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Chemical doping is an efficient method to tailor the electrical properties of graphene transparent conductive
electrodes. In general, chemically doped graphene by single-side exhibits a drawback of high conductivity but
inferior uniformity and stability after exposure to chemical solvent or annealing process. Here, we report a highly
uniform and stable graphene transparent conducting electrodes doped by dual-side with macro- and small
molecular organic dopants such as Nafion on the top and benzimidazole (BI) at the bottom. The electrical
properties, optical properties, and stability were compared depending on the top-side dopants. Dual-side doping
showed a higher work function (=5 eV), and a uniform low sheet resistance (less than 200 Q sq D) compared to

the single-side doping. The Dual-N exhibited a relatively higher figure of merit (FoM, opc,0,p ~ 62.38), a
smoother surface (Ryys ~ 0.54 nm), and a superior thermal/chemical stability than the Dual-A, showing the
potential possibility as alternative electrodes for next-generation flexible electronic devices.

1. Introduction

Over the past several years, graphene has garnered considerable
attention as an alternative transparent conductive electrode (TCE) to
replace the commercial indium tin oxide (ITO) in flexible electronics
owing to its high optical transparency, high electrical conductivity,
chemical stability, and mechanical flexibility [1-3]. Chemical vapor
deposition (CVD) is the most popular approach to grow a large-scale
graphene film, which is single [4,5] or polycrystalline [6,7]. As syn-
thesized graphene (PG, monolayer) has a high sheet resistance (Rg, >
500 Q sq’l) and a low work function (WF — 4.3 eV) compared with
those of ITO (WF ~ 4.8eV, R, — 10Q sq_l) respectively [8,9], thereby
doping of graphene has been performed to modulate them [10,11].
Chemical doping is a simple and effective way to enhance the electrical
properties of graphene. Doping effect is made via dopant adsorption on
the graphene surface, which is preferably occurred at the grain bound-
aries or defects [12,13]. Therefore, doping was more effective in poly-
crystalline graphene containing grain boundaries than the single-
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crystalline graphene.

Several dopant types are reported such as acid (HNOs, HCI, H,SO,)
[14-17], metal chloride (RhCls, IrCls, MoCls, AuCls, SoCly) [10,18-19],
and polymer (PEDOT, TFSA, Nafion) [20-23]. Acid-doped graphene
initially has a low Rg, under ambient conditions, but Ry, is significantly
increased with time because of the volatility of acids [17]. After doping
with metal chlorides, graphene has a low optical transmittance due to
the metal cluster formation on the graphene surface, which could be a
leakage path for electrical current [24]. In addition, the Ry, degrades
under heat treatment [25,26]. Polymer-doped graphene has a relatively
uniform surface roughness, but it has a comparatively lower doping
effect [23,27,28]. The conventional single-side doping could not provide
sufficient doping strength because the transferred charges are propor-
tional to the graphene surface area in contact with the dopants [29].
Dual-side doping, in which dopants are positioned on both sides, has
been explored, but there were still technical challenges. Xu et al. re-
ported dual-side doped graphene with a poly(3-hexylthiophene-2,5-
diyl) (P3HT) on the top and bis(trifluoromethanesulfonyl)-amide
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Fig. 1. (a) XPS swvey spectra, (b) High-resolution C 1 s XPS spectra, (c) Raman spectra, and (d) UPS spectra of the PG, Dual-A, and Dual-N.

(TFSA) on the bottom [30]. However, the film should be exposed to
sunlight (AM 1.5G) for at least 1 h to have the doping effect prior to
photovoltaic application. Kim et al. reported dual-side doping with
diethylenetriamine (DETA) on top and in contact with amine-
functionalized self-assembled monolayers (SAMs) on a SiO5/Si sub-
strate [29]. In this case, the SAM-treatment should be done before the
graphene transfer to the substrate.

In this study, we performed dual-side doping to strengthen the
doping effect on both sides; bottom-side doping with Benzimidazole (BI)
and top-side doping with AuClsy (Dual-A) or Nafion (Dual-N). Bottom
doping was made spontaneously during the graphene transfer process
without any substrate treatment and the doping effect was immediate.
Dual-side doped graphene films are compared with PG and single-side
doped graphene films. The dual-side doping with Nafion revealed the
best properties in terms of electrical, optical properties, and stability as
well, providing the potential use for the flexible electrodes.

2. Experimental section
2.1. Graphene synthesis and transfer

A monolayer of graphene was grown on a 25-pum-thick copper (Cu)
foil by chemical vapor deposition. The Cu foil was loaded into the
chamber and gradually heated upto 1000 °C under Hy (100 scem) at-
mosphere. The graphene was synthesized under a gas mixture of CHy
(125 scem) and Hp (100 scem) for 30 min at 1000 °C. The chamber was

then cooled down to room temperature under Hj. After graphene
growth, poly(methyl methacrylate) (PMMA, 46 mg mL™! in chloro-
benzene) was spin-coated onto the graphene-grown Cu foil. The PMMA-
coated graphene was rinsed with deionized water 3-5 times and trans-
ferred to the SiOy/Si substrate or glass. It was then annealed at 80 °C to
improve the adhesion of graphene onto the substrate. The samples were
soaked in an acetone solution at 70 °C for 30 min to eliminate the PMMA
to have only graphene on the substrate. The graphene that was grown on
the other side of the Cu-foil was removed using oxygen plasma (100 W,
12 S, 160 mTorr). Then, the underlying Cu foil was etched in a 0.175 M
ammonium persulfate ((NH4)2S20g, APS) solution.

2.2. Doping

Molecular structures of dopants are shown in Fig. S1. For the
bottom-side doping process, 3 mM of BI dopant was added into the APS
etching solution; it was done simultaneously while etching the Cu foil
[31]. For the top-side doping process, AuCl; (A) was dissolved in
nitromethane solvent at different concentrations of 10, 20, 30, 40, and
50 mM. Nafion (N) was dissolved in isopropyl alcohol at different con-
centrations of 10, 20, 30, 40, 50 and 60 mM. The doping solution was
spin-coated (2500 rpm for 1 min) on the transferred graphene. These
samples doped only at the top side surface of graphene are hereafter
called as Top-A and Top-N, depending on the dopant. In this time, the BI
dopant was not added to the APS etching solution during the Cu foil
etching. For the dual-side doped samples (Dual-A and Dual-N), the
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Fig. 2. Comparison of the (a) Ry, (b) n and p, and (c) transmittance of PG, Dual-A doped with AuCls (50 mM), and Dual-N doped with Nafion (50 mM). (d) Figure of
merit (ope/00p) With increasing the concentration of top-side dopant (np). Inner dotted line represents the minimum industry standards for TCEs.

doping solution was spin-coated on the transferred graphene which is
already Bl-doped on its bottom surface. The graphene doped with BI at
only bottom side is hereafter called as Bottom-BL

2.3. Characterization

To characterize the graphene doping state, Raman spectroscopy
(Horiba) analysis was performed using a 514 nm laser. The trans-
mittance of graphene was characterized using an ultraviolet — visible
(UV-Vis) spectrophotometer (Jasco, V-670). XPS (Thermo Scientific)
analysis was performed using monochromatic Al Ka X-ray photons (hv
= 1486.6 eV). The work function of graphene was measured using ul-
traviolet photoelectron spectroscopy (UPS) with He T radiation (21.2
eV). R; was measured using a four-point probe (Dasol ENG).

3. Results and discussion
3.1. Characterization of dual-side doped graphene films

XPS was conducted to characterize the chemical bonding states of
PG, Dual-A, and Dual-N. Both Dual-A and Dual-N exhibit a N 1 s peak at
~ 400.27 eV indicating that the adsorption of BI molecules (Fig. 1(a)).
In addition, the Dual-A has Au®* peaks (—87 eV, —91 eV), Au® peaks
(—84 eV, —88 eV), and Cl 2p peaks (—198 eV, —200 eV) (Fig. 52(a —
b)). The Dual-N has a F 1 s peak (—689 eV) and a S 2p peak (—169 eV)
(Fig. S2(c — d)). These results demonstrated that graphene was

successfully doped on both sides. The SEM-EDS mappings of dual-side
doped graphene films were included in Fig. S3, showing well-
distributed dopant atoms. The XPS C 1 s spectra are deconvoluted in
Fig. 1(b) to analyze the chemical bonding states before and after dual-
side doping. The C 1 s spectra of PG and Dual-A consist of four peaks:
C-C sp? bonding at 284.5 eV, C-C sp° bonding at 285.5 eV, C — O
(hydroxyl) bonding at 286.8 eV, and C = O (carboxyl) bonding at 288.6
eV. The C 1 s spectra of Dual-N reveals not only graphene related peaks
(i.e., C-C sp2 bonding (—284.5 eV), C-C sps bonding (—285.5 eV)) but
also Nafion-related chemical bonds (i.e., C-S (—289.9 eV), —CF (—~287.5
eV), —CF5 (—291.8 eV), and —CF5 (—293.5 eV)). After Dual-A and Dual-N
doping, the position of C-C sp? and C~C sp® bonding was not shifted,
confirming no additional structure defects. The binding energy, peak
intensity ratio, and FWHM of C 1 s spectra are summarized in Table S1.
Fig. 84 shows that the intensity ratio (Ic_¢/Ic.¢) increases from 2.6 (PG)
to 4.48 (Dual-A), 4.8 (Dual-N), demonstrating that graphene was p-
doped [10].

Raman spectroscopy was used to investigate the degree of doping
(Fig. 1(c)). Compared with the G peak (—1589 cm™ 1Y) of PG, the G peaks
of Dual-A and Dual-N are blue shifted by 11 em™ and 10 cm™,
respectively. The G peaks of only top side-doped Top-A and Top-N are
blue-shifted by 6 cm™ and 3 em™}, respectively (Fig. §5). The larger
blue-shift of G peak indicates the stronger p-doping [32-34]. The in-
tensity ratio (Iop/Ig) of PG is 2.5, which is similar to the previously re-
ported results [35,36]. The I,p/Ig ratio of dual-side doping (1.5 for Dual-
A and 1.2 for Dual-N) is lower than those of single-side doping (1.7 for
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Fig. 3. Ry, mapping of the (a) PG, (b) Dual-A, and (c) Dual-N. AFM image of the (d) PG, (e) Dual-A, and (f) Dual-N.

Top-A and 1.5 for Top-N); the lower ratio (Isp/Ig) implies that graphene
was more p-doped [37,38]. Raman spectra show that the dual-side
doping induced a stronger p-doping state than the single-side doping.

Ultraviolet photoelectron spectra (UPS) (Fig. 1(d)) were measured
using a He I source (21.2 eV) to determine the WF of dual-side doped
graphene film with the following equation:

WF = hv — (Ecm off — Ef) )

where, hv and E; are the excitation energy (He [ source = 21.2 eV)
and Fermi level edge (0 eV), respectively. The value of E .y o can be
measured from the intercept at the binding energy (x-axis) by linear
extrapolation. The UPS spectra of Top-A and Top-N are presented in
Fig. 6. Compared to PG, the top-side doping increased WF by 0.3-0.5
eV (4.64 eV for Top-N and 4.78 eV for Top-A) and the dual-side doping
increased WF by 0.82-1 eV (5.16 eV for Dual-N and 5.34 eV for Dual-A),
shifting the Fermi energy lower below the Dirac point. These results
represent that the dual-side doping induced more p-doped graphene.

3.2. Electrical and optical properties of dual-side doped graphene films

The sheet resistance (Rg,) in Fig. 2(a) decreased from 1000 £ 37 Q
sq " (PG) t0 214 + 70 Q sq ! and 261 + 50 Q sq* for the Top-A doped
with AuCl; (50 mM) and Top-N doped with Nafion (50 mM), respec-
tively. Obviously, the Dual-A doped with AuCls (50 mM) and Dual-N
with Nafion (50 mM) exhibit lower Ry, values (Dual-A: 139.91 + 6.24
Qsq}, Dual-N: 163.31 + 5.5 Q@ sq 7).

The reason for the low sheet resistance was investigated through Hall
effect measurements (Fig. 2(b)). The carrier density of PG was found to
be 7.62 x 102 em ™2, which is similar to the previously reported values
[39]. After dual-side doping with 50 mM top-side dopants, the carrier
density increased to 7.71 x 10'® em ™2 for Dual-A and 3.51 x 10*% em 2
for Dual-N. The carrier motilities (p) can be obtained by using the
following equation:

GVHd
1B

where 6, Vg, 1, B, and d are the conductivity, applied Hall voltage,
current, applied magnetic field (0.560 T) and graphene thickness,
respectively. The calculated mobility of PG is 848 ecm? V™ s 71, which is
similar to previous result [39]. Interestingly, the Dual-A showed a lower
mobility (750 ecm? V7! s71) because the AuCls dopant acted as impu-
rities. In comparison, the calculated carrier mobility of Dual-N (840 em?
v~ s71) is similar to PG. Therefore, it was anticipated that the reduction
of Ry, was mainly due to the increase of carrier density.

Fig. 2(c) shows the optical transmittance spectra of PG, Dual-A, and
Dual-N in 300-800 nm wavelength range. The transmittance is 97.7 % at
550 nm for PG. After dual-side doping with 50 mM top-side dopants, the
transmittance of Dual-A (89.75 %) is lower than that of Dual-N (96.40
%) because the gold nanoparticles generated by metal ion reduction on
the graphene surface could scatter the incident light.

FoM (6pc/Gop) of the doped graphene film was calculated from the
measured optical and electrical properties to evaluate the performance
of TCE. A higher FoM (op¢,0,p) is indicative of better performance as
TCE [22,39,40]. Fig. 2(d) presents a plot of the FoM (6pc,Gop) With
increasing the concentration of top-side dopant. This value can be
calculated using the following equation:

ZO Uup 2
T={1+ (ZRMJ( )}

Opc

where, Zy (377 Q) represents the impedance of free space, Ry, is the
sheet resistance, and T is the transmittance at 550 nm. The trans-
mittance, Ry, and FoM for the top-side doping and dual-side doping are
shown in Table $2 and Table 83, respectively, at different concentra-
tions of top-side dopant.

The FoM value of Dual-A has the highest value of 50.49 at 10 mM
AuCl; and then decreases with increasing concentration because the
transmittance of Dual-A decreases by 6 % from 95.45 % (10 mM) to
89.75 % (50 mM) while the Ry, is reduced by 11.7 % from 158.47 Q sq’1
(10 mM) to 139.91 Q sq_1 (50 mM). The FoM value of Dual-N (62.38)
increases with the dopant concentration of Nafion and is optimized at
50 mM; the transmittance of Dual-N slightly decreases by 0.6 % from
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96.48 % (10 mM) to 95.90 % (60 mM) while the Ry, is much reduced by
59.6 % from 400.73 Q sq ! (10 mM) to 161.91 € sq ! (60 mM). The
FoM values of one-side doping reported in previous literatures
[10,19-20,41] are compared in Fig. §7. The Dual-N has the highest FoM
value (62.38) among the list, which exceeds industry requirements by
far (6pc/0op — 35) [40].

3.3. Rgp uniformity of dual-side doped graphene filins

To judge doping uniformity, Rg, mapping of PG, Dual-A, and Dual-N

at an area of approximately 80 x 80 mm? was carried out (Fig. 3 (a=c)),
and its variation was calculated with the following equation:

Max R -Min R,
Variation (%) = [m‘%)m)] x% 100
<sh

where, Max. Ry, is the highest Rgp, Min. Ry, is the lowest Rgp,, and Ave.
Rgn is the average Rgy. The higher variation means that the graphene is
not uniformly doped. The variation for PG is 35.04 %, which is relatively
high due to the PMMA residues. As shown in Fig. $8, the variation is
33.29 %, 25.96 %, and 8.67 % for Top-A, Top-N, and Bottom-BI,
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respectively. Both Ry, mapping images of Top-A and Top-N are not
uniform. On the other hand, the Ry, mapping image of Bottom-BI is very
uniform, indicating that BI molecules were uniformly adsorbed on the
graphene surface.

After dual-side doping process, the variation decreases to 9.28 % for
Dual-A, and 6.42 % for Dual-N, showing a uniform blue color. Conse-
quently, the bottom-side doping played a vital role for the uniform
doping, and the dual-side doping allowed the graphene to have a low Ry,
along with uniform charge distribution.

Atomic force microscopy (AFM) morphological images of the PG,
Dual-A, and Dual-N are shown in Fig. 3(d-f). The root-mean-square
(RMS, Rg) roughness of PG is 1.25 nm, coming from wrinkle, PMMA
residues, and damages during the transferred process [24]. The RMS of
Dual-A (4.30 nm) is much higher due to the aggregation of reduced Au
cations than that of Dual-N (0.54 nm), infering that the Dual-N could
lessen the electrical leakage.

3.4. Stability of dual-side doped graphene films

Rg changes (R/Rg) were measured to compare the stability among
the samples. Chemical stability was tested by dipping the Dual-A and
Dual-N samples into the acid (AA; acetic acid, Kq: ~1.8 x 1079, strong
base (SH; sodium hydroxide, Ky > 1), or weak base (AH; ammonium
hydroxide, Kp: ~1.8 x 107°). Ry is the initial Re,, R is the Ry, after acid/
base treatment. The Ry, of Dual-A was significantly increased, but that of
Dual-N was maintained regardless the types of acid/base (Fig. 4a).

The changes of XPS spectra of Au 4f, Cl 2p, F 1 s, and S 2p are shown
in Fig. 4(c)-(f) before and after AA treatment. In the case of Dual-A, the
peaks of C1 2p (—198 eV, —200 eV) were completely diminished and the
peaks of Au®" cations (—87 eV, —91 eV) were also reduced, suggesting
that the AuCl; dopant was unstable to the chemical treatments, leading
to the increased Rg,. In the case of Dual-N, no obvious degredation of
XPS peaks (F 1 s and S 2p) was observed with a little peak shift to a
higher energy. This implies that the Nafion had a high stability against
the acid/base solution, leading to the stable Ry,. XPS spectral changes
after other acids/bases treatment are included in Fig. $9. Regardless of
the types of acid/base, XPS spectral change had a similar tendency be-
tween the two samples.

Moreover, polar aprotic (isopropyl alcohol, dimethyl sulfoxide) and
non-polar (toluene) solvents were spin-casted on the Dual-A and Dual-N
to evaluate chemical resistance against those. The Ry, of Dual-A was
increased; however, the Ry, of Dual-N was negligibly changed (Fig. 4b).
These results also demonstrate that the Dual-N was stable under harsh
chemical environments. The reason for the outstanding stability can be
expected owing to the fluorocarbon backbone of Nafion, which reduces
the surface energy of Dual-N and thus repulses the molecules of acids/
bases and solvents [41,42].

Rq changes were also measured after annealing at different tem-
peratures (Fig. 4(g)) and then the film stability was analyzed by using
XPS (Fig. 4(h) and Fig. $10). The Ry, of Dual-A was slightly increased
after 100 °C annealing, but de-doping of Dual-A was occurred at 200 °C
to increase the Rgy, by 700 %. With increasing the annealing temperature,
the proportion of Cl atom decreased from 17.24 % (as-doped) to 11.94 %
(100 °C), 3.14 % (200 °C) and the proportion of Au®* ion also decreased
from 3.63 % (as-doped) to 3.03 % (100 °C), 0.99 % (200 °C). Because the
Cl adsorption was favorably occurred under appropriate moisture con-
dition [43,44], the negatively charged Cl ions on the graphene surface
were desorbed at such a high annealing temperature, rendering the
reduction of electrostatically balanced Au* ions into Au® clusters. As a
consequence, the dopants of Dual-A were not stable to increase the Ry, at
a high temperature.

In comparison, the Ry, of Dual-N was even decreased after 200 °C
annealing (Fig. 4(g)). It is reported that thermal annealing caused the
arrangement of sulfonic acid groups of Nafion towards the underlying
graphene [41,42]. The electron-withdrawing of sulfonic acid groups
near the graphene resulted in more p-doped graphene, inducing the

Applied Surface Science 605 (2022) 154569

slight reduction of Rgy. The dopant survived after thermal treatment in
the case of Dual-N; the proportion of F 1 s was slightly reduced from
61.23 % (as-doped) to 53 % (200 °C), and that of S 2p was reduced from
1.92 % (as-doped) to 1.78 % (100 °C), 1.76 % (200 °C). To sum up, the
Dual-N has superior properties in terms of thermal/chemical stability
compared to the Dual-A.

4. Conclusion

We demonstrated dual-side doping of graphene for achieving high
FoM (6pc,00p) values, uniform doping, and high stability against ther-
mal/chemical environments. The electrical and optical properties, and
the thermal/chemical stability were compared with two different top-
side dopants (AuCls and Nafion). Both Dual-A (AuCls top dopant and
BI bottom dopant) and Dual-N (Nafion top dopant and BI bottom
dopant) demonstrated a strong p-doping effect as well as uniform doping
with uniformity variation less than 10 %. The best FoM value of 62.38
was achieved with the Dual-N at 50 mM Nafion concentration. In
addition, the Dual-N had a strong stability against harsh chemical con-
ditions and elevated temperature, providing significant advancements
in graphene electrodes for practical (flexible and transparent)
applications.
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