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E Introduction and motivation

E Ultrafast carrier relaxation dynamics and THz/IR

gain in optically/electrically pumped graphene

E Carrier heating & cooling effect in optical &

injection pumping

E Graphene current-injection lasers
E Graphene active plasmonics for giant gain

E Summary
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-Promising Applications for Teraheritz ICTs

(Courtesy of Terahertz Technology Trend Investigation Committee, MIC, Japan)
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‘% Graphene can Bridge
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Carbon atoms in'a noneycomb lattice——/ Due to ts unique
- transport properties,

B Massless Dirac Fermions obey linear graphene is suitable
dispersion relation at K & K’ points. for implementation in

E High carrier mobility >200,000 cm?/Vs | photonic devices.
at RT. (cf. InGaAs: g~ 12,000 cm2/Vs)




- Jdea for Graphene THz/IR Lasers

b ' ' ' ' Optical pumping
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0.01k RTD i V.Ryzhii, M.Ryzhij, T.Otsuji, JAP 101, 083114 (2007).
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RC, T : Transport Freq_uency (THz) Transition: hv/kT  Current injection
(Courtesy of Terahertz Technology Trend
Investigation Committee, MIC, Japan)
-}
H QCLs only work at cryogenic temperatures. &F =°°°2_V5°j" tevp > 0

® Need powerful, compact, room-temperature

operating THz sources for imaging and

J M. Ryzhii and V. Ryzhii, JJAP 46, 151 (2007).
communications. V. Ryzhii, M. Ryzhii, V. Mitin, T. Otsuji, JAP 110, 094503 (2011).
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¥ Negative dynamic conductivity of graphene with optical pumping
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Optical pumping of
intrinsic graphene £ Distribution function : :
- Optical pumping ‘

Optical pumping hg J_L
T | Relaxation by OPs

Dirac 40 2
oint —
i 0.5 J(&) : :
S e Mo Accumulation of carriers
Sackans near the Dirac point
Population inversion in _ Population inversion
THz (low-energy) region Cavity structure
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*‘f Carrier Relaxation Dynamics after Optical
~  Pumping and Population Inversion at RT

Major carrier scatterings
Carrier-carrier (CC) m=) Quasi-equilibration (20~200 fs)
Intraband optical phonon (OP) ==) Energy relaxation (100 fs ~ a few ps)
Interband OP ™=) Energy relaxation & Recombination (1~10 ps)
Auger-type ==)> Recombination & Impact ionization (10 fs ~1 ps)

%

)
I

Photocarriers

Intrinsic carriers € Quasi- E Energy
equilibration via relaxation and
hQ2 carrier-carrier recombination
T scattering via optical phonons
G NI B ?M [
Population
inversion!
_ after 20~200 fs ‘ _ after a few ps ‘

D. Sun et al., PRL 101, 157402 (2008).

PA. George et al, Nano Lett. 8 4248 (2008).

J. Dawlaty et al., APL 92, 042116 (2008).

M. Breusing et al, PRL 102, 086809 (2009).

T Winzer and E. Malic. PRB 85 241404(R) (2012).
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" Scattering Rates for Intrinsic Graphene "

Obtained by MC Simulation

Scattering rate (1/s)

E. Sano, JJAP 50, 090205 (2011).
X. Lietal, arXiv:1005.2631v1 (2010).
V. Perebeinos and Ph. Avouris, PRB 81, 195442 (2010).
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<« Qptical Phonons in Graphene

\ Carriers interact with:

- Optical Phonons atI' ('-LO&TO)
- Intravalley & Intraband/Interband

- Optical Phonons at K (K-TO)

Conduction band

Valence band \

- Intervalley & Intraband/Interband
Phonon dispersion ‘  Scattering rates { -
e-dispersion wﬁnter,tra(lk Ik')= —\<lk Y —
slk—ktwlve) L )
Zw,gj-l%ter/tra (Ik,1k)
= TAlnter/tra k'
g - " H. Suzuura and T. Ando, JPSJ 77, 044703 (2008).
- “ 3x10
2 2 |l
g 9 ] .
"4 2 2x1012 interband 1L intraband
= 2
s K
=
2 S 1x10"
o =)
[=1
£
5 O 100 200 300 400 100 200 300 400
0 Carrier energy, meV Carrier energy, meV

I K M

T Maultzsch PRB 70 155403 (2004) B Time scale of OP emission: 300 fs ~ 3 ps
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¢ Theoretical Study of Graphene 11
" Under Pulse Excitation

A. Satou, T. Otsuji, and V. Ryzhij, JJAP 50, 070116 (2011).
H. Suzuura and T. Ando, J. Phys. Soc. Jpn. 77 044703 (2008).

Rate equations for relaxation of quasi-Fermi X =X(g, (¢), T.(f)) Carrier concentration
level and carrier temperature E =E(g, (), T.(1)) Energy density

dx 1 (
a2 Z J dk[(l_ Py vk (L= fvwhk)/fi(g,)inter Ttk Thag v,k /T'(O) }

inter

dE 1 - -
S-S Y dk VK| (1= Ty L= o) T hnter = o Thay—vik 780 ter |
="K

1
+”— jdkhaﬁ[ vy ik L= fu nkhay ) T.o)mtra vy ik L= Tu nk—hay ) Tlo)mtraJ

i=I",K
P ¥ Relaxation time for interband and intraband OP
Quasi-Fermi distribution {jnter> “i0intra (4" for gbsorption and “-” for emission; i= K, I")
caused by CC scattering £ £
B 1
Jopn = exp[(v, ik —£,.)/ k, T ] +1 e = E———
with & =&5(), 1, =1.()
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’ Relaxation of Quasi-Fermi Level

12

~ and Carrier Temperature

A. Satou, T. Otsuji, and V. Ryzhij, JJAP 50, 070116 (2011).

A! Pulse width = 80 fs

Ipmnp Peak intensity

Quasi-Fermi level
%‘ 300 —— T
£ 200 hQpump =0.8eV
o 100_ ‘Pop ion inversion! T
9 o=
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5100r 108 W/cm?
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B Population inversion occurs with a threshold of pumping intensity!
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<o TiMe-Dependent Dynamic Conductivity

T. Otsuji et al,, J. Phys. D 45, 303001 (2012).

Dynamic conductivity ., —Rre s . Re Gt (intra) = Drude
@Y ,, absorption
Rea, . 5(1_ 2fns) + (In2+ep /2kgT)e” kglt
4k - wh ﬁ(l—mzrz)
0 w *itanh[ﬁm_zg‘FJ (n2+¢p /2kzT)e” kgl
4 4icpT ) wh R(l+ mzrz)
7,=1ps
20 0 20 -
B T Medium
£ 008 £
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3 016 & ° |
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] . | .. =10°W/cm?
B Longer relaxation time, larger and broader NDC ™80 fs EWHM
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Cascade emission of
optical phonons: 7

\

Coherent THz
emission: i

RIEG

“““““““““ Optical Pumping/THz Probing Graphene

THz Probe

Optical
Pumping: 72
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S. Boubanga Tombet et al, PRB 85, 035443 (2012).
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Pptical probe

Si prism

CdTe
-
GR

substrate

Optical pump

P @ €=
g Ref

{

: é-Q
Graphene + Ref

Si | /sio,

Experimental result

EOS signal (a.u.)

I
pump
@ . 3107 Wiem?

— with GR
— without GR

2

-— 3.9pS
012345678 910
Time delay (ps)

¥ Observation of Threshold Behavior, " '"
Proving Stimulated THz Emission & Gain

16

Theoretical result

0.2

"5 TV
S
NE 0 P
< 2 ps
© 0.2}
QF t=35ps
04 o2n=3THz |

2 46 7:'; 10
Pumping intensity, x10° W/em

S. Boubanga Tombet et al, PRB 85 , 035443 (2012).
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B Threshold behavior

F Normal dispersion
= Proving the THz gain!




" Narrower Emission Spectra at a Longer
Probe Delay, Reflecting Equilibration
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S. Boubanga Tombet et al., PRB 85 , 035443 (2012).
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-AR/R(%)

20

1.5

1.0

0.5

0.0

Observation of IR Stimulated Emission

18

in fs Regime before Quasi-Equilibration

T. Lietal, PRL 108, 167401 (2012).
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+"% Gain Profile of MGL Laser =2
Calculated for Slot-Line Waveguides
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JOURNAL OF APPLIED PHYSICS 107, 054505 (2010)

Terahertz lasers based on optically pumped multiple graphene structures
with slot-line and dielectric waveguides

V. Ryzhii,"*® A. A. Dubinov,"® T. Otsuiji,>* V. Mitin,®> and M. S. Shur®

y D2 2
_4mReo, _ I 0)Pdy
hQ o e 8v= " = le % Ly=7r0 2
i H CN s I—Tj—x‘Em(}!~z)| d}-‘df:
GLs
Substrate W
20GLs, e.=30meV, =10ps 100GLs, e,.=50meV, W=12pm
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n 10 g 2 : . 8 i s::;omzv 1
0 — i L
8 £ 0—r =< £ 20
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o ‘D-G Ll 1 1 [ B 1 1 1 0_20 L ] ] L L ]
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% MLG: Epitaxial Graphene on SiC/Si 2
~ can Control the GR-Layer Stacking

GOS: Graphene on Si H. Fukidome et al,, J. Mat. Chem. 21, 17242 (2011).

M. Suemitsu and H. Fukidome, J. Phys. D 43, 374012 (2010).
3C-SiC
Si

M. Suemitsu et al., e-J. Surface Sci. Nano. 7 311 (2009).
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. | . |
1200 1400 1600 1800
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- Impulsive Pumping

' Pumping Photon Energy vs. T, & &

21

T. Otsuji et al, IEEE T. THz. Sci. Tech. 3, 63 (2013).

hQ,,m, = 0.8 ev hQyymp = eV hQ,m = 0.2 eV
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g - Lmp=10° Wiam? | ; 300 Yy = 048V = Ly = 10° Wicm' | bs\ 450_' At e 80 s = L= 10" Wicm’ ’
& 108 wiem? | 3 Ar=80fs - =10 Wom® E 400 - =10 Wiem?| ]
o - 107 Wem? | | § LS U 7R - | = 10" Wiom’
21000 - 10° Wem? 7 & 600 1 £350
E | 18 8 |
+ 500 g 400\ - -E 300
SEJ 1 8 I 6 250 _
n© A 1 1 1 ) . . . | . |
S 9% 5 10 15 20 200 5 10 15 20 200 5 10 15 20
Elapsed time (ps) Elapsed time, ps Elapsed time, ps
; 300 T T T T T ; T y T T T y ] 30 T T T T T T
] 5 s 60 M0, =04eV ] > Q. =026V |
— - Q
5 200 npump 0.8 eV E 40+ Ar=380fs 1€& 20+
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¢« Effects of Optical-Phonon Decay z decay
& Effective Pumping Photon Energy Q,

V. Ryzhi, M. Ryzhij, V. Mitin, A. Satou, and T. Otsuji, JJAP 50, 094001 (2011).

TOHOKU

Thermal d : g
. eca decay ; _inter i 2K
conductivity1oc 7], y=T0 y/ro Effective Qp=Q- T 600/ ‘
| pumping T RB%p/Tcc B
photon energy | (K=12,.)
Heating of electron-hole plasma 60— ; —
= 3 > <
= i
&)
el 3 - <~ 40
g I Q/o=1 > 2
e 2 = 5}
S = 30
2 n decay=1 2
) 0
2 i £ %
5 1 2 10
E Ejm‘ : _ °
= 0.5 —/ 2 . 0 , o L
I I decay ] 0 10 20 30 40 50
i 1
E 0 QOI/O)O ?'5 L I"o | | | Normalized intensity, I/,
0 10 20 30 40 50
Normalized intensity, I/I, Eg can be elevated by:

_ - cooling carriers
Cooling of electron-hole plasma - lowering pumping photon energy
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Toward the creation of terahertz graphene injection laser
V. Ryzhii,»® M. Ryzhii,' V. Mitin,® and T. Otsuiji®

M. Ryzhii and V. Ryzhii, JJAP 46, L151 (2007).

B Parameters
¥ +VG/'I/G = 1], ]’;h
Pl = 4at G,

F L =n>0
00000 0 0 0 0 0 00 \000000 ,7 : injection efﬁdency = (]inject - Itt)/[inject
e Inject + injection current

L; : tunneling & thermionic leakage current
Ly, : threshold current

g o1tsmmm——m——————————
S ||| vd/Vg = 60mV/12.6V -
5 0-10-|-|~ 40mV/5.76V
3 L A '
-E 0.05 ._-I..'.III \ EDme 1;65‘{ S
9 ] _\_L_ _._‘-_._._,A.{
8 of-h et
| . | .
R 005t =10 ps
— L i ] o
£ -0.10 —Ww -
L I i i
g -015'——1— s J
£ 0 2 4 6 8 10

Frequency (THz)
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*~ Negative Dynamic Conductivity
"~ at Different 7 and 9% at RT

V. Ryzhii, M. Ryzhii, V. Mitin, and T. Otsuji, JAP 110, 094503 (2011).

24

Excellent quality of GR Less quality of GR
withyv,=3E1s1(z=3.3ps) ~ withy,=15E!1s1(7=0.6 ps)
1.0 T I T T T T I T T T T | T T T T ]..O T T T T | T T T T T T T T T T T T
b 08 V=0075V, n== 10& - 0. sﬁ \\\ -
~ - i
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3 - o ” T ) AT, Ha' V=0.030V. 15 "< 10.0
0—1- [— T=F ]
X | \\1 = 0.030V. 1< 10.0 {1 . r :
3 02F - 0.2 -
.E i f,: 1= i ’/_‘/_
> 0_ S~ > 0_“—_ , decay
= I = V=0075V.0, <20/
Q -02F _— - decay - O .02
3 i V=0.075V. 1, 2.0 3 L
T 04f 4 B -04F
g - Tﬂ =300 K (o) - T 300 I\
o 0or vo=3x10's1] Q06 = decaic 10
| v, =15x10"'s’ VvV =0.100V. N, <10
- 1 1 1 1 I 1 1 1 1 I 1 | 1 1 | 1 1 | 1 - | | | | | | | | | | | | | | | | | | |
085 5 10 15 20 085 5 10 15 20
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Advantage of Current Injection:
Carrier Over-Cooling Effect even at RT

V. Ryzhij, M. Ryzhii, V. Mitin, and T. Otsuji, JAP 110, 094503 (2011).

@
O

On\
X

Carrier temp. can be Phonon temp. always
below the lattice temp.! exceeds the lattice temp.!

Ql’f; ' ' — 9104: ' ' — T

@ 0

> 2

S o' ©

g 5

c To & 10

o | L 0

_10°F 1 et

g | 2 To

- T, =300K o I

8 ’ |Q /a)0 < < | T,m300K |Q /a)o <<1|

100505 01 0.15 02 100 005 01 01 02

Drain voltage Vg (V) Drain voltage Vp (V)
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=2 2D Plasmon Dispersions in Graphene

V. Ryzhij, A. Satou, T. Otsuji, JAP 101, 024509 (2007).

V. Popov, , T.Y. Bagaeva, T. Otsuji, V. Ryzhii, PRB 81, 073404 (2010).
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.3 Plasmonic Terahertz Lasing from -
“" Nano-Patterned Graphene-Metal Array
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1. Optically/Electrically pumped GR-THz/IR lasers.
2. Carrier heating can be suppressed by reducing the pumping photon energy.
3. Current injection is the best-suited, providing a carrier over-cooling effect.
4. Dual-gate GR-FET is a possible GR-injection THz/IR laser structure.

5. Active plasmonic structures can greatly boost the THz/IR gain.

6. Advantages of graphene THz/IR injection lasers:

- no need extra care for carrier depopulation.
- low end of THz range at room temperatures.
- integrated with simple epitaxy techniques.
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