
Study on the optical and electrical properties of tetracyanoethylene doped bilayer
graphene stack for transparent conducting electrodes

Tej B. Limbu, , Frank Mendoza, Danilo Barrionuevo, Jennifer Carpena, Benji Maruyama, Ram S. Katiyar,
Brad R. Weiner, and Gerardo Morell

Citation: AIP Advances 6, 035319 (2016); doi: 10.1063/1.4945345
View online: http://dx.doi.org/10.1063/1.4945345
View Table of Contents: http://aip.scitation.org/toc/adv/6/3
Published by the American Institute of Physics

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1198023244/x01/AIP-PT/AIPAdv_ArticleDL_0117/HaveYouHeard_1640x440.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Limbu%2C+Tej+B
http://aip.scitation.org/author/Mendoza%2C+Frank
http://aip.scitation.org/author/Barrionuevo%2C+Danilo
http://aip.scitation.org/author/Carpena%2C+Jennifer
http://aip.scitation.org/author/Maruyama%2C+Benji
http://aip.scitation.org/author/Katiyar%2C+Ram+S
http://aip.scitation.org/author/Weiner%2C+Brad+R
http://aip.scitation.org/author/Morell%2C+Gerardo
/loi/adv
http://dx.doi.org/10.1063/1.4945345
http://aip.scitation.org/toc/adv/6/3
http://aip.scitation.org/publisher/


AIP ADVANCES 6, 035319 (2016)

Study on the optical and electrical properties
of tetracyanoethylene doped bilayer graphene stack
for transparent conducting electrodes

Tej B. Limbu,1,2,a Frank Mendoza,1 Danilo Barrionuevo,1,2

Jennifer Carpena,3,4 Benji Maruyama,4 Ram S. Katiyar,1,2 Brad R. Weiner,1,5

and Gerardo Morell1,2
1Institute for Functional Nanomaterials, University of Puerto Rico, San Juan,
Puerto Rico 00931, United States
2Department of Physics, University of Puerto Rico, Rio Piedras Campus, San Juan,
Puerto Rico 00931, United States
3National Research Council, Washington D.C. 20001, United States
4Materials and Manufacturing Directorate, Air Force Research Laboratory, Wright-Patterson
Air Force Base, Dayton, Ohio 45433, United States
5Department of Chemistry, University of Puerto Rico, Rio Piedras Campus, San Juan,
Puerto Rico 00931, United States

(Received 8 January 2016; accepted 21 March 2016; published online 29 March 2016)

We report the optical and electrical properties of chemically-doped bilayer graphene
stack by tetracyanoethylene, a strong electron acceptor. The Tetracyanoethylene
doping on the bilayer graphene via charge transfer was confirmed by Raman spec-
troscopy and Infrared Fourier transform spectroscopy. Doped graphene shows a
significant increase in the sheet carrier concentration of up to 1.520×1013 cm−2

with a concomitant reduction of the sheet resistance down to 414.1 Ω/sq. The
high optical transmittance (ca. 84%) in the visible region in combination with
the low sheet resistance of the Tetracyanoethylene-doped bilayer graphene stack
opens up the possibility of making transparent conducting electrodes for prac-
tical applications. C 2016 Author(s). All article content, except where other-
wise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4945345]

INTRODUCTION

The extraordinary properties of graphene, i.e. high electron mobility, high thermal and elec-
trical conductivity, high optical transmittance, and high mechanical strength, make it a candidate
material for numerous applications, including transparent conducting electrodes (TCEs).1–4 In addi-
tion, its mechanical flexibility opens up the possibility to make bendable devices. The commer-
cially available TCEs, such as Indium Tin Oxide (ITO) and Fluorine-doped Tin Oxide (FTO)
will need substitutes in the near future due to the increasing cost of indium, intensive processing
requirements, and the brittle nature of these metal oxides.5–10 Graphene is studied as a potential
mass-producible large-area TCE material because of its low sheet resistance (down to 64.2 Ω/sq)
and a high optical transparency of 97.7% in the visible region.11 These values correspond to the
charge carrier concentration ∼1012 cm−2 and carrier mobility of 105 cm2V−1s−1.11 From the low
sheet resistance and high optical transparency, graphene acquires a larger figure of merit ∼250 than
that of ITO (figure of merit ∼223), which has a sheet resistance of 10 Ω/sq with 85% optical
transparency in the visible region.6 In other words, these properties of graphene make it a better
TCE than ITO. Driven by these properties, there are many efforts to fabricate graphene-based TCEs.
Recently, polycrystalline graphene, synthesized by chemical vapor deposition, has been shown to
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have low sheet resistance of 125 Ω/sq with 97.4% optical transparency in the visible region.12

However, these values still do not reach the standard set by ITO.
Chemical vapor deposition has been extensively employed to produce graphene films for de-

vice applications, but this technique yields polycrystalline graphene with significant levels of de-
fects.13–15 Grain boundaries and defects in graphene greatly affect its sheet resistance.13,16–19 Grain
boundary effects on the electrical properties can be avoided if single crystal graphene is grown.
Some efforts have been made to directly synthesize single crystal large area graphene films on
copper20–23 and germanium substrates.18 However, the sheet resistance is still relatively high due
to defects, resist residues, and substrate effects.24 These results show that the sheet resistance of
graphene can vary by several orders of magnitude from 102 Ω/sq12 through 104 Ω/sq,25 which
represent a big challenge for the commercial application of graphene as a transparent conducting
electrode.

Two approaches have been shown to be effective in reproducibly reducing the sheet resistance:
(1) doping and (2) stacking of graphene layers by multiple transfers on a transparent substrate. In
this work, we present the optical and electrical properties of bilayer graphene stacks doped with
tetracyanoethylene (TCNE) molecules in between the bilayer graphene sheets.

EXPERIMENTAL SECTION

Large area bilayer graphene was synthesized on 25 µm thick copper foil (Alfa Aesar, 99.8%) by
a hot filament chemical vapor deposition (HFCVD) system (Blue Wave) using methane as a precur-
sor gas. The concentration ratio by volume of methane and the hydrogen carrier gas was maintained
at 1:5 during the deposition with a filament temperature of 2100 0C and substrate temperature of
850 0C keeping the pressure at 35 Torr. Following five minutes of deposition, the graphene-coated
substrate was allowed to cool at the same pressure with the filaments and substrate heater turned off.
More details of the synthesis method are available elsewhere.19

We transferred bilayer graphene onto pyrex or calcium fluoride substrates by the standard
poly(methyl methacrylate) (PMMA) assisted wet-transfer method. A thin layer (ca. 1 µm) of
PMMA (PMMA, MicroChem 950 A9) was deposited on top of the as-synthesized bilayer graphene
on copper by spin coating followed by baking at 120 oC for 10 minutes. The copper was etched with
1 M ferric chloride (FeCl3.6H2O, Sigma Aldrich, 98%) solution. The resulting PMMA/graphene
film was floated on a 10% HCl solution for 10 minutes to remove the residual Cu and FeCl3
particles. The PMMA/graphene was then rinsed several times with deionized water and transferred
onto the UV cleaned pyrex substrates that was placed overnight on a hot plate at 45 oC. Finally, the
PMMA was dissolved in hot acetone to obtain graphene on the substrate.

In order to dope the deposited graphene with TCNE molecules, a 0.01 M TCNE (98%, Sigma
Aldrich) solution in benzene (CAS Number 71-43-2, Sigma-Aldrich) was prepared and heated
to 60 oC. The 0.01 M concentration corresponds to the number of TCNE molecules required to
obtain a monolayer on 1 cm2 of graphene/pyrex with a volume of 5 µL. The graphene/pyrex was
wetted with the TCNE solution and allowed to dry. The PMMA/graphene was placed over the
graphene/pyrex immediately after the benzene evaporated. The bilayer was baked at 45 oC for
24 hours in order to let the TCNE molecules rearrange, by surface adsorption, in between the
bilayer graphene sheets. This baking step also allowed better adhesion between the different bila-
yers to form. Following the same procedure, we prepared a stack of three bilayer graphene sheets
using the 0.01M TCNE solution.

In order to measure the graphene thickness, we performed atomic force microscopy (AFM)
of graphene transferred onto SiO2/Si in tapping mode in a Nanoscope V (Vecco) equipped with
a silicon nitride tip with back side coating (Ti/Au 45 nm). High resolution transmission electron
microscopy (TEM) analysis of the bilayer graphene was made with an FEI Talos TEM operated
with 120 KV. The optical transparency of undoped and doped graphene was studied on pyrex sub-
strates using a UV-visible spectrophotometer (Lambda 20, Perkin Elmer) and electrical resistivity
and Hall measurements were carried out on pyrex substrates employing the Van der Pauw four
probe method and averaged for each type of sample. Raman spectroscopy was done on a scanning
micro-Raman system (Thermo Scientific DXR) equipped with a 532 nm laser source, and Fourier
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transform infrared spectroscopy was done in the mid infrared region using a calcium fluoride
window (Edmund Optics) on an FTIR spectrometer (Thermo Scientific DXR).

RESULTS AND DISCUSSION

Figure 1(a) shows a tapping mode AFM image of bilayer graphene on SiO2/Si, where numerous
wrinkles and folds of the broken parts are clearly visible. The inset shows the height profile of
the graphene film scanned along the white line shown in Figure 1(a). The value of the step height
measured for the graphene film lying flat on the SiO2/Si is around 1.03 nm, a typical value for
bilayer graphene. Figure 1(b) is the high resolution transmission electron microscopy (HRTEM)
image of bilayer graphene. The fast Fourier transform of the HRTEM image in the inset shows two
sets of six fold reflection spots corresponding to the two graphene monolayers of the bilayer system
rotated with respect to each other with a twist angle of 30o.

A typical Raman spectrum of bilayer graphene synthesized by HFCVD reactor taken with a
532 nm excitation laser on pyrex substrate is shown in Figure 2 (black color). We found that the
intense G and 2D peaks appear at 1582 cm−1 and 2683 cm−1, respectively. The graphene has a small
D-band (not shown) indicating a small defect density. A low intensity G* band originating from the
double resonance intervalley process involving one in-plane transverse optical (TO) phonon and one
longitudinal acoustic (LA) phonon26 appears at 2455 cm−1. The D’ band is visible at 1620 cm−1

as a shoulder on the G band indicating that the defects introduced by the grain boundaries are

FIG. 1. (a) Representative tapping mode AFM image of bilayer graphene on SiO2/Si showing a folding region and wrinkles.
Inset shows the height profile of the graphene film along the white line. (b) HRTEM image of the bilayer graphene. The FFT
of the image in the inset shows that it is a twisted bilayer graphene with a twist angle of 30◦.
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FIG. 2. Raman spectra of the graphene transferred onto pyrex showing the blue shifting of G peak and red shifting of 2D
peak positions on charge transfer doping. A slight decrease in the intensity of 2D peak with respect to G peak is also visible.
The inset is the schematic diagram of the TCNE-doped stack of three graphene bilayers. Each bilayer graphene is shown with
a combination of two monolayers separated by a small space indicating van der Waals bonding.

significant in HFCVD graphene.16 The shape of the 2D band is symmetric and can be fitted by a
single Lorentzian, which is consistent with twisted bilayer graphene.19,27

The Raman spectrum of the doubly transferred bilayer graphene on pyrex is shown in red in
Figure 2, which is similar to that of single transferred bilayer graphene except that the intensities
of the Raman bands are roughly double in the doubly transferred bilayer graphene under the same
experimental conditions. TCNE-doped double-transferred and triple-transferred bilayer graphene
show some changes in the Raman spectra. TCNE is a strong electron acceptor molecule with
a large electron affinity (EA = 3.17 eV) that readily forms charge-transfer complexes with host
molecules or surfaces by pulling electrons from them.28,29 When TCNE molecules are adsorbed
on the graphene surface, electrons from graphene are transferred mainly to the nitrogen atoms
of the cyano groups and to the central sp2-bonded carbon atom.28 Consequently, the graphene is
p-doped (hole). The G band in the Raman spectrum is sensitive to this doping. In fact, the in-plane
Raman G peak which is a doubly degenerate phonon mode at Γ point indicates the extent of the
charge transfer. The G peaks in the TCNE-doped double-transferred and triple-transferred bilayer
graphene are blue-shifted to 1590 cm−1 and 1592 cm−1 respectively due to phonon stiffening by
charge extraction30 consistent with the hole doping of graphene.30–34 The 2D peak positions are
found to be slightly red-shifted to 1581 cm−1 and 1580 cm−1, respectively, similar to that observed
by Chung et al.34 for twisted bilayer graphene. In agreement with the previous reports, the 2D peak
intensity decreases with respect to G peak intensity on the doped graphene as electron-electron
scattering becomes competitive with electron-phonon scattering.32,33 The overall Raman response
of the twisted bilayer graphene is also dependent on the twist angle between the two monolayers
and excitation laser energy.34,35

Fourier transform infrared spectroscopic (FTIR) studies were carried out to investigate the
configuration of the tetracyanoethylene intercalated between the graphene layers (Figure 3). TCNE
is a planar molecule with D2h symmetry that can be detected by the IR absorption bands corre-
sponding to its four cyano groups. We measured the FTIR spectrum of bare TCNE on a CaF2
window (Figure 3) for comparison purposes. The spectrum was obtained after the subtraction of
the background spectrum due to CaF2. Two bands, at 2227 cm−1 and 2262 cm−1, were observed,
corresponding to C ≡ N stretch bands, in agreement with the previous reports.36–39 The number of
the bands and their positions may vary slightly depending upon the nature of the substrates and
solvents used for the measurement.37 The FTIR spectra for the stacks of doped two bilayers and
three bilayers show two bands at 2220 cm−1 and 2237 cm−1. The first band at 2220 cm−1 corre-
sponds to the feature that appears at 2227 cm−1 in the spectrum of neat TCNE, i.e. it is red-shifted
by 7 cm−1. Figure 3(b) is the magnified portion of the spectra in Figure 3(a) in the region of the C≡N
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FIG. 3. (a) FTIR spectra of neat TCNE (black), one bilayer graphene (red), two bilayers (blue), two bilayers with TCNE
intercalation between them (pink) and three bilayers with TCNE intercalation between them (green). (b) Magnified portion
of the FTIR spectra in Figure 3(a) in the region of C≡N stretch bands.

stretch bands. Despite the fact that the number of intercalated TCNE molecules is low, the band
can be clearly seen. This is consistent with an increase of the intensity of the nitrile stretch band
due to the formation of charge transfer complexes with graphene.40 As a comparison standard, we
placed a relatively large amount of TCNE on a CaF2 window in order to obtain clear nitrile stretch
bands at positions corresponding to the neat and crystalline substance. The red-shifting of the nitrile
band takes place due to the weakening of the C≡N bond as it accepts electrons from graphene,37,41

providing clear evidence of the charge transfer from graphene to the TCNE molecule. The band
appearing at 2262 cm−1 for neat TCNE vanishes in the spectra for doped graphene and a new band
appears at 2237 cm−1. This may be attributed to the activation of the totally symmetric C≡N stretch
mode by the formation of the charge transfer complex between TCNE and graphene, consistent with
the results by Takenaka et al.39 who observed the appearance of new IR bands in similar complexes
with alkali halides. In addition to the above discussed IR bands, a new band at around 1584 cm−1

appears for doped bilayer graphene. This band is assigned to the totally symmetric C==C stretch
mode which is typically IR forbidden and Raman active,37 but becomes activated in the infrared
spectrum by virtue of the electron affinity of the acceptor molecule (TCNE) in the planar sandwich
complexes.39 Other IR bands observed in all of the undoped and doped graphene are: (1) the bands
at 2360 cm−1 corresponding to the asymmetric stretch mode of atmospheric carbon dioxide which
is routinely observed in the background scan on an FTIR measurement; and (2) the low intensity
bands appearing at around 2850 cm−1 and 2926 cm−1 corresponding to the symmetric and asym-
metric stretch modes of C-H bonds, respectively, most likely due to traces of PMMA residues on the
graphene surface or partial hydrogenation of the graphene.

The small redshift (∼7 cm−1) of the C≡N band in doped graphene corresponds to the small
amount of charge transfer. The amount of charge transfer is linearly correlated with the nitrile band
red-shifting.36,41 Furthermore, the electron transfer from graphene to the TCNE molecule is also
dependent upon the coverage of the TCNE molecule on the graphene surface. Lu et al.,28 using
density functional theory, calculated the charge transfer between TCNE and single layer graphene at
two different coverages, 1.04% and 4.20% of TCNE on graphene. They found ∼0.44e and 0.20e per
TCNE molecule charge transfer from graphene to each TCNE molecule, respectively. In our case,
the TCNE coverage on the graphene surface is higher than in the calculations of Lu et al. leading
to an increased intermolecular repulsive interaction and reduced TCNE-graphene interaction. As a
result, the charge transfer is also reduced. However, due to a large number of TCNE molecules per
unit surface area of graphene, the overall charge transfer from graphene to the TCNE molecules
becomes more efficient and the overall hole doping on graphene by charge transfer is maximized.
A noteworthy point in the case of chemical doping of bilayer graphene is that due to the charge
depletion in the graphene monolayer adsorbed with an interacting molecule (TCNE), the potential
equivalence between two layers is broken and a band gap opens at the Dirac point, the magnitude of
which depends upon the amount of charge depletion in the graphene.28
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FIG. 4. Sheet resistance, charge carrier concentration and hole mobility values of the undoped and doped graphene. Note:
BG stands for bilayer graphene.

Sheet resistance, hole mobility and sheet carrier concentration are presented in Figure 4. Hall
effect studies on the TCNE-doped graphene showed that the charge carriers are p-type with a
concentration of 1.520×1013 cm−2 for the doped stack of three bilayers, which is about 15 times
the carrier concentration of 1.051×1012 cm−2 for a single bilayer. The carrier concentration of the
undoped stack of two bilayers is 2.014×1012 cm−2, while that of the doped stack of two bilayers is
7.420×1012 cm−2, which is an intermediate value as expected. The sheet carrier concentration for
undoped stack of three bilayers is 3.241×1012 cm−2, which is less than half the value for the doped
stack of two bilayers. The sheet resistance value decreases as we increase the number of graphene
layers in the stack and dope with TCNE. Our bilayer graphene has a sheet resistance of about
4078 Ω/sq. The value is reduced to about half (2263 Ω/sq) for a stack of two bilayers, due to the
introduction of two independent channels for electron flow. Sheet resistance of the undoped stack
of three bilayers further decreases to 1477 Ω/sq. The TCNE intercalated stack with two bilayers
shows a reduction of the sheet resistance value to 822.6 Ω/sq while the doped three bilayer stack
has a sheet resistance of 414.1 Ω/sq. The hole mobility of our bilayer graphene is measured to be
1462 cm2V−1s−1 which decreases slightly to 1374 cm2V−1s−1 and 1306 cm2V−1s−1 corresponding to
an undoped double and triple bilayer graphene respectively due to some level of interaction taking
place at the contact points between the two adjacent bilayers. However, the hole mobility is found
to be significantly smaller (1033 cm2V−1s−1) in the case of the doped two bilayers which is attrib-
uted mainly to increased charge carrier scattering in the graphene by the perturbation from TCNE.
Mobility for the doped three-layer stack is 993.2 cm2V−1s−1, almost the same as in the doped two
layer stack.

Sheet resistance (Rs) is inversely related to the sheet charge carrier concentration (n) and charge
mobility (µ) as Rs=1/µen where, e is the electron charge. The charge carrier mobility is an intrinsic
property of a material so it cannot be increased. It is possible to increase the sheet carrier concen-
tration of the graphene stack via doping. The factor contributing to the low sheet resistance of the
doped graphene stack is the increased sheet carrier concentration. The sheet hole carrier concen-
tration is increased significantly in the case of a doped three-layer stack despite a small reduction
in carrier mobility. Overall, the sheet resistance is reduced significantly in the doped three layered
stack.

By increasing the number of the graphene layers in the stack, the sheet resistance decreases,
but at the same time optical transparency is also degraded. Figure 5 shows the optical transmit-
tance of the undoped and doped graphene from the near infrared to the visible region. The optical
transmittance of our bilayer graphene at 550 nm is around 94.5%, while that of double and triple
bilayer graphene are 90.0% and 85.5%, respectively. The optical transmittance of the doped double
and triple bilayer graphene is not affected significantly, which we measured to be around 88.5% and
84.0%, respectively.



035319-7 Limbu et al. AIP Advances 6, 035319 (2016)

FIG. 5. Optical transmittance of single bilayer graphene (black), undoped stack of two bilayers (red), undoped stack of three
bilayers (green), doped stack of two bilayers (blue), and doped stack of three bilayers (pink).

Optical transmittance of the graphene sheet is directly derived from its universal optical
conductivity σ(ω) at frequency ω. It is solely determined by fundamental constants as σ(ω)
= πe2/2h42 where e is the electron charge and h is Planck’s constant. Optical absorption is obtained
from the conductivity as A(ω) = (4π/c) σ(ω) = πα ≈ 2.29% for a monolayer graphene, where c
is the speed of light and α is the fine structure constant which equals e2/~c, ~ = h/2π being the
reduced Plank’s constant. Hence, considering negligible or no reflectance from graphene, optical
transmittance is equal to 1 − A (ω). The optical transmittance of bilayer graphene is slightly lower
than the theoretical value 95.6%, which may be due to some level of inevitable contamination of the
graphene obtained during transfer. TCNE has a strong absorption band in the range 250 – 270 nm
and on interaction with few layer graphene, shows a shallow and wide charge transfer band in
550 – 750 nm region.33 In our case, the charge transfer band is not visible most likely due to the
shallow and wide nature of the spectral feature. A high optical transparency in the visible region
is important as TCEs have to maximize the visible light that is passing through. In addition to
the optical transmittance in the visible region, we also noted that the optical transmittance of our
undoped and doped graphene stacks follows the relation, T = (1 − Nπα) in the mid infrared region
as measured by FTIR where N is the number of monolayers. Mid IR transmittance of the bilayer
graphene measured on a CaF2 window is about 96.0% while that of two stacked bilayers is about
92.5% in the range 1000 to 4000 cm−1, close to theoretical value (1 − 2πα) for bilayer graphene
and (1 − 4πα) for a stack of two bilayers, derived from universal conductivity. Optical transmittance
values for the doped stacks of two and three bilayers are increasing for certain wavenumbers. As
it can be seen from the Figure 3(a), the transmittance values of the doped graphene stacks of two
and three bilayers are 92.0% and 88.0%, respectively, above 3300 cm−1, whereas the transmittance
increases gradually from 3300 cm−1 until 2000 cm−1. The increase in the optical transmittance can
be ascribed to the suppression of the interband optical transition for photon energy ω < 2EF by
Pauli blocking42,43 where EF is the Fermi energy in graphene. The TCNE interaction with graphene
produces hole doping in graphene, which is characterized by the downshifting of the Fermi level in
graphene below the Dirac point.

In the mid infrared region, the shift in the Fermi level EF can be determined by using Pauli
blocking interband transitions.42 The threshold energy for the increased optical transmittance
roughly gives the value of 2EF.42 Taking the example of our doped stack of three bilayers, the value
of the threshold energy 2EF extracted from the FTIR spectrum is around 2650 cm−1, so the value
of EF should be around 1325 cm−1 (0.164 eV). On the other hand, the charge carrier concentration
obtained by Hall measurements in the doped stack of three bilayers is 1.520×1013 cm−2. Assuming
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that the doping on all the graphene monolayers is the same, the charge carrier concentration per
monolayer is calculated to be 2.541×1012 cm−2 from which the Fermi energy can be calculated
by the relation EF = ~υ f

√
nπ where, υ f (=108 cm/s) is the Fermi velocity in graphene. The value

of EF so obtained is 0.185 eV, which is in reasonable agreement to the value of EF extracted
from the FTIR spectra. Furthermore, the shift in the Fermi level in doped graphene stack can
be related roughly to the G peak position shift in the Raman spectra (Figure 2). For a p-doped
monolayer graphene, the G peak position is given by the relation, 45× |EF | = ωG − 1583.8 eV .34

Taking the G peak position ∼1592 cm−1 for the doped stack of three bilayers, we obtain EF equal to
0.182 eV, consistent with the EF values obtained directly from the carrier concentration and FTIR
transmittance spectra.

The TCNE doped stack of three bilayer graphene results in a sheet resistance of 414.1 Ω/sq
at an optical transparency of 84.0% in the visible region. These physical properties remain sta-
ble for at least 5 months. Hence, although TCNE is toxic, it appears to remain trapped in the
device. These results are still below the minimum industry standard for ITO replacement mate-
rials, where a sheet resistance of RS < 100 Ω/sq coupled with transmittance of T > 90% in the
visible region is required;6 nonetheless, they reached the requirements for touch screen (500 Ω/sq,
85%) applications.44 As a TCE, TCNE-doped graphene is comparable to several previously re-
ported results,5–9,44–48 which are below or close to the requirements for practical TCEs set by ITO.
However, the properties of TCNE-doped graphene are still below those reported in references 12,
30, 31, 43, and 49–51, which are above the TCE requirements. The values of both sheet resis-
tance and optical transmittance of the TCEs in these reports are rather scattered which imposes a

TABLE I. Values of sheet resistance, optical transparency and corresponding Figure of Merit (FoM) of the TCEs reported in
the references cited above.

References Materials and Fabrication method
Sheet Resistance

(Ω/sq)
Transmittance

(%) FoM

46 Graphene Oxide ink coating on glass plate by Meyer rod
method

5000 40 0.07

48 Spin coated graphene oxide followed by reduction 5000 80 0.32
8 Thermally reduced graphene oxide 1818.18 70 0.53
5 CVD grown graphene on Nickel substrate 230 72 4.59
This work TCNE-doped HFCVD grown bilayer graphene stack 414.1 84 5.00
47 Large-scale graphene films grown by chemical vapor

deposition on thin nickel layers
280 80 5.70

45 Multiple transfers of CVD grown monolayer graphene 350 90 9.96
9 Multiple transfers of low pressure CVD grown bilayer

graphene stack
180 83 10.73

7 Nitric acid doped monolayer graphene stack 90 80 17.74
44 Nitric acid treated film of carbon nanotubes prepared by

spray method
40 70 24.14

6 Minimum industry standard <100 >90 34.85
30 AuCl3 doped monolayer graphene stack 54 85 41.24
49 Copper nanowire-graphene core-shell nanostructure 51.8 90.8 73.61
12 Nitric acid doped stack of four CVD grown graphene

monolayers
30 90 116.16

50 Integration of CVD grown monolayer graphene with
Silver nanowires

24 91 162.66

31 Ferric Chloride doped few layer graphene obtained by
micromechanical cleavage of graphite

8.8 84 235.16

51 Roll-to-Roll encapsulation of Silver nanowires between
monolayer graphene and plastic Substrate

8 94 749.89

43 Lithium intercalated exfoliated ultrathin graphite 3 91.7 1400.00
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difficulty in the direct comparison of the devices for their opto-electrical performance. The direct
comparison among the TCEs fabricated in the references can be made by using the relation,
T =
(
1 + Z0

2 RS
· 1

FoM

)−2
, where Z0 is the impedance of free space and has the value 377 Ω, RS is

the sheet resistance and T is the optical transmittance. The FoM (Figure of Merit) = σDC/σOP

is a parameter which indicates the performance of TCEs where σDC and σOP are the three dimen-
sional DC conductivity and optical conductivity respectively. For better opto-electrical properties
i.e. high T and low Rs, a higher value of FoM is obtained. We calculated the FoM values of the
TCEs reported in the above references for comparison. The values of the sheet resistance, optical
transmittance and the resulting FoM are shown in Table I. Note that for more stringent conditions,
the sheet resistance and optical transparency values necessary are RS < 10 Ω/sq and T > 85% with
a FoM > 223.6 This condition is met by only a few of the TCEs presented in Table I. Another note-
worthy point is that the TCEs presented in Table I have been chosen based on their opto-electrical
performance. The straightforward comparison of the TCEs based on FoM values does not give
the whole picture since good TCEs are characterized by other qualities, such as their chemical
inertness, stability, mechanical flexibility, strain resistance, low cost of fabrication, environmentally
friendliness, and suitability for integration with practical devices.

CONCLUSIONS

We studied the optical and electrical properties of TCNE-doped bilayer graphene stacks.
Layer by layer transfer of a relatively small number of HFCVD-grown large area and uniform
bilayer graphene sheets onto transparent substrates minimizes the risk of graphene breakdown while
saving time and cost. The results show the occurrence of charge transfer doping of the bilayer
graphene stack by TCNE, which produces a 15-fold increase in the charge carrier concentration for
6.4 µg/cm2 of TCNE on graphene, thereby reducing the sheet resistance of the graphene stack while
maintaining high optical transparency. The encouraging properties observed for the electrical and
optical characteristics with a modest surface density of TCNE on graphene indicate that this system
could be explored further. The simple fabrication and transfer methods are attractive and useful for
rapid analysis of the properties of bilayer graphene.
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