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Context

NEST

* New materials for different applications than silicon-based electronics

* 2D semiconducting materials for multifunctional devices

A Visible Near-IR

Frequencies (Hz) 1015 1014
(PHz)
TMDC: ~1.5-2.5eV  BP: ~0.3-2.0eV  Graphene: zero-gap " 6O

X. Ling et al., PNAS 112 (2015) 4253

* Perspective of black phosphorus field-effect transistors

* What is the best contacting metal to black phosphorus ?
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Outline
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* Black Phosphorus presentation

* Metal-Semiconductor contact

* Electrical contact engineering

* Field-Effect transistors

* Field-effect transport measurements

* Summary and discussion
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Black Phosphorus Presentation
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(a) * Layered & puckered structure

: * Intrinsic P-doped semiconductor
armchair

. * Direct band gap from 0,3 eV to 1-2 eV,
#9229 tunable with strain and layer number

* High hole mobility : 64000 cm?%(V.s) at 30K
(A. Morita, Appl. Phys. A 39 (1986) 227)

N. Hemsworth et al., Phys. Rev. B 94 (2016) 245404

Highly anisotropic & reactive material




Metal-Semiconductor Contact
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* Holes accumulation at the interface
* Ohmic contact

e Drift-Diffusion current
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Metal-Semiconductor Contact
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* Schottky barrier for holes at the interface
* Schottky contact

* Thermoionic and tunnel current
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Electrical contact engineering

NEST

* 3 different metals : Chromium, Titanium, Nickel

O, =4,5eV, O =4,3eV, D, =50eV, D, =4,5eV (Y. Cai et al., Sci. Rep. 4
(2014) 6677)

* Needle-shaped flakes for inter-digitated contacts geometry

Source Drain

bP flake

L Au layer
! Contacting

metal
bP Flake
Oxide

Gate ———
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Measurement setup
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 2-probe resistance measurements for Transfer Length Method (TLM)

VSD

* 4-probe resistance measurements for comparison with TLM

)
W
lsp

2XR¢ = Rz—probe - R4—probe

* Room temperature and low temperature measurements in a cryostat
at liquid He temperature (4,2 K)
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Transfer Length Method
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2-probe
A RS
e Rz—probe — WL + 2R¢
. /"/
e R, : Contact resistance (Q)
. Slope = Ry/W R, : Sheet resistance (Q/n)
IR W : Channel width (m)
C
L : Channel length (m)
: > L
o L L L L L
, N Wxt
Source Drain Channel resistivity ps = RST
Contact resistivity pr = R-Ac
I-1
bP flak
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-V curves in 2-probe configuration

Ni contacts

NEST

-7 _
1,5x10 ——L=2,1umRoom T
1| ——L=2,8umRoom T
1,0x10°4 | —L=21pmLow T
]| —L=28pumLow T
5,0x10°® -
< 00 . . - .
- {-1,0x10° 1,0x10°
-5,0x107° V (V)
-1,0x107"
-1,5x107" -
1 dl
For the three contacting metals : =
& Rz—probe av
*  Ohmic-like contact between -1 mV and 1 mV
* R, probe iNCreases with L as expected
R2-probe|Room T < R2—probe| LowT
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TLM ReSUItS 60 Ti contacts

N NEST
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TLM Results
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D, = 4,5 eV, Or; =43 eV, Dy, = 5,0 eV, Do~ 4,5 eV

Room Temperature
Equation Fit | RJW (kQ/pm) R (kQ/D) R, (kQ) pe (kQ.um?) | Re = (Ro-probe-Ra-probe)/2

W=13pum —
Ti | 4.56x+097 | 4.56+0.23 5.93 049+025 ] (o0.13) 0.47 £0.05

Equation Fit | RyW (kQ/um) Rs (kQ/oO) Re (kQ) pe (kQ.um?) | Re = (Roprobe-Raprove)/2

W=13pum
Ti | 6.72x+2.09 | 672+0.74 8.75 105080 || (0.27) 1.0£0.5
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Field-Effect Transistor
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With P-doped semiconductor :

Source  Semiconductor (channel)  py..in

l l * V,<0: holes accumulation in the channel
and easier hole injection at the contact

* V,>0:depletion and inversion in the
I : channel, easier electron injection at the
Oxide contact
Back gate

Oxyde (a) P-type, ®y; > D Vy=0,V,=0

Meétal Semiconducteur \ S
—————Ec Er ~— = 5 [ 1_
EFNW V<l T E:

3 Ev Vsd>0,Vg<<0 —_— V5d>0,Vg>>0 —
ot Va>>0,Vy<<0 _._ Va>>0,V,>>0 =~
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S.M. Sze, Physics of semiconductor devices, Ed. John Wiley & Sons, 1981 @
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‘L.;j Field-Effect Measurements

* lsp Vs Vg characteristics
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S. Das et al., ACS Nano 8 (2014) 11730
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Isd (A)

Isd (A)
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Field-Effect Mobility

4-probe conductance (G) measurement :

Mobility of the semiconductor

No contribution from the contacts

dG L 1
l’l =
PET A, W Coy

L : gate length (m)
W : gate width (m)
C., : Oxide capacitance per

unit of area (F/m?)

. Ni contacts
8,0x107 7 4-probe measurement
Low T °
6,0x10™
[ ]
D
~ 4,010
O
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0,0 —71tr r I r r ~ 1 1t 1 1~ T r*r 1 1
100 -80 60 -40 -20 O 20 40 60 80 100
Vg (V)
e from G vs Vg (cm?/(V.s))
Ti Room Temperature 160.11
Ti Low Temperature 563.37
Cr Room Temperature 39.21
Cr Low Temperature -
Ni Low Temperature 1252.16 )
T ——
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Summary
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* Ohmic contact gives lower contact resistance :

» More scattering in Titanium datas
» Nickel has the lowest contact resistivity

* In this framework Nickel gives the best results with a good ohmic
contact

* More scattering in Titanium datas and more defects, the one to avoid
* All our FETs displayed unipolar behaviour

* Good mobility values according to what is found in the Ilterature
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Outlooks
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* Extraction of Schottky barrier height to see the real nature of the contact

* Simulations of the interface to theoritically confirm those results

* Try with other metals to see if we can find better than Nickel

* Ambipolar behaviour is expected for thinner flakes (close to monolayer)
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Thank you for your attention

National Enterprise for nanoScience and nanoTechnology




NEST

Field-Effect Measurements

* Field-effect mobility

. Ti contacts

4-probe measurement
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Isp vs Vo Gvs Vg
Ti Room Temperature 61,51 160.11
Ti Low Temperature 216.43 563.37
Cr Room Temperature 23.46 39,21
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Ni Room Temperature 78.30 22351
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