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The terahertz (THz) frequency band of the electromagnetic spectrum, located between radio
waves and light waves, offers many applications within non-invasive screening technologies and
ultra-broadband communications. Some devices are capable of operating within this band, but
due to limitations, there are no commercially viable devices that can operate across the THz
range. Here, we investigate the gated double graphene layer heterostructure (G-DGL) for
emission and detection of THz radiation by photon-assisted quantum mechanical resonant
tunneling. To examine the phenomena, we use two different experimental setups. In our photo-
detection setup, we use a uni-traveling-carrier photodiode (UTC-PD)-type photomixer to
generate continuous THz waves at 0.3, 0.5, and 1.0 THz. The generated THz radiation is directed
to the sample by an adjustable Indium Tin Oxide (ITO) mirror. By adjusting the angle of the
ITO mirror, we alter the photonic and plasmonic responses in the G-DGL, and then measure the
tunneling current. For the stimulated emission setup, we considered electro-optic sampling
(EOS) of time-domain spectroscopy to optically pump G-DGL. To calibrate the EOS system, we
first observed the stimulated THz emission in monolayer graphene using a CdTe crystal. A 1.55-
um, 80-fs pulsed laser pumps the graphene sample and CdTe crystal. The optically rectified
CdTe generates a THz probe pulse along the Cherenkov angle and is reflected at the top surface
of the CdTe back to the graphene sample. These results characterize the in-plane spatial
distribution of the polarization-sensitive regions where the graphene plasmons are strongly
excited for future G-DGL samples.



Photo-Absorption-Assisted Photo-Emission-Assisted

NanoJapan

International Research Experience
for Undergraduates

Introduction

[ J [ ]
.Radio Communication & radar Optical communications Medical :magl}swgoP fysios T H z A p p I I c at I O n S

micro- hwmillimeter“ gezherzy — ,- . ¢ FOOd SCreenIng

wave & RF waves

1010 Hz 10" Hz 10"°Hz 10"4Hz 10'5Hz 10'8Hz ® H ome I an d
3cm 3 mm 30 pm 3 um 30 nm 0.3 nm

ivati i - rit
Motivation: Current devices have operating >ecurity

limitations in the terahertz (THz) range. ) UItra-Bro'adb.and
_ Communications
Device
Gated Double Graphene Layer Heterostructure (G-DGL)*2
DGL capacitor soum pu—
sandwiched o —
between thin Graphene

tunneling barrier h- ,,,.. h-BN
BN. s e e h-BN
Fabricated on SiO, 4
substrate.

Si gate electrode ‘ ,a,,.,e,,e
tunes band offset
for bottom

graphene layer.

. Tunneling barrier,
hBN i0, Silicon 4 to 7 h-BN layer
layer ayer backgate (1 3510238 m)

heet

Photon-Assisted Quantum Mechanical Resonant Tunneling
(PA QM-RT)3

Resonant Tunneling Resonant Tunneling

(Detection)

Emission)
(Emi N

@)

Barrier Yy,

A<O Y, A>0

DC bias V, creates tunable band
offset A.

e |[fA=0,electrons tunnel
through barrier by QM-RT.

 IfA#0, electrons tunnel by

emitting or absorbing photons
(PA QM-RT).

TERAHERTZ EMISSION AND DETECTION IN ﬁ%%
GRAPHENE-BASED VAN DER WAALS HETEROSTRUCTURES «s? RIE

Arthur M. Win,%?3 Stevanus Arnold,> Deepika Yadav,3 TOHOKU
Stephane A. Boubanga Tombet,3 Victor Ryzhii,® and Taiichi Otsuji?

IDepartment of Electrical and Computer Engineering, The University of Tulsa, Tulsa, Oklahoma, U.S.A.
’NanoJapan: International Research Experience for Undergraduates Program, Rice University, Houston, Texas, U.S.A.
3Research Institute of Electrical Communication, Tohoku University, Sendai, Miyagi, Japan

Contact: arthur-win@utulsa.edu

Methods

Stimulated Emission Setup#°>:57

Electro-Optic Sampling (EOS) Time-Resolved Spectroscopy

Pump Pulse

Fiber Laser Stimulated Probing Optical

------------ emission point (x, y)
4 Probe Pulse EL‘;?:

Ny - o— > +®

Optical Delay Line Pumping

EO Sensor

Si Prism
_ L7 :
Device ‘ ’ At A2

Under
Measurement f
|
|

-

N2 N4

IR A~ AneTHZ
: THz " AN THz Optical
Dichroic x THz | probe pump

|
“% -------- / e,
-------- - EO detection
Population
Optical probe inversion

-—————-4—

e PSS Hz probe

/ET z-Probe N bl

e CdTe

«GR
Si0,

- Si
Substrate

Optical pump

Procedure Optical pump pulse

1.
2.
3.

ITO Mirror

DGL Sample

on Stage

Align laser path for pumping and probing.
Excite graphene with 1.55-um, 80-fs pulsed laser.
Isolate primary and secondary THz pulse.

Photo-Detection Setup?-34

Resonant
THz detection

RTD

UTC-PD
ﬁ:;f;/'l\ﬁra) originating
érb “—Alignment LED *HZM/%,X » NDR

> . » |
\ i ) Resonant
_ THz
Pumping  Responsivity

Parabolic Mirror Drain Voltage (V)

. )

0.20-

A\—\ Emission

0.05{ g=3nm - ﬁ_DetECtiOn

=0.10 v ey

: Band Offset (eV)

A
f
B

Gate Voltage (V)

Procedure

1.

ITO mirror near the DGL sample is tilted at a desired
angle.

Gate bias V, is applied to tune the band offset A and
match the corresponding photon energy.

The uni-traveling-carrier photodiode (UTC-PD) emits a
continuous THz wave that is absorbed by the sample
when A < 0.

A range of drain biases is applied and the respective
tunneling current is to be measured.

- e amd ad
NBODNDOON
HXAUYXAXXXXX XX
-— e e e e o e e e ad
0000000000

OO hdhdhd

EOS Signal (a.u.)

— 3x105 /1\ (,'26,' 0) 12:10% 24,0 1-6X102 1.4x10°5 1) — 2 V) 1.8x10°5 -18,0
: U . -5 U+ " 1 4X10 - [ U u . ’ . 1 GX10 p- i "
5 I ) 5 | !

T | * 1 o 3 12x10°5 | . | 12407 - 14x105 | -
%105 | + ]l 8x10°® L 2 1 1x105 | + ] X107 1 1.2x10°5 . :

. 6 &+ Y - 8x106 } oA 1x108 | e
5x10 5 - + . . 6x10 i ; R - 8x10 - + ' : . ] . 6 3 ]
x105 | 3i2F ] axi0f | M J  6x10°% b e L

EOS Signal (a

x106 | | 2¢107° NG o it 210

g

UNIVERSITY

TULSA

Results
EOS Mappmg Results

(-34, 0) - (-32, 0) (30, 0) A
@+ 3 @ i 1 2x10° ¢}
A RE 3
: éi; |~
0

1 15x10*° }
178 180 182 184 186 188 178 180 182 184 }86 188 178 18£i_l18° 1€ps1)86 188 178 180 182 1?4 186 188 178 18Ci..182 1?4 186 188
ime ps)3

-— e -

-— e e
NBOOD=2NDO
X X X X X X X X

NEOODNDOON
b & AT B B T 4
-— D ad e e D e D e b
(elelslelolslelel=]=)
OO hhdhd
-— e e e
wbmmAwhomw
HKAUXAXAXXXXX XX
-— e e e e e e e e -
(elelel=lolel=lel=]=]
OO hhdhhdh

OCOO0OO0OO0OO0OO0OO0O

N T T JUC . NPEL N N N

5x10°€ |

1x10°% |
Time (ps) Time (ps Time (ps)

1 -6 B & ". ‘: 2 8X10- =
4x10°° L %t e 1 . X et AR L B 4x10°C
5 o H } 2X10

” i Y 0 : s : 0 : gl o 2 " : ] 0 ": < 0 %
178 180_182 184 186 188 178 18Q_182 184 1$56 18¢ 178 18%_,182 1?4 86 188 178 1QP 182 184 186 18 178 180 182 184 186 188
Time (ps ime (ps ime (ps) ime (ps) Time (ps)

Photo-Detection Results

Emission &=|=p Absorption

N
o

N
o

(V, = 0 @ 500GHz)

|r at 300K Measured
)| (66 ~30° ,

v

(Y
o

Nl

Y
(%2}
]

E

o

ult Gate Voltage

=
o

1

I

o

\
A \
N — 3V
\rl\
A}
Y AY

e

— 1V

N
o

i

(%]
1

Photo-induced Current (pA)

w
o

i
— 0V AT
200
J-'r Ly .
’I"flr A il #

Photo-induced Current (pA)

L 2y
- ‘Wﬁ;

-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 ) ' 0 ' ' ' -0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 O.

. Monajjemi et al., J Mol Model 20:2507,

-40
Vd (V) ' ' ' vd (V)

Conclusions Future Work

We observed the primary and Alter ITO mirror to observe the DGL
photo-response at different angles.

Improve signal-to-noise ratio on the
EOS system.
Measure stimulated emission from

secondary THz pulse from EOS
system at consistent positions.
DGL has increasing photo-

induced tunneling current for DGL sample.

increasing drain biases for For both experiments, use DGL
different gate voltages. sample with 0° alignment for greatest

The dependence of the photo- THz response.

induced tunneling current on

THz photon energy is yet to be
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