Downloaded from https://www.pnas.org by Peking University on May 16, 2022 from |P address 222.29.24.44.

Check for
updates

Pushing the conductance and transparency limit of
monolayer graphene electrodes for flexible organic
light-emitting diodes

Lai-Peng Ma*?®, Zhongbin Wu¢, Lichang Yin®®, Dingdong Zhang®®?, Shichao Dong®®, Qing Zhang®®, Mao-Lin Chen®®,
Wei Ma®®, Zhibin Zhang?, Jinhong Du®°®, Dong-Ming Sun®P, Kaihui Liu®®, Xiangfeng Duan®, Dongge Ma,
Hui-Ming Cheng®?9, and Wencai Ren®*"!

2Shenyang National Laboratory for Materials Science, Institute of Metal Research, Chinese Academy of Sciences, 110016 Shenyang, China; ®School of
Materials Science and Engineering, University of Science and Technology of China, 110016 Shenyang, China; “State Key Laboratory of Polymers Physics and
Chemistry, Changchun Institute of Applied Chemistry, Chinese Academy of Sciences, 130022 Changchun, China; “State Key Laboratory for Mesoscopic
Physics, School of Physics, Peking University, 100871 Beijing, China; “Department of Chemistry and Biochemistry, University of California, Los Angeles, CA
90095; fstate Key Laboratory of Luminescent Materials & Devices, South China University of Technology, 510640 Guangzhou, China; and 9Shenzhen Geim
Graphene Center, Tsinghua-Berkeley Shenzhen Institute, Tsinghua University, 518055 Shenzhen, China

Edited by Andrea C. Ferrari, University of Cambridge, Cambridge, United Kingdom, and accepted by Editorial Board Member Angel Rubio August 31, 2020

(received for review December 22, 2019)

Graphene has emerged as an attractive candidate for flexible trans-
parent electrode (FTE) for a new generation of flexible optoelec-
tronics. Despite tremendous potential and broad earlier interest, the
promise of graphene FTE has been plagued by the intrinsic trade-off
between electrical conductance and transparency with a figure of
merit (6pc/60p) considerably lower than that of the state-of-the-art
ITO electrodes (6pc/6op <123 for graphene vs. ~240 for ITO). Here we
report a synergistic electrical/optical modulation strategy to simulta-
neously boost the conductance and transparency. We show that a
tetrakis(pentafluorophenyl)boric acid (HTB) coating can function as
highly effective hole doping layer to increase the conductance of
monolayer graphene by sevenfold and at the same time as an anti-
reflective layer to boost the visible transmittance to 98.8%. Such
simultaneous improvement in conductance and transparency breaks
previous limit in graphene FTEs and yields an unprecedented figure
of merit (6pc/o0p ~323) that rivals the best commercial ITO elec-
trode. Using the tailored monolayer graphene as the flexible anode,
we further demonstrate high-performance green organic light-
emitting diodes (OLEDs) with the maximum current, power and ex-
ternal quantum efficiencies (111.4 ¢cd A~", 124.9 Im W~" and 29.7%)
outperforming all comparable flexible OLEDs and surpassing that
with standard rigid ITO by 43%. This study defines a straightfor-
ward pathway to tailor optoelectronic properties of monolayer gra-
phene and to fully capture their potential as a generational FTE for
flexible optoelectronics.
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lexible transparent electrode (FTE) is one of the most prom-

ising applications of graphene due to its excellent flexibility,
superior broadband transmittance, good electrical conductivity,
atomically smooth surface, high chemical/thermal stability and
widely tunable work function. It shows distinct advantage over the
predominant tin-doped indium oxide (ITO) electrode, which suf-
fers from intrinsic brittleness, increasingly high cost and detri-
mental ion diffusion. However, it remains a significant challenge to
develop high-performance graphene FTEs that rival the state-
of-the-art ITO films in terms of the figure of merit (FoM, direct
current conductivity to optical conductivity ratio: opc/cop) (1, 2).
The performance of graphene transparent electrodes has been
generally plagued by the intrinsic trade-off between electrical
conductance and transparency as described by the Beer—Lambert
law (3). This dilemma is obvious for the physical strategies such as
multilayer stacking, hybridizing, and fabricating a holey structure,
in which the improvement of one property leads to significant
degradation of the other because the two are inversely affected by
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the geometry of film (4—7). The distinctive linear dispersion rela-
tion of graphene allows improvement in both electrical and optical
properties by tuning the Fermi level with doping (2). The widely
used surface charge transfer (SCT) dopants effectively improve the
electrical conductivity by increasing the carrier concentration of
graphene over one order of magnitude, but they invariably cause
transparency reduction (e.g., ~2% for the strong p-dopants AuCl;
and HNOs) instead of enhancement. They also suffer from severe
performance degradation over time and heating (8). Although
lithium intercalation doping enables simultaneous improvement in
conductivity and transparency of few-layer graphene under inert
atmosphere by suppressing the interband transition, the enhance-
ments vanish within several hours upon exposure to ambient con-
ditions because lithium intercalation is extremely sensitive to
moisture (9). Therefore, breaking the dilemma between electrical
conductance and optical transmittance of graphene requires new
modulation strategies and mechanisms.
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Here, we propose a synergistic electrical/optical modulation
strategy to simultaneously boost the conductance and trans-
parency of graphene FTE. We show that a tetrakis(penta-
fluorophenyl)boric acid [[H(OEt,),]*[B(CeFs)4]~ or HTB]
coating, a unique proton donor with low refractive index, can
function as a highly effective hole-doping layer to increase the
electrical conductance of monolayer graphene by sevenfold
and at the same time as an antireflective layer to boost the
visible transmittance to 98.8%. Such simultaneous improve-
ment in conductance and transparency breaks previous limit in
graphene FTEs and yields an unprecedented FoM (opc/cop ~
323) that rivals the best commercial ITO electrode. Using the
tailored monolayer graphene as the flexible anode, we further
demonstrate high-performance green organic light-emitting di-
odes (OLEDs) with the maximum efficiencies outperforming all
comparable flexible OLEDs and surpassing that with standard
rigid ITO anode.

Results and Discussion

Simultaneous Improvement in Electrical Conductance and Optical
Transmittance. HTB is an organic protic acid with the structure
as shown in Fig. 14, which is highly soluble in various common
solvents such as water, ethanol, acetone, and nitromethane (10).
We prepared the HTB coating on graphene simply by dipping
flexible graphene/polyethylene terephthalate (PET) film in the
nitromethane solution of HTB at room temperature for several
minutes, followed by nitrogen flow drying. This coating process is
easy to scale up, without limitation on the size of graphene and
processing temperature/atmosphere. Because of the unavoidable
nonuniformity of Cu foil substrate, the chemical vapor deposition
(CVD)-grown large-area monolayer graphene films are usually
decorated with numerous small graphene islands and predomi-
nantly show an optical transmittance around 97% (SI Appendix,
Fig. S1). In our study, we chose such representative graphene films
as raw material to show the effect of HTB coating.
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Fig. 1. Simultaneous improvement in electrical conductance and optical transmittance of graphene enabled by the HTB coating. (A) Schematic chemical
structure of HTB on graphene. A typical HTB molecule consists of a proton coordinated with two ether molecules and a tetrakis(pentafluorophenyl)borate
anion. (B) Photograph of a large-area flexible HTB-coated monolayer graphene/PET film (10 x 10 cm?). (C) Raman spectra of monolayer graphene coated with
different concentrations of HTB. (D) Hole concentration of HTB-coated monolayer graphene as a function of HTB concentration. (E) Sheet resistance dis-
tribution of a 10 x 10 cm? monolayer graphene/PET film before and after coating with 20 mM HTB. (F) Sheet resistance mapping of the HTB-coated
monolayer graphene/PET film. (G) Optical transmittance spectra of monolayer graphene/PET film before and after coating with 20 mM HTB (excluding
the PET substrate). (H) Sheet resistance versus optical transmittance (. = 550 nm) of graphene/PET film (1-4-layer graphene) before and after coating with
20 mM HTB. The performances of state-of-the-art ITO films are included as reference (2). (/) Optoelectronic performance comparison (6pc/cop) of HTB-coated

graphene FTEs with representative doped graphene FTEs and ITO (2).
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Fig. 1B shows an HTB-coated highly transparent graphene/
PET film with a size of 10 x 10 cm® We first used Raman
spectroscopy to study the effect of HTB coating on the electrical
properties and structure of graphene. As the concentration of
HTB increases, both Raman G and 2D peaks of the HTB-coated
monolayer graphene continuously blueshift together with a de-
crease in I,p/Ig ratio (Fig 1C and SI Appendix, Fig. S2), sug-
gesting that graphene is p-doped by HTB. Notably, the G peak
blueshifts by 20 cm™" from 1,587 to 1,607 cm™" with 20 mM HTB
doping, which is comparable to the effect of strong p-dopants for
graphene (11-14). The absence of D peaks indicates that gra-
phene retains its original high quality with the HTB coating,
which is physisorbed without forming defects or sp® structure in
graphene. Further analysis of the frequencies of G and 2D peaks
confirms the dominant p-doping effect in HTB-doped graphene
(81 Appendix, Fig. S2C) (15). Moreover, it reveals that the pris-
tine graphene is under tensile strain, which is converted into
small compressive strain upon coating with HTB. A close in-
spection of 2D peak indicates that its full width at half maximum
(FWHM) increases from 32 to 46 cm™! with 1 mM HTB, fol-
lowed by a gradual decrease to 34 cm™ with further increasing
HTB concentration to 20 mM, as shown in SI Appendix, Fig.
S2D. The evolution of the FWHM of 2D peak is related to the
strain variation in the plane of graphene (16), which might be
due to the morphology change of HTB coating from islands to a
continuous film with increasing HTB concentration, as shown in
SI Appendix, Fig. S3.

We then quantitatively evaluated the doping strength by using
Hall measurements. As shown in Fig. 1D, the pristine graphene
shows a moderate p-doping feature with a carrier concentration
of 6.1 x 10" cm™2 Consistent with the evolution of Raman
spectra, the HTB coating allows a rapid increase in the carrier
concentration below 5 mM followed by a slow increase until 20
mM. The 20-mM treatment yields a nearly sixfold improvement
in hole concentration to 3.4 x 10" cm™. The strong p-doping
effect of HTB coating significantly improves the electrical con-
ductance of graphene. The monolayer sample coated with
20 mM HTB shows a large drop of 74% in sheet resistance (R;)
from 531 + 53 Q/O to 140 + 6 Q/O (Fig. 1E). Such large en-
hancements of hole concentration and electrical conductivity are
even comparable to the effect of heavy doping with AuCls, the
strongest SCT dopants for graphene reported so far (8). In ad-
dition, the HTB doping greatly improves the uniformity of R
distribution, with largely reduced SD (x6 Q/O0) as compared to
the pristine film (+53 Q/0) over a large area of 10 x 10 cm?
(Fig. 1 E and F). We also investigated the mechanical flexibility
of monolayer graphene film coated with 20 mM HTB by exam-
ining its resistance change under tensile strain. As shown in S/
Appendix, Fig. S4, the HTB-coated graphene film withstands up
to 6% tensile strain with a small resistance increase of 5.6%,
which is comparable to the pristine graphene (3.6%). These re-
sults demonstrate the high mechanical flexibility of HTB-coated
graphene.

More importantly, in sharp contrast to the inevitable transpar-
ency loss caused by typical p-dopants, the HTB coating simulta-
neously improves the transparency of graphene/PET films over the
entire visible range (Fig. 1G). Consistent with the change of
conductance, the optical transmittance increases over the con-
centration of HTB (SI Appendix, Figs. S54 and S64). Monolayer
graphene coated with 20 mM HTB shows a high transparency of
98.3% at . = 550 nm, 1.3% increase in absolute value compared to
the pristine monolayer graphene used (97%). The optical images
provide direct evidence of the substantial increase in transparency
caused by the HTB coating (SI Appendix, Fig. S5B). This favorable
effect of HTB coating is also observed in few-layer graphene films.
Fig. 1H clearly reveals that HTB coating enables simultaneous
improvement in conductance and transparency of mono- and few-
layer graphene FTEs, thus showing a desirable shift toward the top
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left corner in the transmittance vs. sheet resistance plot with sig-
nificantly improved FoM up to 156 (Fig. 1I). They demonstrate
distinct advantage over state-of-the-art ITO electrodes in the high-
transmittance region (>90%).

Such simultaneous improvement was further demonstrated by
using the sample close to the perfect structure, CVD-grown
single-crystal monolayer graphene (SI Appendix, Fig. S6B). In-
terestingly, the single-crystal film coated with 20 mM HTB shows
an even larger drop of 85% in R from 657 + 39 ©/0 to 96 + 4 Q/
O (or 6.8-fold increase in conductance) together with a 1.3%
absolute increase in visible transparency (A = 550 nm) from 97.5
to 98.8%, yielding a dramatically enhanced FoM of 323 (Fig. 1]).
According to the classical theory, the conductance is positively
proportional to the product of carrier concentration and mo-
bility. As shown in SI Appendix, Table S1, for the pristine sam-
ples, single-crystal graphene shows a larger carrier mobility but a
much smaller carrier concentration than the polycrystalline film.
This is presumably due to the weaker unintentional doping of
single-crystal graphene in the absence of grain boundaries that
act as preferential sites for charge-transfer adsorbates. Conse-
quently, the pristine single-crystal graphene shows a higher R..
After doping with 20 mM HTB, a continuous film was formed on
the surface of graphene (SI Appendix, Fig. S3). In this case, the
adsorbed dopants on the grain boundaries only make a small
contribution to carrier concentration. As a result, single-crystal
and polycrystalline graphene samples show comparable carrier
concentrations. However, the presence of doping adsorbates at
grain boundaries causes significant reduction in the carrier mo-
bility of polycrystalline graphene due to the strong charge scat-
tering effects (17). Therefore, single-crystal graphene shows
larger electrical improvement than polycrystalline graphene after
doping. The above results also suggest that HTB coating is a
highly effective and versatile strategy for simultaneously im-
proving the conductance and visible transparency of graphene.
Note that the FoM of our HTB-coated graphene outperforms all
of the doped flexible graphene FTEs (4, 7, 11, 12, 13, 14, 18-28),
with a >263% improvement, and even rivals the best commercial
ITO/glass (FoM: 120 — 240) (2).

Excellent Doping Stability and Work Function Modulation. Equally
important, HTB-coated graphene films show excellent ambient
stability in both electrical and optical performances, which is crucial
for realistic device applications. We evaluated the electrical per-
formance stability by monitoring the change of carrier concentra-
tion and R, under ambient condition. For comparison, four typical
p-dopants (AuCls, HNOs, OA, and TFSA) were also studied. After
2 mo, the hole concentration of HTB-coated graphene slightly de-
creases by 12% while the samples doped by AuCl;, HNO3, OA, and
TFSA show large degradation of 37, 38, 53, and 29%, respectively
(Fig. 2.4 and C). As a result, the R, of HTB-coated sample shows
higher long-term ambient stability with a small increase of 14%
after 2 mo (Fig. 2 B and C). In contrast, the R of other samples
increases by 1.3-2.2 times. Meanwhile, the high transmittances of
HTB-coated samples are well retained (Fig. 2D and SI Appendix,
Fig. S7). Such high ambient stability of HTB-coated graphene film
is superior to that of Li-intercalated ultrathin graphite, whose
conductance and optical transmittance can be simultaneously im-
proved but vanish within several hours upon exposure to air (9).
Thermally stable transparent electrodes are desired for device
fabrication that involves postannealing. We further investigated
the R, and transparency variation of HTB-coated graphene films
over time at 100 °C. As shown in SI Appendix, Fig. S8, R shows a
small increase of 4% while the transparency decreases to 97.7%
after annealing at 100 °C for 60 min. This result indicates that
HTB is prone to thermal treatment, which is a common issue for
small-molecule dopants (8). More efforts are needed to improve
the thermal stability of HTB doping in future work, in which the
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shifts Vpirac far beyond the measurement scope of devices.

synthesis of polymeric HTB might be a promising solution,
similar to the stable doping of macromolecular acid (29).

Hole doping with HTB also significantly improves the work
function of graphene, which is crucial for its use as electrodes to
boost the hole injection/extraction in OLEDs, solar cells, and
organic field-effect transistors (FETs) with improved energy
level alignment. Ultraviolet photoelectron spectroscopy (UPS)
spectra show that the work function of graphene increases by 0.7
eV from 4.6 to 5.3 eV as the concentration of HTB increases
from 0 to 5 mM and then remains almost unchanged with further
increasing the concentration until 20 mM (SI Appendix, Fig.
S9A). Note that the work function (5.3 eV) achieved at > 5 mM
HTB doping is higher than that of ozone-treated ITO electrode
(~5.1 eV) (11) and comparable to that of graphene with strong
p-doping (4, 11, 14, 21, 25, 30, 31). Quantitative analysis reveals
that the evolution of work function generally follows a power-
function relation with the hole concentration of graphene
(Fig. 2E), as determined by the graphene linear band structure
(32). This result clearly shows that the Fermi level of graphene
can be effectively downshifted by the strong hole doping with
HTB. This effect is further confirmed by the modulation of Dirac
voltage (Vpirac) Of graphene FET. As shown in Fig. 2F, Vpj,c is
shifted from ~0 to +23 V even by using an extremely low HTB
concentration of 0.1 mM, and beyond +70 V with 1-mM doping.
For the latter hole concentration is estimated to be larger than 1 x
10" cm b?/ using the equation n = oVpime (@ = 2.2 X
10" em™V~" for 100-nm-thick SiO5) (33). This value corresponds
to an ~0.4 eV Fermi level shift (Eg) for the 1-mM sample, which
agrees with the work-function increment measured by UPS (32).
The work-function saturation at higher concentration of HTB
suggests the contribution of other mechanisms. As shown in S/
Appendix, Fig. S3, graphenes with HTB concentration of >5 mM
are covered by continuous HTB films. Further UPS measurement
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shows that pure HTB is characterized by a high work function of
5.3 eV (SI Appendix, Fig. S94). Therefore, the formation of high
work-function coating dominates the surface property of graphene
films doped with HTB.

Mechanisms of Improved Electrical and Optical Performances. To
understand the mechanism of strong and stable doping of HTB
on graphene, we performed X-ray photoelectron spectroscopy
(XPS) analysis and density functional theory (DFT) calculation.
As shown in ST Appendix, Fig. S9B, the binding energy of both B
1s and Fls in HTB remains almost unchanged after doping
graphene, suggesting that the B-C and C-F bondings in tetra-
kis(pentafluorophenyl)borate anion (TB™) are not altered. Be-
cause HTB is a powerful proton (H™) donor, it is reasonable to
believe that HTB would deprotonate to p-dope graphene (11).
The released H" may accept an electron from graphene to be-
come a free H radical (H®), which results in the formation of
positively charged graphene binded by a TB™ anion. The newly
formed free-H radicals would further form an adduct with the
solvent nitromethane (34) or bind another H radical (35).

We then studied the interaction between the TB™ anion and
the positively charged graphene by DFT. To simplify the calcu-
lation, we consider that the above interaction is equivalent to the
interaction between the TB radical (TB®) and neutral graphene.
After full relaxation, the Fermi level of graphene downshifts by
~0.78 eV from the Dirac point (Fig. 34), indicating the strong
hole doping of graphene and large increase in its work function.
Integral density of states (DOS) analysis confirms that one
electron is donated from graphene to the TB® to form a TB™
anion. Note that the B-C and C-F bond characteristics in the
TB® on graphene is basically identical to those in HTB (SI Ap-
pendix, Table S2), which confirms the validity of the equivalent
calculation. Furthermore, we compared the adsorption energy
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(Eaq) of TB® on graphene with that of one representative dopant
TFSA (SI Appendix, Fig. S10). The obtained E,4 of TB® with two
ethers on graphene is as high as 3.377 eV, which is significantly
larger than that (2.397 eV) of TFSA® on graphene. It is well
known that TFSA shows good ambient doping stability among
the reported SCT dopants (28). The larger E,q explains the
higher doping stability of HTB.

Regarding the improved visible transmittance, the relatively
small Er (<0.7 eV) of HTB-coated graphene suggests that this
improvement should not be attributed to the reduced interband
absorption caused by doping, which requires a much larger Eg
(~1.55 eV) for the entire visible range (hw = 1.6-3.1 eV)
according to iw < 2EF (36). This Ex corresponds to an extremely
high carrier concentration of ~6 x 10 cm™ (9), which is also
significantly higher than our case (hole concentration < 3.4 X
10" cm™2). Instead, we found that the optical reflectance of
graphene over the visible range is gradually reduced with the
increase of HTB concentration, yielding a notable reduction in
absolute value (e.g., 3% at A = 550 nm) for the 20-mM sample
(Fig. 3B). SI Appendix, Figs. S3 and S11 show that thin films of
HTB are gradually formed on the surface of graphene with in-
creasing the concentration from 1 to 20 mM, the average
thickness of which increases from 3.1 to 11.6 nm. These HTB
films show relatively low refractive index (n = 1.5 at A = 550 nm,
Fig. 3C) and small transmittance loss (0.1-1.7% at A = 550 nm,
Fig. 3D). According to the principle of antireflection film, the
presence of low-index HTB film on high-index graphene (n =
~2.6 at A = 550 nm) (37) and PET substrate (n = ~1.65 at A =
550 nm) (38) enables the destructive interference of reflected
light from the graphene/PET film (Fig. 3E). This effect causes
the thickness-dependent sinusoidal variation in reflectance, in
which the minimum occurs at certain thicknesses (d = m/4n,
m=1,3,5,...)(39). In our case, the minimum HTB thickness to

achieve the reflectance minimum is 95.4 nm at A = 550 nm, below
which the reflectance gradually decreases with the thickness of
HTB. Considering that HTB coating not only reduces reflec-
tance but also leads to transmittance loss, we first calculated the
transmittance increase on the basis of antireflection effect and
then subtracted the transmittance loss caused by HTB coating
(Fig. 3F). The calculated results agree well with the experimental
results, indicating that the improved optical transmittance of
HTB-doped graphene is primarily attributed to the antireflection
effect of HTB coating (thickness <11.6 nm).

High-Performance Flexible OLEDs. We further demonstrate that the
use of HTB-coated monolayer graphene film as anode enables
high-efficiency flexible phosphorescent green OLEDs. The typ-
ical efficiencies of OLEDs are defined as follows: current effi-
ciency CE = L/J and power efficiency PE = fp-n-L/J-V, where L,
J, V, and fp refer to luminance intensity, current density, voltage,
and a factor relating to the light angular distribution, respec-
tively; external quantum efficiency (EQE) is the product of in-
ternal quantum efficiency (IQE) and light outcoupling efficiency
(40). CE can be improved by increasing the luminance intensity
at a given current intensity while PE will be further enhanced by
lowering the operating voltage. For a given IQE, EQE can be
significantly improved by increasing the light-coupling efficiency
(and thus the increased luminance intensity). Regarding a gra-
phene transparent electrode, the appropriate work function
promotes charge injection to improve luminance intensity while
the low R allows a lower operating voltage. Moreover, the high
transparency is also important for increasing luminance intensity
by improving the light outcoupling efficiency. Therefore, the
HTB-coated monolayer graphene is a promising anode material
for high-efficiency OLEDs in terms of its higher work function
(~5.3 eV) and optical transmittance (~98%).
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Fig. 3. Mechanisms of improved electrical conductance and optical transmittance by HTB coating. (A) DOS of a TB® radical on graphene surface calculated by
using DFT. (Inset) Enlarged DOS plot near the Dirac point of graphene. The two ether molecules were included as an essential component of HTB in the
calculation. (B) Optical reflectance spectra of graphene/PET films coated with different concentrations of HTB. (C) Refractive index of HTB film as a function of
wavelength. (D) Optical transmittance spectra of HTB films formed with different concentrations (excluding the quartz substrate). (E) Schematic antireflection
effect of HTB coating on graphene/PET film. (F) Comparison of measured transmittance increase with that calculated on the basis of antireflection effect as a
function of HTB concentration. Considering the transmittance loss caused by HTB coating as shown in D, we subtracted such loss from the calculated
transmittance increase to evaluate the actual transmittance increase caused by HTB coating.
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Fig. 44 shows the schematic structure of our HTB-coated
monolayer graphene-based OLEDs. We first evaluated the ef-
fect of HTB concentration on the device performances and
found that the 5 mM HTB-coated sample enables the optimum
efficiencies (SI Appendix, Fig. S12). We then compared its per-
formances with those made by using pristine graphene and ITO
anodes. Although both graphene-based devices show a similar
turn-on voltage of ~2.5 V, the use of HTB-coated graphene
anode reduces the operating voltage from 4.7 to 4.3 V at the
luminance intensity of 1,000 cd m™? (SI Appendix, Fig. S13A4),
suggesting that the hole injection is promoted (11, 12). We note
that the R; of pristine graphene was slightly reduced to 494 +
27 ©/0 by the p-doping of deposited MoOj layer, but it is still
higher than that of HTB-coated graphene with MoO; layer
(168 = 13 ©Q/O). Therefore, the improved hole injection is at-
tributed to the higher work function (5.3 eV vs. 4.6 eV) and
lower R; of the latter. This favorable effect enables significant
improvement in the overall performances of OLED. As shown in
Fig. 4, the HTB-coated monolayer graphene-based OLEDs show
maximum CE, PE, and EQE of 111.4 cd A™", 124.9 Im W™', and
29.7%, respectively. These values are increased by 33, 56, and
33% compared to those of the pristine graphene-based OLED.
We also note the device with HTB-coated graphene shows lower
current density and higher operating voltage than the ITO device
at voltages above 4 V due to its much higher R; of electrode
(168 + 13 ©/O vs. 8 ©/0O). However, its maximum CE, PE, and
EQE are still significantly higher than those of ITO device by 31,
43, and 31%, respectively. Further comparison with the
state-of-the-art flexible OLEDs demonstrates that our device
shows record-high efficiencies not only among devices with heavily
doped monolayer and few-layer graphene anodes, but also among
those with other high-performance flexible anodes (Fig. 4 E and
F) (5, 11, 12, 14, 19, 41-48). The identical electroluminescence
spectra of green emission obtained at different voltages indicate
the high stability of the devices (ST Appendix, Fig. S13B), which
benefits from the excellent stability of HTB doping.

Moreover, HTB coating improves the operational stability of
OLEDs with graphene anodes even under ambient condition (S
Appendix, Fig. S13C). We further evaluated the bending stability
of graphene-based OLEDs by examining the electroluminescence
intensity decay over bending cycles under ambient condition. As
shown in SI Appendix, Fig. S13D, our OLEDs demonstrate good
stability over repeated bending. The device with the HTB-coated
graphene anode shows a moderate luminance decay of 19% after
1,000 cycles. This performance is comparable to that (21% decay)
of device with the pristine graphene anode. These results indicate
that the bending stability is well retained by using the HTB-coated
anode. We expect that both the operational stability and bending
stability can be significantly improved if the devices are encapsu-
lated to minimize the detrimental effects of oxygen and moisture
in air. Fig. 4 F, Inset and Movie S1 show a monolithic flexible
green OLED with a lighting area of 1 inch in diagonal size. Note
that the strong luminescence is uniform over the whole lighting
area and it remains stable over repeated bending, which further
confirms the high bending stability shown above. It demonstrates
that HTB-coated graphene is a promising anode material for
large-area flexible OLEDs.

To gain further insight into the effect of HTB coating on im-
proving device performances, we first compared the hole injection
of the hole-only devices that were fabricated with HTB-coated
graphene and those doped with the three typical p-dopants
(HNO;, OA, and TFSA). As shown in SI Appendix, Fig. S13 E
and F, the HTB coating allows higher current density than HNO3,
OA, and TFSA doping at a given voltage, with ~24 and ~50%
increase at 5 and 8 V, respectively. Such large improvement clearly
reveals that the HTB coating enables more efficient hole injection
into the hole transportation layer. Considering that all of the four
anodes show similar Ry (Fig. 2B), the superior hole injection of
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HTB-doped graphene anode is mainly attributed to its higher
work function (5.3 eV) than the other three samples (5.0-5.1 eV,
SI Appendix, Fig. S94) (11, 12). Note that the OLED with pristine
monolayer graphene anode (transparency of 97%) shows effi-
ciencies comparable to those of device with ITO anode (lower
transparency of ~88%) although the graphene anode shows much
higher R, and lower work function (494 + 27 ©/0, 4.6 €V) than the
ITO anode (8 ©/0, 5.1 eV). This result suggests the substantial
contribution of high transparency of graphene anode in boosting
the device efficiency by improving the light outcoupling efficiency
(14). Therefore, the combination of higher transparency and work
function is responsible for higher efficiencies enabled by HTB-
coated graphene anode as compared to the ITO device. Cur-
rently, most studies focus on improving the electrical conductance
of graphene electrodes to improve the device efficiencies of
OLED, typically by using doped few-layer graphene. However, the
resulting devices show inferior efficiencies to our device with
monolayer graphene even though their electrodes show signifi-
cantly higher conductance (e.g., lower Ry of 54 Q/O0) (19), as
shown in Fig. 4 E and F. This comparison further highlights the
significance of high transparency of graphene anode in achieving
high-efficiency OLEDs. Retaining such high transparency and
further lowering the sheet resistance of graphene anode would be
essential to unlock the potential of graphene OLEDs, especially
for the large-area devices.

Conclusions

In summary, we have described a straightforward pathway to
break previous limit in graphene FTEs and yielded an unprec-
edented FoM that rivals the best commercial ITO electrode.
Using the tailored monolayer graphene anode, we further
demonstrate high-performance flexible green OLEDs with the
maximum efficiencies outperforming all comparable flexible
OLEDs and surpassing that with standard rigid ITO anode. We
expect that a versatile strategy would be established by exploring
the broad choices of organic and inorganic coatings that are
effective for other carbon-based or two-dimensional FTEs with
diverse functionalities. The resulting FTEs will boost the devel-
opment of next-generation flexible optoelectronics beyond the
dominant rigid platforms.

Materials and Methods

CVD Growth and Transfer of Graphene. Monolayer polycrystalline and single-
crystal graphene films were synthesized by CVD on copper foil. For the
growth of polycrystalline graphene, a commercial copper foil (99.9%, 25-um
thick, Aluminum Corporation of China) was used as received. The copper foil
was first annealed at 1,000 °C under a 5-sccm hydrogen flow and then ex-
posed to the mixture of hydrogen (5 sccm) and methane (60 sccm) at a total
pressure of 100 Pa for 30 min to grow graphene, followed by slow cooling to
room temperature. Single-crystal graphene film was grown on a single-
crystal Cu(111) foil, the details of which can be found in ref. (49).

After growth, graphene was transferred by using the poly(methyl
methacrylate) (PMMA) method or the rosin method (5). The PMMA transfer
method was used for most structure and property characterizations. Spe-
cifically, the solution of PMMA was first spin-coated on the graphene/Cu foil
and cured. After removing the Cu foil by chemical etching or bubbling de-
lamination, the PMMA/graphene film was transferred to the PET or SiO,/Si
substrate, followed by acetone immersion to remove PMMA. The films
transferred on PET were used for optical transmittance, sheet resistance, and
Hall measurements, while those on SiO,/Si substrate were used for Raman,
UPS, and FET measurements. The rosin transfer method was used for pre-
paring the atomic force microscope (AFM) samples and OLED electrodes
since it can achieve clean graphene.

HTB Coating and Chemical Doping of Graphene. HTB was synthesized following
the reported procedures (10). Triethyloxonium hexachloroantimonate (OA,
Sigma-Aldrich), gold chloride (AuCls, Sigma-Aldrich), Bis(trifluoromethane)
sulfonimide (TFSA, Sigma-Aldrich), and nitric acid (HNOs, Sinoreagent) were
used as received. HTB coating and chemical doping of graphene with OA,
AuCl;, and TFSA was performed by dip-coating the samples in their
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Fig. 4. Structure and performances of flexible green OLEDs with HTB-coated graphene anode. (A) Schematic device structure of OLED. (B) CE, (C) PE, and (D)
EQE versus luminance characteristics of OLEDs with pristine monolayer graphene, HTB-coated monolayer graphene and ITO films as anodes. (E) Maximum PE,
CE and (F) maximum EQE comparison of flexible green OLEDs using HTB-coated monolayer graphene anode with other state-of-the-art flexible green OLEDs
(standard, single) using different anodes without light-extraction structures (e.g., lenses, scattering, or cavity resonance enhancement design). The open
(dashed) and filled (solid) symbols (lines) in E denote the few-layer and monolayer graphene anode, respectively. (F, Inset) A 1-inch monolithic flexible green
OLED with the HTB-coated graphene anode, showing strong, uniform luminance and good flexibility. (Scale bar, 10 mm.)

nitromethane solutions while HNOs; doping was performed by exposing
the graphene film to the vapor of HNOs, which were then dried by
nitrogen flow.

Structure and Property Characterization. Raman spectra were recorded under
the excitation of a 532-nm laser by using a confocal Raman spectrometer
(Jobin Yvon Lab RAM HR800). The carrier concentration and mobility of
graphene films on PET were measured by using a Hall-effect measurement
meter (Ecopia, HMS-5000), and the size of graphene films was 10 x 10 mm?2.
The sheet resistance was measured by using the four-point probe method
(4Probes Tech Corp.). The transmittance spectra of graphene films were
collected by using an UV-vis-near infrared ray spectrometer (Varian Cary
5000) with the blank PET substrate as the reference. The surface morphology
was characterized by using an AFM (Bruker, Multimode 8). The average
thickness and refractive index of HTB film were measured by using an
ellipsometer (J.A. Woollam Co., Inc.,, RC2-X1). XPS and UPS measurements
were performed by using an ESCALAB 250 instrument with Al K, and He |
(21.22 eV) radiation sources, respectively. Work function was calculated by
using the equation ¢ = hv + Ecutoff — Erermi-

For FET measurements, graphene film was first transferred onto the SiO,
(100 nm)/Si substrate with the prepatterned Ti/Au as the source/drain elec-
trodes and the predeposited Au film as the bottom gate, and then pat-
terned by using standard photolithography and oxygen plasma etching to
fabricate FET with a channel size of 5 pm x100 pm. The electrical measure-
ments of the devices were performed by using a semiconductor analyzer
(Agilent, B1500A) at ambient condition.

DFT Calculations. DFT calculations were performed by using the Vienna Ab
initio Simulation Package with the projector augmented wave (PAW)
method. The Perdew-Burke-Ernzerhof (PBE) functional for the exchange-
correlation term was used for all calculations. The PAW method was used at
a plane-wave cutoff of 400 eV to describe the electron—ion interaction. Spin-
polarized calculations were performed for systems with an odd number of
electrons. A 5 x 5 graphene sheet with 50 carbon atoms was used to study
TFSA doping, while a 6 x 6 graphene sheet with 72 carbon atoms was used
to study HTB doping. The distance between two periodic graphene images
along z direction was set to be 30 A. A Monkhorst-Pack (3 x 3 x 1) k-point
mesh was used to sample the Brillouin zone for all calculations. For the
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geometry relaxations and energy calculations, van der Waals interactions
were incorporated by the optB88 exchange functional to accurately evalu-
ate the interactions between adsorbate and graphene. All atoms were fully
relaxed within the fixed graphene supercell until the residual force per atom
decreases to below 0.01 eV A~".

Fabrication and Measurements of OLEDs. Pristine and HTB-coated polycrys-
talline monolayer graphene films on PET were directly used as the anode. To
minimize the detrimental effect of particle residue, the rosin-based clean
transfer method (5) was used to transfer graphene onto PET substrate in-
stead of the typical PMMA method. ITO/glass anodes were sequentially
cleaned by acetone, alcohol, and deionized water, followed by UV/ozone
treatment prior to use. Then, the anodes were loaded into a home-made
thermal evaporation system to deposit a MoOs hole injection layer, organic
films, and a cathode. The phosphorescent green OLEDs consist of graphene/
PET (ITO/glass) anodes, a 10 nm MoOs hole injection layer, a 60 nm di-(4-
(N,N-ditolyl-amino)-phenyl)cyclohexane (TAPC) hole-transportation layer, a
10 nm emitting layer of bis(2-phenylpyridine)(acetylacetonate) iridium(lll)
(Ir(ppy)2(acac)) doped into Bis(2-(2-hydroxyphenyl)-pyridine)beryllium (Bepp2),
a 10 nm Bepp2 exciton blocking layer, a 50 nm bathophenanthroline (Bphen)
electron-transporting layer and a 1 nm LiF/100 nm Al cathode. The typical
active area for performance measurements was 4 x 4 mm? and a large-size
device with an active area of 20 x 16 mm? was fabricated for demonstration.
The hole-only devices: PET/monolayer graphene/MoOj3 (10 nm)/TAPC (30 nm)/
Bepp2:Ir(ppy)z(acac) (10%, 10 nm)/TAPC (30 nm)/MoOs (10 nm)/Al (100 nm).
Current-brightness-voltage characteristics of the unencapsulated OLEDs were
measured by Keithley source measurement units (Keithley 2400 and Keithley
2000) with a calibrated silicon photodiode under ambient condition.

Data Availability. All study data are included in the article and S/ Appendix.
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