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Abstract: Radiofrequency (RF) electronics involving 2Bateriatbased dvices and
integrated circuits have been widely advocated as a promising platform for future
generation ofwireless communication and sensing systévitmolayer and fewayer 2D
materials display exceptional electrical, mechanical, and thermal properties, which can be
leveraged for building superior key elements in transceiver/receiver RF front ends,
including but not limited to amplifiers, mixerswitches,oscillators andnodulators that
enable various forms of signal modulatioirs.particular, sme 2D materials with high
intrinsic mobilitiescan be used as channelsR¥F transistorshat possess high gainigh

cutoff frequency (up to hundreds of gigatz) and excellent abilities in improving the
performance of complex analog and RF circulitareovet the (bio-)chemical sensing
capabiliilesof 2D materialbased devicemay be integrated into RF circuitand modular
building blocks for makingmonolithically-integratedwireless nanosensorshe robust,
flexible, scalable and smdthotprint features of these 2D devices further allows for
development of flexible electronics (e.g., wearable devices, smart skins and contact lens
sensors) that facilitatdné practice of ubiquitous sensors and inteofahings (1oT).In

this chapter, we will review recent advances in RF and microwave transiases or2D
materialssuch agraphene and beyond, as well as their potential applicatimamastuent

partsof theloT-hardware
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2.1 Introduction

Nowadays, thenternet of things (IoT) has hach ancreasingimpact onhealthcare,
automobiles, agriculture, retadlecurity,specific environmental controls and so fojih,
[2]. Thanks to rapicadvances in nanotechnology and microsystem engineasngell as
everexpanding wireless technolpgnanomateriabased sensom@e envisioned tarive
the market of wireless 0T senstinatcould becompactjow-cost,wearablefextile-based,
and light-weight When o©mpared to bulky semiconductprslow-dimensional
nanomaterialsmay be significantly more sensitive to the exposed environments and
chemical substance®smong various types of nanomateriald) materialsincluding
graphene and beyomeerethe most studied on@sthe pastiecadd3]-[5]. In general, they
existin abulk form as stacks of strgly bondednondayers with weak interlayer attraction,
andcan besuccessfullysolated as single atomic layers by mearexédliationor chemical
vapor deposition (CVDinethods Graphendormed bya single layer of graphite was the
first two-dimensional(2D) material ever discovered n 200 4 , Gwhicimigas
been widely credited for the explosive growth of interest in 2D materggdested the first
graphene fielekffect transistor (GFET)openng up a new field of2D electronics[6].
GFETs withultrahigh carrier mobilities and cuwiff frequency(up to 840 GHz [7]) are
particularly attractive foRF applications such ashigh-frequencypower amplifiersand
oscillators in modern communication systeisvas even more exciting that graphene
transigors or electrodes can llexible, highly-durable,and optically transparenSuch
properties make graphene becaimepreferred candidatmaterialfor wearable and textile
electronicsMoreover, i has been demonstrated thiaelectrical properties dbFETscan
be sensitively tuned by chemical gating eféeuthich enableselectivedetection of gas,
chemical, or lmmolecular agest with sensitivityat the singlenoleculelevel [8], [9].

Noticeably,pristine graphene does not have a bandgaproperty that is essential to
maintaina goodon/off current ratio for logic circust Due to the ambipolar transport
propertyof the gapless graphene, GFETSs typically exhilfitds h a p e 6 d rgaté n
voltage characteristithat enable®ffective conversion of arapplied RF signal into its
secondharmonic[10], [11]. This exotic characteristisvasnot found intraditional silicon
or llI-V devicesandcan beengineeredo make the simplest possible freqey modulatar

At terahertz (THz) and infrared frequencies, {ss Dirac plasmons excited in graphene,
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together with tunability of Fermi energy througiiting effectsmake graphene plasmonics
an excellent platform fobuilding reconfigurable infrared optoelectronic componehts.
this regard, esveral new applications have beenevised such asreconfigurable
optoelectronideviceqg12], metasurfaces andetamaterial§l 3], [14], phaseshifters[15]
and oscillatorgwith properoptical pumping [16].

A patterned grapheneg., graphene nanoribbofGNR), can have a bandgapat

depends on the width tfie GNR (w) as: E;[€V]=0.8/w [nm] [17]. Although a GNR can

be used tamprove orfoff ratios of GFETS, italsocauses drops ieintrinsicand extrinsic
mobilities of grapheneln this context, many new types of 2D materials with sizable
intrinsic bandgap (at the level of2LeV) have been investigat¢ti8], [19], aimng to
fabricatehigh-performance switching dees that meet requirements of cisipale logic
circuits. Transition metal dichalcogeniddNIDs) are a clas®f 2D materials with the
chemicalformula MXz, where M is a transition metal element from group&\g(Ti, Zr,

or Hf), group V €.9.,Nb or Ta) or group VI €.g9.,Mo, W and so on), and X is a chalcogen
(e.q.,S, Se or Te)These materialaremadeup of layeredcompositeof the form X M1 X,

with the chalcogen atoms in two hexagonal planes separated by a plane of metalatoms
date 2D transistes with MoS and We$ channels have been demonstrated to have a
greater than Bn/off ratio[5]; Such a value makesemsuitable forthe development of
low-power digital circus for 10T applications So far, many groups have successfully
fabricated wafesscale TMD-basedtransistorsfor analogand digitalintegrated circuits.
[20], [21].

Wireless communication and sensing systems present a continuing evolution in terms
of the number of users and of the volume of exchange information, as well as the basis for
advancingheloT systems. However, it is always met with price constraints, Gas&ant
miniaturization, and new specificities that make the design conditioreasinglydifficult .

For instancetextile and flexible technologies are not possible wntditionalsolid-state
deviceghat are bulky and rigidhut maybe realized with 2D electronicghis chaptemwill

briefly review RF and microwave transistors basedlifierent 2D materials andtheir
practial usesin RF circuit building blocks illustrated iRig. 2.1. Fig. 2.1 shows, as an
example, th&RF architectures of wireless 10T sensors andgrated systenof which 2D

electronics can be applied to sevdrghlighted keybuilding blocks.Thesebasicblocks
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include passiveRF components (e.g., filter and miniature antenna) and adtie
components(e.g., RFmixer with a local oscillator,signal modulator/demodulator,
variablegain amplifier,low-noise amplifier(LNA)), memories digital chip,andanalog
to-digital converter(ADC). ReplacingcurrentRF front-end componentsvith 2D-based
devices andcircuits offers several advantages in terms of c@sifformance,power
consumption, device sizand flexibility. Researchers have envisioned 2atelectronics
will createa new paradigm in the design ofxtgeneration wearable electronics,
bioimplants,soft robotsandubiquitous sensasrfor 10T applicationsln the following, the
stateof-the-art GFETs andlifferent 2D transistorsworking in theRF and microwave
frequencyranges will be reviewed, followely introduction ofmodeling and parameter
extracion methodsfor these 2D transistos. Afterward, an overview ofactive RF
components based on 2D transistors will be presented, and their benefits and tradeoffs will
be discussed Finally, potential application®f 2D electronics inubiquitous wireless

sensorand 10T systemwill be mentioned

2.2RF performance of2D transistors

Low-dimensional nanostructures and nanomaterials, susdnaisonductonanowires
and carbon nanotubéCNT) have been extensively studied for developiiedd-effect
transistorswith a ballistic channel, whicpotentially pushes theutoff frequencyto the
terahertzegion[22], [23]. In practice, howevetheir operation frequencies were limited
to tens of GHz due to the high contact resistance ranotubesianowireswith an
infinitesimal diameter[24], [25]. To address the fabrication challenge atrdstically
reduce the contact resistance, 2D matehiale been exploited to scalethp drain current
of narotransistordy significantlyincreasing the e v i chamr@elsvidthin 2004 the first
2D material,namelygraphenewas isolatedrom graphiteand transferred int6ETs[6].
Sincegraphenéias dinear energymomentum E-k) dispersion in the lovenergy region,
electronsand holesn grapheneare considereds massless relativistic particles with
extremely high mobility (Dirac fermions) and an enenggependent velocitthat arise in
ballistic transports (if scattering with phonons or impuriteesxcluded) Further research
has demonstrated th@&FETscan possess an ulligh electronicmobility that exceed
200,000 cn?/Vs [26], a high saturation velocity5.5x10 cnvs [27]), anda greatcarrier
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densitymodulation by electric fiel§ 2 ¥ Alcén [28]), which makegrapheneappealing
for high-speed electronicircuits on flexible substrates

In this sectionye will review essential features high-frequency tansistordased on
graphene and types of 2D materials well adigures of merits (FOMs) used for accessing
their performanceFigs. 2.2(a@) and (b)respectivelyshow theschematics and themalt
signal equivalent circuit model for2D materialbasedFET, of which important elements
include the gatsource capacitanceCys, the gatedrain capacitanceCgyq, the
transconductancem, the differential drain resistances (the inverse of the drain
conductancess), and the contact resistances and parasitics due to packhgdsaisport
and smalisignal behavior of dransistorare generallydescribed bythe drift-diffusion
model. As arepresentative example, we first disctissmodeling oftransport properties
of GFETsin Fig. 22(a). Considering thesymmetriclow-energy electronic structurie

graphengelectron and hole sheet densitiasa(id p) arederived from the integration of
density of state)(E) weighted by the Ferniirac distributionf (E), and the total
mobile charge densit®s in graphene is obtained E9]:

Q=a*(p -n)=q (¥.D(E)g HE) gE ;a( B (B df

2 L_@ 1 1 (1)
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where 1 is the reduced Planck constaht, is the Fermi levely; is the Fermi velocity (

Ve =10° cm /<), andKj is the Boltzmann constant. Based e fguantum capacitance

definition: Cq= - (|£Qs)/ VJ} we may obtain an explicit expression for quantum
capacitancas[30]:
2 e 2 o
C, = 29 KB-I; In 3224 €0 h% (2)
p(h & & c KeT %

where V,, = E./ qis the surface potential. Under the conditigh,, > >K,T,which is
generally valid, the expression for quantum capacitance can be simpliﬁé,d:t(K|Vch|,

where K =2¢° /go (h u)’ {As a resultthe net mobile charge density can be derived as
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Q =nC,dV,, = > G,V In a backgatésFET, since any variation in the Fermi level by

an applied gate voltage is equivalent to the voltage drop across the quantum capacitance
c, by applying Kirchhoff 6s a$[3M33:t he surface

q

Va(X= B0 0 (Vs - \B, W) ®

whereC, =¢e, [/t is the oxide capacitance, afd/,, is the backgate voltage at the

cnp

Dirac point where the carrier sheet density becomes minimal for zero drain and source

voltages.DV,,,, comprises workunction differences between the gatéshe graphene

channel, interfacial chargestae graphenexide interface, anthe charge neutrality point

shift DV, due to intentional or unintentional dopin§graphene (e.g. chemical doping).
The channel voltag¥ (X), as a function of position in the channel, can be modeled using
the gradual channel approximatiohfX) = ( X/ L) Vbs, which is zero at the source ends(

0) and equal to the drate-source voltagd/,s at the drain endx(= L). Sincqu is also

a function ofV,,, equations(2) and (3) must be solved setfonsistently to evaluate the

actualV,,, which may havenexplicit expression as:

-C, %/C 2K@Vss VPV &,
ch :
°K

(4)

For a relatively thick gate oxide, i.&,, < <C,, typically valid for backgate transistors,

V,,(X) can be simply expressed ¥s(X) = E{(X/ q -.-hvp\/p G 8V (X/L)Vy ko’
On the other hand, for an ultrathin highoxide, V, (X) reduces to a simple form
Vo, (X) = E(X/ q °V (-% l)\és The driftdiffusion transport model suggests the

drainto-source current ps =qW| Q3| V(3. where W is the gate width/,, is the
drift velocity. Using a soft saturation model, consistent with Monte Carlo simulations,

Nyt (X) that depends on the channel electric fleldan beexpressed g81]-[33]:
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where miis the carrier lowfield mobility and Vv, is the saturation velocity. Herave
assumethat v, is a material constarthat is equatov:/2 ( whi ch is <close to

maximum predicted valuesgind g =1 for GFETs. ApplyingF= - dV / dx and integrating

the resulting equation over the device lendt} the drain current beco®{81]-[33]:

los = [0V, ©)
where the effective channel lengtbcounting for the effect of saturation velocity. In order
to have an explicit expression for the drain currenis ihore convenient to solve the
integral in @) usingVch as the integration variable and consistently exp@ess a function
of Ven
dv

W
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where the channel potential at the drain and sogfgeand V,, sare determined as
V,, (V=VDS) andV, (VZO) , respectively. Finally, the explicit expression for drain current

5 (Vos:Vas), as a function of bias voltagégand Vs, can be obtaineas
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For moderate input RF voltage, the higaquency behavior of GFETs can be modeled by
a smaklsignal equivalent circuishownin Fig. 2.2(b). The transconductanag, and the

drain conductancgds of GFET can be described as:

dl s
= . 9
Y (99

GSlvpg=constant



1 _dlyg

9b
re dVps (%b)

gds =

S Vgg=constant

The mobile channel charge, depending on the bias volk4gsesndVps, can be modeled
by the gateo-source capacitandgys and the gat¢o-drain capacitanc€yq as

c,= 2% , (109
dVGS \ps=constant
and
4s = _% , (10b)
dVDS \Vizs=constant

where the total net charge in the chan@glis given by

Qu =W Qx=aW,g i X - ¢ X g (11
After some mathematical manipulatiod1j can be rewritten as

e T Ay, (12)
(;', IDS Usat *V ¢ch "

There are also othearasiticcomponentswhich have minor effects providéuke operating

Qi =W Q(

frequency is sufficiently low.

The performance o& transistor when usedor amplification of an AC signalis
determinedby several factorswhich includeintrinsic gainGin, the currengainhy; (see
the 2ports networkmodel inFig. 2.2(c)) and the unilateral power gald. The cutoff
frequencyfrand the maximum frequency of oscillatibwx of a RF transistor islasely
related to the current and power gaihke cutoff frequency is the frequencyahich the
magnitude othz1 drops to unity (0 dB) andhe maximum frequency of oscillatidmax
signifiesthat the unilateral power gaity equals unity(0O dB). For example Fig. 2.2(d)
showshz; andU of a GFET, whichare frequencydependent and roll off with increasing
frequency at a slope e20 dB/deade fr andfmax markthe upper frequencyimits of the
RF transistorbecausdeyond these frequencies the transgsfiail to amplify the input AC
signal From the equivalent circuinodelin Fig. 2.2(b), the intrinsic gain Gint, intrinsic
cutoff frequencyfr.int and intrinsic maximum frequendyhaxint Of the transistor can be

deducedrespectively3].
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A —
T-int Zp(cgs + ng) , (13b)
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max- int 4,0Cgs \/ﬁ . (13C)

An useful approximation for the extrindiequenciesre[34]-[36]

WO Ca1 g, (R, R

Egd In(Rs+ R)’ (149
Cgs + ng

= G 1
max 4,0C i C "
’ Jgds(m R +*R) &R

gs

(14b

To extract the intrinsidransistor parameterand further deembed the parasitic
elementsit is necessary to measure parametesof aRF transistoshownin Fig. 2.2(e).
In this experimental setyphegroundsignatground (GSG) padare placedt the gate and
drain terminals witta sourceelectrodeserving as the commaground[37]. The extrinsic
current gairhy; can be drived from the measuraflectioncoefficiens (S11 andS») and
transmission coefficiest(Si2 and$:1):

_ 25,
BT s s &8 (19

The intrinsic device data is obtained by employing a-step deembedding process

with the device under test (DUModel showrin Fig. 2.2(c). Theadmittance parameters
(Y parametensof theDUT areobtained from extrinsimmeasuremerdata(transition from
Sparameters t&¥ parameters)and afterwards the parasitics (obtained from @rehshort
tesing structuresprede-embedded to determine the intrinsic device frequency response

The opertransistorstructurewith no gatechannelinvolved determing parallel parasitics
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(Yp1, Yp2, Yp3) and the short structureith gate, drain and swce shorted decidele series
parasitics Z.1, Z.2 and Z.3). These series parasitics are very critical for modern small
channel FETs

Ytransistor:((Ydut _Yope)-1 (_Yshort Yop)n-l) Ls (16)

where Yiansistor IS theintrinsic Y-parameters of the intrinsiRF transistor Yaut is the Y-
parameter of DUT (Extrinsic)Ysnortis the Y-parameter of the DUT with gate, drain and
source shorted{openis the DUT with no channehaterial (graphene, TMD, e)¢38]. The
comparisorof the current gaih,1 before and after dembeddingf graphene transistas
shown in Fig.2.2(f), in which the deembedding2: maintains rolling off with increasing
frequency at a slope 620 dB/dec.

In 2009,the IBM groupwasthe firstto comprehensivg study the highfrequency
performanceof graphendRF transistors with variable gate lengitsd a predicted ctdff
frequency o6 GHz [37]. In that work, he smallsignal current gaihy; of the graphene
transistorsextractedfrom S-parameter measurement was foundidiiow the 1/f law,
which is analogous t@onventional FETsBesides, the ctaff frequency is a strong
function of thedrain andgate voltags, and isproportional to thelc transconductancgm.

In particular, he cutoff frequency was found to be inversely proportional to the square of
the gate length  L?)/ A peakfr as high as 26 GH&as predicted foa gate length of 150
nm, as shown in Fig 2.3(a)(b). Hereafter, the high frequency performarafeGFETSs
began to draw attention and a growing numbestudieshave been reporteth early 2010,
a graphene MOSFET with a 24fn gate showing & of 100 GHz has beemeported20],
soon followed by a 14dm gate grapherteansistomwith fr approachindd00 GHz later that
year[39]. Finally, in 2012, &GFET with a40-nm-long gate showing 35GHz fr [10] and
a 67nm gateGFET with a cutoff frequencyfr 427 GHz have beeprepared21]. The
frequency response of the initial devioggh only limited cutoff frequency normally
several gigahert$40], [41], is primarily restrictedby two factors. First, the dielectric
integration process usean oxidative functionalization layeresuling in a serious
degradation of the electronic properties of grapheitle carrier mobility as low as 400
cnm?/Vs. Second,in these initial devicesa large gapexistsbetween sourdgate andbr
gatédrain electrodes, in which the graphene iseftéctively modulated by the gateut

functiors as a series access resistanceov@rcome the limitation of graphene transistors
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and improve th& RF performance,various gating configurations and different
dielectridsubstratamateriat have beerstudied For the gating configurations, dual gate

and seHalignment gate graphene transistoe two commoralternativesDifferent from

the first top gate GFET, dual gate structemesists oboth local topgateand global back

gate,of whichthe access resistam of the graphene transistor is modulated by the-back

gate through electrostatitoping[Figs. 2.3(c)-(d)]. By varying the baclgate voltage, the

access resistance candignificantlyreduced by more than a hatfntributingto a four

fold increase of transconductargg As a resultanintrinsic cutoff frequency of 50 GHz

is achieved irthis 350 nmgategraphendransistor{42] [Figs. 2.3(e)}(f)]. Anothe viable

gating scenarioto mitigate the access resistaacis throughoptimum alignment of the

sourcédrain and the gatelectrode443], [44]. Int hi s manner , Liaobs gro
selfaligned approaclwhich utilizeda metal/oxideCo,Si/Al>Os core/shell nanowire as the

top gateand integratedit on graphene through physical assembly process at room
temperaturgsuccessfully demonstiagy a graphene transistor with cutoff frequeriepf

up to 300 GHzasshownin Figs. 2.4(a)(c) [39]. Takeonestep furtherin order to eliminate

the imperfect contact interface witfnaphene since the diamctikie cross section of this

Co2S/Al203 core/shell nanowire, thgyroposedl00 nm channel lonGaN nanowire[Figs.

2.4(d)-(e)] with a triangular crossection and a flat side surface as the-akdfned gag,

which exhibits a scaled transconductifrance e Xxc
atVgs= 1 V is 840GHz[7], [45]. On the other handis for the degradation of graphene

mobility, the interfacesexisting in graphenisubstrateand graphendop-gate dielectric

insulator, are two dominant sources of scattering in graphene deresedting inthis

significant degradation of electrical transport due to tWwe-dimensionalnature of
grapheneln201], Bal andinds group mitigated the scat
charges through the usage of DLC film as @IEET substratewhich is advantageous

because of the high phonon energg# hybridized carbon (165 meV) and its nonpglar

as well asthe nonhydrophilic naturgf46], [47]. Another desirable substrate is silicon

carbide, whichlikewise possesses a high intrinsic phonon eneo§yl16 meV, and
additionally, high quality graphene sheets can be directly grown on its surface by epitaxy.

In thesesuitablesubstratalternative, the intrinsic cutoff frequenayf graphene transistors

may reach300 GHz, based on both wafeacale CVD grown graphene and epitaxial
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graphene on Si{48], [49]. In brief, to further alleviat¢he scattering effedtetween the
2D graphene and the dielectsarface during the integratigonocessmiscellaneous types
of oxidative functionalizatio layer, such asl.0z [21] , HFO [20], [50], Y203 [51], and
BoronNitride [19], havealsobeenstudied extensivelyo receive theutoff frequency as
high as400 GHz.

Even though graphentransistor satisfies the demand ofRF and microwave
characteristic in som&pplicationsthe lack ohighorn/off currentratio and also the relative
difficulty to achievesaturatiordue to the absence of a bagaplead toinapplicallity for
logic/digital circuit applications andimited power gain for RF/analogapplications
respectivelyCompared to graphene, igh has no bandgapMDs such as Mo% MoSe,
WS, and WSe have sizable bandgaps chamgfrom indirect to direct in single layers,
allowing applications such as transistors, photodetectors and electroluminescent devices.
Some of the excellent electronic properties of monolayer TMD incldddtigh electrical
conductivity with a bandgap around 2 eV, capable ofroviding sufficient or/off ratio
for digital/logic electronics applicationg/hile exhibitingdecently highcutoff frequency
and power gain for analog/RF electroni¢®) atomicscale thicknessvith no dangling
bonds at the interfaceallows excellent control over the channel with low parasitic
capacitanceq3) relatively high effective mass of carri@sntributes to the reduction of
sourceto drain tunneling currentn the initial sage the majorityof works on TMDBbased
FETs have focused ondhimprovement of theidigital performance, i.e., the switching
capabilityand the on/off current ratidn 2011, the first TMBtransistor was reported with
the shgle layer MoS as channeinaterial tdfit the logic circuit applicatiorwith the oroff
current ratio up td( [5]. Since then, wer the past few years, many experimental efforts
have demonstrated the excelleow/off ratio in between 10and 16 [18] with a
subthreshold swing approaching 60 m¥¢ [52] for MoS; field effect transistor (FET),
and more recently foNS; [53] and WSetransistos[19]. On the other handhe saturation
phenomenomf TMD-transistorunder small biaprovides potential applications for high
power gain electronic devices, anecently, sme of the experimental and simulation
works have explored on analog/RF performaanalysis of MoSFETSs [54], [55]. The
systematic investigation of tegatedsinglelayer, doubldayer, and eveftri-layer MoS

RF transistors with gate lengths scaled dow2d@nm have been reported with the cutoff
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frequencyof 2 GHz before the dembedding procedure aad high a$ GHz after the de
embeddingprocedure[55], [56] [Figs. 2.5(a)}(b)]. Additionally, the recentnumerical
works for MoS-FETs have been limited to intrinsenalog/RF performance analysasd
show an intrinsic gain higher than 20 (B7] and the intrinsic cutoff frequency
approachinderahertz fosulb5-nm channel oMo, [58].

The high performanceTMD-transistor faces the samehallenges asgraphene
transistos, namely 1) the degradation of TMD material mobility due tiwe scattering
effect 2) the contactesistancat themetatMo$S; interfaceslt should beemphasizedhat,
given the factarrier mobility of semiconductors tends to reduce with the increasing gap
energy, TMD material with -2 eV bandgap willinevitably have smaller mobility
compared taero bandgagrapheneForbackgateMoS; transistorsthe upper mobility limit
of defectfree undoped materiahve been calculateaid it range§om 130cn?/Vs [59] to 410
cn?/Vs [60], andMoS; devicemobilities between 1 and 3@@7/Vs have been extracted from
experimentatesults[61], [62]. In particular,the mobility reported for baegjated MOSFETS
(afew to a few tens af?/Vs) iscommonlylower than th@bservednobility in top-gatecones
(several tens toundreds ofn?/Vs), of which theelectron mobilities of up to 10@0/Vs[63]
have beerdiscoveredAs for the otherTMD materia, WSe with a hole mobility of 250
cn?/Vs has been reportethdin few-layer phosphorene, a remarkable hole molshitseeding
1000 cn?/Vs has beermeasured19]. In terms ofthe aspecbf contact resistance, the first
contacttestexperiments for 2D materials|avefocused on graphepandup to now metal
graphene contact resistances as low a§0.012 q mm h a vdd64]p[@be This ac hi ev e
already comes close to the resistance of -sfatee-art metal contacts on Si andiM
semiconductorsSynchronouslycontact resistancdata for metalTMD materialhave been
reported as wellln 2004, a new strategy based on phase engineering to dé&sign
resistance contacts have been developed, in vithieproposedca methodology to locally
pattern the metalid T phase on ultrathin semiconducting Mafanosheets and use them
as electrode®\s a resultjt wassuccessfullydemonstrad lowcontact resistances of 200
300q um at zero gate biasith the properties in aias mobility values ofD50 cn?/Vs,
subthreshold swing values of-A400 mV/decade, and on/off ratidsgher tharL0’ [66]. On
the other handyy developing a surface dopambfiling techniqueF e n g 6 srepgtedbhal p
first high holemobility WSe ML -FETswith body thickness dP0.7 nm. The use of heavily p

13



dopedcontacts is essential in lowering the metal contact resistances by orders of magnitude and
enabling thedlemonstratiomf p-FETs with peak effective mobility @250 cné/Vs, which is
nearideal subthreshold swing (SS)@80 mV/decade and highvoff ratio of >1P[19].

Along with the development of high mobility 2DMD-material and low contact
resistance techniqueshe achievements related to TMD transistors made so far are
remarkable and further progress is expecizuak to their relatively low channetobility,
MoS-FETs show worsér performanceover graphenedransistors however, hey havebig
advantage of a semiconducting channel with a sufficiently wide rgaplting inexcellent
switch-off as well as good drain current saturatamothusreasonable power gain afdx For
the stateof-theart TMD-FETs, the experimental work on felayer MoS-FETs has
achieved a cutoff frequency of arou6d7 GHz for 250 nm channelwith a maximum
oscillation frequency up t6.3 GHz [54]. Hereafter largedomain bilayer Mogtransistor
with gate length 90 nm has been studied with extrinsic cutoff frequercy.2 GHz and
extrinsic maximum oscillation frequendyax = 23 GHz [67]. The current record RF
performance for MoSFETS is defined by a 68 nm gatansistor on a rigid S¥I5i substrate
presening anfrof 42 GHz and afmax0f 50 GHz and its counterpart on a flexible substrate
with fr = 13.5 GHz andmax= 10.5GHz [68], thus, renderingMoS-FETsa very promising
devicefor flexible digital and RRpplicationgFigs. 2.5(c)-(e)].

It is worthwhile topoint out that the TMD-transistos can be even used for THz
applications.TMD-based FETs have shown superior intrinsic RF F@QMihe range of
terahertz thia can surpass theperformanceof conventional higHrequency channel
materials In 2D materialbased devices, a cutoff frequency of abbdt THz has been
reported for grapheneansistoy but theirintrinsic gain and maximum oscillation frequency
have beeriound to be abaul0 dB and 50 GHzespectivelyj69], while for MoS-FETS,
the previous simulated results have shown an intrinsic gain higher tit[2@] andthe
intrinsic cutoff frequency approaching terahertz for-Sutm channel ofMoS, [58].
Therefore,2D TMD-based FETs seem to have a great potential to &lBwerformance
above 1 THz. The optimization of matergdometryand choice, as well an effective
device design strategy can allesuch frequency of operation despite the presence of

realisticparasitic values.
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2.3Frequency mixers and signal modulators based oD transistors

Due to the Diragcone dispersion ajraphee, major carrierof a GFETcan be varied
from electrons i(e., n-dominated transportjo holes(i.e., p-dominated transporthby
sweepinghe dc bias voltagd he gate voltage thgives theminimum conductancef the
graphene channed called the Diragoint voltage or the charge neutrality point (CNP)
voltageVenp,. Such an ambipolar transport shapenty ir
lds-Vgs curve possesses thaotential forbuilding the newgeneration oRF circuits and
components, such as frequenoyltipliers and signal modulatofg0]-[72]. In modern
communicatiordevices the baseband signidat containsinformationmust beembeded
into the RFcarriersignalthrough proper modulatiol@ommon types of signal modulation
include the amplitudenodulation (AM), frequencymodulation (FM), and phasghift
keying (PSK) A high-frequency GFET illustrated in Fig.2.6 may allow a simple
implementationfor realizing all these modulatioschemeq70]. To achievethe digital
moduldion, theRF carriersignal(Vcarie) andthe data bitstream/{at9 are addedogether
and applied to the gate of the transistas shownin Figs. 2.6(a)(b). The amplitude
modulation[left panel inFig. 2.6(b)] is achieved by utilizinghe transconductance change
over the gate voltage differentean GFET The fequency modulatiofright panelin Fig.
2.6(b)] is achievedy interchanginghe bias point from a region dominated by eleciron
(or holes) to the charge neutrality point. Similarthhe phase modulatiofmiddle panel in
Fig. 2.6(b)] is achievedby changing the bias poifriom a region dominated by electsn
(or holes) to aregion dominated by hadgor electros). Apart fromthesebasic binary
modulation schemes a GFET-based modulator also allows thequaternary digital
modulation schemesuch as quaternary amplitudbift keying (4ASK) and quadrature
phaseshift keying (QPSK)73], [74], therebyrepresenting a drastic reduction in circuit
complexity anda capacity enhancement wheompared with conventional modulators.
Fig. 2.6(c) shows theexample of theguaternary mdulation schemg4-ASK) doneby
combiningthe binary amplitudeshift keying (BASK) andhe binary phaseshift keying
(BPSK). It is obvioudy seenthatthe four bias pointscorresponding to 00, 01, 10 and 11,
are usd in this 4-ASK schemesuchthat both phase and amplitude information can be
exploitedto distinguish the quaternary signal encoded in the carrier.wava resultthe

data transfer ratean be doubled whesompared with binarynodulations
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Similarly, a highfrequency GFET can be also be exploited to nfedguencymixers
and multiplierswith at least one stage of filter removed. These RF componentfeme
used infrequency synthesizers and communication circaitel are theritical frequency
conversiorelements in the buildinglock of modern RF transceivers/receivaihenan
GFET shown in theright panel of Fig.2.6(b) is used as a frequendpubler it can
effectively suppressthe odd-order intermodulatiorand contribute to lower spurious
emissionsamong the circuit because ofits symmetrical ambipolaritynamely the
symmetriclgs-Vgs characteristicentered oVenp. INn 2009,the first GFET-based mixehas
beendemonstratedwith a third-order intercept point of +13.8Bm [75]. However,the
conversion losef this mixeris as low as 40 dB and the operating frequency is limded
10 MHz, whichare primarily restrictedby the poor quality ofjraphengas well as the
relatively largegate lengthand gate capacitanc€gys. Later on, thewaferscale high
performance GFEhas beerfabricated bylIBM [76] for making an RFmixer, which
exhibits animproved conversion los27 dB andan operatingrequencyof 10 GHz In
the meanwhile, this GFE-based mixer has exceptionalthermal stability with little
reduction in performandgip to400kelvins). Take one step further, in 2013, iategrated
graphene radio frequencyrcuit was reportefl7 7], which can simultaneously operate as a
radio frequency signal amplifier, filter atlde downconversion mixewith the conversion
loss as low as10 dB at f.o = 4.3 GHzas shown irFigs. 2.7(a)(c). We notethatwhen
compared to conventional mixerbased on WV semiconductor transistorswiich
generallyrequire complicated externphssive componentshe GFET-based RF mixer is
simple andmay significanty reduce thefabrication cost and areaf occupation[76].
Furthermorejn orderto increaseits operatingfrequencyto the millimeter-wave region,
monolithicallyintegrated subharmoniGFET-mixers have beenecentlydemonstrated
with the operating frequency ranging from 2 GHz to 8BMz [71]. One example othe
subharmonic resistive GFEmixerimplementedvith coplanar waveguide technolegis
shown inFigs. 2.7(d)-(f), which exhibitsa conversion lossf 29 dB across the 186210
GHz bandunder12.57 11.5 dBm local oscillator (LO) pump powexr>15dB LOT RF
isolation and a3 dB IF bandwidthof 15 GHz.Different fromconventional RFnixers, this
new platform can effectively suppress the LO naisdsimplifies theseparatiorbetween
LO and RFsignals
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2.4 Integrated wireless I0T sensors

Atomically-thin 2D materials with strong conductivity dependency on
chemical/photo/electrostatic gating effebesve had a revolutionary impact on electronic
sensorg78], [79]. Due to the relatively low density of states of 2D materials, a small
change of carrier concentrati@ue todoping effectsmay dramatically vary the sheet
conductance of 2D materialthus enabling nanosensors with ultrahigh sensitivity
Moreover carbonous materials, such as carbon graplagmk carbon nanotubeare
biocompatible and have goapecificity becaise surfacefunctionalizationcan readily
createselectivereceptorson carboratoms The stateof-the-art graphenend MoS ion-
sensitive transistorshave demonstrated a singlaolecule sensitivity [80]-[82].
Nonethelessit remains challengingp integrate 2Dnanalevices with traditionalsilicorn-
basedront-endmodules.

In wireless sensor and radar systems, nonlinear harmonic tags, which receive a RF
monotone and backscatter a secondfsatmonics, are commonly used to suppress clutters,
echos, crosdalks and other electromagnetic interferences, provided that the sensor/tag
has a compact (electricalgmall) size[83], [84]. As discussed in the previous section,
GFETscanexhibit a cutoff frequencyf{) up tohundreds ofGHz, which is higher than
mostof existing solidstatetransistorslts unique symmetriandiit Vs hape 6 drain cur
gate voltage characteristadlows one to makehe simplest possible frequency doubler
which covers the 5G/6GBluetooth,and WiFi bands [42]. Further, sice the electrical
conductivity of graphene is highly sensitive to gas, chemical or biological dopants, a single
backgate or sidegate GFET may realize a chemicadlgnsitive frequencyoubler in
which a shift in Dirac point (or chargatural pointVenp) caused by chemical gating effects
canmodulate the secorgarmonic output signal arttiusvary the frequency conversion
efficiency [9], as illustratedn Fig. 2.8. In this case, the information of the concentration
of the specific dopant is encoded in the frequemoglulated RF signal, which in some
senseis similar to the frequency modulation (FM) used for wireless communic#oa.
result, hgh-performance GFETsaving the capabilities of biochemical sensing and
frequency modulation may pave a promising way towardempact and ultrasensitive

harmonictransponder sens@or harmonic sensor).
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Fig. 2.9 shows the evaluation of RF spectrum for a bgate GFET iranair exposure
ethanol recovery modulation cyd@]. In this experiment, the GFET is first exposed to
ambient airsuch that the chemical gatingcurs due t@adsorption of oxidizex(e.g.,NO-,

O2 in air) that inducecharge transfer between the graphand the adsorbed substance
Fig. 2.9(a) shows the spectra of the modulated output signals for a monotone AC input
signal with a 3V peakto-peak voltage at the back gate, under am®0DC drain bias.

The output vectorwhich compriseghe fundamental tonat 25 kHz and the second
harmonic tone at 50 kHz, has a sigt@hoise ratio (SNR) of <50 dB, 16 dB>. Bi2.9

(b)7 (c) present tedetected signals in ther-exposure modulation phase, during which the
output vector decreases to <43 dB, 9.5 dB> SMBr 2 miutes and to <41 dB, 0 dB>
SNR afterd minutes It is clearly seen that the signal strength of the sebanchonic tone

is detuned from 16 to O dB due to the shiftii,, whichservesasa good indicator of the
level of chemical exposuseOn the other hand, for a doped graphene channel with a
up/downshifted Vcnp, the fundamental tone is amplified due to the increased linearity of
l4s-Vgscurve seen by the timearying sinusoidal input voltage fier the wet treatment, the
outputcan bereset to its original signal shapes showrnn Fig. 2.9(a).

Although a single GFET can serve as a miuiltictional sensingnodulator it maynot
be suitable to build &ully-passive harmonisensoibecauséhe devicestill needsadrain
to-source ddias(i.e., a power sourg, such aghe piezoelectric transducer, miebattery,
rectification circuit or solar ce)l Some recent seminal works have proposed the practical
realization oselfpowered harmonic sensdvased othegraphenentegratectircuits. For
instancea quadring mixer or duaking mixer [Fig. 2.10(a)] based orconnectedsFETS
can achieve thehemicallysensitive frequencynodulation without any external power
source Fig.2.10(b) showghe frequency conversion efficiency verais, (simulation)for
a selfpowered quating multiplier based on four GFETs, showing that freguency
conversion efficiency strongly depends on te@centration of surface absorbatgsich
determine the level of chemical gatimgthe balanced conditn, the conversion efficiency
(the voltage ratio between second harmonic and fundamental tone) is zero if all four
graphene receptors are matcheth&zeroVcnpcondition[85]. Thestrength of the detected
second harmoniceflects the value oNcnp, Which could beshifteddue tothe existencef

p-/n-type(bio-)chemical dopants. A duaihng GFET-based sensingiodulator may further
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reduce the device footprint and fabrication complexity, while offering improved linearity
and reliability compared witlthe quaering design [86]. The allgraphene sensing
modulabr can be mounted to the RF fraemdthat includeRFID/NFC chips and antennas
for building the batteryfree wireless lIoT sensdhat canalarm specific chemical or
biological eventsn realtime [85], [86], as schematically shown in F@.10(a)

2.5RF energy harvesting using 2lelectronic devices

In brief, apartfrom the aforementioned RF applications associated with 2D transistors,
the 2D material can also be utilizedgenerat®thertypes ofhigh-performanceslectronic
devices, such as 2Bchottky diods shown in Fig2.11 which has been demonstrated
recentlyfor energy harvestinglatform Dueto mechanicatobustnesand stabilitynature
of 2D materialsaflexible rectenna based dheMoS; Schottkydiodehas beenleveloped
to harvest the ambient R&nd WiFi radiations in theglobatsatellitepositioning band
(1.58 GHz and 1.22 GHz), cellulabommunications fourtigeneration (4G) longerm
evolutionband (1.7 GHz and 1.9 GHz), Bluetoott&Hz),andWi-Fi channels (2.4 GHz
and 5.9 GHz)[87]. Such aateral diodeconfigurationbased orMoS,; semiconducting
metallic(2Hi 1 T/ 1 T Njjeterpsiructsirean have anuchreduce junctioncapacitance
C; (which could beower than 10 flranda small effective seriesesistanceRs, which in
turn results irapower conversion efficienogf up to 40% anda high cutoff frequencyf
10 GHz asshownin Fig. 2.11(b)(c). This integrated MogSbasedrectifier providesa
universal energynarvesting buildindplock that can b&used intovarious flexible electronic

devices for 10T applications.

2.6 Conclusion

In this chapter, we provide comprehensive review attive 2D devices and circuits
which can beutilized in the RF front-end building blockdor the nextgeneratiorwireless
communicationand loT systemsWe first discussharacterizatiorand modelingof 2D
materiatbased transistors working at high frequencieshen, we mention several
representative 2D devices used foamplification, mixing multiplication,

modulatioriddemodulation, and processing AC signals.There are a rich variety of RF
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andanalog applications enabled by newly discovered electronic properBBsadterials.
Finally, we have discussetthe potential of 2D materials e development oiireless

nanosensorand energy harvesting platfosnfor the lowpower, neaubiquitous 0T
sen®rs and integrated systems
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Fig. 2.2. (a) Schematic of a 2D material transist(). Smallsignal equivalent circuit of a FET
(c) RFmodel ofconventionaFETs under test, wher&, Yp2 andYpz are parallel parasitics an

Z.1, Z» andZ. 3 are series parasitics (They represent $&dintact pads and interconnects)).

Smallsignal current gaimy: and unilateral power gaitJ of an RF FETs versus frequenc
Reprinted with permission from (Ref. [3]). Copyright (2013) IEEE). Measured scatterin
parameters$ii, Si2, S1, andSo, of a graphene transistor for-dembedding(f) The current gain

h21 calculated from the measur&iparameters as a function of frequendfe solid line

corresponds to the idealf dependence, or equivalenth20 dB/decade slope, of the curre

gain. The cutoffrequency is determineid be 4 GHz. The drain and gate voltages are 1.6

0.5 V, respectivelyReprinted with permission from (RgB7]). Copyright (2009) Americar

Chemical Society.
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Fig. 2.3.(a) Optical and scanning electron microscopy image of the device lajtbiground
signalground accesses for the drain and the gate. (b) Measured curreimi;@aira function
of frequency of a GFET withg 150 nm, showing a cutoff frequency at 26 GHke dashed
line corresponds to the ideaf tlependence fomz1. Inset: the maximurfr as a function gate
length for the four GFETs measurdeprinted with permission from (RgB7]). Copyright
(2009) American Chemical Socieffg) Device schematic of the dugate graphene transisto
(d) SEMimage of a doublehamel graphene transistor. The channel width i€@7 andthe
gate length is 350 nm for each chanife). Peak transconductangg asa function of series
resistanceRs. (f) RF performance of a 35%9m-gate GFET, showing a current gainia20
dB/dec and a cutoff frequendy of 50 GHz.Reprinted with permission from (Ref#2]).
Copyright (2010) IEEE.
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Fig. 2.4.Graphene transistors with a salfigned nanowire gate. (a) Schemaliigstration of

the threedimensional view of the device layoyb) Transconductance als;s= 1 1 V
function of topgate voltagéd/rc before (black) and after (red) the deposition of theal@hed
Pt sourc&rainelectrodes.d) Smallsignal currengain hi1| vs.frequencyf atVgs= 1 1V

device with gate length = 144 nrReprinted with permission from (R€f39].). Copyright
(2010) Springer Naturdd) A crosssectional SEM image of a selfigned graphene devic
with aGaN nanowire gatdaighlighting the flat interface between graphene and trian@id
nanowire.Reprinted with permission from (Ref. [7]). Copyright (2010) American Chenr
Society. (e) The projected intrinsic cutoff frequendy at Vus = 1V calculated usingr.int =
on/ &4, versus channel lengtReprinted with permission from (Rg#5]). Copyright (2012)

Elsevier.
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Fig. 2.5.(a) Schematidllustration of the threelimensional view of thioS, FETslayout. (b)
Trilayer MoS with cutoff frequencyfr = 6 GHz atappliedVes= 2.5 V andVrc =11 V. The
current gairh,; decreases with increasing frequency, followingitBé dB/dec slope expecte
for conventional FETsReprinted with permission from (Ref55]). Copyright (2014)
American Chemical Societyc) A schematic illustration of a duahannel selalignedMoS,
FETs with transferred gate stacks, and the inset shows the schematsettass of the self
aligned device(d) Smaltsignal current gairhzi| versus frequency for three devices witr
channellength of 216nm (blue), 116 nm (red) and &8n (black. The cutoff frequencies ar
13.5, 26 and 42 GHz at a d.c. bias of 5V and bgas of 2.1, 2.3 and 1.9V, respectivédy
Maximum available gain (MAG) versus frequerfoy three devicesvith the samgarameters

above Reprinted with permission from (R¢68]). Copyright (2014) Springer Nature.
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Fig. 2.6.(a) A circuit diagram with a falseolour image of graphene transistors connected
commonsource configuration. ThéataSignal is the digital data that is encoded onto the ca
signalVcarier TheVuataSignal is a square wave for all three binary digital modulation sche
and a four level stefike wave for the 4ASK modulation schemé¢b) lllustrations of amplitude,
frequency and phase modulation of a sinusoidal wave achieved by operating a single an
graphene transistor at different gate biaggsA time domain plot of the-ASK modulation of
carrier signal. Thénset is an illustration describing the foysevating gate bias points used
4-ASK. Vpp is 1 V. Reprinted with permission from (Rgf70]). Copyright (2012) Springe

Nature.
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Fig. 2.7. (a) Optical micrograph othe integrated circuitinder testingwhich compriges11
active and passive componentis) Output spectrum of graphene receiver with 900 nm ¢
length. RF input signal was 20 dBm at 4.3 GHz and LO input signal was 2 dBm at 4.2
The dbwn converted IF output signal at 100 MHz was 30 dBo).Normalizedoutput power
as a function of RFReprinted with permission from (R€fZ7]). Copyright (2014) Springel
Nature. (d) Equivalent circuit diagram illustrating the selected mixer circuit topology.
Micrograph of the fabricated mixer circuit including the dimensions. (f) Conversion loss v
RF frequency. The LO frequency is swept and the IF frequency fixed. Rxs&kersusPrr at
fre = 200 GHz.Reprinted with permission from (Rg¥.1]). Copyright (2017) IEEE.
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Fig. 2.8.(a) Schematics of a GFEHJased sensingnodulator(b) Mechanism of mixed AM/FM
GFET modulationRed if Venp is zero, then the output consists only of a strong harmonic t
Yellow: whenVenp shifts away from 0 V, a large fundamental tone is present and the hari
tone decreaseBjue: whenVcenp shifts higher, both the fundamental tone and the harmonic
decrease, but the harmonic tone decreases more rdpégiyinted with permission from (Re
[85]). Copyright (2016) AIP Publishing.
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Fig. 2.9. Realization of air exposwweet treatment AM/FM mixed modulation cycle on
chemical gate GFET with a single tone bageite input carrier signal at 25 kHz. (a) Initial
whenVenp is around 3 V, the output vector is <50dB, 16dBNR, withthe noise levelta-

80dBV. (b)Venp shifts to higher voltage after 2 minutes exposure and the output drops to <
9.5dB> SNR. (c) Further air exposure for another 2 minutes results in an even\higlasd

the output is <43dB, 0dB> SNR. The operation condition cae\mrsed by the ethanol bas:
wet treatmentReprinted with permission from (Ref. [8]). Copyright (2016) Springer Natu
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