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Abstract

Room temperature Terahertz stimulated emission and piigrulanversion in optically
pumped graphene is reported. We experimentally observeefagation and relatively slow re-
combination dynamics of photogenerated electrons/haolas exfoliated graphene &0O,/S

substrate under pumping with a 1550-nm, 80-fs pulsed fitzar laeam and probing with the
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corresponding terahertz beam generated by optical retidic in a nonlinear electro opti-

cal sensor. The time-resolved electric-field intensitgiodting from the coherent terahertz
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photon emission is electro-optically sampled in an togfllection geometry. The compari-
son of terahertz electric fields intensities measuredS@3/S substrate and that one from
graphene clearly indicate that graphene sheet act like gtifgimg medium. The Emission
spectra agrees relatively well the pumping photon spectnurits dependency on the pumping
power shows a threshold like behavior, testifying the ome of the negative conductivity
in the THz spectral range and the population inversion. hneshold pumping intensity >

5% 10°W /cn? is in a good agreement with simulations.

| ntroduction

Graphene is a one-atom-thick planar sheet of carbon atoatsate densely packed in a hon-
eycomb crystal latticé. The fabrication of graphene overthrows the prediction gtactly two-
dimensional crystal cannot exist in finite temperature bseaf thermal disturbandegraphene
has many peculiar properties and potential applicationsekample, the prediction and observa-
tion of half-integer quantum hall effeétfinite conductivity at zero charge carrier concentration,
perfect quantum tunneling effegtyltrahigh carrier mobility? including massless and gapless en-
ergy spectra. The gapless and linear energy spectra of@is@nd holes lead to nontrivial features
such as negative dynamic conductivity in the terahertz {Tépectral rangé,which may lead to
the development of a new type of THz ladet.

The optical conductance of graphene based systems in théoTfezinfrared regime has been
a topic of intense interest due to the ongoing search fol@iabz detectors and emitters. A series
of work searching for application of graphene in THz scieand technology have been carried
out and suggest that graphene can be used in building inuewkvices for THz optoelectronics.

To realize such THz graphene-based devices, understatigimgpn-equilibrium carrier relax-
ation/recombination dynamics is critical. [figure][1][ptesents the carrier relaxation/recombination
processes and the non-equilibrium energy distributionshatoelectrons/photoholes in optically
pumped graphene at specific times frenil0 fs to picoseconds after pumping. It is known that

photoexcited carriers are first cooled and thermalized ipaiintraband relaxation processes on



femtosecond to subpicosecond time scales, and then bypamemrecombination processes. Re-
cently, time-resolved measurements of fast non-equilibrcarrier relaxation dynamics have been
carried out for multilayers and monolayers of graphene wexe epitaxially grown on Si€=14
and exfoliated from highly oriented pyrolytic graphite (RG)12:16 Several methods for observ-
ing the relaxation processes have been reported. Dawlaty*2and Sun et at! used an optical-
pump/optical-probe technique and George efaised an optical-pump/THz-probe technique to
evaluate the dynamics starting with the main contributiboasrier-carrier (cc) scattering in the
first 150 fs, followed by observation of carrier-phonon (spattering on the picosecond time scale.
Ultrafast scattering of photoexcited carriers by optidadpons has been theoretically predicted by
Ando’ Suzuurd® and Rana® Kamprath et alt® observed strongly coupled optical phonons in
the ultrafast carrier dynamics for a duration of 500 fs byi@gtpump/THz-probe spectroscopy.
Wang et a4 also observed ultrafast carrier relaxation via emissioms fhot-optical phonons for
a duration of~ 500 fs by using an optical-pump/optical-probe techniquie Teasured optical
phonon lifetimes found in these studies weve? psi® 2-2.5 psi? and ~ 1 psl? respectively,
some of which agreed fairly well with theoretical calcuteis by Bonini et ak® A recent study by
Breusing et a® more precisely revealed ultrafast carrier dynamics witime resolution of 10 fs
for exfoliated graphene and graphite.

In this paper we report on the fast relaxation and relatigédyv recombination dynamics of
optically-pumped and THz-probed exfoliated graphene&S@p/S substrate. The results reflect
the recombination of photoelectrons and photoholes dfteirtraband ultrafast carrier relaxation,

and suggest the occurrence of negative dynamic condyativihe THz spectral range.

Dynamic Conductivity of Optically Pumped Graphene

First we consider the case of cold electronic temperaturgliions (such like cryogenic tem-
perature environment with weak optical pumping). It hasnbgleown that the intraband carrier

equilibration in optically excited graphene (with pumpipigoton energyQ) first establishes sep-



arate quasi-equilibrium distributions of electrons anteba@t around the leved; +hQ /2 (&5 :
Fermi energy ) within 20-30 fs after excitation ($ee [fig{tf]1b), followed by cooling of these
electrons and holes mainly by emission of a cascade (N tiwfesptical phononsHay) within
200-300 fs to occupy the states+ ey ~ h(Q/2—Nuy), en < hay (se€ [figure][1][J1c upper).
Then, thermalization occurs via electron-hole recomlbaneas well as intraband Fermization due
to cc scattering and cp scattering (as shown with enkegyin [[figure][1][[1h) on a few picosec-
onds time scale (s¢e [figure][1][]1d upper), while the ibterd cc scattering and cp scattering are

slowed by the density of states effects and Pauli blocking.
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Figure 1. Schematic view of graphene band structure (a) ardyg distributions of photogen-
erated electrons and holes (b)-(d). Arrows denote tramstcorresponding to optical excitation
by photons with energhQ cascade emission of optical phonons with endrgy and radiative
recombination with emission of photons with enefgy. (b) after~ 20 fs from optical pump-
ing, (c) after 200-300 fs from optical pumping, upper: phonon-cascade-eomsgominant case,
lower: cc-scattering-dominant case for high electronmegerature, (d) after a few ps from optical
pumping, upper: phonon-cascade-emission dominant easer:l cc-scattering-dominant case for
high electronic temperature.

When the photogenerated electrons and holes are heatée foaide of room temperature envi-
ronment and/or strong pumping, collective excitationstditbe cc scattering, e.g., intraband plas-
mons should have a strong influence on the carrier relaxdiioamics. As is discussedihl>16
the initial distribution shown if [figure][I][JLb rapidlynermalizes and cools via the cc scattering
(seq [figure][1][J1c lower). Hence, there are no cascadessimns of optical phonons but optical

phonons are emitted by carriers on the high-energy tail®#&tactron and hole distributions (see
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[figure][1][[1d lower).

For the electron-hole recombination, radiative recomiodmavia direct-transition to emit pho-
tons hw ~ &y and non-radiative recombination via Auger processes,nmasemissions, and
phonon emissiord€:2! are considered. In the case of the radiative recombinatios to the rela-
tively small values ohw ~ &y < hay as well as the gapless symmetrical band structure, photon
emissions over a wide THz frequency range are expected ffuhging photon energy is suitably
chosen and the pumping intensity is sufficiently high. Indblkel electronic temperature conditions
case the incident photon spectra are expected to be reflectieel THz photoemission spectra as
evidence that such a process occurs.

In this work, we observed amplified stimulated THz emissibroam temperature from op-
tically pumped and THz-probed graphene §0,/S substrate and verified the occurrence of
negative dynamic conductivity.

At room temperature, the thermal carrier concentratiortrea 1&'cm=2 and upon strong
pumping the cc scattering is frequent enough to broadenkbergtion spectrum of the pumping
light so that it might even thermalize the carriers befoeedptical phonon (OP) emissions. Let us
consider that case in which carriers are thermalized bydlseattering. For this cc-scattering case
where the cc scattering is dominant and carriers which avaya in a quasi-equilibrium suffer
energy relaxation and recombination via the OP scattelaite( only via interband OPs), we
can assume the carrier distributionfas= 1/ {1+exp() [ (= — &r) /keTe] } Wherees is the quasi-
Fermi energy for carriers ant} is the carrier temperature. Under optical pumping with phot
energyhQ the carrier distribution (equivalent electron and holdribsitions) is governed by the

balance equations for the total energy and concentratioaroiers8:.19
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Wheren(e¢(t), Te(t)) and=(&¢(t), Te(t)) are carrier concentration and energy densiify;zer
and ri(ﬁzra are relaxation times for interband and intraband opticalem ("+" for absorption and
"-" for emission; i =I", K).

[figure][2][]2] shows the carrier temperature and quasikfi@nergy resulting from the calcula-
tion of equations (1) and (2). The initial conditions for skeequations are just the sum of thermal
part and photogenerated part of carrier concentration aedyg densityn(&¢(0), Te(0)) =ng+dn
and=(&¢(0), Te(0)) = =p+ 8= wheredn = (211/\/€) (al pump/NQ) Ot is the photogenerated carrier
concentration and= = (211/+/€) (al pump/hQ) (NQ/2) 3t the photogenerated carrier enertiyimp

is the peak pulse intensitiQ is the photon energy antt is the pulse width.

Carrier temperature Quasi-Fermi energy

2000 — T T o 100 A .
bﬁm = Loy™ lﬂ:qum: 40— g ml’mp =08V
S1500p " D10 W 2 0 W .
g - w3501 1 g - - \P()pulaltlc)n
£ 1000} 70 =08V \ 1 5-100 10ES ihverdion !
8 o 3007 2 TR
g | o - =10wed| O —
= 1 ] 1 ‘purp
g so0\ 2030 60 80| 200t - twed|  F .
= r g =10" Wen®| -] Qb1
= g - itwen 20 40 60 80
020 a0 e s M0 20 & w0
Elapsed time, ps Elapsed time, ps
(a) (b)

Figure 2: Calculated carrier temperature (a) and quasnFemnergy (b) for different values of the

pumping pulse intensity for the pumping photon energy of 8@ using balance equations (1)
and (2).

shows the calculated electron temperaturder the pumping photon energy of



800 meV for different values of the pumping peak pulse intgn®ne can notice from these cal-
culations that, at the beginning after the pulse excitafiiical pumping), the carrier temperature
becomes very highTg ~ 200K for | pymp = 10BW /cm? andhQ = 800 meV) following by a cooling
of these electron.

shows the calculated quasi-Fermi energgemthe pumping photon energy of
800 meV for different values of the pumping peak pulse intgndt is clearly seen that, as the
electron temperature increases the quasi-Fermi energyrenegative. However, after a few ps,
the quasi-Fermi energy becomes positive and lasts for adavwps$. These results show that the
population inversiongs> 0) can occur at room temperature. The population invetséra occurs
due to the imbalance between energy relaxation by intrabatidal phonons and recombination
by interband optical phonons. The interband optical pharaission is slower because the most
fraction of the interband transition is forbidden by the IPBuclusion Principle due to the high en-
ergy of optical phonons. This population inversion occurewthe pumping peak pulse intensity

exceed 18w /cn?.

Samples, Experimentsand Results

Samples and experimental setup

In order to verify the proposed concept, we conduct expertaiestudies on the electromagnetic
radiation emitted from an optically pumped graphene stmgctThe sample used in this experiment
is commercial exfoliated graphene &0,/S substrate . The sample structure as presented in
[figure][3][]3]in made of one layer of Si substrate and an thardry SO, of 300 nm of thikness.
The Si substrate is <100> oriented with about 500-5®0 thickness and 1- 5% 102 Qcm

of resistivity. For the experiments we used a THz time-dansgectroscopy set up based on
an optical pump/THz-and-optical-probe technique. Theethesolved field emission properties
are measured by an electro-optic sampling method in tefation geometry#? To obtain the

THz photon emissions from the above-mentioned carriexatian/recombination dynamics, the



pumping photon energy (wavelength) is carefully selectede around 800 meV (1550 nm). A
femtosecond pulsed fiber laser with full width at half-maxim(FWHM) of 80 fs, and frequency
of 20 MHz was used as the pumping source. The graphene saraplplaced on the stage and
a CdTe crystal of around 120m of thickness (100)-oriented and was placed on the sampe; th
CdTe crystal acts as a THz probe pulse emitter as well as atreleptic sensor. The single
femtosecond fiber laser beam is split into two beams: onegdtical pumping and generating the
THz probe beam, and one for optical probing. The pumpingrlasgkich is linearly polarized
and mechanically chopped at1.2KHz, is simultaneously focused at normal incidence onto the
sample and the CdTe from below, while the probing laser, ivlscross-polarized to the pumping
beam, is focused from above. Owing to second-order nonliogiical effects, the CdTe crystal
can rectify the pumping laser pulse to emit THz envelopeatash. This THz pulse irradiate the
graphene sample, acting as THz probe signals to stimulatephidton emission via electron-hole
recombination in the graphene.

The optical-pumping/THz-probing geometry and these besspggations are schematically
shown ir{ [figure][3][]3. The electric field intensity of theHE radiation is electroopticaly detected
at the top surface of the CdTe crystal. Along with the propagaof the optical pump pulse
through the CdTe crystal the THz pulse is generated and gupw3he THz pulse being emitted
from the CdTe crystal is partially reflected at the top swefat the CdTe then subject back to
the graphene, working as the THz probe pulse (shown withwaadblue line in Fig. 3). The
graphene responds to this THz probe pulse radiation giveegto stimulated THz emission. The
total round-trip propagation time of the THz pulse througk CdTe crystal and grapherf@O,
epilayer is~ 3.5 ps assuming the refractive index of CdTe in the THz fregies to be 3.75.
Therefore the original data of the temporal response thaihgerve in this experiment consist of
the first forward propagating THz pulsation (no interactiath graphene) followed by the double
reflected secondary THz pulsation (probing the grapheme)nal 3.5 ps after the first pulsation.

On the other hand, through the Si prism attached to the Cq/Btatrthe optical probing beam

is totally reflected back to the lock-in detection block, atsdphase information reflecting the
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Figure 3: Measurement setup for optical-pump/THz-andeapprobe spectroscopy. Involved
process from optical pumping to emission of stimulated THatpn (a). CdTe crystal on top of
the graphene sample, the optical pump and probe as well a&Hherobe are represented (b).
CdTe crystal generates THz probe which is partially reflbetiethe top surface of the CdTe then
subject back to the graphene. The optical probe allowsreledtic detection of these THz electric
field intensities (c).

electric field intensity is lock-in amplified. By sweepingettiming of the optical probe using an
optical delay line, the whole temporal profile of the field esidn properties can be obtained. The
system bandwidth is estimated to be around 6 THz, which igdiormainly by the Reststrahlen

band of the CdTe sensor crystal.

Samples and experimental setup

[figure][4][J4|shows temporal responses measured in the &28p. On each graphs two different
measurements are presented, these measurements was thensaime conditions. The stage with
the sample was alternatively moved in order to have the alpgpiemp beam on th80,/S sub-
strate for one measurement and on the graphene area fohtreooe without changing the optical
pump and probe path. The red curve is the response measuthd $@,/S substrate (without
graphene) took as the reference and the black curve is therres obtained on graphene + sub-
strate. Each temporal profile reflect the way the THz incoreiegtric field at the CdTe top surface
changes the phase information of the optical probe beame @rcoptical rectification (OR) gen-

erated THz pulse reach the top surface one have the firsttiouigaesented ip [figure[[4][]4 (see
also the arrowed blue line [n [figure][3][I3). This THz field partially reflected at CdTe upper



surface (at the interface between CdTe and Si prism) anchddoue at the CdTe back surface (at
the interface between CdTe and graph&@y/) , once this second THz pulse reach the top surface
one have the second pulsation presentgd in [figure][4][l¥e Measured time delay between these
two pulsation of around 3.5 ps is in a quite good agreemett thig round trip propagation time

of THz pulse through the CdTe crystal and graph&it&/ epilayer.
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Figure 4: Measured temporal responses onSke /S substrate (red lines) and graphene + sub-
strate (black lines) for the pumping pulse intensities @3+ 10’'W /cn? (a) and 15 10'W /cn?

(b). The grid of the vertical axis for each plot is scaled tit=aily for both "red line” and "black
line".

The results presented|in [figure[[4][]4a was obtained fer pamping pulse intensity of about
3% 10’W/c?. One can notice on these results that the secondary pulsagasured on graphene
+ substrate (black curve) is more intense than that oneredataon theSO,/S substrate (black
curve), suggesting an amplification phenomena. [figurgf{B] present the same measurements
for the pumping pulse intensity of aboutk 10’W /c?. One can notice that when reducingmp
, the intensity of the second pulsation coming from graphesgbstrate decreases relatively to that
one coming from only the substrate.

The emission spectrum from CdTeSO,/S substrate (without graphene) [in [figure][5][15
shows a dominant peak around around 1 THz, (red lirje in [f{{kiff5). The blue line present
the photoemission spectrum predicted from the pumping &sectrum in the cold electronic tem-
perature conditions ( see the Insef of [figure][5][]5 ). Thadk line shows the emission spectrum

from CdTe + graphene, this spectrum agree relatively wellTthiz photon spectrum predicted
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from the pumping photon spectrum. We want to stress that ¢nfeqt agreement between these
spectra is only expected at cryogenic temperature envieohmith weak optical pumping when
the OP scattering is dominant and carriers take a quasiHaguin by the cc scattering after the

cascade emission of OPs.
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Figure 5: Fourier spectra of the measured temporal resportbe case when the pumping pulse
intensity of about 3 10’'W /cn? form SO,/S substrate (red line) and graphene + substrate (black
line). Blue line is the photoemission spectrum predictednfthe pumping laser spectrum in the
cold electronic temperature conditions when OP scattesimpminant and carriers take a quasi-
equilibrium by the cc scattering after the cascade emissi@Ps. The grid of the vertical axis is
scaled identically for both "red line" and "black line".

It is thought that the THz emissions from graphene are sttedlby the coherent THz probe
radiation that originates from OR in CdTe excited by the puager beam. The THz emission is
amplified by photoelectron/hole recombination in the raofjine negative dynamic conductivity.
The ratio of the spectra of the "graphene + CdT&®,/S substrate" to that of the "CdTe +
S0,/9 substrate" corresponds to the transfer function of thelgae sheet.

shows the transfer function of the graphsheet for different values of pumping
pulse intensity. The emission is drastically reduced wheerehsing the beam power. One can
also notice that below 510°W /cn? the emission completely disappear and only attenuation can
be seen.

The([[figure][6][]6b show the evaluated grain obtained byidig the electric field intensity
measured on grapheneStO,/S substrate (black curve [n [figure][4][]4 ) by that one measlir
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only onS0O,/S substrate (red curve n[figure][4][l4). A threshold likeHaior can be seen testi-
fying the occurrence of the negative conductivity and papah inversion in optically pumped

graphene. Once this population inversion obtained thehgnag sheet act like an amplifying
medium. This is a quite promising possibility for the reation of room temperature THz lasers

based on graphene.
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Figure 6: Transfer function of the graphene sheet for diffievalues of pumping pulse intensity
(a). Corresponding gain versus the pumping pulse inte(isjty

Furthermore, to confirm the effects of the THz probe that skate the emission in graphene,
the CdTe crystal have been replaced with another CdTe thyating a high-reflectivity coating
for IR on its bottom surface, in order to eliminate generatid the THz probe signal. In this
case, no distinctive response was observed orsiBg/S substrate or on graphene. One should
also stress that since the time delay between pulsatiors(iL{2) presented in spe [figure][4][]4b
depend on the CdTe crystal thickness, the crystal have legtaced with another 0.08-mm-thick
(110)-oriented CdTe crystal and the time delay of about 2gsmweasured between these pulsation
once again in good agreement with the round trip propagétiemof THz pulse through the CdTe
crystal and graphen&8 O, epilayer.

Since the measurements are taken as an average, the obssp@use is undoubtedly a coher-
ent process that cannot be obtained via spontaneous emgssicesses, providing clear evidence
of stimulated emission. From the above results and disoassiis interpreted that THz emissions

from graphene are stimulated by the coherent THz probetradiand that the THz emissions are
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amplified via photoelectron/hole recombination in the eofthe negative dynamic conductivity.

Conclusion

In conclusion, we have successfully observed coherentif@tpstimulated THz emissions aris-
ing from the fast relaxation and relatively slow recombioatdynamics of photogenerated elec-
trons/holes in an exfoliated graphene. The results prosviidence of the occurrence of negative

dynamic conductivity, which can potentially be applied toeav type of THz laser.
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