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Plasmonics can be used to improve absorption in optoel@ctoevices and has been intensively studied for solar el
photodetectors. Graphene has recently emerged as a pbpladimonic material. It shows significantly less losses pared t:

traditional plasmonic materials such as gold and silveri@glasmons can be tuned by changing the Fermi energy withnicta'
or electrical doping. Here we propose the usage of grapHasmpnics for light trapping in optoelectronic devices ahdw the *
the excitation of localized plasmons in doped, nanostredtgraphene can enhance optical absorption in its surioginge~i~
including both bulky and two-dimensional materials by tefismes, which may lead to a new generation of photodetsetar,

high efficiency and tunable spectral selectivity in midraméd and THz ranges.

1 Introduction tially, graphene is retelling the story of plasmortits

One of the most important applications for plasmonic. .

G_raphene, a single Iayer of carbon at‘?”.‘s arranggd n plant% enhance the optical absorption in optoelectronic devf .
with a honey comb lattice, shows promising potentials in 9P solar cells and photodetectors, the material extinatiors.

tics and optoelectronids Among its many novel properties, be high enough to allow efficient light harvesting and " =*-
the collective electronic excitations, known as graphdas-p '

: ) carrier generation. On the other hand, there is a stron '=-
mons, is one of the most attractive ofes Graphene plas-_ sire to reduce the thickness or volume of semiconductr *< “»
mons have be?‘” demonstrated throug_h Spectrgl Characm”;tthese devices in order to decrease the consumption of mate-
of light scattering by graphene nanorlt_)bons/d|_sks n th_e "N fials, reduce the material deposition requirements, arnah.
frared_and THZ rangés? and observed directly W't.h SCanning ,ove the performances (e.g., increase the collection oo
near-field optical microscop¥?. Even though the interaction

) / X ity carriers, detectivity or time responses). Moreovem- ‘v
between light and graphene is supposed to be quite weak anci%.n B P ) ©

i : ensional materials have recently emerged as promising
monolayer graphene shows an optical absorption of onlytaboy., , iy ates for optoelectronic applicatiéhg® Even thoug 2
2.3% in the visible and near infrared range, the exmtgtl(_)n Ofsuch materials have quite high quantum efficiencies foitdliah
graphene pl_asmons totally change_s this picture. The eeu_mta matter interactions, their absorption is quite weak ir .2
of propaga“”g surface plasmons in graphene makes it POSSlite terms. As a result, absorption engineering is of gic_*
ble to gu_lde light with deep subwavelength mode proffles ignificance. Plasmonic have been demonstrated to be one
Meanwhile, doped and patterned graphene can support loc f the most effective routes for light trapping and abs. ¢

ized plasmonic resonances, leading to efficient confinemeqFon enhancemeA25 A range of different plasmonic strt
of light and strong enhancement of local fiel#$2 Thus,

d | _ 'd tect L pdures such as metallic nanoparticle=? gratings®3!, ant...
graphene plasmonics provide an efiective route to enhangg, 3233 gng otherd have been used to improve the per ..
light-graphene interactioAd The exploration of graphene

X o . mance of solar cells and photodetectors including thos¢ b. "
pIa_smonlcs ha'_s, Iea(_j_to the p_roposmon and demonstratian Ofwith two-dimensional materials.
variety of functionalities in mid-infrared and THz rangeghk
as graphene waveguid€s photodetectors, tunable meta-
material$®6 filters and polarizers '8, and others. Essen-

Graphene exhibits remarkably less losses compared tu ua-
ditional plasmonic materials such as noble metals (e.dc ¢ »
and silver) and is very promising for light trapping in opw-

2 College of Optoelectronic Science and Engineering, National Uni-  electronic deVice%%-_ Moreover, the a_b”ity O_f being elec! i-
versity of Defense Technology, Changsha 410073, China.  E-mail: cally tunable makes it possible to realize active spectiaics
jfZhang85@nudt.edu.cn tivity 8°, which is a favorable property for photodetect?§ .

b Sate Key Laboratory of High Performance Computing, National University

of Defense Technology, Changsha 410073, China Enhancement of optical absorption by graphene plasm s
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have been intensively studied. Perfect absorption have bedion (RPA) in the local limif6-47
theoretically predicted in nanostructured graphene khbie

a mirror or in a free standing structured graphene film un-
der the illumination of two coherent beafis® Recently,
more than one order of absorption enhancement in arrays €1 1 how — 2E¢
of doped graphene disks have been experimentally demon- E_[z—k]—Tarctan( 2kgT )
strated®4%. However, most of previous studies have been | (Acw -+ 2E¢ )2
focused on engineering the absorption in the graphené itsel 5=In ]
and the potential of using the low-loss graphene plasmons 2 (Ao —28¢)? + 4(ksT)?
to enhance the absorption of other light-absorbing madseria Herekg is the Boltzmann constari, is the temperaturey is
have just not been fully realized. In the letter, we proposehe frequency of lightr is the carrier relaxation lifetime, & 1

a type of hybrid optoelectronic devices based on the integraEr is the Fermi energy. The first termin Eq. (1) corresponds tn
tion of graphene plasmonic structures with bulky semic@adu intra-band transitions and the second term is attributéttéo-

tors or two-dimensional materials. We show numerically tha band transitions. The contribution of inter-band transittan

the excitation of localized plasmons in doped, nanostredtu be avoided due to Pauli blocking when the Fermi level i ; In-
graphene provides a very effective way for light trappind an creased above half of the photon energy. Here we only cuii-
can significantly enhance the absorption in surroundirtgdig  sider highly doped graphene with the Fermi legel>> kg T
absorbing materials, which may lead to a new generation ofind Er > hw, so we can neglect both inter-band transiio..
photodetectors with high efficiency and tunable spectral seand the effect of temperature and Equation (1) reduce 1 uie
lectivity 1441-43 Drude modeft84°

2T Er

7 wqir Tn2eostig )+

w

- (1)

G =

0= TR wrir 1 @

) . whereEr depends on the concentration of charged doping a1d
2 Results and discussion T = uEr /(ev?), whereve ~ 1 x 10° m/sis the Fermi velocit /
and i is the dc mobility. Here we use a moderate measu.cd

i _ v-1.s-150 ;
Figure 1a and 1b shows the schematic illustration and geomeﬁgblzlIg?lm’iJ e_nelrg?/%? g:zpr\llene tso Be : '8?2?}’\/\/";%? (S:‘:')L:W i

ric parameters of our proposed device. An array of doped P& ponds to a doping density of aboué 1013 cm~2 and ma,
riodical graphene nanodisks is integrated with a layergifth . . .
. . > be realized by electrostatic or chemical dopitief.
absorbing materials. There is an insulator layer betwesmth ; . : a8
: . Figure 1c shows the numerically simulated spectra L~ ' r
The thicknesses of these two layers tBnds, respectively. . L o .
) L : the illumination of a plane wave at normal incidence. F'zr
The substrate is assumed to be semi-infinite. The periodof th : . . .
. the thickness of the insulator layerss= 20 nm. The light
graphene arrays B = 400 nm and the diameter of graphene

disks isD = 240 nm. Both the substrate and the insulator Iayera.lb.Sorblng layer is :jOO nm thick v_wth an absorption COF .
cienta = —0.1 um~- corresponding to a small absorpu

are assumed to be lossless with a dielectric constant of 1.9Of only about 2% in impedance matched media. There i~ 4

The dielectric constant (real part) of the light-absorhing- : .
. - . X5 .t
terials ise’ = 10.9 and the losses are introduced through the oonance at around min the spectra with strong

; . ” : . . extinction. The total absorption i = 36.9% while the ab-
imaginary part” of the dielectric constant, which is related to sorbance by the absorptive laver reachbs: 25.4% repre-
the attenuation coefficient = —(2m/A)Im(v/€' +i€”). The y P Y 7 Tep

: ; : S senting an enhancement of about 12.5 times. As showni « i -
assumed dielectric constant and attenuation coefficiethisn . : . " \
ure 1d, this resonance is attributed to the excitation opaldr

paper are comparable to some of the typical materials for pho ; ; . _
T L lasmonic mode in the doped graphene nanodisks. Tlie uscil-
todetection in mid-infrared or THz ranges such as HgCdTe_.. ; . .
a4 ation of localized surface plasmons leads to the lightyinag
(MCT)*~. .
and local field enhancement around the graphene nanoudisks
The numerical simulations are conducted using a fullyand serves to the enhancement of absorption in the a isoi »-
three-dimensional finite element technique (in Comsol Mul-tive layer nearby (see Figure 1e). As the graphene nanaisn |
tiPhysics). In the simulations, the graphene is modelled agotropic, the optical response here is independent ofjzal 1
a conductive surfad@3’4% The transition boundary condi- tion at normal incidenc®.
tion is used for graphene and its thickness is set to be 1 nm. Even though graphene is much less lossy compared o u -
The maximum computational mesh size for graphene is set tditional plasmonic metals such as gold and silver, parigit..
be 10 nm in the 2D plane. The sheet optical conductivity ofis inevitably absorbed in the graphene nanodisks. The c( ...
graphene can be derived within the random-phase approximétion of absorption between the graphene and the abse | -

2| Journal Name, 2010, [vol]l.1-8 This journal is © The Royal Society of Chemistry [year]
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Fig. 1 Improving light harvesting with graphene plasmonics. (@)eéne of the proposed devices. From the top to the bottonedftthcture
are an array of graphene nanodisks, an insulator layer wiiltlaness of, the absorptive layer with a thicknesstaind a semi-infinite
substrate, respectively. Incident light excites localiptasmons in the doped graphene nanodisks, which trapifighe near-field and
enhance optical absorption in the light-absorbing layetenneath. (b) A unit cell of the graphene nanodisk array. géréod is

P = Px= Py =400nmand the diameter of the graphene disPis- 240nm. (c) Simulated spectra of reflectioR)( transmissiornt),
absorption &) as well as absorption in the absorptive lay&) vith the Fermi energy &g = 0.6 V. The enhancement of absorption in { e
absorptive layer is also shown. (d) Electric field in z-diif@e. The field is normalized to the field amplitude of the demit light Eg) and
plotted at the x-y plane that is 5 nm above the graphene digk®lormalized electric field in y-direction at the x-z plarisecting the
graphene disks. The field distributions are plotted at tkerrance wavelength of ¥bum.
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Fig. 2 Simulated spectra of absorption (total absorpthcemnd

absorption in the underlying absorptive layéy with different

absorption coefficienta = —0.05 um~1 and—0.2 um~1. The

enhancement factor of absorption in the absorptive layaisis

shown compared to that in an impedance matched medium. As a

reference, the absorption in the light-absorbing layehauit
graphene is also shown (the flat dot-dashed line).
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Fig. 3 Simulated spectra of total absorption and absorption in th~
underlying absorptive layer with different separationsagen the
graphene nanodisk array and the absorptive layer. Theatepar
ranges frons = 10 to 50nm. The enhancement factor of abso. .-~
in the absorptive layer is also shown compared to that in an
impedance matched medium.

layer underneath depends significantly on the absorptive co
efficient of the later. Figure 2 shows absorption spectria’ «
absorptiomA and absorption in the underlying absorptive layci
A) with different absorption coefficients. When the ak. ...
tion coefficient isa = —0.05 um~* (Figure 2a) correspor .-
ing to an absorption of only 1% in an impedance mat-
medium, 206% of the incident light will be absorbed by *'
thin layer of absorptive medium, which accounts for abott. -
of the total absorption~ 40.9%). Note that even though e
absolute absorption in the layer is slightly lower compdo.
the (~ 25.4%) absorption foa = —0.1 um™1, the enhanc’ -
ment factor of absorption here reaches 20 and itis 1.6 '~ 3
higher due to the decreased absorption losses of the tatal -,
tem and the increased quality factor of resonance. As ~a ib-
sorption coefficient of the layer increasesate= —0.2 pm 1,

the absorption in the absorptive layer increases-td7.5%
while the total absorption is 33.6% at the resonance (Fig .r @
2b). A majority of the light is now absorbed by the layer u.-
derneath. The absorptive layer will now have an absorpuuii v
about~ 3.9% in an impedance matched medium, so th = (-
sorption enhancement factor is about 7. At the off-reso@ar..
wavelengths, the absorption of the light-absorbing layihr w
graphene is almost the same as that without graphene, wiuch
is about two times of that in an impedance matched me J7 i1
due to the light trapping by interference effects. This caui
be an advantage of graphene compared to metallic nant stru c-
tures for light trapping as the scattering of the later canesc
times shadow the benefits of absorption enhancement . C..-
resonance wavelengths if they are located at the front sir

4| Journal Name, 2010, [voll1-8
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Fig. 4 Spectral tunapilit)_/ of absorptior_m with varia_tions of Fermi with a Fermi energy oEr = 1.2 eV 5, the resonance hi .-
ePergy.hThe absqrptl?n in the absorptive Iayehr with tlhe IFer.n:]rgr)]/ pens at around 188 um and the resonant absorption reacnc.
of graphene ranging from 0.4 o 1.2 eV are shown along with the 31 go4, \yjith the increase of Fermi energy, the wave
enhancement factor compared to that in an impedance matched . .
. o of graphene plasmon becomes longer (for a fixed frear~ _y
medium. The separation $s= 20 nm. .
or vacuum wavelengtB). So the graphene nanodisks wwun
smaller for the incident light. As a result, the resonanceewa
Graphene plasmons have very small spatial extensions cortgngthes will become shorter (corresponds to to the biu >
pared with the wavelength of light in the vacuum and the lo-Of résonances). Atthe same time, the conductivity of grag
calized graphene plasmons here are highly confined to regiocréases and the graphene plasmon becomes less Ir: ) as
around the nanodisks. Figure 3 shows the absorption spef€ Fermi energy increases. So a larger proportion of *
tra with different separations between the graphene nakedi IS @bsorbed in the absorptive layer with higher Fermi e~

and the light-absorbing layer. Here the absorption coefiici EVen though it remains a challenge to achieve a Fermi er==y
is set to bea = —0.1 um-L. As the thickness of the insula- higher than 1 eV, a significant tunability can still be reed.”

tor layer iss = 10 nm, the total absorption and absorption in PY tuning the Fermi energy in the range below 0.8 eV which
the absorptive layer underneath ar@3.4% and~ 26.5%, re- has been realized with electrostatic doping experimerfta
spectively. As the separation increases,the resonanoetesc ~~ We have also studied the angle dependence of absc-ptan
sharper because the surrounding media of graphene nasodigknd the results are shown in Figure 5. Here the Fermi e, =rr ,
become less lossy and the total absorption increases until @bsorption coefficient and geometric parameters are the sam
reaches the absorption limit of about 42% (i.¢/(1+-1.4))3".  as in Figure 1Er = 0.6 eV, a = —0.1 um™*, s= 20 nm).
However, the light extinction by the absorptive layer dases ~ The incidence-angle and polarization dependence of the ~"-
due to a reduced proportion of confined field in the layer. Withsorption is quite weak for incident angle below 50 d¢ e s.
a separation o6 = 50 nm, the total absorption goes up to For even larger incident angles, the absorption becomes i
~ 40.6% but the light extinction by the absorptive layer re- dependenton the incidence-angle and polarization butte r
duces to~ 14.7%. At the same time, the resonance wave-onance wavelength keeps nearly the same. These resulé, . ‘e
length blue-shifts from 1B umto 133 umas the separation well with previous studie¥. This relative weak dependence .~
increases frors= 10nmto s= 50nm. This is because the ab- due to two reasons: Firstly, the resonance here resultslu v
sorptive layer has a much higher dielectric constant (rag)p calized plasmonic resonances. Secondly, the graphens .« ..)
comparedto the insulator layer and air and it has a stronginfl tructures are deep sub-wavelength and the plasmon ie..e-
ence on the effective refractive index of the medium surdeun length is much shorter than the vacuum wavelength of .nc,
ing graphene (and thus the effective wavelength of light). ~ dent light. The property of nearly omnidirectional absap.
Figure 4 shows the spectra of absorption in the absorptivés beneficial for practical applications.
layer with different Fermi energies of graphene. When the In the past few year, two-dimensional atomic ciys-
Fermi energyer = 0.4 €V, the resonance is at B umand tals and their heterostructures have emerged as p om.s-
the resonant absorptionis 18.9%. As the Fermi energy in- ing materials for photodetection and other optoelectic. ..c
creases t@&r = 0.8 eV, the resonance blue shifts to.B2um  applicationg>2352-54  Besides graphene, a variety ..
and the resonant absorption goes upt29.7%. Furthermore, other two-dimensional materials have been studied, st * s

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [voll, 1-8 |5
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Supporting Information Figure S1). Moreover, polarizatio
dependent absorption and broadband absorption are pmssibl
with suitable designs of graphene nanostructéfteslere t., .
total thickness of the graphene film combined with the in uic
tor and absorptive layer is much smaller than the wavel
of light, so the combination of them can be regardeda = " "
film with an asymmetric dielectric environment (air with he
refractive index of 1 and the substrate with the refractivkei
of 1.4). According to previous study, the maximum absor, tio
of such a film is limited to about 42% (i.e./ + 1.4))%".
Perfect light absorption in the whole structure and an & -t
enhancement of absorption in the underlying absorptiveriav
- - . - : 0 can be achieved by adding a metallic reflecting mirror (se

7 9 m 13 15 17 19 Figure S2). Furthermore, one can also replace the graprnene
Wavelength , um nanodisk array with a graphene film patterned with nanol oles
which may be more convenient for electrical tuning of .
Fermi energy (see Figure S3).

In the above, we have shown light trapping and absorptic.i
Fermi energy of graphene ranging from 0.4 to 1.2 eV are shown eng',neermg with graphe.ne_ plasmomc.s.' Accordmg iy
along with enhancement factor compared to absorption of the hoff’s law of thermal radiation, at equilibrium the emiss:

free-standing two-dimensional material in air. The sefianas of a material equals its absorptivity. So graphene plasusui
s=20nm. also provides opportunities to engineer the thermal epnssi

of object$1:%2 Moreover, if we replace the underlying - .o-
sorptive material with a gain medium, one may enginee. *'
molybdenum disulphide (MoS2) and tungsten diselenide light emission from the gain medium and realize a type of .. <
(WSe2f®58 These materials have very high quantum effi-ing device with tunability. Such a device is similar to the = -
ciencies for light-matter interactions, but their absimptis ~ called "lasing spasef®®4
quite weak in absolute terms. So improving their interaxgio
with light through plasmonic trapping become even more de3  Conclusions
sirable. Now we replace the bulky light-absorbing layer in
Figure 1 with a two-dimensional absorptive film. The absorp-ln summary, we show numerically that graphene plas.~ -
tion of the two-dimensional film can be described by its con-jcs provides a very effective way for light trapping and ab
ductivity. Here the conductance of the two-dimensional film sorption engineering in optoelectronic devices. The ax*
is assumed to b&y = 2.65x 10> Q! which corresponds tion of localized plasmons in doped, nanostructured graf 1€
to an absorption of 1% in the air and is comparable to thatan significantly enhance the light-matter interactiortslaac
of graphene ad = 15 umfor Er = 0.05eV andT = 150K to strong absorption. As graphene plasmons are much '~ _s
according to Eq. 1. Figure 6 shows the spectra of absorptiofbssy compared to plasmons of coinage metals, a la._= I ro-
in the underneath two-dimensional film and its enhancemensortion of the light can be absorbed by the absorptive mauc -
factor when the graphene nanodisks are at different Fermi erial (e.g., semiconductors or two-dimensional materiais}
ergies ranging fronkr = 0.4 eV to 1.2 eV. When the Fermi  rounding the graphene nanostructure with an enhancem 1t 'p
energyEr = 0.4 €V, the resonance happens atdimandthe  to tens of times at the resonance. Moreover, the electrica .
resonant absorption of the two-dimensional filnisl7.1%  ability of graphene plasmons makes it possible for actiwesp
with an enhancement factor of 17. As the Fermi energy intral selectivity. Even though we have just discussed théoe x;»
creases t&r = 1.2 €V, the resonance blue shifts to@8um  ration of localized graphene plasmons, propagating graghe
and the resonant absorption goes up-t86.2% with an en-  surface plasmons may also be explored for light trappin | ar 1
hancement exceeding 36 times. Meanwhile, the absorptioabsorption enhanceméft Graphene plasmons have SO i
in the two-dimensional film without graphene nanodisksgdat been observed at mid-infrared and longer wavelengths.¢ ¢ o
not shown in the figure) is about@b which is lower than that proposed concept is particularly promising for potentala
of a free standing film in the aif. cations in infrared and THz photodetection. However, i’ na.
In our simulations, the size of the graphene nanodisks ibeen theoretically suggested that graphene plasmons n._,
fixed. Indeed, spectral tuning of absorption can also be realachieved at shorter wavelengths by several strategiesd ..
ized through geometric variations of graphene nanodiges (s ing a reduction in the size of the graphene structures a= ' n

s=20nm
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Fig. 6 Absorption enhancement in two-dimensional materials
through light trapping with graphene plasmonics. The gitsmm in
the unstructured, light-absorbing two-dimensional matevith the
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increase in the level of dopirtg Thus the proposed concept 16 N. Papasimakis, S. Thongrattanasiri, N. I. Zheludev and
may also be extended toward the near-infrared range. F. G. de AbajoLight: Sci. Appl., 2013,2, e78.
Supporting information. Spectral tuning of absorption by 17 Z. Zhu, C. Guo, K. Liu, J. Zhang, W. Ye, X. Yuan ciiu
changing the diameter of graphene nanodisks. Perfect light S. Qin,J. Appl. Phys., 2014,116, 104304.
absorption in the whole structure and an further enhancemen8 z. zhu, C. Guo, K. Liu, J. Zhang, W. Ye, X. Yuan w...
of absorption in the underlying absorptive layer with a back  S. Qin,Appl. Phys. A, 2014,114, 1017-1021.
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