate part:

Stochastic universal
logic gates
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External stimuli

2) The memory part: Quantum dot
floating gate transistor
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3) The sensor part:
Cavity enhanced
light detection by
resonant tunneling

*Picture borrowed
from V. Zhirnov's
talk
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umbﬂ”&.’}ﬁ Growth of high mobility two dimensional == “
WURZBURG  glectron gases based on AlGaAs/GaAs —

/10 nm GaAs

«~50 nm Alo_zGao_sAs:Si
=25 nm Al ,GayggAs

~
- | GaAs

Spacer _ —
2DEG

|

2000nm GaAs

AlGaAs

Si n-doped Conduction band

10 x
10 nm GaAs

25nm Al ,Ga (As

200nm
GaAs

Growth direction

< 2DEG

=» Modulation doped GaAs/AlGaAs heterostructure.

—»  Grown by molecular beam epitaxy.

=  High mobility y = 1.1*10°% cm?/Vs and charge density n = 3.7*10"cm-2.
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umvsnsmh Fabrication of electron waveguides and other
URZBURG nanoelectronic devices — Top down

b |
[ AuGeNi contact
res|st [ 1AIGaAs
I °DEG in GaAs

i

exposur
e

=%

development

—> Electron beam or optical lithography.

—» Wet or dry chemical etching (e.g. ECR-RIE).
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Technische Prysk Wurztry
GaAs based RTDs with AlGaAs barriers. Transmission
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and resonant tunneling diodes

WURZBURG
Oscillator
gl T W]

I R R T
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200 400 600 800 1000 1200
Frequency (GHz)

Feiginov et al., Appl. Phys. Lett.
99, 233506 (2011).

Noise activated nonlinear

dynamical sensor

Photosensor

J. C. Blakesley, et al.,
PRL 94, 067401 (2005).

Vigso oV 1.5
1.0/
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< 05l
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F. Hartmann et al, Appl. Phys. Lett.

96, 082108 (2010).

Fano factor ¥

Technische Frysé Werzbung
Noise correlation
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G. lannaccone et al.,
PRL 80, 1054-1057 (1998).

Half and full adder

B. Lau, D. Hartmann, L.
Worschech and A.
Forchel, IEEE
Transactions on Electron
Devices 53, 1107 (2006)
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I UNIVERSITAT Universal logic gates — NOR and NAND gate

WURZBURG

NOR gate: XOR gate NAND gate:

(binary sum):

H 00]0 i

Truth table: (1) (1) i Truth table:
ABQ 1110 ABQ
001 001
10]0 A1 10]1
0110 Q 01]1
1110 B —b 11]0

Universal logic gate:
« Any logic gate can be made from a
combination of NAND or NOR gates.
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[ Noise induced signal trains

[ Mean value is efficiently
controlled by input signals

[ Can be integrated to arrays

[ No classical kT limit of
transconductance

UNWERSHAT Reconfigurable logic universal gates: Noise
WURZBURG jnduced firing rates in RTDs

[ Electron microscopy images of a trench
etched RTD with diameter d = 600 nm

[ Branches serve as logical inputs

. Vac = 23mV .. Vag=26mVv
200/ 200

1501 1
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UNI‘;ilERMsrT:ﬁT Reconfigurable logic universal gates: NOR and
WURZBURG  NAND configurations

s V. =25mV
- N H
'ri'l.'r.
=AY T gﬂﬂ nm | . l i vV, { Vv ¢
. Vo Ve Ve V, V, Ve
Switching voltages: V, =V, = 0mV
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130 e W —
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WURZBURG  NAND configurations

o gDD nm

- I-‘.- -
o l v, }

vﬂ \-/12

>V,

Technische Prysk

Vaay /=27 mV

v, |

> Vdc

Switching voltages: V, =0,2mV V,=2, 0 mV
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WURZBURG - NAND configurations

s gﬂl) nrﬁ
Switching voltages: V,

140

;130
E 120
A 110
V 100

Vuu‘A V Vr.;ulA Vac — 29 mV
| VH' g
R Vo Ve Ve V, V, Ve
=V,=2mV
21000
A
| >
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uulﬁlgﬁhﬂglmrff Reconfigurable logic universal gates: NOR and
WURZBURG  NAND configurations & truth tables

140]" 21000.
:f > |
£120 o : _Threshold -Y.o 1004
I S e
100 S A 1=0+1=A % 10
90-%55&555551 oy /o =te=a] 2 :
©
23 24 25 26 27 28 29 30
NOR NAND
Vac (MV) Vac (mV)
001 001
10(0 1011
0110 — Sl 01]1
11(0 1110

O Switch from NOR to NAND for AV,. <1 mV with a logic input
voltage 2 mV
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experiment
140} NOR | NAND ' "] .
130} f“ﬂﬁg_?gi_g- Preylous : _ o
120l 0,.d° /A/A“’ ] Universal logic gate switching
E 110k _;i F SR controlled the amplitude of the
£ 100} / QO f o periodic forcing.
NV ao & by
80 %AAA | A=) Now:
0 1 2 3 4 OV_V' ] ] ]
Pnoise (W) *Universal logic gate switching solely
simulation controlled by the noise floor.
1401 NOR | NAND
130 *Two universal logic gates:
< 120 Logc NOR/NAND.
E 110 - - - -
; 100 Output:o_ . .
Y ool — *Switching between the gates only as
80 DE) a function of noise power.
0 1 2 3 4

Pnoise (nW)
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_, Sxperiment For the logic NOR gate:

254 @5 o .o NOR
R 0. NAND  The mean value difference is
15 o m defined as
I <V>=V(1=0)-V(1=1)

o] TR P...sc=0.9 W the maximum

o 1 Pnoiise (nw)-"* 4 corresponds to the logic NOR
simulation

For the logic NAND gate:

« The mean value difference
is defined as
<V>=V(I=1)-V(I=2)

<AV> (mV)

P oise = 1.4 NW the maximum
Pnoise ("W) corresponds to the logic NAND
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WURZBURG ,

e —— Floating gate transistor:

Control Gate

SXIdRIB T  Non-volatile memory having a
retention time of more than 10

I years.

« Afloating gate in a metal-
oxide semiconductor field

effect transistor (MOSFET)
acts as the storage unit.

T ‘\F )
e ‘L&w « SiO,barriers with an
o~ - energetic height of 3.2 eV.
Y =
>
i — » Threshold voltage shift:
| =~ 3 AQ
| | | _
| | | Av, - AV, =——
| | | —— h C
|palySi:nt S0,  Siip > eﬁ”

gate voltage
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WURZBURG  memory device

Polysilicon control gate

Polysilicon
~ dot

Demonstration of working

principle of a ‘silicon single-
electron memory transistor". == Silicon
Buried oxide channel
Subsirate

"~ Buried oxide

Substrate

L. Guo et al., Science 275, 649 (1997)

S 505 A
& .- - -
& 5.00- Discrete shift of threshold
S o5 Ce voltage in dependence on the
s | number of stored electrons on
@ 4.90 e the dot with
£
= 4.851 . " ne

o 4 8 12 16 Vi = 2

Control gate voltage (V) Cdg
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uu‘lﬁlgﬁhﬂgﬁiﬂf QD floating gate transistor: a quantum dot-based
I WURZBURG

memory device

Advantages compared to Si/SiO, system:

* The height of the barrier can be
designed.

 Defect-free interfaces.

« Writing or erasing the device does not
damage the structure.

» Hole-based charge storage can be
used.

Storage time (s) at 300 K

10°F IngsGay 5Sb/GaAs \

Technische Prysk

GaSb/AlAs —»

InSb/GaAs

-1 Ma

110a

GaSb/GaAs \l

A

1T GaAsgSby o/

* GaAs
i InAstaAs*-AIO‘BGaO_ 4As

[ ] GaAsO_ 4Sb0_staAs
Si/Ge
InAs/GaAs

InAs/GaAs+Alj (Ga, 4As p

02 04 06 08 1.0 1.2
Localization energy (eV)

}24h

M-
1.4

A. Marent et al., Semicond. Sci. Technol.

26 (2011) 014026
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I UN|¥ERMSI"‘i'IﬂT QD floating gate transistor: a quantum dot-based ER l;o

WURZBURG  memory device

QD-Flash memory with self- QD-Flash memory with positioned
assembled QDs: site-controlled QDs:

bottom-up top-down

« Self-assembled QDs are randomly distributed.

» Charging of several QDs contribute to the threshold voltage
shift.

* Ensembles of QDs are typically not practical for the study
of single electron properties.

—> Control the number and position of the QDs.

Fabian Hartmann, 17 July 2014 NiPS Summer School 2014



UNI‘L‘ERSITAT Fabrication of QD memories with positioned ER
ERZBU“G and site-controlled quantum dots il l@

Pictures from our e-beam lithography system

10 nm GaAs

50 nm Al, .Ga, . As:Si Pt bbbttt
S i oo H S SO S

30 nm Al Ga, As B DI VI I I I
S I e ) e I e S R ]

H e i e e
AR

o R R
A btk b e
25 nm Al Ga SE ﬂﬁﬁéﬂbﬁiﬂ?ﬁ%ﬂ:‘%ﬂ}%ﬂ;ﬁ%ﬂ;_

10 nm GaAs—» ﬁ:‘%ﬁ:‘%ﬁ?ﬁﬁgﬁﬂ}%ﬁ: :ﬂf
200 nm GaAs ﬁﬁ&iﬂ:ﬁﬂ ’:‘%ﬁ ﬁ&iﬁ ’:J&iﬁ H&iﬁ*‘"'

E LENEES FLEY WEYEN

Substrat -

Level 1-Growth:
Growth of high mobility 2DEGs on the basis of AlIGaAs/GaAs.

Level 2-Mesa definition:
Optical lithography and wet chemical etching of mesas with a depth of 500 nm —
1000 nm.-> 4 blocks with 63 possible structures

IFabian Hartmann, 17 July 2014 NiPS Summer School 2014



uu‘lﬁlgﬁhﬂ;ﬁn‘? Fabrication of QD memories with positioned
WURZBURG  apd site-controlled quantum dots

|
I /ferrrree
s e e e ol
o
* s e |
E

Level 3 — Nanoholes:

1) 100 nm PMMA. 2) E-beam lithography (periods from 200 to 400 nm). INAs
3) Develop the resists. 4) Dry chemical etching.

Level 4 - Overgrowth process:

Overgrowth process with InAs and GaAs

IFabian Hartmann, 17 July 2014 NiPS Summer School 2014
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WURZBURG  ap( site-controlled quantum dots

St M- A &
<+ o o -
SE- S &
gt B A4 S :
] IR

Level 5 — Hallbars: ]
Optical lithography and wet chemical etching.
Level 6 — Contacts: —
Evaporate the contacts (AuGe/Ni/Au)

S O B B R
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UNI’:JllERM;Ir‘}IA'ﬁ.T Fabrication of QD memories with positioned ER 0
WURZBURG  5n( site-controlled quantum dots

Level 7 - Y-branch:
E-beam lithography and dry chemical etching

10 nm GaAs

50 nm Al, ,Ga, As:Si

30 nmAl Ga A

Zuym GaAs

25nmAl Ga, As—p
10 nm GaAs—9

200 nm GaAs

Substrat

Fabian Hartmann, 17 July 2014 NiPS Summer School 2014
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WURZBURG  charging voltage

Electron image:

- . I
* 1(Vy)-characteristics for two charging voltages. gate” I gate
« Trace during down-sweep remains unaltered. |
_I:('. quantumA
. ] - ot 3 Vp
* V,, shifts towards larger values when decreasing V... § ‘ RB
750nm gate = gate
) |
10 ¥ 1 ¥ 1 . 1 . 1 . 1 . 1 .
QD discharged
b =>Q=0 down-sweep
_O05F Vo~ e 7
< et — _
= Lot Vhy — Vtu th
Vgm
0.0 _..*” QD charged —_—-35V
obk-L— = .. nytiuio* PN B -
up-sweep >. . I/Cef T 3'9IV
-4 -3 -2 -1 3 4

0
Vg (V)
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3) The sensor part:
Cavity enhanced
light detection by
resonant tunneling
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External stimuli
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UNI‘iIIERMSI?AT Pin-photodiodes: Light detection at
WURZBURG  to]ecommunication wavelengths

Photocurrent: -—& .
T 1 T P
A] — 77 . SE . M . P e p 73 ‘:%\ N n — mf Si-Schottky | Be'-pn Si-pn ﬁa'n.s-,'an
5
3o
el Photon z ‘J[
SE ="~ i | '
he ¢ OJFFUSION [ j -l
EF oo = == l
PR 3 F -5 KEetpn
nsitivity: V%, ) /s ] .
Se y DIFFUSION s E A ‘gchottky mf 7
5A[(V,/1) DRIFT "950v-40 30 20 10 0 02 04 05 08 10 12 14 16 V18
S = R
OP 1000 [~ S
InGaAS: APD -~ 10 A/W I'!IH!IJII\'I;;J‘LIII!i]:u
Gain =10 - /
But, noise: g rnetre D
. 0
ZAPD C M’ [dark
P = light power; M = gain 1
] (X} 200 300 4N SN
SE = spectral response _
n = Quantum efficiency Bias (V)
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UNI‘iilERMSInﬁT Light detection in RTDs with embedded quantum
WURZBURG (ots

. . J. C. Blakesley, et al. ,PRL 94, 067401 (2005)
RTD light detection with embedded |
)

quantum dots: I s

« GaAs or InGaAs based RTDs with InAs “ Gats \\
quantum dots. ‘ 0000000 nsdrs B

- Single-photon detection for light in the | = doudle &

visible and IR wavelength region at ~ | Gans
4K Jelnmi.tter /.
Pros: o) 1M ,
It works!! '——H:iu—: e

* InP wafer for 1.3 um -> expensive.
* Cryogenic temperatures.

] ] emitter J
« Single photon resolution even for IR.
Cons: collector

= Light sensing with RTDs at telecommunication
wavelengths: 1.31 and 1.55 pm.

IFabian Hartmann, 17 July 2014 NiPS Summer School 2014



UNI‘;ilERMsrT:ﬁT Light detection in RTDs: Our approach
I WURZBURG

GalnNAs AlGaAs/GaAs
absorption double barrier
layer RTD

Light acti t High
9 1.?a’c;"|r\‘/e 4 amplification of

hoto
Lattice matched geFr,\erated

growth to GaAs charge carriers

Enhancement of
quantum efficiency

IFabian Hartmann, 17 July 2014 NiPS Summer School 2014
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WURZBURG  3nd lattice matched growth to GaAs
> . ;;aN « Dashed lines correspond to the
307 ‘. ternary materials e.g. InGaAs
s 21 AlAs
2 20 | T « Blue shaded: Realizable area of
£ oas{ | GaAs GalnNAs
3 N content (%
“ 1.0 4 \\ % 0 1 2 eo en3( ) 4
k 1 /// N InAs 1950 1800 ' ' ' ' ' . 0.7
0.5 \\ / 7 ‘e
— 71 r T T T 1 1 'II — T r T 1600 - ||
44 46 48 50 52 54 56 58 60 6.2 -0.8
lattice c onstant (A) 51400- . = :0.9 %
» Band gap energy of GalnNAs depends 5 e n [, B
S 1200 n T 5
on the In and N contents. T u PRR
_ * 10004 .t 1:23
» For lattice :natChoed grOWth on GaAs: | - | M Lattice matched GalnNAs to GaAs| 1‘51
In[%]/N[%] ~ 3 o0 0 2 4 6 8 10 12 14 16

 For 1.3 um:
Gay g1Ing 09Ng 03AS( o7

In content (%)

Kudrawiec et al., J. Appl. Phys. 101, 023522 (2007).
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UNIVERSITAT Cavity enhanced light detection by resonant
WURZBURG  ¢ynneling at telecommunication wavelengths
Sample Design:

» Cavity consists of 5/7 GaAs/AlAs DBR
mirror pairs, with width of 21 .

(a) Au Ring Contact

DBR-Properties:
:  Resonance A=1.29 um
AlAs—> _— * Quality factor Q= 50
GalnNAs — . . Electrical-Properties:

* Peak-to-Valley Ratio PVR=1.3
* I(V)-shift under illumination
* No hole accumulation for reverse bias

T T T T T ] [ T T T

= "1 1000
L 1(V)-ch teristics:
n-GaAs Substrate 250 (V) Cdaarric eristics
0 illuminated
-800
100 T T T T T . ; , ; 20 __ 200} %= 1.29 um
{b) - -— » raflection: | g P =153 pum
—. BOF - i experiment | 15 = = d=5pum 1600
a2 I -« - =gimulation | T T o150 | PVR = 1.3
S 80 - \ absorption: ~ 5 g r 2
5 I | ——simulation 105 = 1 <
2 : 5 3 100 | 1 F Ja00 2
E ls & o
20 F g g |
ol L e = - 0 > 50| 1t 4 200
1.0 1.1 12 13 1.4 1.5 1.6 2 _
wavelength {um) ol 14

A. Pfenning et al., Appl. Phys. Lett. 104, 101109 (2014) Lo
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WURZBURG  ¢ynneling at telecommunication wavelengths

14 L I I i ' Number of Photons
| ! | . | " | " | ! L f = onRTD
2.5 F-O=7=1.29 ym - 2] ——$=0.78 pAphotor
B o i I & absorbed
20 _-<>— L =1.26 um 0 Ml 1ol I S = 4.24 pA/photon

—_ I l=1.32pm/@f' ] __ §  d=6m
S 15pV=30V @ i

- d=9 umey T
S0 MO ;

|p|-| (pA)

0.0 _ Nl . . . | . : i - 6 | é | Emj:: phulﬂ-rln th"esh:II:wn H],D:I ;a
0 50 1 00 1 50 200 average number of photons
P (pW)
CW-Measurements: Pulsed Excitation:

« Small signal linear fit:
S(1.29 um) = 31.2 kKA W1
S(1.26 um) = 2.90 kKA W1 lon = (779 £ 15) fA photon-?
S(1.32 um) = 5.89 kKA W1
 Enhancement of a factor 711 and 5!

For a single photon:

Single Photon Detection possible!
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UNIVERSITAT Energy harvesting in nanoelectronic devices: ER @
WURZBURG  Qptimal energy quanta to current conversion ol

Theory developed by:

« Rafael Sanchez, and Markus Buttiker: “Optimal energy quanta to current
conversion.” Phys. Rev. B 104, 076801 (2011).

« Bjorn Sothmann, Rafael Sanchez, Andrew N. Jordan and Markus Buttiker
“Rectification of thermal fluctuations in a chaotic cavity heat engine.” Phys.
Rev. B 85, 205301 (2012).

Sanchez et al. Sothmann et al.

Coulomb blockade regime: Chaotic cavity regime:

Maximum power:

2
N k(@1 — ©2))?

i
:

: Quanta relation:
l I_Js

: q Ec
i
i
i
i
i
i

Pma:n

< > B 4G1TRe
Efficiency: Efficiency:
P
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