
Plasmonic Gas Sensing with Graphene Nanoribbons

Kaveh Khaliji,1,* Sudipta Romen Biswas,1 Hai Hu , 2,3 Xiaoxia Yang,2,3 Qing Dai ,2,3

Sang-Hyun Oh , 1 Phaedon Avouris,4 and Tony Low1,†

1
Department of Electrical and Computer Engineering, University of Minnesota, Minneapolis,

Minnesota 55455, USA
2
Division of Nanophotonics, CAS Center for Excellence in Nanoscience, National Center for Nanoscience and

Technology, Beijing 100190, P. R. China
3
University of Chinese Academy of Sciences, Beijing 100049, P. R. China

4
IBM T. J. Watson Research Center, Yorktown Heights, New York 10598, USA

 (Received 13 July 2019; revised manuscript received 24 September 2019; published 22 January 2020)

The main challenge t o exploiting plasmons f or gas vibrational mode sensing i s t he extremely weak
infrared absorption of gas species. In this work, we explore the possibility of trapping free-gas molecules
via surface adsorption, optical, or electrostatic fields to enhance gas-plasmon interactions and to increase
plasmon-sensing ability. We discuss the relative strengths of these trapping forces and find gas adsorption
in a typical nanoribbon array plasmonic setup produces measurable dips in optical extinction of magnitude
0.1% for a gas concentration of about the parts per thousand level.

Introduction. Two-dimensional ( 2D) materials have gar-
nered considerable attention as a platform for gas sensing,
owing to their large surface-to-volume ratio, which renders
their electronic properties very sensitive t o environmental
influences, such as adsorbed molecules or external field [1–
3]. Thus far, gas sensing based on extended 2D materials
has r elied on schemes i nvolving changes i n conductance
[4–6], surface work function [7,8], or their contact-barrier
heights [9,10], with the main underlying mechanism being
charge redistribution due t o physical or chemical adsorp-
tion. These sensors function at room t emperature, require
relatively l ow i nput p ower, a nd c an b e h ighly s ensi-
tive. Their major drawback i s poor gas s pecificity, due
to t he l ack of s pectroscopic i dentification of a particu-
lar s pecies, s o t hey cannot differentiate between various
analytes within a gas mixture.

Plasmon-enhanced i nfrared optical absorption based on
2D materials i s regarded t o be a promising spectroscopic
technique for probing vibrational modes of l arge complex
biopolymers ( proteins, nucleic acids, synthetic polymers,
or adsorbed molecular l ayers), as i t enables high-fidelity
mode s ensing at r oom t emperature [ 11–16]. To be able
to e xcite t he 2 D p lasmon b y d irect o ptical e xcitation,
nanoribbon a rrays h ave b een u sed [ 17,18]. This t ech-
nique, however, has not been proven t o be as effective i n
identifying the vibrational modes of gas molecules, where
the main c hallenge i s t he s mall a bsorption s trength of

*khali161@umn.edu
†tlow@umn.edu

the vibrational modes of i ndividual molecules compared
to biopolymers. However, t he gas dielectric r esponse i s
proportional t o i ts concentration. This suggests via t rap-
ping molecules close to 2D material, one might be able to
enhance t he i nteraction of gas molecules with t he evanes-
cent plasmon fields. In fact, a recent work has shown that a
significant increase in gas density atop graphene would be
needed for selective gas detection via graphene plasmons
[19]. Here, we verify what physical mechanism can pro-
vide sufficient trapping for gas identification with graphene
plasmons.

In a plasmon-based sensing setup, t he analyte species
may i nteract with t he i ncident optical field [20–22], sens-
ing material s urface ( via a dsorption) [ 23,24], a nd t he
applied bias field [ 25–28]. These i nteractions have also
been exploited i n 2D-based platforms t o control t he posi-
tioning of nanoparticles [29–33]. In this work, we calculate
the contributions of each of the three mechanisms (optical
field, bias electrostatic field, and adsorption) in redistribut-
ing a homogeneous gas and t hus f acilitating gas sensing
via plasmon excitation i n a graphene nanoribbon ( GNR)
array sensor geometry.

Trapping Molecules. The s ensor geometry i s i llustrated
in Fig. 1(a), where a s imple metal-oxide GNR i s used
to t une e lectrostatic doping i n graphene. The gas i s i n
direct contact with t he GNR array. The i ncident l ight i s
impinging normally on t he device with polarizations par-
allel and perpendicular t o t he GNR array. The r eflected
light i s s pectrally a nalyzed f or gas s ignatures. The gas
dielectric function is assumed to follow a Lorentzian form

https://orcid.org/0000-0002-4243-2333
https://orcid.org/0000-0002-1750-0867
https://orcid.org/0000-0002-6992-5007
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.13.011002&domain=pdf&date_stamp=2020-01-22
http://dx.doi.org/10.1103/PhysRevApplied.13.011002


KAVEH KHALIJI et al.

with frequency, ω, within t he spectral window of i nterest
[34,35]:

εg = 1 + �ε�2

�2 − ω2 − iγω
, (1)

where one IR-active vibrational mode i s considered for
the gas; t he mode i s c haracterized by i ts f requency �,
linewidth γ , a nd a bsorption weight �ε. We u se � =
1300 cm−1 and γ = 10 cm−1 as representative gas param-
eters. The absorption weight varies l inearly with t he gas
concentration, i .e. �ε = p0C [ 19,36], with t he p ropor-
tionality constant p0 = 10 cm3/mol [         19]. The dielectric
function in Eq. (1) is used for gas in both free and trapped
states. The polarizability of t he gas can t hen be obtained
via [37]:

αg = 3ε0

C
(

εg − 1
εg + 2

)
, (2)

where ε0 i s t he vacuum permittivity. The gas dielectric
function at 1 and 10 parts per t housand ( ppt) are shown
in Fig. 1(b). Accordingly, t he gas dielectric f unction can
be t uned t hrough i ts concentration, t he peak magnitudes
in both r eal and i maginary parts of εg vary l inearly with
concentration.

For gas molecules t reated as classical particles i n t her-
mal equilibrium, t he connection between l ocal gas con-
centration, C(x, z) and t rapping potential, U(x, z) can be
obtained via statistical arguments [38,39]:

C = hlCt [1 + exp (−βU)	 (−1 − βU)]
hl + ∫

−βU�1 exp (−βU) dx dz
, (3)

where 	(·) i s t he step function, h i s t he height of t he gas
chamber, and l is the array period [see Fig. 1(a)]. We con-
sider W = 50 nm a nd f = 0.7 f or t he GNR width a nd
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FIG. 1. ( a) Schematic of t he sensor setup. (b) Real and i mag-
inary parts of gas permittivity versus wave number f or 1 and
10 ppt gas concentrations under standard t emperature-pressure
condition.

width-to-period ratio, respectively. We note t he setup has
translational symmetry along t he y coordinate, and hence
trapping potentials do not depend on y. The i nitial gas
distribution i s uniform with t he concentration Ct; unless
denoted otherwise, 10 ppt is taken for its value.

The l ast i nput i s t he t rapping potential, t o be written as
a s um of t wo t erms, one r epulsive and t he other attrac-
tive. The f ormer i s dominant when t he molecule i s i n
close vicinity t o t he surface and i s modeled as an i nfinite
potential for z < z0 [ 40], with z0 t he equilibrium distance
between the adsorbed molecule and graphene, and is com-
parable with molecule radius. The attractive term depends
on t he t rapping mechanism i nvolved and i s t o be devel-
oped for each mechanism separately. For adsorption, t his
is approximated via

Uad = −D0 exp [−γ0(z − z0)] , |x| < W/2, (4)

which coincides i n form with t he attractive t erm i n Morse
potential commonly used t o describe van der Waals i nter-
action [ 41,42]. D0 d enotes t he b inding e nergy o f t he
molecule-2D material s ystem, a nd γ0 i   s r elated t o t he
potential force constant close to z0. Here, we assume γ               0 =
10 nm−1, D0 = 0.3 eV, and z0 = 0.3 nm [43–45].

To determine the effect of the electrostatic gate bias, we
solve f or a self-consistent solution of Poisson’s equation
and the graphene net electron density [33]:

�∇.
(
ε �∇φ

)
= en(x)δ(z)/ε0,

n(x) = 1
π

[
μ(x)
�vF

]    2

− nD, |x| < W/2,
(5)

where e i s t he electron charge, φ(x, z) i s t he electrostatic
potential, vF = 108 cm s−1 i s t he graphene Fermi veloc-
ity. ε i s t he s patially varying dielectric constant, which
is assumed t o be unity within t he chamber and i s equal
to ε ox = 2.5 f or t he oxide r egion. μ(x) i s t he position-
dependent chemical potential, which i s given by μ(x) =
eφ(x, z = 0). nD is the density of donor impurities in chem-
ically doped graphene and i s set t o be 1.45 × 1013 cm−2.
The problem is solved with COMSOL Multiphysics, AC/DC
Module, where we a pplied t he Dirichlet, periodic, a nd
Neumann boundary conditions f or t he bottom, sides, and
top edges of the simulation domain, respectively. The elec-
trostatic force acting on a molecule is computed via �Fes =
1
2α0 �∇|�E|2   and t he potential energy due t o i nduced dipole
is given by Ues = − ∫ �Fes · d�r, where α0 = 10−36 F cm2      is
the static polarizability of a typical gas molecule [46,47].

The optical f orce i s c alculated u sing �Fop = 1
4 �       {αg}

�∇|� E|2 , where �       E i s t he s um o f i ncident a nd r eflected
fields at a given point [20,48]. Force calculations are per-
formed using COMSOL Multiphysics, r f module, and t he
corresponding potential energy i s computed with Uop =
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− ∫ �Fop · d�r, i mplying t hat t he optical potential energy i s
governed by t he l ight i ntensity a t a given point i n t he
chamber.

With t he numerical recipes at our disposal, we proceed
with t he discussion of t hese t rapping potentials and t heir
relative abilities i n t rapping t he f ree gas. We begin with
the optical f orce and i ts potential energy, as summarized
in Fig. 2. The r ibbon e dges c onstitute t he hotspots f or
optical t rapping. This i s expected as t he underlying plas-
mon field decays quickly away f rom t he edges [ 39,49].
Our s imulations s how t he depth of t he t rapping poten-
tial i ncreases l inearly with t he i ntensity of t he i ncident
light. Despite t his t rend, however, f or power i ntensities
typically used i n FTIR experiments (0.01–50 kW/cm2) ,
the maximum d epth o f t he t rapping p otential i s much
smaller than the thermal energy at room temperature. Thus,
for t he geometry s hown i n Fig. 1(a), t he field enhance-
ment due t o plasmon excitation does not help i n t rapping
the molecules f or s ensing. We s hould p oint o ut, h ow-
ever, t hat t he conclusion drawn here i s for gas molecules
atop graphene under plane-wave illumination. The optical
trapping force can be enhanced for molecules with l arger
�ε u nder t ightly f ocused l ight fields [ 50], or f or other
2D s ystems, which exhibit i n-plane hyperbolic r esponse
with larger plasmon-induced field confinement close to the
material surface [51].

We next look into electrostatic potential due to gate bias.
From Fig. 3(a), t he t rapping hotspots again r eside at t he
ribbon edges, and t he potential energy decreases i n mag-
nitude r apidly t owards t he center, which i s qualitatively
similar to what we observed for the optical force. From Fig.
3(b), with increasing bias or reducing oxide thickness, the
region where the electrostatic potential can surpass thermal
energy becomes wider. For t he assumed z0 and with t he
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FIG. 2. ( a) z-component of optical force and optical potential
energy along the cutlines parallel to the z axis, with x = 0, −12.5,
and −25 nm. (b) x-component of optical force and optical poten-
tial energy along t he cutlines parallel t o t he x axis, placed 0.2,
2.5, and 5 nm above graphene. The data are computed at 1295
cm−1 with 0.05 kW/cm2 as input power density.

repulsive potential i ncluded, 20-V bias across 5-nm-thick
oxide are needed f or t he electrostatic potential t o i nitiate
gas trapping.

Lastly, we focus on surface adsorption and i ts effect on
redistributing the gas molecules. In Fig. 4(a) the adsorption
potential and t he corresponding concentration of t rapped
molecules versus vertical distance from t he graphene sur-
face are depicted. The i nset shows t he l inear dependence
of t he s urface density of a dsorbed molecules, nad a s a 
function o f t he c oncentration o f f ree molecules i n t he
chamber. The slope i ncreases for a l arger binding energy,
which could occur i n defective graphene, or via i ntroduc-
ing chemical dopants [ 44,52,53]. Our calculations s how
that for 5-nm oxide thickness, 20-V bias, and z0 as small as
0.1 nm, the maximum trapped concentration due to adsorp-
tion remains l arger (roughly 104) compared t o t hat of t he
electrostatic t rapping, which i ndicates t hat adsorption i s
the main mechanism that redistributes the free gas.

Plasmon-Based Sensing. For gas modes t o appear vividly
in t he s ensor r esponse one needs f or t he graphene plas-
mon r esonance t o match t he g as c haracteristic mode
while t he quarter-wavelength condition i s also s atisfied.
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These c riteria r estrict both t he oxide c hoice a nd oxide
thickness ( εox ≤ 5 a nd t hickness o f 0 .5 μm o r more
are needed), f or t ypical background dopings ( nD � 5 ×
1013 c m−2) i n g raphene [ 54]. We, t herefore, f ocus i n
this s ection on how adsorption may f acilitate gas s ens-
ing with g raphene p lasmons. We d efine t he p lasmon
extinction a s 1-Rg

per/Rg     
par, where Rg

per a nd Rg          
par a re t he

reflected powers when t he chamber i s filled with gas and
the i ncident l ight i s polarized a long t he x a nd y a xes,
respectively ( for a n a lternative e xtinction definition s ee
Ref. [ 39]). The a dsorption a ffects t he s ensor r esponse
through: ( i) gas r edistribution, which i s i ncorporated via
Eqs. ( 1) and ( 3) with t he adsorption potential as i nput,
we define a ccordingly a n e ffective c onductivity f or t he
adsorbed l ayer: σad = −iωε0had

[
ε g(nad/had) − 1

]            
[ 19],

where h ad d enotes t he h eight o f t he t rapping r egion
for which −βUad � 1; ( ii) d oping t hrough a dsorption
charge t ransfer. The l atter i s a ccounted f or within t he
expression u sed f or g raphene c onductivity [ 55]: σgr =
ie2vF

√
(nD + nadQ)/π/ (�ω + iη), where η = 50 meV i s
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FIG. 4. (a) Adsorption potential and trapped gas concentration
versus z . The horizontal dashed l ine denotes t he Ct. The i nset
shows t he adsorbed surface density versus f ree-gas concentra-
tion. (b) Plasmon extinction for homogeneous and adsorbed gas
(with and without adsorption charge t ransfer). The i nset shows
the plasmon extinction at various i nitial homogeneous gas con-
centration. Following the arrow Ct increases from 0.1, to 1, 5, 10,
and 50 ppt. (c) Plasmon extinctions for σad i ncluded and when it
is set t o zero. The corresponding plasmon-extinction difference
is also shown. (d) Variation amplitude in plasmon-extinction dif-
ference versus gas homogeneous concentration. The solid line is
obtained from the analytical model.

the broadening a nd Q i s t he e ffective f ractional c harge
transferred between graphene and one adsorbed molecule.
For molecules t hat act as acceptors (donors) upon adsorp-
tion, Q i s negative ( positive); i n t his work Q = −0.05 i s
assumed [56].

To examine how adsorption modifies plasmon extinc-
tion, we begin with a comparison between t he homoge-
neous a nd a dsorbed gas distributions i n Fig. 4(b). For
graphene plasmon, adsorption i n principle may s hift t he
resonance e ither v ia d oping o r t hrough modifying t he
dielectric f unction atop graphene. The l atter, however, i s
relatively weak for all relevant adsorption densities. This
is shown in Fig. 4(b) where the extinction peaks for homo-
geneous gas distribution a nd a dsorbed gas with Q = 0
(i.e., excluding adsorption charge t ransfer) are compared.
Adsorption c an a ffect t he v ibrational mode a bsorption
strength in two ways, by tuning the gas concentration close
to graphene ( thereby modifying t he mode weight) or by
plasmon-gas mode resonance detuning. From t he i nset, i t
is clear t hat i ncreasing t he adsorbed density ( via i ncreas-
ing Ct or D0), r esults i n more apparent gas-induced dips
in t he extinction. The i nset data also i mply t hat t he mode
weight is a more critical factor than detuning to control the
amplitude of the dips in this setup.

We note that label-free plasmonic gas-sensing schemes,
commonly r ely on direct chemisorption or physisorption
of gas molecules atop t he plasmonic surface [19,57], with
either wavelength shift or i ntensity i nspection adopted as
the sensing method [ 16,58]. The wavelength shift, how-
ever, is not generally gas specific, which restricts its use to
situations i n which sensing device i s exposed t o one gas
only. I n t his work, t he gas-graphene i nteraction i nvolves
physisorption. Moreover, we rely on intensity interrogation
to achieve gas i dentification. I n Fig. 4(c), t he difference
between plasmon e xtinctions when σad i s i ncluded a nd
when i t i s set t o zero, are shown. The zero case denotes
the extinction when the plasmon shift triggered by adsorp-
tion c harge t ransfer i s i ncluded while t he c ontribution
due t o adsorbed gas dielectric response (which i s t he ori-
gin of t he extinction dips) i s l eft out. The peak-to-peak
variation i n t he extinction difference, denoted with � i s
then r ecorded as a f unction of gas concentration i n Fig.
4(d). From t his, we conclude t hat for gas concentration of
ppt l evel, plasmon-extinction changes of t he order 0.1%
can be observed, a l evel measurable by common far-field
spectroscopic techniques [19].

Finally, we note t hat a simple analytical model can be
used to estimate the electromagnetic response of the sensor
[59,60]. This i s accomplished via i ntroducing an equiva-
lent conductivity for t he t otal system of graphene ribbons
and adsorbed molecules:

σ t
−1 = 1

f
1   

σ gr + σad
I +

⎛
⎝− 1

iωCc
0      

0 0    

⎞
⎠ , (6)
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where, I i s t he u nity matrix a nd C c = (l/π)ε0 [εox+
εg (C t − nad/h)        

]
l og{[π(1 − f )/2]} i s t he coupling capac-

itance. The t ransfer matrix method outlined i n Ref. [ 61],
is used t o obtain t he r eflection s pectra f or t he l ayered
structure. From Fig. 4(d), t he simple model r ecovers t he
magnitude change i n gas-induced dips with t he gas con-
centration.

Concluding Remarks. We examine t he plasmonic sensing
of gas vibrational modes using t he graphene nanoribbon
scheme. The sensitivity of gas detection depends on t he
trapping f orces exerted on t he gas molecules and by t he
confinement of t he plasmonic field. These i n t urn a lso
depend on t he device structure. Here, t hrough systematic
modeling of the likely gas-trapping mechanisms in experi-
ments (optical forces, electrostatic forces, and adsorption),
we find that surface adsorption is the dominant mechanism
in t rapping free-gas molecules atop graphene, which t hen
enables plasmon-enhanced sensing of t he gas vibrational
modes. Further increases in sensitivity are expected by uti-
lizing a perfect absorption scheme [62,63] or t he recently
described approach [64] of placing an underlayer metal in
close proximity t o graphene t o exploit extreme plasmon
confinement due to the excitation of acoustic plasmons.
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