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Graphene oxide (GO) and silane-functionalized GO (sGO) sheets obtained through a simple sonication
exfoliation method are employed as hole transport layers to improve the efficiency of organic
photovoltaic cells (OPV) and organic light-emitting diodes (OLED). GO was functionalized using (3-
glysidyloxypropyl)trimethoxysilane (GPTMS) and triethoxymethylsilane (MTES). The appearance of
new peaks in the Fourier-transform infrared spectra of the sGOs indicates the formation of Si—-O-C, Si—
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0-Si, Si-H, and Si—O—-C moieties, which provide evidence of the addition of silane to the GO surface.
Furthermore, the appearance of Si—O-Si bonds in the synchrotron radiation photoelectron spectroscopy
(SRPES) data of the MTES-sGO and GPTMS-sGO samples suggests that silane groups were effectively
functionalized onto the GO sheets. An OPV cell with GO layers showed a lower performance with a
power conversion efficiency (PCE) of 2.06 %; in contrast, OPV cells based on GPTMS-sGO and MTES-
sGO had PCE values of 3.00 and 3.08 %, respectively. The OLED devices based on GPTMS-sGO and
MTES-sGO showed higher maximum luminance efficiency of 13.91 and 12.77 cd/A, respectively, than
PEDOT:PSS-based device (12.34 cd/A). The SRPES results revealed that the work functions of GO,
GPTMS-sGO, and MTES-sGO were 4.8, 4.9, and 5.0 eV, respectively. Therefore, the increase in the PCE
20 value is attributed to improved band-gap alignment. It is thought that sGO could be used as interfacial
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layer in OPV and OLED devices.

1 Introduction

In recent years, organic photovoltaic (OPV) and organic light-
emitting diode (OLED) devices have attracted much attention
because of rapid energy payback time, light weight, flexibility,
and ease of enlargement through a roll-to-roll coating process.'
Further improvement of the efficiency, lower fabrication cost,
and enhancement of the device stability at ambient conditions are
important for commercial use of OPV and OLED devices.® The
use of a hole transport layer (HTL) in OPV and OLED devices
could maximize the device efficiency. In OPV devices, the HTL
should have a proper energy level alignment to improve hole
extraction and selectively block electrons to reduce electron-hole
recombination on the anode.’ Poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)
layers are widely used as HTLs. However, PEDOT:PSS has
several undesirable properties including its acidic and
hygroscopic nature, electrical and structural inhomogeneity, and
poor electron-blocking properties.'”'? Therefore, new material is
needed to be used as HTL instead of PEDOT:PSS.

Graphene has attracted significant scientific interest because of
its large surface area (2630 m® g '), high intrinsic mobility
(200000 ecm® v' s7), high Young’s modulus (~1.0 TPa), high
thermal conductivity (~5000 W m™' K'), and high optical
transmittance (~97.7 %)."*'® For low-cost mass production,
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graphene oxide (GO) has attracted much attention. GO is an
intriguing nanomaterial with tremendous potential for large-area
electronics; it is also water dispersable and therefore solution
processable. Thus, GO, reduced GO, and graphene have been
reported as candidates for HTLs for high performance OPV and
OLED devices instead of PEDOT:PSS.> ' GO contains many
functional groups, such as hydroxyl, carboxyl, carbonyl, and
epoxide, which enable surface functionalization for various
applications.’'>® Therefore, it is expected that the electronic
properties of GO could be tuned via versatile functionalization of
GO, which may lead to higher efficiency OPV, OLED devices
and the widespread use of GO as HTLs in OPVs and OLEDs.

In this study, we investigated the effect of silane-functionalized
GO (sGO) as HTLs in OPV and OLED devices to modify the
metal anode contact. Functionalization of GO was achieved using
(3-glysidyloxypropyl)trimethoxysilane (GPTMS) and
triethoxymethylsilane (MTES). A simple spin-coating process
was used to modify the ITO anode contact with sGO as the
HTLs. The properties of sGO were examined using atomic force
microscopy (AFM), X-ray diffraction (XRD), synchrotron
radiation photoemission spectroscopy (SRPES), and ultraviolet
photoemission spectroscopy (UPS). After application of sGO as
the HTLs in OPV and OLED devices, the performances of the
OPV and OLED devices were measured; thus, it was determined
that sGO is more suitable for HTLs in OPV OLED devices than
GO.
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2.1

Experimental Section

Synthesis of GO

GO was prepared using a modified Hummers method.?* Briefly,
2 g of graphite powder (Alfa Aesar, universal grade, 200 mesh,
99.9995 %) was stirred with 2 g of NaNO; and 100 mL of
concentrated H,SO, for one day in an ice water bath. After
stirring, 12 g of KMnO, was gradually added. After mixing the
solution well, the ice bath was removed and the solution was
stirred at 35 °C until a highly viscous liquid was obtained.
Following the sequential addition of 200 mL of pure water and
H,0,, the mixture was centrifuged at 8000 rpm and washed with
HCl and water. The centrifuging and washing process was
repeated a few times. Finally, the GO was dried at 50 °C for 24 h
in a vacuum oven.

2.2 Synthesis of sGO

GO sheets containing many oxygen groups (i.e., hydroxyl,
carboxyl, and carbonyl groups on their basal planes and edges)
were reacted with self-assembled monolayers (SAMs). To
silanize GO, 20 mg GO was placed in a three-neck flask with 40
mL deionized (DI) water and dispersed through sonication for 60
min. Then, 5 mL of 0.2 M toluene solution containing the SAMs
(GPTMS and MTES, added. The
homogeneously dispersed GO, which was a brown solution, was
stirred and heated at 70 °C for 24 h. After that, the color of
mixture changed to dark brown, indicating the formation of sGO.

Sigma-Aldrich) was

The product was washed with ethanol and DI water and dried at
50 °C for 24 h in a vacuum oven. An ultrasonicator (Sonicator
Microtip Probes, Sonics VCX-750, Sonics & Materials, Inc.,
USA) was used to exfoliate the GO and sGO powder. GO and
sGO (10 mg) were each mixed with ethylene glycol (10 mL) in a
20 mL flask. The solution was sonicated at 300 W for 4 h, which
were the optimal conditions for this experiment.

2.3 Fabrication of OPV and OLED devices.

A patterned indium tin oxide (ITO) glass substrate was utilized
for OPV and OLED devices fabrication. First, the substrate was
sequentially cleaned with acetone, isopropyl alcohol, and DI
water for 15 min each with ultrasonic assistance. Then, the
cleaned ITO glass was dried at 80 °C for 15 min before
undergoing ultraviolet ozone (UVO) treatment for 15 min. Four
types of OPV and OLED devices were fabricated. The ultra-thin
layers of GO and sGO were spin-coated at 5000 rpm for 30 s in
ethylene glycol. PEDOT:PSS was also spin-coated at 4000 rpm
for 30 s. For OPV devices, Poly(3-hexylthiophene) (P3HT) and
[6,6]-phenyl-C61-butyric acid methyl ester (PCBM), which were
used as the donor and acceptor, respectively, in a 6:4 weight ratio
with a concentration of 30 mg mL ™" in 1,2-dichlorobenzene, were
spin-coated at 700 rpm for 30 s and annealed at 110 °C for 10
min. For OLED devices, N,NO-Di(1-naphthyl)-N,NO-diphenyl-
(1,10-biphenyl)-4,40-diamine (NPB) (40 nm) as hole transport
layer, tris-(8-hydroxyquinoline)aluminium (Alqs) (host, 30 nm),
2,3,6,7-Tetrahydro-1,1,7,7,-tetramethyl-1H, ~ SH,  11H-10-(2-
benzothiazolyl)quinolizino[9,9a,1gh]coumarin (C545T) (dopant,
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5% doping) as emitting layer, bathocuproine (BCP) (5 nm) as
hole blocking layer, and Alqgs (25 nm) as electron transport layer
were deposited, respectively, under a vacuum of about 2 x 107¢
Torr each with deposition rate of 1 A/s. Finally, the cathode
comprising LiF (1 nm thickness) and Al (100 nm thickness) was
thermally deposited with deposition rates of 0.1 A/s and 10 A/s,
respectively. The active area of the OPV and OLED device were
approximately 4 mm?* and 9 mm?, respectively. All devices were
fabricated together for comparison.

2.4 Characterization

To confirm the characteristics of OPV devices, the current
density—voltage (J-V) curves were measured under ambient air
with glass encapsulation using a Keithley 2622A source
measurement unit. Mask is used in measuring step for accurate
data. To confirm the characteristics of OLED devices, a Keithley
2622A source meter and a MINOLTA CS100A luminance meter
used to the current-voltage-luminance
characteristics and CIE chromaticity coordinates, respectively.
Synchrotron radiation photoelectron spectroscopy (SRPES)
experiments were performed in an ultrahigh vacuum chamber
(base pressure of ~10™'° Torr) in a 4D beamline equipped with an
electron analyzer and a heating element at the Pohang
Acceleration Laboratory. The onset of photoemission, which
corresponds to the vacuum level at the surface of GO and sGO,
was measured using an incident photon energy beam of 250 eV
with a negative bias on the sample. The results were corrected for
charging effects using Au 4f as an internal reference. For the
Fourier-transform infrared (FT-IR) spectroscopy measurements,
the synthesized materials were pressed into pellets with
potassium bromide (KBr) and scanned using radiation ranging in
frequency from 400 to 4000 cm'. Atomic force microscopy
(AFM, XE-120, Park Systems Corp., Korea) in non-contact mode
and field-emission scanning electron microscope (FE-SEM) were
employed to confirm the morphology and thickness of the
exfoliated GO and sGO layers.

were measure
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Figure 1 shows the FT-IR spectra of GO, MTES-sGO, and
GPTMS-sGO. The chemical structures of MTES and GPTMS are
shown in the inset of Figure 1. The peaks located at 3400, 1708,
1636, 1350, and 1230 cm ' in the GO spectrum indicate the
presence of —OH, C=0, C=C, and C-O bonds, respectively,
which suggests the existence of hydroxyl, carboxyl, and epoxide
groups on the surface of GO. The spectra of the sGOs have
several new peaks that are not present in the GO spectrum: The
signals located at 2932 and 2880 cm ' correspond to the
symmetric and asymmetric vibrations of alkyl groups, which are
assigned to the silane moieties of the sGOs. The disappearance of
the peaks located at 1708, 1350, and 1230 cem’! in the GO
spectrum suggests that the carboxyl and epoxide groups of the
GOs reacted with the silane groups of the SAMs. Moreover, the
appearance of new peaks at 1124, 1030, 780, and 694 cm ' in the
spectra of the sGOs indicates the formation of Si-O-C, Si—O-Si,
Si-H, and Si—-O-C, which is further evidence of the presence of
silane on the GO surface.

Results and discussion

2 | Journal Name, [year], [vol], 00—-00
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function increases to 4.9 and 5.0 eV for GPTMS-sGO and
MTES-sGO, respectively. This result suggests that the use of
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Fig. 1 FT-IR spectra of GO, GPTMS-sGO, and MTES-sGO. Binding energy (eV)

Survey scans of the GO and GPTMS-sGO SRPES spectra are
shown in Figure 2(a). The Si 2p peak is not present in the GO
spectrum; however, it appears at 99.6 eV in the GPTMS-sGO
spectrum, indicating that covalent functionalization of GO with
the SAM was successful. Figure 2(b) shows C 1s and O 1s
SRPES spectra of GO, MTES-sGO, and GPTMS-sGO. To
separate the chemical bonding states, including those in the
spectra, the spectral line shape was simulated using a suitable
10 combination of Gaussian and Lorentzian functions.”’ The peak

separation shown here is one of possible combinations. The C 1s

spectra consist of various components, which are assigned to C—

Si (283.6 eV), C-C/C=C (284.7 eV), C-O/C-0O-Si (285.6 eV),

C-0-C (286.4 eV), C=0 (287.8 eV), and 0O-C=0 (289.0 ¢V).*"
1s > The C—Si bonds that are present in the spectra of MTES-sGO

and GPTMS-sGO at 283.6 eV are not present in the GO

spectrum, confirming that MTES and GPTMS were grafted onto . NN |
the surface of the GO. The O 1s spectra is separated into O—-C=0 TMS- GPTMS-sGO|

b 0-C=0 C1s O- O1s
( c-0-c

o

Intensity (arb. units)

(530.2 eV), C=0 (531.2 eV), C-0/C-O-Si (532.3 eV), Si-O-Si 492 29080 260 204 Socnnl a8 BM @D BaS

2 (532.7 eV), and C—O—C (534 ¢V) components.’*?’ The presence Bindingenergy (eV)  Bindingenergy (eV)
of Si—O-Si signals in the MTES-sGO and QPTMS'SGQ spe.ctra Fig.2 (a) Survey curves of GO and GPTMS-sGO; inset: higher resolution
suggests that the silane groups were effectively functionalized of the Si 2p curves. (b) Higher resolution SPRES curves of C 1s and O 1s
onto the GO sheets. of GO, MTES-sGO, and GPTMS-sGO.

Figure 3 shows the FE-SEM images of GO and MTES-sGO.

The typical GO and sGO sizes were less than 2 x 2 pm® The
MTES-sGO sample is smaller than the GO sample; this

difference in flake size may arise from the pre-sonication process (b) MTES-sGO
during the surface functionalization process (i.e., dispersion and
silanization). According to AFM measurement (not shown here),
the average thickness of the GO sheets is about 1 nm, which is in
agreement with previous reports.”® The average thickness of
MTES-sGO is about 1.8 nm, indicating the addition of the SAM
to the surface of GO. sGO is thicker than GO regardless of the
SAM type, suggesting the presence of silane-functionalized Fig.3 FE-SEM images of (a) GO and (b) MTES-sGO sheets spin-coated
groups on the GO sheets. onto SiO,/Si substrates.

Figure 4 shows the work functions of GO, MTES-sGO, and
GPTMS-sGO. The onsets of the secondary electrons were
determined by extrapolating the two solid lines from the
background and straight onset in the spectra.”’ GO has a work
40 function of 4.8 eV. After chemical functionalization, the work
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Fig.4 Changes in the onsets of the secondary electrons of GO, MTES-
sGO, and GPTMS-sGO.

Figure 5(a) shows J-V curves of the OPV cells with different
device structures. The experiments were performed at least five
times to confirm the effect of sGO. Four devices are fabricated
together each time and the data shown here are typical ones. The
photocurrent was measured under AM 1.5G 100 mW cm >
illumination. The power conversion efficiency (PCE), open-
circuit voltage (V,.), short-circuit current density (Js), and fill
factor (FF) were measured. The bare ITO-based OPV cell has a
PCE of 1.56 % (Jo = 7.9 mA cm 2, Vo = 0.4 V, and FF = 49 %).
Insertion of a GO layer increases the PCE of the device slightly to
2.06 % (Ji. = 7.07 mA em?, Voc = 0.62 V, and FF = 47 %)
because of the reduction of the energy barrier between the active
layer and ITO. However, the performance of the GO-based
device is still much lower than that of a PEDOT:PSS-based
device (PCE = 3.29 %, J,. = 8.15 mA cm 2, V,, = 0.62 V, and FF
= 64 %) because of the low work function of GO. The PCE
values of GPTMS-sGO- and MTES-sGO-based OPV cells
increase to 3.0 and 3.08 %, respectively. A summary of the
device properties is given in Table 1. It is thought that the
increased work function of sGO reduces the hole extraction
barrier, as shown in Figure 5(b), resulting in the improved PCE.
The energy levels of ITO, PEDOT:PSS, P3HT:PCBM, and
LiF/Al were obtained from other literature.***' The performance
of the sGO-based OPV cell is slightly lower than that of
PEDOT:PSS-based OPV cells, suggesting that sGO can be used
to replace PEDOT:PSS as the HTLs in high-performance OPV
cells through a solution process.

Table 1 Summary of the OPV cells properties

JemAm?  V,.(V)  FF(%) PCE (%)
ITO 7.90 0.40 49 1.56
PEDOT:PSS  8.15 0.62 64 329
GO 7.07 0.62 47 2.06
MTES-sGO 7.63 0.62 65 3.08
GPTMS-sGO  7.78 0.60 64 3.00
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Fig.5 (a) J-V characteristics of devices without an interlayer and with
GO, MTES-sGO, and GPTMS-sGO interlayers. (b) Schematic band
diagram of the OPV cells.

Figure 6(a) and (b) shows the luminance-voltage characteristics
and luminance efficiency of OLED devices. The device band
diagram is shown in Figure 6(c). The turn on voltage at 10 cd/m’
are 3.65, 4.15, 3.9, and 4.55 V for OLED devices using
PEDOT:PSS, GO, MTES-sGO, and GPTMS-sGO as HTL
materials, respectively. The higher turn on voltage of GPTMS-
sGO-based OLED device than MTES-sGO-based device is due to
its thicker thickness. The maximum luminance efficiency of the
GO-based device (10.97 cd/A) is lower than that of a
PEDOT:PSS-based device (12.34 cd/A) because of low work
function of GO. In contrast, the efficiency of MTES-sGO- and
GPTMS-sGO-based OLED devices are enhanced to 12.77 cd/A
and 13.91 cd/A, respectively, as compared to PEDOT:PSS-based
device in spite of higher turn on voltage. A summary of the
device properties is given in Table 2. These results indicate that
silane-functionalization of GO as HTL improves the charge
balance in OLED device.
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Fig.6 The (a) luminance—voltage and (b) luminance efficiency-current
density characteristics of OLED devices with four different types of
HTLs. (c) Schematic band diagram of the OLED devices.

Table 2 Summary

of the OLED device properties

Luminance  Power
Turn-on Luminance
max Efficiency  Efficiency
max max
voltage (V) (cd/m?)
(cd/A) (Im/W)
ITO 435 15300 10.18 4.57
PEDOT:PSS 3.65 21200 12.34 6.37
GO 4.15 15700 10.97 3.65
MTES-sGO 39 20100 12.77 3.74
GPTMS-sGO 4.55 20800 13.91 3.68

4 Conclusions

s In conclusion, we successfully developed a simple method to
obtain chemically converted GO sheets via covalent
functionalization with GPTMS and MTES. Silane was chemically
grafted onto the GO sheets via the reaction of Si—-OCH; groups
with OH groups, and most of the residual oxygen-containing

10 groups were removed to recover the sp>-network graphene. The
FT-IR spectra indicated that the reaction between the alkyl and
epoxy functional groups in the SAMs and hydroxyl groups of the
GO surface occurred successfully. The appearance of C-Si, C—
O-Si, and Si—O-Si peaks in the SPRES spectra confirmed the

15 formation of sGO. Furthermore, the AFM images confirmed that
MTES-sGO (1.8 nm) was thicker than GO (1 nm), indicating the
addition of functional groups. The work function increased from
48 to 49 and 5.0 eV for GPTMS-sGO and MTES-sGO,
respectively. Upon inserting the GO as the HTL in an OPV cell,

20 the PCE slightly increased from 1.56 to 2.06 %, which was still
much lower than that of PEDOT:PSS-based devices (PCE = 3.29
%) because of the low work function. The use of GPTMS-sGO
and MTES-sGO sheets as the HTLs in OPV cells increased the
PCE values to 3.00 and 3.09 %, respectively. It was proposed that

»s the work function modulation of sGO enhanced its hole
extraction properties. Also, we investigated device characteristics
of OLEDs that are based on PEDOT:PSS, GO, GPTMS-sGO, and
MTES-sGO as HTL. The efficiency of MTES-sGO- and
GPTMS-sGO-based OLED devices are enhanced to 12.77 cd/A

30 and 13.91 cd/A, respectively, as compared to PEDOT:PSS-based
device due to suitable energy level alignment and improve charge
balance. The improved performance of OPV and OLED which
used thicker sGO comparing with thin GO suggested that the
shifts in performance come from the existence of sGO. Therefore,

35 it is expected that functionalization of GO could be highly
desirable and beneficial for the future development of OPV and
OLED devices with excellent efficiencies and stabilities.
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The silane-functionalized graphene oxide could be used as interfacial layer in organic devices.



