Nanoscale diodes without p-n junctions.
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Coplanar electrodes on Dissimilar electrodes - Geometric diodes-
graphene-graphene radio  Schottky diode graphene on wafer

Schottky contact
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Carbon-based materials
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Graphene: Should it exist?

Two-dimensional crystals are thermodinamically unstable!

R.E. Peierls, Ann. |.H. Poincare 5 (1935) 177
N.D. Mermin, Phys. Rev. 176 (1968) 250
L.D. Landau, E.M. Lifshitz, Statistical Physics, Pergamon

(1980)
thickness < 20 nm
However ... G. Reiter, Langmuir 9
HOPG (1993) 1344

rub

deposit on
300 um SO,

Graphene

A.K. Geim, P. Kim, Sci. Am., April 2008, 90

thickness= 0.34 nm
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Why the current isflowing in

graphene?
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K.S. Novosalov et al., Science
315 (2007) 1379
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How we can identify graphene ?

Optical view of different graphene layers (mono, bi and multilayers)
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pp.2758-2763 (2007)
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Raman
signature

Number of
layers

A.C. Ferrari €t. d.,
Pyhs. Rev. Lett. 97,
187401 (2006)

Z.H. Ni et. a., Nano Lett.,
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Band structure

< D.L. Miller et a., 2.0
Science 324 (2009)
’ 924

-3.0
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monolayer

Parameter Valueand units Observations
Thermal 5000 W/mK Better thermal conductivity than in most crystals
conductivity
Y oung modulus 15TPa Tentimes greater than in steel
Mobility 40000 cm?V-1st At room temperature (intrinsic mobility) maximum mobility :
200 000 cm?V-1s1) on suspended graphene or graphene on
hexagonal BN substrate
Mean free path (ballistic transport) =400 nm At room temperature, but exceeds 1 um in graphene on hexagonal
BN substrate
at room temeperature
Electron 0 At room temperature
effective mass
»
»
Hole 0 At room temperature

effective mass

Fermi velocity

¢/300=1000000 m/s

At room temperature
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80 um

coplanar waveguide on graphene

Simulation done at
100 GHz

10/28/2011 WD mag HV |spot| det | HFW
12:13:00 PM [ 4.4 mm |2 000 x| 5.00 kV | 2.5 ETD| 120 pm
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Graphene on Si with 300 nm oxide
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The report between the

intensities of 2D and G peaks _ metal despostion

is around 2 telling us that we

have a single layer graphene.

The 2D and G Raman peaks

positions are 2640 cm™' and R —

1586¢cm! respectively

lift of f
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A CLOSER LOOK VIA SEM

i
\
P

HV | spot| det | HFW —5 ym — . vV |spot| det | HFW | ——— 30 ym ——
5.00 kV | 4.0 |ETD|30.0 pm : PM|4.0 mm [1780 x| 5.00kV | 4.0 |ETD|135 um
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" \ Negative DC voltages

A SIMPLE MODEL
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D2p

Vyias [V -4 -3 -2 -1 0 1 2 3 4
R[Q] 4907 | 429 | 46.8 | 61.75 73 63 46.6 | 43.6 49
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| = lo[expV /IVy)-1 () N

l, and Vy have the values 3.65 mA and 4.68 V for the positive 27
polarization and -2.6 mA and -3.12 V for the negative 1t
polarization regime, respectively. Slightly asymmetric . , . . . v
characteristics are typical in graphene devices and are due to -3 -2 -1 1 2 ™)
graphene-substrate (in our case to graphene-CPW as well) -1
interactions. Y
Choosing a operating point I, and V,, and developing (1) in a -3t
Taylor series, around an operating point it results the 4l
demodulating term arround (I,,, V,,):

Vi

0
Vge-the value of the RF signal
16 mai 2013
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GRAPHENE RADIO

Biastee 2 N Current source |
(from Keithley 4+ 7—1-‘»
4200 SCS) Y

AM

microwave
generator

CPW on Amplifier (LNA) T

graphene Oscill oscope

2 mag HV  |spot| det | HFW 30 pm
0 PM|4.4mm |2 000x|5.00kV]| 25 |ETD| 120 ym

A 12-a editie a Seminarului National de Nanostiintd si Nanotehnologie, d 16 mai 2013
Biblioteca Academiei Romane, Bucuresti '



02+

0.8
0.15 |
<06 =
-
= 0.1}
0.4}
0.05 |
02}
0.1 5 10 15 20 25
f (GHz)

The detected DC voltage as a function of frequency for various DC

currents: 1 mA (thin gray line), 2 mA (black line), 3 mA (thick gray
line).
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Run ig” ) Noise Filter Off

Demodulated signal
in time 1 kHz

————
N

(400 us

) @®Ampl _S36mv___ @BFreg 1000k |

A 12-a editie a Seminarului National de Nanostiinti si Nanotehnologie, | - Fed 16 mai 2013
Biblioteca Academiei Rom e ‘ ;



SCHOTTKY DIODE VIA DISSIMILAR METALS

Schottky metals for graphene

Metal Work function (eV)
Al -4.27 eV (the best)
Cr -45 eV
Ti -4.33eV
Schottky contact
(Ti) (100 nm width)

Graphene work function -4.5 eV
Ohmic metals for graphene

Metal Work function (eV)
Pd -5.12eV
graphene
Pt -5.6 eV

det | HFW —

TLD [15.0 ym Pt
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Bias voltage (V) Rs [Q] R, [kQ] C, [fF]
ov 60 12 35
1V 60 8 3.5
2v 60 8 3.5
CPW :
Cj CP‘V 3V 60 0.85 3.5
C
4v 60 0.61 3.5
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BALLISTIC GEOMETRIC GRAPHENE DIODE

o ‘[y din > dout
’ X

D, =100nm

[ D, =20 nm
din | - ; o L=200nm
! rectification g

E I dj = din — (din —dout) J /(N +1)
E E v VJ = — JeV /(N + 1) Potential
e ! metdlic energy

contact  k,; =sgn(E-V; )\/(E—Vj)2/(h2v§)—(nﬂ/dj)2

v :l 77777777777777 L > T—Nim|An 2 '\%nAn 2
metallic We compute: S e

contact

A ;] =in,out are calculated by imposing the continuity conditions at each interface for the
spinorial solutions of the Dirac equation in region j:

N.

Zf[An,j exp(ikn,jX) + Bn, j exp(=ikp jX)]sin(2nzy/d;)
le (Xv y) = T\]:Jl
21[An’j exp(ikn, ; X) — Bn, j exp(=iky jX)]sin(2nzy/d;)
n=
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N; =Int[d; |[E-V; | /(7hivE)] Number of modes

The results are independent on the number of discretization regions N. Although there are a finite
number of outgoing modes for both voltage polarizations, in all cases there is a voltage range in
which no charge carriers are transmitted since for these V values the number of outgoing modes,

and hence the current, vanishes. This region, with a width given byz7ive / d gyt

- = ——— = =
-

-0.6 -0.3 0 0.3 0.6
V(V)

V (V)
Er= 0 (blue dashed line), 0.1 eV (solid black line) and 0.2 eV (red dotted line).
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