MANCHESTER
1824

Planar THz Devices and
Graphene Tunnelling Diodes

Aimin Song

Department of Electrical Engineering and
Electronics

University of Manchester

®IEEE {fifj; «#b= Srek



MANCHESTER

1824

Acknowledgements

Gregory Auton, Arun Singh, Hu Li, Tianye Wei, Josh

Wilson, Joseph Brownless
Department of Electrical and Electronic Engineering,
University of Manchester, UK

Baoqging Zhang, Zihao Zhang, Mingyang Wang,
Qian Xin, Jiawei Zhang

Center of Nanoelectronics, School of Microelectronics,
Shandong University, China

®IEEE {fifj; «#b= Grek



MANCHESTER Planar THz Devices and Graphene
Tunnelling Diodes

=) < Background
< How to determine 2D material thickness
< Graphene tunnelling transistors
< Planar THz nanodevices
<+ Semiconducting graphene nanoribbons
< Summary

®IEEE {fifj; «#b= GreE 3



MANCHESTER
1824

Graphene: A Super Material

* Nobel Prize in Physics 2010

* Thinnest imaginable material

» Strongest material ever measured (theoretical limit)

- Stiffest known material (stiffer than diamond)

» Most stretchable crystal (up to 20% elastically)

* Record thermal conductivity (outperforming diamond)

* Highest current density at room T (million times of that in copper)
* Lightest charge carriers (zero rest mass)

* Most impermeable (even He atoms cannot squeeze through)

* Highest intrinsic mobility (>100 times that of Silicon)

 Longest mean free path at room temperature (micron range)
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More than 1800 types of 2D materials Nature Nanotech 5, 487-496 (2010).

Nature 490, 192-200 (2012)
Y ey Nature 499, 419-425 (2013). .
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2D materials: Problem 1

Too thin!

Difficult to identify atomic layer numbers!

But the first thing in any experiment is
to identify the exact thickness.
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Properties sensitive to thickness

(a) Mono-layer (b) Bi-layer (¢) Tri-layer
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Properties sensitive to thickness ESSERC
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Monolayer
MoS,
channel

Nature 603, 259-264 (2022).
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Graphene: Problem 2

Zero bandgap semimetal

It iIs not a semiconductor!

So, it is not of much use for electronics
as the active layer.
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Use of Graphene in Devices

0.8 0.4 0.0

Voltage (V)
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Responsivity: 0.495 A/W
Detectivity: 7x10° Jones
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Wavelength (nm)

Adv. Mater. 2016, 28, 4912—4919
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v'Try to generate a bandgap

Responsivity: 8.61 A/W

\ Phys. Rev. Lett. 2007, 98 (20), 206805 ) K Nat. Commun. 2013, 4, 1811 j

Graphene nanoribbon Graphene quantum dots

« Only very small bandgap achieved
 Edge imperfection due to lithography limitation
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atomic layers =20=3

Small 7, 465-468 (2011). Nature 603, 259-264 (2022)

Atomic force microscope (AFM) Tunneling electron microscopy (TEM)

Highly time consuming and expensive
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ACS Nano 7, 10344-10353 (2013).

Most commonly used in labs

% Avl

* Very low contrast

+ Sensitive to wavelength, substrate thickness, incapable on transparent substrate....
» Contrast usually < 10 % for single-layered graphene

< 2% for single-layer h-BN (transparent)
* Very rare to see single-layered h-BN based devices
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H-BN
exfoliated

on Si/SiO,

Standard microscope with dark field

_ Scatte -
Incidence light” Incidence light
- ‘ -

B. Zhang, et al,, Nano Letters 23, 9170 (2023)
* High contrast at the edge of atomically thin h-BN flake

» Single layered BN is now very visible
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Per-layer contrast increased from 5% to 70%
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Rayleigh scattering Charge-dipole model
d<0.11 d>0.14

Rayleigh Scattering Mie Scattering Mie Scattering,

larger particles
NWee—=——"-
\' 7

————= Direction of incident light
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Rayleigh scattered light -}
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dependence of Rayleigh scattering

R -1 1000 z
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Good agreement between our model and experiment
B Zhang, et al, Nano Letters 23,9170 (2023)
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Application to other 2D materials
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* Highly linear dependence of the contrast on the number of layers
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Reflection microscopy 6000%
= Dark-field microscopy 4
70%
a5

Ref. ®

[ 15% Ref. =
2.5%
Graphene h-BN MoS,

B Zhang, et al, Nano Letters 23,9170 (2023)
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Large-area identification, transparent substrate E==3S5E55

CVD-MoS,
on Si/SiO:

CVD-MoS,
on Sapphire

Large field of vision achieved, up to 0.8 x 1.2 mm?

CVD-WSe2
M8 on Sapphire

Feasible on transparent substates!
..... B. Zhang, et al,, Nano Letters 23, 9170 (2023)
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. - Optimized
Materials Method 22:11:::: DT_;(:;O" Optlmlziz(:i\év:::g:th SIS thickness of the Reference
SiO: layer
1 graphene ORC 15% 2-4L 550 - 600 nm 285 nm Ref.S1
2  Graphene;MoS:  Deep learning;ORC N.A 2-5L White light 300 nm Ref.S2
3 graphene ORC 6% 1-10L 550 nm 285 nm Ref.S3
4 graphene ORC 7.70% 2-5L 550 nm 300 nm Ref.S4
5 h-BN ORC 2.50% 1-100L 516 nm 282 nm Ref S5
6 h-BN Raman;ORC 1.50% 7-38L 525 nm 290 nm Ref.S6
7 h-BN Raman;ORC 2.50% 2-4L 500 or 570 nm 290 nm Ref.S7
8 MoS: Deep learning;ORC N.A 1-5L 470 - 850 nm 270 nm Ref.S8
MoS: ORC 9% 1-15L White light, with RGB channel 300 nm
9 WSe: ORC 14% 1-14L White light, with RGB channel 300 nm Ref S9
MoS: ORC 35% 1-15L White light, with RGB channel 90 nm '
WSe: ORC 38% 1-14L White light, with RGB channel 90 nm
Graphene Dark-field 70% 1->100 L o
10 h-BN Dark-field 40%  1->q00L ‘Wnite light, b"i“er t‘: shorter  Notrequired  This work
MoS: Dark-field 6000%  1->100L waveleng

» Contrast for graphene increased by a factor ~ 10
» Contrast for BN increased by a factor ~ 20

» Contrast for MoS, increased by a factor ~ 200 B. Zhang, et al, Nano Letters 23, 9170 (2023)
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Resonant tunnelling diode =S3625

* Predicted by Tsu and Esaki in 1973

+ Demonstrated by Chang, Esaki and Tsu in 1974

* Room-temperature quantum device

* Negative differential resistance

» Applications: high-frequency oscillators (>1 THz), multi-value logic, memory, etc

Intrinsic

|1

E.

Emitter Collector .
| | Tunneling current Excess current Thermal diffusion current

|

Tsu R, Esaki L. APL, 1973, 22: 562
Chang L L, Esaki L, Tsu R. APL, 1974, 24: 593
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Resonant tunnelling diode for THz ESSERC
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40 10
p-Ge(s20K) o well: 2.5 nm
30 Antenna 1_\um Spacer: 12 nm
—_ 9 L~ ~
E 20 S S 1 \
Q HBT, HEMT, & 2 \\\
~ 10 CMOS o = = R\
g ‘ & H W | -
§ 0 £ g o1 i \ | 9 K
g 10 é with | : ||
3 -20 O 001} InGaAs, ii e without
baiD) InGaAs
R 3/
-30 (2021. Jan.) ' !
A0 —— 8 bty 0.001 —
: 1 ) 1-§ 2 25 Maekawa T, Kanaya H, Suzuki S, Asada M.
Frequency (THz) Oscillation frequency (THz) Applied Physics Express, 2016, 9(2):
024101.
Upper electrode Izumi R, Suzuki S, Asada M. 2017 42nd
n*-InGaAs(Graded) | 9 nm (~5x10'%cm3) International Conference on Infrared,
n*-Inos3GaoazAs | 15 nm (~5x10'%cm-?) Millimeter, and Terahertz Waves (IRMMW-
un-Inos3Gaoa7As | Collector spacer: 12 nm THz). 2017.
Al Barier: 1nm | Asada M, Suzuki S. Sensors (Switzerland),
un-In, Ga, ;As Well: 2.5 nm } RTD 2021! 21(4) 1384.
AlAs Barrier: 1 nm ]
Lower
electrode un-Ing 53Alo 18Gao29As | Spacer: 2 nm : Step
n-Inos3Alo18Ga02eAs | 20 nm  (3x10'%cm?) ¢ o b
n*lnossAlGaAs [ 15nm  (~5%10"%cm?)

n*-Inos3Gaoa7As | 400 nm (~5%10"°cm?)
| SI-InP Sub.

 Oscillators up to 1.98 THz
 Currently used as solid-state THz emitter at 300K
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Graphene resonant tunnelling diode

T
Vy Vs

Bottom Top graphene

raphene M
grap ‘—|I

hBN substrate

50
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I (nA)

VginSVsteps
— 15V
—_— 20V
— 55V

0.5

Britnell L et al. Nature Communications, 2013, 4: 1794.

« Atomically flat 2D materials extremely suitable for tunnelling diodes

« 2D-to-2D tunnelling is much more ideal than conventional 3D-2D-3D tunnelling

+ Single-barrier graphene/BN/graphene diode demonstrated in 2013

Potentially even higher speed without the so-called dwell time limitation

Difficulty: identify the atomic-layer numbers of very thin 2D materials
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1(nA)

Highest peak-to-valley current ratio: 3.9

E Highest peak current density: 2 pA/pm?
0.5

ne)

o AN Highest oscillation

| frequency: 2 MHz

(A) dpaydwe uo:

AUV LY
AR AR RN

Berger P R, Ramesh A. Amsterdam: Elsevier, Comprehensive Semiconductor Science and Technology, 2011, 5:176-241.
Burg G W, Prasad N, Fallahazad B, et al. Nano Letters, 2017, 17(6): 3919-3925.
Kinoshita K, Moriya R, Okazaki S, et al. Nano Letters, 2022, 22(12): 4640—4645.
Srivastava P K, Hassan Y, de Sousa D J P, et al. Nature Electronics, 2021, 4(4): 269-276.
Al-Khalidi A et al. IEEE Transactions on Terahertz Science and Technology, 2020, 10(2): 150-157.
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Unexpected size/geometry dependence ESSERC

8 5
/graphene/h-BN/graphene/ 4l ® In positive currents
a4l ® Innegative currrents .®
4t °®
° [ ]
- 2r 3 e C
§. — -4 L] L ]
= Or z o °
5 = 20 Al A -
“r — 10 ®e ©
i 0 V(v H
* -10 I:ZVsteps 1r eee®®ececcncens
ol -20
-8 1 1 1 1 1 0 1 1 1 1 L
06 -04 02 00 02 04 06 -20 -10 0 10 20
V4 (V) AV
16 16 16
[ ] [ ] [ ]
12 . 12+ . 12 .
L ] L] [ ]
s . s P s o
o (-9 a
. o C LI
Statistics al a4, al eep, al e g,
. Active IS \ ° Active RIS A\ °
o ® area °® perimeter e ®
0 : : ; - 0 : A - : 0 : : - '
0 5 10 15 20 0 25 50 75 100 0 1 2 3 4
Area'/? (um) Perimeter (um) APR (um)

Zihao Zhang et al. Nano Letters, 23, 8132 (2023)

* Helped by the dark field method to identify thin 2D material thickness
» Peak to valley ratio (PVR) depends on area, perimeter and area/perimeter
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Controlled tests on the same device F=325E5

Etching #1
= Etching #2 )
e Different areas but
= Etching #4 .
perimeter almost the same
Etching #1
. Etching #2 . .
- Euching #3 Different perimeters but
= Etching #4
area almost the same
5 5 5
o 'Perimeter etching' o 'Perimeter etching' o 'Perimeter etching'
4 'E = 'Area etching' al Bg - 'Area etching' 4l o . = 'Area etching'
" - ... . 1 % L ]
13-:“ \ o 13' ./\k 0.017 pm 13- \i k=-0.30 um
z 0 z z
2t o - 2+ - . o 2t k=095 = o
k= -150 pm’ k=0.12 um K .25 um
] V- .- - - 31| bectbeanccacmommerccm oo .- 71| SNV 3 S~
A =97 nm A ;=86 nm
0 : : : : ol— : : : : 0 : : :
0.0 0.2 0.4 0.6 0.8 0 50 100 150 200 0 4 8 12
Area™ (um?) Perimeter (um) APR™ (um™)
Zihao Zhang et al. Nano Letters, 23, 8132 (2023)
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i Edge doping model e

Ji (Vd_pcak) x (Area - Perimeter X Ayy) +.J;, (Vd‘peak) x Perimeter X A.p

J (Vd‘\,a“ey) x (Area - Perimeter X Ayy) +Jy (Vd,va"ey) x Perimeter X A

PVR = -
Jl (Vd,vallcy)

JI (Vd.pcak) (']l (Vd.pcak) 1) j-cﬂ‘

Jl (Vd,vallcy) ) APR

5 5 5
o 'Perimeter etching' o 'Perimeter etching' o 'Perimeter etching'
4 _E = 'Area etching' 4l o - 'Area etching' 4l %o = 'Area etching'
Q
L .

3-5.\ 3' -. \D\ ‘j':".ﬁ)J'H 3"... D\\
o« ® k=-32 un (o l/ -9 \ ).30 um
> ‘ > >
. 2+ D\ - & 2+ = o & 2t . 0 (PP

L k=0.12 pr k=-0.25 pn Fitting:
1f----o-mmmeeee - - -1 1f--¢--mm e - 1p------mmm e .- e - - Aeff=97 nm
Ay =97 nm A4 =86 nm
0 : : : : oLl— : : . : 0 - : :
0.0 0.2 0.4 0.6 0.8 0 50 100 150 200 0 4 8 12
Area” (um?) Perimeter (um) APR™ (um™)
Zihao Zhang et al. Nano Letters, 23, 8132 (2023)
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Optimized resonant tunnelling diode ESSERC W'
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1.0
15/ o In positive 0%,
Drain Source 0.8+ currents g
12} @ |Innegative ¢
0.6+ currents °
— 9}
3 o4} 3
= o
= o
0.2f di
°oe,
0.0} - 3t .
T=300K o ®
-0.2L— - . : . . . 0 - - . .
-06 -04 -02 00 02 04 06 038 -20 0 20 40 60
Vg (V) Ve (V)

« Room temperature PVR = 14.9

« A factor of 380% increase from the previous record

Zihao Zhang et al. Nano Letters, 23, 8132 (2023)
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Optimized resonant tunnelling diode === ==

151 o |npositive e®%%0,
currents >
12+ @ Innegative =
Source - currents °
= 9
>
a
.
6
LI I
3l .
.
T=300K °®
o2l ol— . . .
% -06 -04 -02 00 02 04 06 08 -20 0 20 40 60
m Vg (V) Ve (V)
Interlayer hB!
Bott 2ne
0 omMﬂuu o
24r e In positive ° e0o 4
1.6 currents °
® |nnegative
o
1.2 a8 currents
« PVR=239 @9.6K =
0.4
6 oo
0.0 . o
04l . ) . . . . 0 ?o.o¥0 __®eoe0o,
" .06 -04 -02 00 02 04 06 08 -20 0 20 40 60
Va (V) Ve (V)
Zihao Zhang et al. Nano Letters, 23, 8132 (2023)
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Optimized resonant tunnelling diode

BRUGES
S-12 SERPTEMBER

ESSERC
=024

1000 1000
$=0.401pm? 12000 Vg (V) 12000
I 9=22° | l —
500 Y1000 500 60 .
55
| v, (V)
of 0 & ot o o &
EY g 3 45 -30 E
= S~ = _35 S~
> 0008 3 40 -1000
-500 — 60 -40 | b -500 35 -40 =
55 -45 | 5000 30 g -45 {-2000
-1000 50 -50 -1000 — 50
45 — 55 . 55 -
T=300K 3000 T=9.8K o
-1500 40— 60 -1500 | 60
: : - -4000 - : : : -4000
10 05 00 0.5 10 15 -1.0 -05 00 05 1.0
Vg (V) Ve (V)
4000
120} 9.8K
In /4 positive values ﬁ K
i ® 3000 ‘7
1.15 In [y negative values ® NE In I, positive values
;OOIEI positive values < In Iy negative values % . 2
«< d — . o . MA
€ 110] © inj,negative values S ao00| 70K E Peak current density: 2700 pA/pm
@ = n Iy positive values (1
@ g = In/, negative values . o
105 o = ‘ » Improved by 3 orders of magnitude
® 1000 R
® Jf
1.00
1 L 1 L 1 1 1 0 L L 1 1 L
60 -40 20 0 20 40 60 60 30 0 30 60
Ve (V) Ve (V)

Zihao Zhang et al. To be published
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Optimized resonant tunnelling diode === ==

0 0 1.6 30
v, (V) -
20 — 30 4-100 \
-400 - hgy — e 08+ \ 15
15 — 25 5 . 3
_ 125 — 225 200 & %
3 8ol 10 3 1o =
= { {-300 2
£ T B
\ 4 - vy U):
-1200 + 4-400 -15
| = Experiment
S =297 un
$=2.97um™ 1 500 Simulation
-1600 L - 1.6 ) 1 : 30
-1.5 -1.0 -0.5 0.0 0 5 10 15 20
Vy (V) f(GHz)

« Oscillation frequency: 11 GHz
« Previous highest: 2 MHz
+ Increased by 3 orders of magnitude

Zihao Zhang et al. To be published
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< How to determine 2D material thickness
< Graphene tunnelling transistors

=) < Planar THz nanodevices
<+ Semiconducting graphene nanoribbons
< Summary
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- Diode that layman can understand

Conventional diode Ballistic Rectifier i
n-type :

principle inthe o

p-n junction . . ~

) " semi-classical Y

) . 0 @
Conduction Band reglme'
Q'QQ'QQQ'QQQ_""_""'-'_'-“ Functions like a Bridge Rectifier!

Energy bands at equilibrium

1st diode that layman can understand!

Only experts understand!
1st diode having intrinsic zero threshold!

©IEEE [{{§ <25 GreE
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InGaAs ballistic rectifier characteristics F==555
0.1
Ofeeeaes
0} e
— ‘-,‘_\ 72
~ 0.1} A E -20 e VLU o ISD
E r . l ..g_ ’;\"‘
= -0.2¢ s ". 4 l“.\ 3 Room temperature
— ) e ! ™ .
~ 0.3} .." N \ 8 40} [~ Small device -
! CAperiment N Quaderatic fit
04 e theory "
-60
05 R 0 100 200 300 400
-30 20 -10 O 10 20 30 AC input (mV)
Isp (HA)
Phys. Rev. Lett, 80, 3831; Phys. Rev. B59, 9806 Japn. J. Appl. Phys. 40, L909; Appl. Phys. Lett. 79, 1357

~ Socnsw‘

v New device concept and working principle
v Zero threshold, no need of DC biasing
v" Parabolic (not exponential), quadratic response

GreE 36
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1824 Graphene Ballistic Rectifier EssERC G
=024

V,,(mV)
- 0O = N W s 00 0 N

T Vyo=-15V
L. — Experimen =
—— Theory T=300K
20 15 40 -5 0 5 10 15 20
lsp(HA)

3

— V=20V
M O

---- Quadratic Fitting  hole

V,,(mV)
o

electrons

, T=300K

« Graphene flake directly placed on SiO,
* Low mobility: ~2000 cm?/Vs
- Device size > mean free path %0 45 d0 5 0 5 10 15 20

Iso(MA)  AK Singh, et al, 2D Materials 5 (3), 035023 (2018)
= AK Singh, et al, Carbon 84, 124-129 (2015,
v" Both devices worked at 300K e G maren i
v" Thermoelectric effect ruled out due to opposite output

g ’ E ELF.CTRON
Socen* GreE
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= High mobility graphene & 1D contact ESSERC

Graphene
2D contact between Small step creates quasi-1D

graphene and metal contact with metal
Metal contacts '

Graphene / |

Graphene ,
Sio,

I
[
I

L. Wang, et al. Science 342, 614 (2013).

.

Hall bars by e-beam lithography

BN enables ultralow surface states/traps 1D contact to reduce series resistance

[T L T] o
/ LECTRON
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3
40.020 Temperature (K)
01T R Vi
14 S g (V)
250K g - 250 20 -5 10 -5 0 5 10 15 20
— R {0015 > 200 N
2 NE 21 —30 . Ifroml23to4l(!hroulhrectilﬁerHJZIuAACI U e
QB - GXX — [$] qVfrom2to3 ° - 250K
é 0 -o.o10</v)>< “"9 P :ggaK
> X ~—
D:X oaes (D g 14 & E i
A g Electrons Holes E:L 204 Amfp ~ (h/2e)p(nhT)12
{0.000 o 1 /
0 T T T T o i
20 0 20 12 06 000 06 12 8 " electrons
V_ (V) Density (10 “cm™) -
Mobility by Hall measurement g " holes
0.5
124
0.0 T T T T u
10+ 4 0 1 2
& 8 Density n x 102 cm™
E o] a0k Mobility by field-effect
x
O 4] oshe measurement > Mobility ~ 200,000 cm?/Vs at 300 K
N > Close to theoretical limit
0 _toes 108000emns Electrons 197,600cmVs » Mean free path: 1-2 microns
-10 -5 VO V) 10
G
e 2 E.ccrmon G. Auton, et al, Nature Communications, 7:11670 (2016)
& IEEE I b Grek
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£ Record microwave detection sensitivity essERc U
=024
W\
nature ==
COMMUNICATIONS
ARTICLE
a 5] Received 15 Dec 2015 | Accepted 18 Apr 2016 | Published 31 May 2016 OPEN
. // Graphene ballistic nano-rectifier with very high
0 7 responsivity
-5 | / i 25,000 b
E ‘0 VG. IB 20,000 g" "
= V] —-19V = ' 10°
3 — T11v S 15000 X
— 3V 210,000 =3
T —v € 5000 b 012
oV % ’ =z
20| av =0 .
— 11V 300 K 20 -10 0 10 20 20 -10 0 10 20
P Ve (V) Vs (V)
-100 -50 O 50 100

DC Igp (HA) « Room temp responsivity: 23,000 V/W

* Record sensitivity (NEP) for microwave detection at 300 K, <1 pW/Hz"/2
« Comparable to superconductor bolometer (-270°C)

~g 7 E BLF.CTRON
Socen* GreE

G. Auton, et al, Nature Communications, 7:11670 (2016)
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132 - : ESSERC Wt
Microwave detection up to 680 GHz =260

TE |ens| Sample :

! WR 65— WR 2.2 } %
| variable | 1 ——WR 51— 064 -0.69 GHz '

0.1 Frequen&?(THz) 0.4 0.65 0.70
. G. Auton, et al., N Letters, 17, 7015 (2017)
One of the fastest graphene nano-diodes to date o e e e

ool SocEry* GreEl
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= Imaging at 640 GHz ESSERC

(a) (b)

T L 8 l‘ T T » T T
8 10 12 14 16 18 20
X Axis (mm)

* First graphene based THz imaging (resolution ~1 mm)
+ Collaboration with University of Montpellier
« May be exploited as THz camera for airport security / medical imaging

A 2% Eiccrron G. Auton, et al., Nano Letters, 17, 7015-7020 (2017)

EVICES

SociEry* G re E

4 IEEE



MANCHESTER Planar THz Devices and Graphene
Tunnelling Diodes

< Background
< How to determine 2D material thickness
< Graphene tunnelling transistors
< Planar THz nanodevices

=) -+ Semiconducting graphene nanoribbons
< Summary
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Graphene: Problem 2

Zero bandgap semimetal

It is not a semiconductor!

So, it is not of much use for electronics
as the active layer.

©IEEE [{{§ <25 GreE
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Graphene nanoribbons (GNRs)

© Carbon
© Oxidized carbon

» SWCNT + strong acid

> Generate defects

» Unzip by ultrasonic agitation
» Annealing

LECTRON
EVICES

> 2 nm wide GNR

GreE

BRUGES “““ .
S-12 SEPTEMBER A N
ESSERC .
=024
b‘ c ‘ d .
Elj v 7 E:- Eu- v l .
L\ _lumy | pl—Xodim | g S \lum o
f.’ : . 3 ] f'; ® W e f"." = w o £
Distance (nm) Distance (nm) Distance (nm)
SWCNT Partially unzipped Fully unzipped
PL spectra
5
=
2 1.8 eV bandgap
£
SWCNTs
660 680 700 720 740 760
Wavelength (nm)
ACS Appl. Mater. Interfaces 13, 52892 (2021)
45 45
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Graphene nanoribbons TFTs ESSERC

—
Q
o
]
L

40 30 20 a0 o0
V (V)

GNR TFT on/off ratio >10°
Previous graphene TFT on/off ratio only ~ 10

@IEEE m @E‘EE‘;N GreE 46 46

_____ ACS Appl. Mater. Interfaces 13, 52892—52900 (2021)
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i Graph bb hotodetect R
rapnene nanoriboboon pnotoaetectors ES%%EC
b
@ GNR si ® GNR ALO, si
1 '
Forming GNR film v:
(a) E
a hiiad
iti = i @ Elect
n-type Si Deposition Drop-casting of ®e00e Fc ectron
of ALO, GNR solution I © Hole
¥
- = A
—— '
—— 1
1
. s (@) (b)
Device < Deposition of top Natural dry of i i
measurement Au and bottom Al GNR solution 10° \fv""“"mlzo’ e W'“‘ ak0,
g 107 —;):rk\‘ < 10’ = ~ Dark
- —3 = 106 ——34
<> <> - 5 10573 \ / = 10 e
i J w W £ o ns | £ 107 77]88
3 - 26.7 ‘ O ips 267
(b) (© (d) il P | " e
c | nW/em 10 pW/em?
_ | —GNRs | =—GNRs Peak= 686 nm 10
Au = | —SWCNTs S | — SWCNTs 6 4 2 0 2 4 6 6 4 2 0 2 4 6
8 8 Voltage (V) Voltage (V)
z Z c d
GNR film 2 D z ( ); @
8 2 2 = Without ALO, P= 2 With ALO; Bias=0 V P=
AL O, = = g, -40 Bias=0 V I 7; f,.lso ;"\.‘ I \\ :: ;g
~ - s —— 11.8 = [ | —— 11.8
1200 1400 1600 1800 2000 660 670 680 690 700 £ 300 omoomoonoon 555 2100 N 267
Raman shift (cm™) Wavelength (nm) g 20 snssionoaratiivaaty ;\;,/cl:z’ g 5 ;V;/:;?
= =
= -10 =
= 7R
- 010 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Introducing Al,O3 to reduce dark current Time (s) Time (s)
M.Y. Wang, Nano Lett. 24, 165 (2024)
EEEEn J—
O IEEE {ifi): <
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Graphene nanoribbon photodetectors

BRUGES
S-12 SERPTEMBER

(a)
= -160} P=176 yW/cm* Bias=
g. n cm 12§ oV
= -120}
=
)
= -s0f
=
3
S .t
=
o
-5 o
6 2l0 4.0 6‘0
. Ti
Light wavelength 635 nm mei(s)
(d)
—-a- Bias= 0V
1000 -o- Bias=-5V /)
& o
KQJ 100 //‘
< - //o
10 -
- ja/o
1 . .
1 10 100

Photocurrent (pA)

|Photocurrent| (nA)

Light power density (1W/em?)

_

—

(b) (©)
~ n 7
200 P= Z-160f Bias=-5V p=
- 34 12 I T
1504 —- 7.8 = -120 ‘ —~ 18
—— 11.8 ;.-a —— 11.8
-100}F — 26.7 - -80 —— 26.7
— 176 rd g 176
-50F pW/em? S 40 pW/em?
TP PP=P? PN =
0 ~
0 -1 2 -3 -4 5 0 20 40 60
Bias voltage (V) Time (s)
(e) ()
=10 Bias=-5V
= |Photocurrent| Bias=0 V « ias=-5 V y
S0t ; ; 7 = |Photoucurrent
— Linear fittin = 120 | |
& st — Linear fitting > o
3 = 90
00 . R=0.9998 e R*=0.9920
S
/ = 60 /
s0f 3
e < 30 .
<
.-/ £
0 L A A i A A & 0 n. A A A A
0 40 80 120 160 0 40 80 120 160

Light power density @W/cm?  Light power density (¢#W/cm?)

M.Y. Wang, Nano Lett. 24, 165 (2024)

Photo-to-dark current ratio (PDCR) at zero bias: 1.5X103

LA LA N
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. ™ / LECTRON
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o Graphene nanoribbon photodetectors ESSERC

(a) (b)
5 s S 0
‘é 4 \_ = E §4. g
§ i 2 ." o g E ’ P=3.4 pW/em? .‘. '3§‘
E 2} P=3.4pWiem -‘% 1400 E E 2k A p -\.‘ 10 E
E 1 ?].\ 1200 §_ .g 1t ‘ g
=0 o % Eof e
-6 = -2 0 -6 -4 -2 o Bias R (A/W) D (Jones) EQE (%)
Bias voltage (V) Bias voltage (V)
© L) 5V 1052 3.13x1013 2x10°
- 1.0
<
24t \a 10° Zos oV 1.04 2.45x1012 200
g ol P=3.4 pW/em* * ' 10 Q\: %0‘0
= 2t ’ ? Ry H S
2 £ 10
£ w? 2,
= .l B S M.Y. Wang, Nano Lett. 24, 165 (2024)
n_- 102 0.0
-6 -4 =2 0
Bias voltage (V)
» Responsivity 1,052 A/IW
» Response time: 310 ps
< IEEE {fj); <5 5 g
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Comparison with literature

—
[
[
(=]

100

o

e
J—

Responsivity (A/W)

S
=]
—

r *
This work
] .
[ . ’
R N T
* -
[}
] . <«
2013 2016 2019 2022
Year

—_ S ¢
3 10 This work
= ]
) v ¢
= 1012 ' s
z |- ¢
- p— 11
_E 107 f . N
>4 >
"5 loml' ° A
)
109 A A A A
2013 2016 2019 2022
Year

Highest responsivity and detectivity among graphene-based devices
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GR QDs

GR-Si

GR-Si

GR-Si

GNR

GR-InSb

GR-Si
GR-WS,-Si
GR-Si
GR-ZnO-Si
GR-Ge

GR-Si
GR-Al,0;-GaAs
GR-Al,0;-GaAs
GR-Si
GR-Si-Perovskite QDs

% This work

M.Y. Wang, Nano Lett. 24, 165 (2024)
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1824 Graphene nanoribbon thermoelectric generator EccsEEc Uik
=20=24
Thermoelectric power
‘ -:(- ‘v -
2030
GNE TEG fabrication 100 ,
30 & < Y
Dry after . £ Al o S = Au
suction E 251 = A ;}” > 80
— filtrati = = i
GNR ra ion ~20] ':p 5 )
solutlon S 15 e é 60 %
ii'ié % " @ g ; P
PTFE .« Vacuum €10 ';' Xx : oo 8
filter pump Metal electrodes E - $ 40- :
=00 4 N | compeE | G
Q
00™ GNR on PTFE 0 5 . ' '
0 20 40 60 300 330 360
Temperature gradient (K)

¢ IEEE [ «

Temperature (K)

Average Seebeck coefficient 60 pVK-'

GreE Wei, et al., Carbon 210, 118053 (2023)
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1824 Graphene nanoribbon thermoelectric generator

8 :
i A Al SO
N! 7. = Au ] ¥
g A g 10
= = a .
3 6 7 3 Y v ° °
‘6 v ) } - Contgflled reduced
+— A \ [ 3 { l _9 1 ene oxides [20)
< 51 = . o . y nched MWCNT [21)
J l & o AWCNT [21]
o % — =/ N-doped MWCNT [21)
24 J o O MWCNT [21]
O C;) Graphene fiber [22]
o a 0.1 Porous graphene film [23}
3 : : . Graphene flake [24)
300 330 360 0 20 40 60 80 100
Temperature (K) IS| (MV/K)

Wei, et al., Carbon 210, 118053 (2023)

Highest Seebeck coefficient in carbon-based devices

¢ IEEE §§
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Output voltage (mV)

EssERC O
=20=24a

s &

T

+++++

20 40 60

Temperature gradient (K)

Flexible devices
Body heat driven
Voltage output ~ 10 mV
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2 Summary

<+ Background: Graphene too thin and not a semiconductor
“* How to determine 2D material thickness?
= Edge Rayleigh scattering+ dark field
“» Graphene tunnelling transistors:
= Unexpected size and geometry dependence
% Planar THz nanodevices:
= Device that does not need a bandgap and zero threshold
% Semiconducting graphene nanoribbons

= Eg=1.8 eV, high on/off FETs, photodiodes, thermoelectric generators
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Thank you!
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