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A facile approach to synthesize an
oxo-functionalized graphene/polymer composite
for low-voltage operating memory devicesfy

Zhenxing Wang,1§° Siegfried Eigler,*° Yoshitaka Ishii,* Yichen Hu,®
Christian Papp,” Ole Lytken,® Hans-Peter Steinrtick® and Marcus Halik*?

Memory devices are a key technology of our era and one of the constant challenges is the reduction of
their power consumption. Herein, we demonstrate that graphene oxide with very few defects, that is,
about 1 nm thin oxo-functionalized graphene derivative, can be used in memory devices operating at
3 V. A memory device stores charges in the material of the active channel. Thereby, writing and erasing
information can be performed at low voltage, facilitating low power consumption. To enable operation at
low voltage, a novel synthetic approach is necessary. We find that the selective non-covalent electrostatic
functionalization of mainly organosulfate ions is possible with dodecylammonium. This functionalization
allows the non-covalent coating of flakes with a polystyrene-derivative as nm-thin dielectric medium. The
resulting polymer-wrapped composite has a height of about 5 nm. We find that the thin coating of a
few nm is mandatory to make the memory device work at low voltage. Furthermore, a self-assembled
monolayer of an imidazolium derivative further enhances the function of the memory device. The
prepared composite materials are characterized by state-of-the-art analysis including solid state nuclear
magnetic resonance spectroscopy and thermogravimetric analysis coupled with gas chromatography, mass
spectroscopy or infrared spectroscopy. Reference experiments prove the importance of the controlled
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Introduction

Graphene attracts much attention all over the world due to its
excellent performance in electronic devices.'™® The good con-
ductivity along with the low thickness allows for its application
as a transparent electrode.” Field-effect transistors based on
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synthesis to enable the function of the memory device.

2-dimensional materials have already been realized."*” Due to
the mechanical flexibility of graphene, the device technology can be
transferred to plastic substrates, e.g. for wearable electronics.®™
Graphene is also used for electrodes and active transistor channel
materials and it plays an important role in constructing nano-
electronic memory devices.® Especially in the latter, graphene
can be introduced as a floating gate, in which the carriers are
stored during the operation of the memory device.">'* Due to
the high cost of graphene grown by chemical vapor deposition
(CVD), reduced graphene oxide (rGO) is considered to be a cost-
effective alternative, in particular, since its resulting perfor-
mance as a floating gate for memory devices is as good as that
of CVD-grown graphene.**° Even graphene oxide (GO) can be
directly used as a floating gate as long as there are sufficient
charge traps in the layer.>® Besides the floating gate configu-
ration, GO can also be used as a resistive memory switch, which
only needs two terminals for operation.”’® An advantage of
GO is its better processability, when using solvents such as
water or alcohols.*® For a memory configuration with a floating
gate, a tunneling dielectric is placed between the floating gate
and the active channel in order to isolate them.**2°*° However,
the insertion of any extra dielectric layer usually increases the
operation voltage to several tens of volts, which lead to an
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Fig. 1 (A) Reaction scheme of the non-covalent functionalization of oxo-Gy
followed by an additional non-covalent functionalization with poly(styrene-
b-ethylene-oxide), (PSEO) and structure model of the composite oxo-G;/
DA/PSEQ. (B) Memory device architecture.

accordingly higher power consumption.***%! A reduced thick-
ness of the dielectric layer is challenging, but nevertheless
mandatory for a memory device to work at low voltage.
Although several functionalization concepts of graphene have
been developed, presently no composite material is available
that provides sufficient isolation for the operation of memory
devices at a low voltage of 3 v.>*

In this work, we use a graphene oxide with an improved
quality, that is, with an almost intact carbon framework, which
in addition to hydroxyl and epoxy groups also bears organo-
sulfate groups. We use oxo-G; as abbreviation for this oxo-
functionalized graphene, following a systematic formula recently
introduced (see the ESIt).>>** Herein, we present for the first time
the synthesis of a novel composite of a polymer-wrapped oxo-
functionalized graphene (oxo-G,) derivative, which we directly
used as a floating gate in memory devices without including an
extra tunneling dielectric layer (Fig. 1). The oxo-G;-functionalized
composite is synthesized by using electrostatic interactions to
control the chemical structure. It is soluble in tetrahydrofuran
and enables the interaction of the dielectric layer, a polystyrene
derivative, with the surface of the flakes. We found that a special
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design of the oxo-G; composite material is necessary in order to
facilitate the efficient wrapping of the polystyrene derivative as a
dielectric around the oxo-G; flakes, thereby sufficient isolation for
the charges stored in the oxo-G; flake is provided, yielding a good
retention property for the memory device. Despite the fact that the
thickness of the dielectric is only about 2-3 nm, we demonstrate
that its sufficient isolation from the substrate can be achieved by
incorporating a self-assembled monolayer containing an imid-
azolium moiety, denoted as IMI-SAM, between the Al,O;-layer and
the polystyrene derivative-wrapped oxo-G; (Fig. 1B). The compo-
site is examined by state-of-the-art methods, including solid state
NMR (ssNMR), X-ray photoelectron spectroscopy (XPS), thermo-
gravimetric analysis (TGA) coupled with Fourier transform
infrared spectroscopy (FTIR), and mass spectrometry (MS), also
combined with gas chromatography (GC). The intention of this
work is to overcome the current limits of graphene oxide-based
electronics by controlled chemical synthesis of novel deriva-
tives of oxo-G;.

Results and discussion
Synthesis of oxo-functionalized graphene (oxo-G,)

The quality of graphene oxide depends strongly on the prepara-
tion conditions,® as not only the contribution of functional
groups but also the integrity of the carbon framework differs
from one synthesis condition to another. A variation in the
density of defects up to several % is well known.**>* In this
work, we use 0x0-G,, which exhibits an average density of defects
of only 0.3% within the carbon skeleton (Fig. S14, ESIT).** Since
the average density of defects is quite low, this material enables
the functionalization of chemical groups at the basal plane, with
functionalization at defect sites playing only a minor role; we
therefore call this material oxo-functionalized graphene (oxo0-G;).
The functional groups in oxo-G, have been analyzed previously:*>>*
they mostly are hydroxyl, epoxy and organosulfate groups, located
on both sides of the basal plane, as illustrated in Fig. 1A.35*?
Recently, we proved that the carbon framework in oxo-G; is
thermally stable up to 100 °C, and that the functionalization of
0x0-G; is possible without harming the carbon framework,>®*3#4
Ox0-G; is prepared from natural graphite by the controlled
oxidation in sulfuric acid using potassium permanganate
and sodium nitrate as oxidants at a temperature of 5-10 °C,
followed by aqueous work-up at the same temperature (Experi-
mental details, see the ESIT). This procedure largely prevents
the formation of defects. Hydrogen peroxide is subsequently
used to make manganese salts soluble. The multilayered oxo-
functionalized material, oxo-G,, (graphite oxide), is purified by
repeated centrifugation and redispersion in cold water, until
the pH of the supernatant is about 6. This oxo-G, was already
partially delaminated in water and successive sonication of the
dispersion yielded oxo-G,; flakes by exfoliation. According to
elemental analysis (EA), the carbon and sulfur contents are
about 46% and 6.4% in weight, respectively. We have demon-
strated that the sulfur content is a structure giving motif of
0x0-G, in the form of organosulfate.*® While TGA gives no

This journal is © The Royal Society of Chemistry 2015
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evidence for significant amounts of inorganic sulfate, we estimate
one organosulfate group per ~19 C-atoms. Recently, we proposed
that hydronium ions act as counter ions of organosulfate and
therefore, the exchange with other cations is feasible.*

Since the organosulfate groups are located at the carbon
skeleton, they can be used to covalently modify oxo-G; at the
basal plane, e.g. by azide ions.?® Here, we demonstrate that they
allow for electrostatic functionalization of oxo-G; with dodecyl-
amine forming a composite that enables the wrapping of a
polystyrene derivative as a dielectric, while maintaining indivi-
dual flakes.

Considerations in the synthesis of 0xo-G;/dodecylamine and
related composites

Here, we target a controlled synthesis of a composite of func-
tionalized oxo0-G; and a block-copolymer poly(styrene-b-ethylene
oxide). While the direct formation of a composite has failed, it
turns out that an electrostatic modification of oxo-G; with
dodecylamine (DA) as a linker enables the subsequent introduc-
tion of poly(styrene-b-ethylene oxide). Since the chemical struc-
ture of defined amounts of DA bound to purified oxo-G; is
unknown, we need to investigate the interaction of oxo-G; and
DA in detail. There are several reports in the literature addres-
sing the interaction of graphene oxide and DA, and the ability to
form dispersions of single layers of graphene oxide in organic
solvents. The synthetic procedures in many of the previous
studies used excess DA or apply DA at low pH. Thereby, compo-
sites with undefined chemical compositions were produced.
While the focus of the previous reports was on the physical
properties in applications, we will outline below that a con-
trolled chemical functionalization is mandatory to attain the
desired function.

Another issue to be considered is the choice of solvent in the
synthesis. While oxo-G; is well dispersible in polar solvents, it
forms aggregates in less polar organic solvents, such as tetra-
hydrofuran (THF). To overcome this challenge, it was demon-
strated for defect-rich graphene oxide that alkyl ammonium
species enable dispersibility in organic solvents.*® Electrostatic
bonding between organosulfate and dodecyl ammonium mole-
cules was proposed,*® and is plausible at a pH of about 0. The
binding of alkyamines, e.g. octylamine to graphene oxide, was
used to process graphene oxide in THF and to incorporate it into
polymer matrices, although the exact binding was not known.***”

Synthesis of an 0x0-G,/dodecylamine composite

For a controlled synthesis of the composite, we first determined
the pK, value of oxo-G; to enable a controlled reaction of
dodecylamine (DA) and acidic groups of oxo-G;. The intention
of adding DA to oxo-G; is the generation of a hydrophobic
surface. Previous studies by us showed that the carbon frame-
work of oxo-G; is not stable against bases, such as sodium
hydroxide, at 40 °C; however, at 10 °C, where chemical reactions
such as organosulfate cleavage, still occur, the carbon frame-
work stays intact.** The instability of the carbon framework of
graphene oxide with defects on the % scale towards water and
base was also described.*® Thus, it is of utmost importance to
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control the reaction conditions, in order not to harm the
carbon framework.***°

First, we performed a titration experiment of oxo-G; in a
1/1 mixture of i-propanol and water with sodium hydroxide to
determine the pK,, which was found to be about 5.5 (Fig. S1B,
ESIt). The titration of a stirred dispersion starts at a pH of
3.6 and a pH of 6 is reached after adding about 1 hydroxide
molecule on 20 carbon atoms. Note that this ratio is compar-
able to the molar ratio of S and C (1:19), as determined by EA.
Although the stoichiometry fits, the expected pK, value of
organosulfate is much lower. However, in an earlier study on
sulphur species in graphene oxide we found similar pK, values,
and reported evidence for hydronium ions as counterions of
organosulfate.*® Therefore, we suggest that the experimentally
determined pK, value may be a result of the strongly negatively
charged and partially m-conjugated macromolecule. Similar
effects have been found in multiply charged Fe'™-porphyrin
systems that bear up to 16 negative charges that prevent the
deprotonation of coordinated water, yielding a pK, of 9.9.%°
However, we do not exclude the possibility that other functional
groups of oxo-G; may partially contribute to the acidity. The
pH value of 6.0 remains stable with time (data not provided);
however, if the dispersion is titrated up to a pH of 8.3, the
decline of the pH to 7.4 occurs within one hour. This observa-
tion is in line with the observation and explanation of Dimiev
et al., who found that the pH change was accompanied by the
decomposition of the carbon framework.*’

Organosulfate groups (and possibly other organic acid func-
tional groups) in oxo-G; are located on both sides of the basal
plane and should enable homogeneous functionalization. There-
fore, we titrated oxo-G; with DA in a 1/1 mixture of i-propanol and
water. After the addition of about one DA molecule per 18 C-atoms,
a pH of about 6 was reached (Fig. 2A and B). The determined pK,
value is about 5.5, comparable to the titration experiment with
sodium hydroxide (Fig. S1B, ESIt). Although an organic amine is a
weak base, the determined ratio of amine molecules to carbon
atoms is similar to that found in the titration experiment with
hydroxide. This experiment suggests that (a) hydronium ions, the
counterions of organosulfate, react with DA in an acid/base
reaction and are therefore exchanged with dodecylammonium
(Fig. 2A), and (b) the DA remains adsorbed on the surface of
0x0-G;. Thus, the formation of a defined complex between
organosulfate and dodecylammonium is plausible. We added
one DA per 18 C-atoms of oxo-G; (at an oxo-G; concentration of
100 ug ml~ ) to form a defined oxo-G;/DA composite. Although
the dispersion of oxo-G; is quite diluted, the composite pre-
cipitates in the solvent mixture of i-propanol and water. The
composite is subsequently isolated by centrifugation. It was
previously described that the surface of graphene oxide may not
be accessible at higher concentrations than 35 pg ml '
However, according to our titration experiment of oxo-G; and DA,
we found that 100 ug ml~* of oxo-G, was sufficient to introduce DA
groups while maintaining single layers. Furthermore, our recent
study on the correlation of the lateral dimension of oxo-G; and the
sedimentation coefficient proves that single layers of oxo-G;
were exclusively present at a concentration of 100 pug ml™*.*?
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Fig. 2 (A) Reaction scheme of the formation of oxo-G,/DA. (B) pH-titration
of oxo-G; with DA. (C) TGA of oxo-Gy/DA between 30 °C and 700 °C and
the temperature-profiles of cleaved alkyl, CO, and SO, formation, identified
by FTIR. (D) GC chromatogram of m/z 97 of oxo-G; decomposing at
430 °C, and the inset shows the MS of the decomposing product at
22.4 min retention time that can be related to dodecene.

8598 | J. Mater. Chem. C, 2015, 3, 8595-8604

View Article Online

Journal of Materials Chemistry C

The oxo-G;/DA composite was purified by repeated washing
and centrifugation with a 1/1 mixture of i-propanol/water.
Finally, the composite was suspended in water and freeze-
dried for analysis.

Our elemental analysis (EA) of the sample suggested dodecyl-
ammonium in small excess bound to organosulfate in oxo-G;/DA
(Experimental, ESIT). Although the interaction between organo-
sulfate and dodecylammonium should be mainly of electrostatic
nature, some sp” carbons of oxo-G, may also interact with the
aliphatic group of dodecylammonium, as deduced from solid-
state nuclear magnetic resonance (sSNMR) data (see below). The
0x0-G;/DA composite was further analyzed by thermogravimetric
analysis (TGA) coupled with Fourier transform infrared spectro-
scopy (FTIR) and mass spectrometry (MS). In addition, gases
evolving from the decomposition of the material were separated
by gas chromatography (GC) and subsequently analyzed by MS,
a method that was only recently introduced.”>>* The TGA plot
reveals three decomposition stages (Fig. 2C). Up to about 200 °C,
oxo-functional groups decompose, in agreement with recent
results.>®** Furthermore, organosulfate decomposes up to
350 °C, followed by the continuous decomposition that is
related to dodecylammonium. The organic residue, assumedly
dodecene, can be identified by monitoring the alkyl signal in
FTIR, with a maximum of the decomposition rate at about
500 °C (Fig. 2C and Fig. S3, ESIf). A mixture of several other
products is formed in the course of the decomposition of the
carbon framework proceeding in this temperature regime. However,
the gases can be separated by GC and the decomposition pattern of
dodecene is well resolved by MS (Fig. 2D).

We further elucidated the binding of DA, using '°N-labelled
DA, in the 0x0-G;/*>N-DA composite by ssNMR; this method
provides information about the regiochemistry, which is not
accessible by other techniques. The electrostatic interaction
of "N-DA and conventionally prepared graphene oxide (with
defects within the carbon framework on the % scale) was
recently analyzed by ssNMR.*® However, the synthetic protocol
differed from our approach, because DA was added to the reac-
tion mixture after the synthesis of graphite oxide (after H,O,
addition) in an acidic solution at a pH of 0. The authors
suggested that the interaction of dodecylammonium with the
functional groups is electrostatic, because they find no evidence
for a reaction of epoxide groups with DA. In our experiment, we
find a single >N ssSNMR signal at 33.5 ppm, referenced to NHj,
which is very similar to the reported '°N signal of graphene
oxide/DA at 33 ppm (or —347 ppm referenced to nitromethane).*®
This ">N NMR signal is assigned to dodecylammonium, which is
consistent with the electrostatic interaction between DA and
organic acid groups of oxo-G; indicated in our titration experi-
ments. The "N shift is also consistent with the ab initio calcu-
lated shift for dodecylammonium (33.4 ppm), rather than with
that for the neutral amine form of DA (18.9 ppm, Fig. S4, ESIY).
These data reveal that dodecylammonium is indeed formed
and that no additional amine is present in the composite
(Fig. 3). The presence of the ammonium ion was also confirmed
by XPS: the main peak at 401.3 eV in the N 1s region is assigned
to the ammonium moiety (Fig. 3F). The presence of a smaller

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 (A) ¥*C ssNMR and (B) °N ssNMR MAS spectra of the oxo-G/DA, where DA was *N-labeled. (C) 2D **N-H ssNMR and (D) 2D ¥*C-H ssNMR
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curve for oxo-Gy/**N—-DA with simulation curves for varied distance R. The data were collected at a spinning speed of (A and B) 20 kHz and (C—E) 22 kHz.

(F) N 1s signal in XPS of oxo-Gy/DA.

peak at 399 eV is attributed to amine.’® As XPS is a surface
sensitive method, we suggest that some amines may be present
at the surface of oxo-G; as a consequence of deprotonation of
DA, assumedly induced by adsorbed water or induced by the
X-ray illumination. We also conducted a "*C-{"’N} REDOR
ssNMR experiment; the data give no evidence for the formation
of a bond between "°N of dodecylammonium and any carbon
species in 0xo-G;. Simulations of the REDOR signal dephasing
curves for a simplified model of oxo-G; and an "NH;" ion
indicate that >N of the ammonium ion should be located at a
distance of 3.5 A to the carbon basal plane (Fig. 3E, Fig. S5,
ESIY). This suggests that the majority of the ammonium ions do
not directly interact with the carbon species of the basal plane.
In addition, our 2D 'N-"H correlation experiment (Fig. 3C)
shows a single peak at (wy, wx) = (6.8 ppm, 33.3 ppm); the peak
is attributed to a cross peak between >N of the ammonium ion
and ammonium 'H, because of the relatively short cross-
polarization (CP) contact time (0.4 ms) employed in this
experiment. Nevertheless, in a 2D "*C-'H correlation ssNMR
spectrum, a cross-peak signifying the proximity between 'H of
aliphatic chains of dodecylammonium groups and **C of sp*
carbons of oxo-G; is observed. This observation suggests the
possibility of an additional stabilizing hydrophobic interaction
between DA and oxo-G;, besides electrostatic interaction in the
composite.

The oxo-G;/DA composite can be easily dispersed in THF
and individual flakes of the composite can be placed on 300 nm
SiO,/Si substrates for further analysis by simple drop-casting.
Atomic force microscope (AFM) pictures revealed that indi-
vidual flakes with lateral dimensions of about 2-10 um were

This journal is © The Royal Society of Chemistry 2015

formed with an average height of about 2 nm (Fig. S6, ESIT). As
the length of DA is ~1.6 nm, a height of ~4 nm is expected,
assuming that DA is oriented perpendicular to the basal plane
via electrostatic interactions with organosulfate from both
sides of ox0-G;. Thus, we conclude that DA should be tilted
toward the basal plane, in order to explain the thickness of
~2 nm determined by AFM in Fig. S6 (ESIt). This finding is
further confirmed by structural optimization, where a DA group
(with -NH;" facing an organosulfate group) that was initially
perpendicular to an oxo-G;-flake was found to turn towards a
parallel arrangement, which seems to be a more stable struc-
ture (Fig. S5C, ESIt). This model agrees well with the AFM
thickness profile, if we consider DA groups to be located on
both sides of the oxo-G; flake. In addition, this finding also well
explains the proximity of the DA aliphatic chains with sp?
carbons of 0x0-G;, as mentioned before. Furthermore, in this
model, the *°N to graphene basal plane distance is ~4.5 A,
which is consistent with our finding from REDOR simulations
(>3.5 A) in Fig. 3E. Thus, the chemical structure and geometry
of ox0-G,/DA presented here are well supported by the ssSNMR
and AFM data.

Synthesis of an oxo0-G,/dodecylamine/poly(styrene-b-ethylene
oxide) composite

The formation of oxo-G;/DA proceeded in a defined way and
was used as a precursor for wrapping with a dielectric layer. We
avoided excess of DA that might induce other binding motifs or
chemical reduction. As a dielectric material we chose the block-
copolymer poly(styrene-b-ethylene oxide) (PSEO) with a mole-
cular weight contribution ratio of 105 000/3000. PSEO is soluble
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in THF and can be mixed with oxo-G;/DA homogeneously. We
used a simple mixing procedure and found that PSEO adsorbs
on the surface of 0xo-G;/DA non-covalently. After mixing, the
new composite (0x0-G,/DA/PSEO) is purified by repeated centri-
fugation and redispersion in THF to remove excess of PSEO.
The yielded composite is well dispersible in THF and contains
both dodecylammonium and PSEO. The purification procedure
is necessary to remove free PSEO. In Fig. S8 (ESIt), free PSEO is
visible between the flakes of the composite.

The final oxo-G;/DA/PSEO composite is analyzed by FTIR
(Fig. S9A, ESIT), EA and TGA (Fig. 4). The analytical results
reveal that DA and PSEO are part of the composite and the
molar ratio of N/S is about 0.9 indicating that the complex
between organosulfate and DA in the composite is still present.
The S-content in the composite is 0.58% (S-mass content oxo-Gy:
6.47% and in oxo-G;/DA: 2.40%). It is difficult to relate the
S-content to the portion of oxo-G;. Nevertheless, the data
suggest that some DA and sulfate were partially cleaved during
the mixing of oxo-G;/DA with PSEO in THF. We propose that
dodecylammonium sulfate or dodecylammonium hydrogensulfate
is formed and some organosulfate was cleaved. Anyway the
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Fig. 4 (A) TGA of oxo-G;/DA/PSEO between 30 °C and 700 °C and (B) the
temperature-profiles of cleaved aromatic compounds identified by FTIR.
(C) FTIR spectrum of gases produced at 470 °C.
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polymer is wrapped around the flakes of oxo-G;/DA and can be
identified by TGA-GC-MS. Between 400 and 500 °C, a mass loss
of 39% is found (Fig. 4A). The gas produced at 450 °C is analyzed by
GC coupled to MS, and fragments of polystyrene are clearly
identified by MS due to the signals at m/z 78. Furthermore, aromatic
C-H vibrations are detected by coupling TGA and FTIR, further
corroborating the decomposition temperature of the polymer at
about 470 °C in the composite, as illustrated in Fig. 4B and C.

The ox0-G;/DA/PSEO composite is well dispersible in THF
and individual flakes of the composite can be deposited on
300 nm Si0,/Si substrates by drop-casting from a 0.01 mg ml ™"
dispersion. AFM images reveal a final flake thickness below
6-10 nm, as depicted in Fig. 5. PSEO is adsorbed on the surface
of flakes of oxo-G;/DA. Thus, the procedure described here
indeed leads to a composite with a wrapped dielectric material
and the layer thickness is roughly 3 nm on each side, according
to AFM. This thin coating facilitates operation of memory devices
at low-voltage, as we will describe below.

Synthesis of reference composites

Reference experiments reveal that the composite architecture of
0x0-G1/DA/PSEO is mandatory and skipping oxo-G;/DA forma-
tion does not yield flat single layers of composites. The direct
formation of an oxo-G;/PSEO composite failed, although a
solvent-exchange method was used to exchange water against
THF.?” Thereby the obtained final oxo-G;/PSEO composite is
only barely dispersible in THF, and AFM images reveal a crumbled
structure of the flakes (Fig. S7B, ESIT). Thus, processing and
applying oxo-G;/PSEO are not favored.

Furthermore, the interaction of DA and organosulfate in
0x0-G; is essential to form a functional device. Cleaving organo-
sulfate, accompanied by the introduction of structural defects,
leads to non-functional devices. As a proof, a reference compo-
site of graphene oxide with a moderate amount of defects and
only about one organosulfate per 200 C-atoms (def-GO) was
prepared. First, def-GO was prepared from oxo-G; by sodium
hydroxide treatment. The base cleaves organosulfate and also
causes C-C bond cleavage, as described in the literature and
confirmed by statistical Raman microscopy (SRM, Fig. S1, ESI}).
The density of defects was investigated by SRM on films of flakes of
chemically reduced def-GO. The reduction was performed with
vapor of hydroiodic acid and trifluoroacetic acid, a method that is
described elsewhere.***®>° The final defect density was determined
by analyzing the full-width at half-maximum (I') of the 2D peak in
the Raman spectra that can be related to the defect density.®*®*

The average defect density in def-GO increased from 0.3% to
about 0.8% in average.®®®" A def-GO/DA/PSEO composite was
prepared using the same protocol as described above for the
0x0-G;/DA/PSEO composite. It is expected that the interaction
of dodecylammonium with def-GO is due to acidic groups also
present predominantly at defect sites or due to dispersive
interaction of DA with the n-system. In contrast to oxo-G;/DA
and oxo0-G;/DA/PSEO, no stable dispersions formed in THF for
def-GO/DA and def-GO/DA/PSEO and thus, aggregates and
crumbled flakes formed in THF, as determined by optical
microcopy and AFM (Fig. S10, ESIt). Analytical results by means
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Fig. 5 (A) Formation of the oxo-G;/DA and poly(styrene-block-ethylene
oxide) (PSEO) composite in THF. (B) and (C) AFM images of oxo-G;/DA/
PSEO on SiO,/Si with the height profile along the grey line.

of TGA-MS or TGA-FTIR and FTIR of bulk material are depicted
in Fig. S9B and S11 (ESIT). These analyses in combination with
EA reveal that DA is either arbitrary adsorbed on def-GO or
assumedly bound by interacting with functional groups at
defect sites, and no stoichiometric derivative is formed.

Memory device fabrication and characterization

Taking advantage of such a defined composite (o0xo-G;/DA/
PSEO), we are able to fabricate transistors with a floating gate,

This journal is © The Royal Society of Chemistry 2015
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which can be utilized as a memory device. Oxo-G; flakes can be
considered as charge traps while charge carriers are trans-
ported in the semiconductor channel. However, oxo-G; must
also be isolated from the channel, which is achieved by polymer
wrapping of the composite as a tunneling barrier. Now, the
trapping layer can be charged or discharged depending on the
potential applied on the gate electrode. In this way, a memory
operation can be realized and this concept has been widely
used in memory devices.'*>° The device fabrication is based on
a shadow mask approach; a detailed step-by-step illustration
can be found in Fig. S12 (ESIt). The gate, source, and drain
electrodes, as well as the organic semiconductor layer are
prepared in a thermal evaporator. The 30 nm thick aluminum
gate electrodes are first patterned, followed by an oxidation
process in an oxygen plasma chamber (3 min, pressure 0.2 mbar,
power 200 W). Afterwards, a self-assembled monolayer (SAM) of
3-methyl-1-(12-phosphonododecyl)imidazolium bromide (IMI-PA)
is formed on top of aluminum oxide by immersing the sample in
the SAM isopropanol solution (0.025 mM) for 4 hours. This kind
of special SAM has shown a good performance in such FET
configurations.'"*® The composite dispersion of oxo-G,/DA/PSEO
is then spin-coated on the sample at a speed of 500 rpm. The
sexithiophene derivative, o,0/-didecylsexithiophene (Dec-6T-Dec),
is used as the active channel material, with a thickness of 30 nm.
The last step is the evaporation of the source and drain gold
electrodes of 30 nm thickness. The final layout of the device is
shown in Fig. 6A. The device is electrically characterized under
ambient conditions on a DC probe station (Micromanipulator),
which is connected to a semiconductor analyzer (Agilent Model
B1500A).

The transfer performance of the memory device is shown in
Fig. 6B. The applied drain voltage is —1 V. Based on the model
of thin-film organic transistors, the mobility of holes can be
calculated to be 1.42 x 102 em? V™" s~ *.°* The hysteresis of the
threshold voltage AVy, is about 0.8 V. The retention property of
the memory device is shown in Fig. 6C. After applying an erase
signal (Vg = —3 V) for 20 seconds, the drain current is sampled
at Vo5 = —0.5 V every 6 seconds for 5 minutes. After applying a
write signal (Vs = 2 V), the drain current is also sampled
similarly. The current ratio after writing and erasing varies
from 2.9 to 1.9. To figure out the function of the outer shell of a
polymer, we made a comparison to a device, in which the oxo-G,/
DA/PSEO composite layer is replaced by an oxo-G; layer without
any wrapping, which is assembled by a self-assembled process.'**
Alternatively, we replaced the composite layer with an oxo-G;/DA
layer. The transfer performances of the two devices are shown in
Fig. 6D and E respectively. Without the isolation of the DA or PSEO
wrapping, the device cannot be used as a memory device, since
there is no hysteresis present. The charges may get into the GO
layer quite easily but cannot be stored due to the lack of the
dielectric layer. This comparison strongly underlines the signifi-
cance of the wrapping shells, both by DA and PSEO.

Moreover, we have to point out that the GO quality plays an
important role. Although the dispersion of def-GO/DA/PSEO is
less stable in THF, a freshly prepared dispersion can be applied
to produce devices. If we use def-GO (def-GO/DA/PSEO) instead
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Fig. 6 The memory device based on GO with different wrapping. (A) The
device layout with source (S), drain (D) and gate (G) electrodes marked. The
channel length is 40 pm and the channel width is 600 pm. (B) Transfer and
(C) retention performance of the memory device based on oxo-G;/DA/
PSEO. V45 = —1 V. (D) Transfer performance of the device based on oxo-G;
flakes, Vgs = —1 V. (E) Transfer performance of the device based on oxo-
G1/DA, V4s = =1 V. (F) Transfer performance of the device based on def-
GO/DA/PSEO, Vg5 = —1 V.

of oxo-G;, we do not observe any pronounced hysteresis in the
transfer curve as shown in Fig. 6F. Also the device with def-GO/
DA does not deliver observable hysteresis in the transfer pro-
perties (Fig. S13A, ESIt). Due to the loss of carbon of def-GO,
defects such as in-plane OH or C—=O bonds are most likely
formed. Thus, we suggest that the plane is locally charged,
which makes a discharge from the def-GO layer quite difficult
due to a high energy barrier. Consequently, we barely observe
any hysteresis in the transfer properties. However, we do not
want to exclude morphological reasons based on aggregation
processes occurring due to the lower stability of the def-GO/DA/
PSEO composite dispersion in THF.

We also have to note that the thickness of the dielectric layer
is rather critical for memory applications. In this study, both
the wrapping outer shell of oxo-G; and the SAM layer serve as
the dielectric. To make the point clearer, we spin-coated oxo-G4/
DA/PSEO twice to increase the layer thickness, and we indeed
observe a decrease in the channel capacitance from 0.93 uF cm >
(one time spin-coating) to 0.67 UF cm ™ (two times spin-coating).
The corresponding transfer curve in Fig. S13B (ESIT) shows that
the hysteresis of the curve decreases significantly. As expected,
a thicker floating gate composite layer decreases the field-effect
efficiency of the gate voltage and hence the charge transfer
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between the channel and the floating gate. Therefore, the
design of the composite is very important to achieve sufficient
hysteresis for the memory application. On the other hand, we
also tried to remove the SAM of IMI-PA, which also yielded
almost hysteresis-free transfer properties as shown in Fig. S13C
(ESIT). In this case, we simply used the bare aluminum/aluminum
oxide as the gate dielectric without any SAMs. The SAM plays an
important role in the memory setup, since this layer also prevents
the flow of the charges in the floating gate tunnel through the gate
dielectric back to the gate electrode. As we can see, only our
special design, with the combination of the imidazolium SAM and
the polymer wrapped oxo-G;, enables the memory operation at a
low voltage of about 3 V.

Conclusions

We have demonstrated that it is possible to design composite
materials based on functionalized graphene to facilitate low
voltage operation and, therefore, low power consumption of
memory devices. In the course of our studies it turned out that
a controlled chemical approach is essential to enable the
function of the final devices at about 3 V. The storage of charges
in oxo-G; without undesired discharging requires an efficient
isolation, which is realized by the combination of two concepts.
The first is the surface functionalization of the device structure
by an imidazolium SAM; the second is the isolation of flakes of
oxo-G; with a polymer. Thereby, the thickness of the isolation
layer is of crucial importance for low voltage operation. Further-
more, we demonstrated the synthesis of flakes of the oxo-G;/DA/
PSEO composite with a thickness of a few nm by the rational
design of the precursor composite of 0xo-G;/DA. The synthesis
utilizes the stoichiometric electrostatic interaction of mainly
organosulfate groups and dodecylammonium due to an out-of-
plane electrostatic interaction. 2D NMR spectroscopy in solids
using labelled "N dodecylamine enabled the identification of the
regiochemistry and the electrostatic binding of the dodecyl-
ammonium also includes interactions with the m-system of
ox0-G;. State-of-the-art thermogravimetric analysis coupled
with FTIR, GC and MS, in combination with EA and XPS, was
used to thoroughly analyze the materials. Furthermore, we
presented a series of reference experiments, which all lead to
non-satisfying performance, in order to underline the importance
of the controlled synthesis of the composite. This example of a
memory device based on a composite of 0xo-G;, which operates at
3V, is only possible by controlling the chemistry of precursors.
Thus, we believe that further developing the controlled synthesis
of derivatives of oxo-G; will overcome actual performance limits of
graphene oxide-based applications.
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