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Abstract: We report effective solution-processed chemical p-
type doping of graphene using trifluoromethanesulfonic acid
(CF;SO;H, TFMS), that can provide essential requirements to
approach an ideal flexible graphene anode for practical
applications: i) high optical transmittance, ii) low sheet
resistance (70 % decrease), iii) high work function (0.83 eV
increase), iv) smooth surface, and iv) air-stability at the same
time. The TFMS-doped graphene formed nearly ohmic contact
with a conventional organic hole transporting layer, and
a green phosphorescent organic light-emitting diode with the
TFMS-doped graphene anode showed lower operating voltage,
and higher device efficiencies (104.1 cd A™, 80.7 ImW~') than
those with conventional ITO (84.8 cdA™, 73.8 ImW™).

The widely used indium tin oxide (ITO) transparent
electrode is not appropriate for use in flexible electronics,
because it is brittle, increasingly expensive, and causes
diffusion of impurities into devices.'*! Therefore, flexible
transparent electrodes must be developed before the use of
flexible electronics is practical. Graphene is a one atom thick
sheet of sp? hybridized carbon atoms that has unique
electrical properties and mechanical robustness.*'!! There-
fore, many researchers have explored ways to use graphene
electrodes in flexible organic optoelectronics.”>'>*? However,
the pristine graphene has suffered from two inherent major
problems: 1) The first disadvantage comes from its low charge
carrier density. Therefore, the pristine graphene has much
higher sheet resistance (200-300 Qsq') than does ITO
(~10 Qsq "), which resulted in high operating voltage and
poor luminous power efficiency (PE) in organic light-emitting
diodes (OLEDs),l>1® and thus graphene requires an addi-
tional doping process to improve the charge carrier concen-
tration and the electrical conductivity.****" 2) The pristine
graphene’s work function (WF=4.4 eV) is much lower than
that of ITO (4.8 eV).”! The low WF of the pristine graphene
significantly limits the hole injection from the graphene anode
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to an overlying organic layers in OLEDs.>'>!¥ The nitric acid
(HNO;) and the gold (IIT) chloride (AuCl;) have been widely
used as chemical p-type dopants for graphene to reduce sheet
resistance (R,).>%*-l However, these conventional chemical
dopants cause instability problems: the HNO; gradually
evaporates from the graphene in the ambient condition due
to its volatility, thereby causing gradual decrease of electrical
conductivity of the p-doped graphene and its device;**?24
The AuCl; leaves 50-100 nm Au particles on the graphene
surface, which degrades device efficiency and stability
increasing current leakage in the thin film devices.” There-
fore, to fabricate ideal graphene anodes for organic optoelec-
tronics needs a versatile p-type doping method that can meet
essential requirements at the same time: i) high optical
transmittance (OT), ii) the low R, comparable to that of ITO,
iii) the high surface WF that can effectively reduce the hole
injection energy barrier, iv) a smooth surface after chemical
doping, and v) air-stability that maintains doping effect in the
ambient condition. When p-type doping can sufficiently
reduce the R, and greatly increase the surface WF of the
graphene anode at the same time, it can facilitate hole
injection from the graphene anode to the conventional
vacuum-deposited hole injection or transporting layers
(HILs or HTLs) without specially developed HILs.!!

Here, we report versatile solution-processed chemical p-
type doping of graphene using a novel dopant, trifluorome-
thanesulfonic acid (CF5SO;H, TEMS) (Figure 1a). The TEMS
is one of the strongest monoprotonic organic acid; TFMS also
has outstanding thermal and chemical stability.?*>" Simple
spin-coating of TFMS dissolved in a nitromethane effectively
p-doped the graphene resulting in great decrease of R, and
large increase of surface WF of the graphene with an excellent
air-stability. We synthesized large-area single-layer graphene
(SLG) by chemical vapor deposition (CVD) (Table S1 in the
Supporting Information). To form four-layered graphenes
(4LGs), SLGs were repeatedly transferred and stacked onto
a substrate. The pristine 4LG has OT >90% at 550 nm;
therefore the transfer and stacking process did not signifi-
cantly disrupt the optical properties of the graphene (Fig-
ure S1). Although p-type chemical doping slightly decreased
OT due to increased charge carrier density,’'! the p-doped
4LG maintained sufficiently high OTwith HNO; (87.3 %) and
TFMS (88.3%) as a transparent electrode in OLEDs. The
chemically p-doped graphene had a smooth surface without
large particle formation (Figure S2).

Raman spectroscopy was used to determine the p-type
doping effects of chemical dopants. The intensity ratio of 2D
band (L, =2679 cm™') to G band (Ig=1592cm™) of SLG
was 1.44 and the D band intensity (Ip) was negligible
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Time passed (Figure 1d).
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Figure 1. a) Chemical structure of trifluoromethanesulfonic acid (TFMS) (top) and
schematic illustration of TFMS-doped graphene (bottom). b) Raman spectra of the
pristine and p-doped single-layer graphenes (inset: G band shift). c) Relative sheet
resistance (inset: surface potential increase) of the pristine and p-type doped 4LGs.

d) Sheet resistance change with time of HNO;- and TFMS-doped 4LG under ambient
conditions. e,f) Planar average of electrostatic potential and the most stable adsorption
configuration of HNO;- (e) and TFMS-doped (f) graphene and pristine graphene. The
Fermi level is shifted to zero (inset: difference in work function between HNO;- and

TFMS-doped graphene).

compared to other characteristic peaks (Ip/I5<0.1) (Fig-
ure 1b). This result proves high-quality SLG growth and
successful transfer without significant structural defects. The
p-type doping of the graphene upshifted the 2D and G bands
of Raman spectroscopy due to phonon stiffening effect;**
the TFMS-doped SLG exhibited more upshifted 2D band at
2695 cm ™" and the G band at 1610 cm ™' than those with HNO;
(2D: 2685 cm™!, G: 1596 cm ™). p-Type doping of graphene
also decreases I,p/l; and the full-width-half-maximum
(FWHM) of the G band;*** the TFMS doping of SLG also
caused larger decreases in intensity ratio of 2D to G band (Z,p/
I5=0.97) and FWHM (19.9 cm™') than did HNO,; doping
(Lp/lg=1.3; FWHM 22.1 cm™") (Figure S3). Neither dopant
made change in the D band; this result means that solution-
processed doping does not cause significant structural defects
in the graphene. Results of Raman spectroscopy demonstrate
that the TFMS has strong p-doping ability for the graphene.
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higher binding energy (—0.50¢V) with the
graphene than that of the HNO; molecule
(—0.33 eV), which indicates stronger interac-
tion between TFMS and graphene than that
with the HNO;. Furthermore, we confirmed
this point by performing the charge transfer
calculation, which shows that the electrons
transferred from graphene to the TFMS mol-
ecule (0.052¢ per molecule) was about three
times higher than that to HNO; molecule
(0.018e per molecule). Here, we need to
mention that the calculated charge transfer amount is quite
small because the theoretical calculation system is a closed
system. However, the charge transfer can be substantially
enhanced and show an evident p-type doping effect in
experimental environment (i.e., open system). Secondly, we
investigated the WF of the HNO;- and TFMS-doped gra-
phene (Figure 1e,f). Although both p-dopings increased the
WF of the pristine graphene (calculated WF of the pristine
graphene 4.35 eV), the WF of the TFMS doped graphene was
0.5 eV higher than that with the HNO;, which is qualitatively
consistent with experimental observation by using Kelvin
probe (0.6 eV) (Figure 1 f inset).

Acidic proton binds to the graphene and immobilizes
equivalent amount of electrons causing p-type doping of the
graphene. The much stronger p-type doping effect of the
TFMS demonstrated by experimental results and theoretical
calculations could originate from more tightly and closely
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graphene’s surface WF in the Kelvin probe
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HNO; are more directly exposed to the air
due to its planar configuration on graphene
than those of the TFMS, the superior air-
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chemical stability of the TFMS.*! e) ) Voltage / V
We performed dark-injection space- 190905 12074170
charge-limited cur.rent (.DI-SCLC) Frz?nsifant 8000, T.‘é 100-:1% L;’\r/SU
measurement to investigate hole injection g S go{—a—4LG_TFMS
properties of the TFMS-doped 4LG anode. 3 6000 3
We also calculated the hole injection efficiency 8 § e
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() in hole-only devices (HODs) using the £ e 4LG_Pristine ° 40
pristine and p-doped 4LG anodes. We 35 20001 . 4 G TFMS § 201
employed widely-used hole transporting layer ol 3 .
(HTL), N,N'-Di(1-naphthyl)-N,N'-diphenyl- 1 2 3 4 5 6 7 8 0

(1,1’-biphenyl)-4,4'-diamine (NPB), on top of
the graphene anode [4LG/ NPB (2 um)/Al].
Because the NPB has a highest occupied
molecular orbital (HOMO) energy level of
5.4 eV, pristine 4LG’s low WF (4.4 eV) causes
a large energy barrier for hole injection
(1.0eV); this large barrier significantly
degrades 7. Therefore, HOD with the pristine
graphene anode showed extremely low current
(Figure 2a). In contrast, HODs with p-doped graphene anode
showed a typical transient current shape; it indicates that
ohmic contact was formed on the graphene anode (Fig-
ure 2a). The TFMS-doped 4LG had higher hole current
density in DI-SCLC due to its higher surface WF (5.23 eV)
than those with HNO; (WF=4.61¢V). Hole injection can
more easily overcome the small hole injection energy barrier
(0.17 eV) between the TFMS-doped 4LG and the HTL. We
calculated 7 by using theoretical SCLC (Supporting informa-
tion).”! The 5 was higher with the TFMS-doped 4LG than
that with the HNOs;; the  with the TFMS-doped 4L G anode
was 0.84, which means that simple solution-processing of
TFMS on the graphene can achieve nearly ohmic contact for
the hole injection to a conventional HTL without particular
HILs.

We also fabricated green phosphorescent OLEDs with the
pristine or the TFMS-doped 4LG, and with ITO anode. We
employed a widely used small-molecule HIL, N,N'-diphenyl-
N, N'-bis-[4-(phenyl-m-tolyl-amino)-phenyl]-biphenyl-4,4'-
diamine (DNTPD), that has HOMO of 5.1-52eV (Fig-
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Figure 2. a) Transient current density of dark-injection space-charge-limited current
measured at a 50 V. b) Hole injection efficiency versus electric field of hole-only devices
using the pristine and p-type doped 4LG anodes. c) Schematic illustration of energy
band diagram. d) Current density (inset: OLED structure).
image flexible OLED with TFMS-doped 4LG anode (light emitting area: 1 cmx1 cm) on
the PET substrate). f) Current efficiency of OLEDs with untreated ITO, UVO-ITO, pristine
4LG anode and TFMS-doped 4LG anode.

e) Luminance (inset: optical

ure 2¢).”! Green phosphorescent OLEDs with the ITO
anode showed a large difference of device performances
dependent on a surface treatment of ultra-violet ozone
(UVO). The OLED on the untreated ITO showed much
inferior current density and luminance characteristics than
those with UVO surface-treated ITO (UVO-ITO) (Fig-
ure 2d,e). Because UVO increases surface WF of ITO by
>0.3 eV,”" the device with untreated ITO has a larger energy
barrier for hole injection than does the device with UVO-
ITO; the WF difference between anodes significantly changed
operating voltage of OLEDs (Figure 2¢).

The OLED with the pristine 4LG anode exhibited much
lower current density and luminance characteristics even than
those with the untreated I'TO anode (Figure 2d,e). The lower
surface WF (4.4¢eV) and higher R, (>200Qsq") of the
pristine 4L.G than those with the untreated I'TO significantly
degraded hole injection and increased operating voltage of
OLEDs. Therefore, simple replacement of the ITO anode
with the pristine graphene anode in conventionally structured
OLEDs degrades their current and luminance. However,
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TFMS doping of the graphene greatly improved its hole
injection by increasing its surface WF, and decreased the
operating voltage by synergy of increased hole injection and
decreased R, of the graphene anode (Figure 2¢). The OLED
with the TFMS-doped 4LG anode exhibited significantly
increased current density and luminance which were even
higher than those with the conventionally used UVO-ITO
anode (Figure 2d,e). Even though the TFMS-doped graphene
has higher R, (63 Qsq ') than does ITO (10 Qsq "), the high
surface WF of the TFMS-doped 4LG (5.23 eV) effectively
contributes to reducing the operating voltage (TFMS-doped
4LG: 63V and ITO-UVO: 6.8V to emit 10000 cdm ?)
(Figure 2e). Improved # also directly affected the luminous
current efficiency (CE) and PE of OLEDs. Devices with the
pristine 4LG anode that has poor 1 showed the lowest CE
(26.5cdA™") and PE (21.9ImW') among the OLEDs
fabricated in this work (Figure 2 f, S7). Similarly, the device
with the untreated ITO that has lower surface WF and poorer
hole injection showed lower CE (80.1cdA™') and PE
(55.0lm W) than that with the UVO-ITO (84.8 cd A™! and
73.8lmW™"). The OLEDs with the TFMS-doped 4L.G had
higher CE (104.1cdA™") and PE (80.7lmW™') than did
device with the UVO-ITO (Figure 2 f, S7). More energetically
favorable hole injection from the TFMS-doped 4LG anode
could improve the balance of charge carrier injection and
transport to the emitting layer in the OLED.?Y Simple
solution-processed doping of the pristine graphene anode
greatly improved the performance of OLEDs: devices with
TFMS-doped graphene anode had lower turn-on and operat-
ing voltages, and much higher CE and PE than did devices
with the conventional ITO anode at the same time.

We additionally fabricated flexible OLED using TFMS-
doped 4LG that has large emitting area (1 cm x 1 cm) on the
polyethylene terephthalate substrate to demonstrate scalabil-
ity and flexibility of our device based on TFMS-doped 4LG
anode for practical applications. The OLEDs with TFMS-
doped 4L.G showed stable operation during flexion (Fig-
ure 2 e inset), and a number of bending of device did not cause
any defects in light emitting of OLEDs (Supporting video S1).

In conclusion, we developed a simple solution-processed
chemical p-doping method of flexible transparent graphene
electrodes to decrease R; (70% decrease), increase WF
(0.83 eV increase), and improve air-stability at the same time,
and then achieved low operating voltage and high-efficiency
in green phosphorescent OLEDs (104.1 cd A™", 80.7 ImW™")
with the TFMS-doped 4LG anode. The strong p-type doping
effect and air-stability of the TFMS on the graphene can be
attributed to strong acidic nature and non-planar molecular
configuration of TFMS resulting in tightly and closely bound
acidic proton to the graphene. This kind of versatile p-type
doping of graphene to increase its electrical conductivity,
surface WF, and air-stability provides a method to achieve
OLEDs that are superior to conventional rigid OLEDs with
the ITO anode, and does not require a special HIL to
compensate for graphene’s low electrical conductivity and
low WF.
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