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Abstract
Wehave used a lithography free technique for the direct fabrication of vertically stacked two-
dimensional (2D)material-based tunnel junctions and characterized byRaman, AFM,XPS.We
fabricatedGraphene/h-BN/Graphene devices by direct deposition of graphene (bottom layer), h-BN
(insulating barrier) and graphene (top layer) sequentially using a plasma enhanced chemical vapor
deposition on Si/SiO2 substrates. The thickness of the h-BN insulating layerwas varied by tuning the
plasma power and the deposition time. Samples were characterized byRaman, AFM, andXPS. The
I-V data follows the barrier thickness dependent quantum tunneling behavior for equally doped
graphene layers. The resonant tunneling behavior was observed at room temperature for oppositely
doped graphene layers where hydrazine and ammoniawere used for n-doping of one of the graphene
layers. The resonancewith negative differential conductance occurs when the band structures of the
two electrodes are aligned. The doping effect of the resonant peak is observed for varying doping levels.
The results are explained according to the Bardeen tunnelingmodel.

1. Introduction

The tunneling transport phenomenon inquantumdevices offers picosecond switching speeds andhence the
possibility of designing very high-speeddevices. Two-dimensional electron gas (2DEG) systemshaveplayed a vital
role in thedevelopmentof superior electronic devices [1].However, one lesser-knowndevice that utilized 2DEGs is a
tunnel junction consistingof two suchgases [2, 3], realizing 2D–2D tunneling. Previous studies of 2D–2D tunneling
were conductedon coupled electron gas systems in two closely placedquantumwells inAlGaAs/GaAs
heterostructures [3, 4]. In the caseof unequal dopingof the 2DEGs, it has been shownexperimentally that, at a voltage
bias corresponding to alignedband structures of the 2D systems, a sharppeak in the tunnel current occurs [1, 5–8].
This peak is referred as a resonant peak in the tunneling. Itwas claimed in thepriorwork that thewidthof this
resonantpeakwas temperature independent (except possibly from inelastic effects) [6, 9–11].

Presence of negative differential resistance (NDR) is characteristic of the current–voltage relationshipof a
resonant tunneling device [12], enablingmanyunique applications [13]. The existence of deviceswithNDRhas been
reported since the late 1950’s in devices that containeddegenerately dopedp-n junctionswith thinoxide barriers
(tunnel diodes) anddouble barrier heterojunctiondevices [14]wherequantumtunneling effects areutilized.
TheNDR in the I-V characteristics of thesedevices has beenused inmany applications [15] involvingmicrowave/
millimeterwaveoscillators, high speed logic devices and switches.

With the adventof thenew2Delectronicmaterial systems, it has openedanewroute for2D–2Dtunneling in such
extended systems [16]. Two-dimensional(2D)materials suchas graphene,hexagonal-boronnitride (h-BN), transition
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metaldichalcogenides (TMDCs)andphosphorene etchavegainedavast interest due to their excellentperformance in
novel electronic, optoelectronic andphotovoltaic applications [17–22].Grapheneandh-BNhavebeenunsuitable for
electronics applicationswhich require tunablebandgapmaterials since graphene ismetallicwhileh-BNbeingwide
bandgap semiconductor [23]. Strong reactivityofphosphorene,withoxygenandwater and requires tobe sandwiched
between layersofothermaterials if it is to last longer thana fewhours [24]. TMDCsaremuch slower conductorsof
electrons thangrapheneorphosphorene, even though theyare semiconductingand stable. Inorder to evade such
limitations, researchershave attempteda combinationofmetallic (graphene etc), insulating (h-BNetc) and
semiconducting (MoS2etc) [25]. 2Dmaterials to facilitate functionalheterostructuredevices. Featuresof this approach
include; adding some functionality into such2Dstructures [26–28], combining intonanocomposites tooptimizemany
inherentproperties suchasoptical absorptionetc [29, 30]and, stacking themvertically layer-by-layeror arrange laterally
by seamlessly stitched in-planeheterojunctions [31–33].

Heterostructures play a vital role in semiconductor industry. Thenewly developedmonolayer 2Dmaterials offer
aplatform that allows creationof heterostructureswith a variety ofnovel properties [34].Many structural, physical,
and chemical properties havebeen exploredonVanderWaals heterostructures createdbymonolayers ofmultiple
2Dmaterialswith vertically stacked layeredheterojunctions [35–39]. Since these heterostructures utilize theVander
Walls interlayer interaction, latticematching is no longer a significant factor. The interface is atomically sharp, and the
junction canbe as thin as twoatomic layers to reach theultimate limits. Such stacks are very different from the
traditional 3D semiconductorheterostructures, as each layer acts simultaneously as thebulkmaterial and the surface
and thereby reducing the amount of charge displacementwithin each layer. In addition, these structures areflexible
and stablewith compatible fabrication thin-film technologies.

In recent years, there have been various studies on graphene-2Dmaterials heterostructures demonstrating
novel charge transport properties across the interface [38, 40, 41]. Such graphene-TMDs structures have been
introduced for various device applications and, also been of particular interest in the spectroscopy community
[38, 42–44]. For example,many groups demonstrated the vertical tunneling transistors with high on-off ratios
and large current densities that used TMDs thin layers as tunneling barriers and graphene as one or both
electrodes [34, 35, 38, 40, 45].

An ideal 2Dmaterial for next generation of functional devices shouldmeet the following important criteria.
Theymust be (i) one-atom thick (for fastest conduction of electrons), (ii) be highly stable (even at high
temperatures), (iii) possess a small and tunable band gap and, (iv) scalable in both synthesis and processingwith
the ability to integrate with existing technology etc.

Lithographymethods in various forms arewidelyused inmany researchfields formaking functional devices,
including tunnel junctions. In the traditional top-down lithography technology, high-cost equipment including
predesignedmasks and collimated light sources are used,which also include complex and time-consuming
production steps. Electronbeam lithographyhas capability towrite nanoscale patternswithout using anyphysical
mask[46], but again the expensive equipment and lowpatterning speed associatedwith it suppress its extensive
applications [47]. Further, 2Dmaterials having single or fewatomic layers, are particularly sensitive to surface
contaminants, including resist residues left behindby lithographical processes,which in turnmodify the
electrochemical potential and act as extra scattering sites. Though annealing techniques have beendemonstrated to
improvedevicemobility[48, 49], they arenotwell controlled anddonot always yield consistent results.

However, the employment of a vertical geometry enables overcome of both (i) the lithographical limitations
inherent with in-planar geometry and (ii) poor scalability still sustaining large currentmodulations. Thus, there
has been significantly increased interest on improving bottom-up techniques of lithography-free patterning in
recent years. To achieve regular nanoscale patternswithout using anymask, techniques like laser interference
and nanosphere lithography have been developed as alternative routes [50]. Lithography-free fabrication
techniques have been reported especially for simple geometries yielding simple, inexpensive [51], and free of
resist processingwith increased device throughput.Most importantly, lithography free techniques can be used
by anybodywho doesn’t have access to clean room facility.

Chemical vapordeposition (CVD)has been found tobe thebest technique to synthesize uniformand large-scale
grapheneonmetal substrates such asCopper andNickel foils [52–58].However, highprocessing temperatures (1000
°C–1600 °C)of thermalCVDgrowthof graphene [59–61] is costly and limits its direct applications in certaindevices.
The graphenefilms grownonmetals need tobe separated fromthemetal substrates and then transferred to insulating
substrates (e.g., dielectrics, insulators) for further electronicprocessing [62]. Currently, themost commonapproach
to transfer graphene is theuse of polymethyl-methacrylate (PMMA)orpolydimethylsiloxane (PDMS) [63–66]. The
appearance of cracks or tears, and contaminationofPMMAinto graphene are inevitable during such complicated
transfer procedures. In this regard, plasma-enhancedCVD (PECVD)has been commonly employed to synthesize
transfer-free graphene andgraphenenano-walls ondifferent substrates includingbothmetals and insulators at lower
synthesis temperature [67–74].

Here,we experimentally investigate thepossibility of using graphene/h-BN/graphene indirect quantumtunnel
junctions [75] and resonant tunnelingdevices.With the recent advancements of synthesis of graphene andh-BNon
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any arbitrary substrate usingPECVDand fabricationof vertically stacked electronic devices using a simple
lithography free technique allowsus to address this question easily and rapidly sinceh-BNhas great potential to be
used as the tunnelingbarrier layer in functional heterostructure devices. The combinationof graphene andh-BN
opensup the exciting possibility of creating anewclass of atomically thinmultilayeredheterostructures. Inparticular,
thiswork focuses on the situationswhen the twographene sheets haveunequal doping, e.g., one is n-type (electron
doped) in a single tunnel junctiondevice and theother is p-type (hole doped). In this study, graphene andh-BNwere
directly depositedby radio frequency-plasma enhanced chemical vapor deposition (RF-PECVD) [76]. In the case of
graphene,methane (CH4) gaswasusedwhilst ammonia boranewasused for h-BNsynthesis [77].

2. Experimental

Graphenewasdirectly depositedonSi/SiO2 substrate usingRF-PECVDtechniquedeveloped inour laboratory [78].
Ahome-made split ring radiofrequency (13.56MHz,Max. power 600W) systemwasused for plasmageneration.
Proper cleaning of the substrate is a required to avoid anykindof contaminationprior to synthesizing the graphene
layer as a thinfilmon the entire Si/SiO2 substrate. Therefore, all the substrateswere sonicated in acetone for 10min
anddried in aflowofnitrogenbefore placing them inside thequartz reactor. Then the reactorwas evacuated to a
pressure lower than∼5mTorr andgradually heated to 650 °C inaflowing gasmixture:Ar/H2 (40vol%argon, 60
vol%H2) at aflowrateof∼20 standard cubic centimeter perminute (sccm). Thepressurewasmaintained at∼200
mTorr during this temperature ramp.Hydrogenplasmawas ignited at thepower of 50Wfor 20min after theheating
step. PureCH4 (99.8%) at aflowrate of∼3 sccmwas introduced into the growth chamber immediately after
switching off theAr/H2andplasmapowerof∼80Wwasmaintained for 30∼120min.The sampleswere then
cooleddown to room temperature at a rate 25 °Cmin−1. [79]

Next,weprepared the sample for thedepositionof h-BNusingPECVDwith ammonia borane (with97%purity)
as the sourcematerial [80]. The substratewithpreviously deposited graphene layerwas coveredwith a circular
shadowmaskwasplaced inside the reactor at a desiredposition.Then, a ceramic boat containingborane ammonia
boranewas located inbetween theplasma reactor and the furnace.Aheat beltwaswrappedover the quartz tube
covering the ceramic boat to sublimeborane ammonia. Then the reactorwas evacuateduntil thepressure lower than
∼5mTorr and gradually heated to 750 °Cwith the gasmixture:Ar/H2 (40 vol%argon, 60 vol%H2) at aflowrateof
∼50 sccm.The ceramic boatwasheated gradually fromroom temperature up to180 °Cand left for 45min. and the
plasmawasmaintained at 100W [81]. The sampleswere then cooleddown to roomtemperature at a rate 25 °C
min−1. Finally, the third graphene layerwas deposited as before using anothermaskwith a smaller opening[34].

As prepared graphene showsp-typebehaviour.Tobeused in resonant tunneling devices, itwasn-dopedby
exposing tohydrazine at room temperature.The graphene samplewasplaced inside a reactorwhichwas connected to
a vial containinghydrazine.The reactorwaspumpedandhydrazinewas admitted to apressure of 10Torr in
sequence.Wealso synthesizedn-type graphenedirectly byPECVDusing anhydrous ammoniawithCH4. Same
procedure as in the synthesis of p-type graphenewas followed except that ammonia gaswas introduced alongwith
CH4as adopant for 10min. Figure 1 shows the aforementioned sequential processes of fabricating graphene/h-BN/
graphene-baseddevice. The top raw infigure 1 represents the schematic diagramswhile the bottomrawshow the
optical images of the sample after each step. (a)bare Si/SiO2 substrate (b)Si/SiO2 substate completely coatedwith
graphene (c)h-BNpatchdefinedon thebottomgraphene layerusing a circularmask (6mmdiameter) (d)final
graphene top layer depositedon theh-BNpatchusing a circularmask (3mmdiameter)

3. Characterization

Grapheneandh-BNfilmswere characterizedbyRamanspectroscopywitha spectral resolutionbetter than1cm−1 .A
Renishaw inVia spectrometerwith agratingof 1800 linesmm−1, a charge-coupleddevice (CCD)detectorwasusedwith
632nmlaser excitation. Figure2 shows theRamanspectrumofgrapheneandh-BN.TheRamanpeaksof graphene
appearing at 1346cm−1, 1596cm−1, 1628cm−1, and2677cm−1 are characteristic ofD,G,D’, and2Dbandsof
graphene.TheD (1346cm−1)band is knownas thedisorderbandassociatedwith thedefects of graphene.G (1596
cm−1) is aprimary in-planevibrationalmode involving the sp2hybridized carbonatoms that comprises thegraphene
sheet.TheD’-band (around1628cm−1) is associatedwith edges and structuraldisorder ingraphenefilms [82]. 2DorG’
(2677cm−1), is the second-orderovertoneof theDbandcorresponding the result of a two-phonon lattice vibrational
process.The fullwidthathalfmaximum (FWHM)ofGbandand2Dbandare32cm−1 and64cm−1respectively.The
intensity ratiobetweenGbandand2Dband, I

I
G

D2
is 0.82.ThePECVDtechniqueallows thegrowthof grapheneonboth

conductive and insulated substrateswithalmost the samequality.TheRamanspectrumofh-BNconsistingof apeakat
∼1367cm−1with theFWHMof13cm−1which is assigned to thehigh-frequencyvibrationalmode (E2g)[34].

X-rayphotoemission spectroscopywas alsoused toanalyze the synthesized2Dfilms.XPSanalysiswasperformed
using aVGScientificMultiLab3000ultra-highvacuumsurface analysis systemwithadual-anode (Mg/Al)x-ray source,
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aCLAM4hemispherical electronenergy analyzer. andat abasepressureof 10–9Torrwasused for x-rayphotoelectron
spectroscopy (XPS)measurements.Themeasurementswere conductedusinganon-monochromatizedAlKαx-ray
radiation (hν≈1486.6 eV) at abasepressureof 10–9Torr.TheC-C (sp2)peakof adventitious carbonat 284.5 eVwas
used for thebindingenergy (BE) calibration. Figure3 shows thex-rayphoto-emission spectroscopy (XPS) results of
h-BNgrownbyPECVD.The survey spectrumshown infigure3(a) clearly shows thepresenceofboronandnitrogen
with the appearanceofXPSpeaks corresponding toB1s andN1score electrons[34].As expected, anadditional peak
corresponding toO1s core electrons is alsopresent in the survey spectrum.Theunexpectedpeakcharacteristic ofC1s
core electrons ispresumablydue to the carboncontamination resulting fromprevious synthesis of graphene in the same
reactor. Figures3 (b) and (c) showthehigh-resolution individual peaks,B1s andN1sat thebindingenergies (BE)198.6
eVand406.8 eV, respectively.TheseBEsare consistentwith the reportedXPScharacteristic values forh-BN.
Stoichiometry evaluationbasedonB1s andN1speakareas givesB/Nratioof 1.08, suggesting equal compositionofB
andNelements inh-BN.

4. Results

4.1.Direct quantum tunneling
Figure 4 showsAFM images (of the surface) and height profile of each sample taken by anAsylumResearch
MFP-3D-Bio atomic forcemicroscope. TheAFM topography images were obtained in tappingmode in air with
the aid of Si tips with a typical tip radius of 25 nm, tip length of∼240μm, spring constant range 1.8−12.5Nm−1,

Figure 2 . Raman spectra of the graphene andh-BNusing 632 nm laser excitation in aRenishaw InVia Raman spectrometer.

Figure 1.The scheme of Graphene/h-BN/Graphene tunnel junction fabrication. The top raw represents schematic diagramswhile
the bottom raw show the optical images of the sample after each step. (a) bare Si/SiO2 substrate (b) Si/SiO2 substate completely coated
with graphene (c) h-BNpatch defined on the bottomgraphene layer using a circularmask (6mmdiameter) (d)final graphene top
layer deposited on the h-BNpatch using a circularmask (3mmdiameter).
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Figure 3. (a)XPS survey plot of h-BNdeposited by PECVD (b)B1s peak (c)N1s peak.

Figure 4.AFM images for the three samples with different h-BN thickness (top panel)with height profiles (bottompanel). The color
map in the left represents both images (a) and (b)while the colormap in the right represents the image (c).
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and frequency range 58−97 kHz. The average thicknesses of samples were found to be 2.23, 4.04, and 6.85 nm
respectively [83]

Figure 5 shows the tunneling I-V characteristic curves of three Graphene/h-BN/Graphene based single
tunnel junctions with varying h-BN thicknesses (tunnel barrier widths). All three curves show exponential
dependence of the current (I)with the bias voltage (V) at higher voltages.We also calculated the slope of the
linear range of each curve about V=0 to evaluate the zero-bias conductivity (ZBC). The ZBC of the
samples were found to be 1.760 GΩ−1, 0.356 GΩ−1 and 0.025 GΩ−1 as the h-BN barrier width increases
from the thinnest to the thickest, revealing the exponential dependence of the ZBCwith the barrier
width[34].

Wewill simulate the tunneling current using the following formalism[6]. The tunneling current, I can be
expressed as,

⎧
⎨⎩

( )[ ( )] ( )[ ( )] ( )I g g e f E f E f E f E
1

1
1

1 1s v T B R T
,
å t t

= - - -
a b ab

a b
ba

b a

where,α andβ represent the top (T) and bottom (B) electrodes with energies, Eα andEβ respectively, gs= 2 is the
spin degeneracy and gν is the valley degeneracy, ταβ and τβα are the tunneling rates for electrons tunneling from
top→ bottom and bottom→ top respectively and fT and fB are Fermi occupation factor for the top and bottom
electrodes given by,

Figure 5. (a) I-V characteristics of Graphene/h-BN/Graphene tunnel junctions for varying h-BN thicknesses (b)Theoretical
simulation of the tunneling current for varying barrier thicknesses.

Figure 6. (a) thermopower response of graphenewhen exposed to hydrazine at room temperature. The downward arrows indicate
where hydrazine was introduced to a pressure of 3, 7 and 10Torr. (b)Thermopower of p and n-graphene as a function of time.
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The tunneling current can be simplified as,

( ) ( ) ( )[ ( ) ( )] ( )I DOS E DOS E eV T E f E f E eV dE 3
eV

T Bòµ - - -
m

m

+

Where, f(E) is the Fermi distribution function, DOST(B)(E) is the density of states in the top (bottom) electrode,
T(E) is the transmission probability at the given energy. Figure 5(b) shows the tunneling current calculated for
varying h-BN thicknesses according to equation (3). In the simulation, we assumed relativistic density of states of
graphene, DOS(E)∼|E| and restricted the energy integral limitsμ andμ+eV,whereμ is the chemical potential.
It is also assumed that there is no in-planemomentum conservation, The calculated tunneling currents
qualitatively agree verywell with the experimental results for appropriate h-BN thicknesses.

4.2. Resonant tunnelingwith unequal doping
Here the same sequential processes were used for fabricating p-graphene/h-BN/n-graphene based device [84].
First n type graphene (n-graphene)was deposited using PECVDusingNH3 in addition toCH4 on a Si/SiO2

substrate. Next, through amaskwith a circular opening, h-BNwas deposited on previously deposited graphene

Figure 7. (a) I-V characteristics of p-Graphene/h-BN/n-Graphene tunnel samples with 3 different levels of n-doping. (b)Theoretical
simulation (c)Band diagram for the resonant tunnelling junctionwith doped electrodes.
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again using PECVDwith ammonia borane as described before. Finally, the third p-type graphene (p-graphene)
layer was deposited using anothermaskwith a smaller opening.

The thermopower of p andn-graphenewasmeasured using the analog-subtractionmethod developed in
our laboratory. Twominiature thermocouples (Chromel (KP)/Au−7 at.%Fe (Au/Fe); 100μmdiameter) and a
resistive heater were used for themeasurements. The as deposited graphenewas found to be p-typewith the
thermopower of+60μVK−1. In order to n-dope graphene, it was exposed to hydrazine. Figure 6(a) shows the
thermopower response of graphenewhen exposed to hydrazine at room temperature. The downward arrows
indicate where hydrazinewas introduced to a pressure of 3, 7 and 10Torr. After the first exposure to 3 Torr, the
thermopower decreased and turned negative and eventually saturated at a value∼10μVK−1. Further exposure
to the pressures of 7 Torr and 10Torr resulted in saturating the thermopower at∼−55 and∼−80μVK−1

respectively. The n-doped graphenewith ammonia shows the thermopower∼250μVK−1 (figure 6(b)).
Figure 7(a) shows the I-V characteristics of p-Graphene/h-BN/n-Graphene samples with 3 different levels

of n-doping. The I-V curves of all three samples show the presence of a pronounced peak in the current
corresponding to negative differential conductance (NDC)whose peak current value and the voltage value
depend on the doping level of the n-layer. It is assumed that the doping level of the p-layer is the same as it’s due
to the intrinsic doping presumably due to an electrochemicallymediated charge transfer process [85] under the
ambient conditions. It can be seen that the peak current and the peak voltage increase when the doping level of
the n-layer increases. Figure 7(b) shows the Bardeen tunnelingmodel including the effect of doping in both
graphene electrodes. As shown in the inset tofigure 7(c), we assume that the top electrode is n-doped and the
bottom electrode is p-doped, with chemical potentials E EB DB Bm = + D and E ET DT Tm = - D for specific

EBD and ETD where EDB andEDT are the respectiveDirac points [12, 86]. Both EBD and ETD depend not only
on the doping of the graphene electrodes as described before, but also on the external bias voltage, V and the
junction capacitance, C.[12, 87]The resonant condition arises when eV E E .B T= D + D The relativistic density
of states of n- and p- doped graphene, DOS(E)∼|E (ED-EF)| respectively, was assumed, where ED is theDirac
point energy andEF is the Fermi energy.

5. Conclusion

In conclusion, we have demonstrated a directmethod for fabricating devices with atomically thin tunnel barriers
by direct deposition of h-BNwith graphene (doped and undoped) active electrode layers on a Si/SiO2 substrate
using a PECVDmethod. A variety of devices including unequally doped graphene electrodes separated by a thin
h-BN layerwere also fabricated by using different dopingmethods of thesematerials for the upper and lower
electrodes. Ourmeasurements of the electron tunnel current through the barrier demonstrate that the h-BN
films act as a good tunnel barrier. Current-voltagemeasurements for different BN thicknesses and equally doped
graphene based single barrier tunneling shows linear I-V characteristics at low bias but shows an exponential
dependence at higher bias. The tunnelling devices consisting of unequally doped graphenewith a single barrier
shows resonant quantum tunnelingwith the presence of a pronounced peak in the current corresponding to
negative differential conductance (NDC)whose peak current value and the voltage value depend on the doping
levels. The results are explained according to themodified Bardeen tunnelingmodel.
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